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Abstract: InGaN /GaN quantum w ell exhibits a series of unusua l optica l properties. H ow ever, the physics of quan-

tum w e ll on the m icro sca le is sub jected to large uncerta inties. L ittle is know n on the d iscontinuities o f ene rgy band

structure and loca l states on the a tom ic leve l in the case of different In atom s distribution in the InxGa1- x N layers

caused by In compositional fluc tuation and phase sepa ration, wh ich intensive ly a lters the optical and electronic pro-

perties. U s ing the e fficien t and accurate tota l energy and m o lecu lar-dynam ics package VASP w hich is based on the

density functional me thod, we perform ed the first princ iples calculations on InGaN /GaN quan tum w e lls. The ca lcu-

lated resu lts exh ibit d iscrete bands a round the conduc tion band m in imum and the va lence band m ax imum that vary

w ith the In atom d istr ibu tions. M oreover, the loca l states w ith the discrete bands are likely to appea r the quantum

confined Stark e ffect in the InGaN /GaN interface enhanced by the po la rization fie ld in the crysta.l The contro l and

further understanding o f thosem icro charac teristics m ay lead to the improved perform ance o f InGaN QW s.
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1 Introduction

In recent years, GaN based sem iconductors

have been considered as an potential cand idate m a-

terial for sho rt w ave leng th light em itting applica-

t ions
[ 1, 2]

due to their w ide band gap
[ 3 ]
, h igh break-

down field, large e lectron saturation velocity, and

chem ical stability at high temperatures. O f particu lar

interest is all k inds of InxGa1- xN /GaN quantum well

( QW ) structures wh ich p lay a p ivota l ro le in dev ices

such as act ive reg ion of the ligh-t em itting
[ 4~ 7]

.

In spite of many w orks ofQW structures, there

rema in a number of open quest ions re lated to the

physics o fQW on a m icro sca le. L ittle is known on

the discontinuities o f band structures and loca l states

near d ifferent atoms under d ifferent In distribution

caused by In compositional fluctuation in InxGa1- xN

layers, w hich intensively influence on the optica l

and electronic properties. Hence, unveiling the

mechanism of e lectron ic behav io r at the atom ic leve l

is essentia l for assessing the degree of carrier con-

finem ent and design ing e lectron ic and optoelectronic

dev ices under prec ise contro .l In th is paper, w e

performed the f irst principles calculat ions w ith the

he lp o f an efficient and accurate simulat ion package,

VASP ( V ienna Ab-Initio S imulat ion Package) , and

systematically exp lored the character istics of InGaN /

GaN QW under them icro scale.

2 ComputationalDetails

VASP is based on the density functionalm ethod

w ith the mo lecu lar dynam ics. The ca lculations re-

ported here w ere carried out by emp loy ing the pro-

jecto r augmented w ave method ( PAW ) fo r its rea-

sonable accuracy and efficiency. Both Ga and In 3d

electrons are treated as part o f the valence band,

and the plane-w ave cuto ff energy is taken to be
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Pack mesh
[ 8 ]

was used to sample the B rillou in zone.

In add ition, the geom etry optim izat ions were pre-

fo rmed by relax ing a ll deg rees of freedom using the

conjugate gradient a lgorithm.

GaN has an wurtzite structure in wh ich G a-N

bilayers w ere arranged in ABAB , stacking se-

quence
[ 9]

correspondence to hexagonal phase. W e

designed tw o kinds of InGaN /GaN QW s, as M ode l

Ⅰ andⅡ shown in F ig. 1. To fully dim inish the

coupling between we lls in the period ic supercells,

the ir geometry structures of repeating supercellsw ere

constructed w ith strip cuboid supercells composed o f

1 @ 1 @ 16 un it ce lls w ith 64 atom s. InGaN QW s

were separated by a th ickerG aN barrier o f about 7. 5

nm. The d ifferen t In distribu tions w ere const ituted

by inserting one G a-N bilayer into In-N layers as

shown in M odelⅡ. For comparison, the bu lk GaN

and InN as the same size are also calcu lated.

F ig. 1 Geom etry structures of InG aN /GaN QW s w ith 64-a tom superce lls o fModelⅠ andⅡ.

3 Results and D iscussion

3. 1 Lattice Structure

In the re laxation calcu la tions, it is seen that the

errors of the ca lculated lattice constants o f the bu lk

GaN and InN arew ith in 1% compared to the exper-i

mental values, wh ich confirm s the reliab ility of the

computationalmethod.

The calcu lated lattice constan ts a are 0. 323 5

and 0. 323 6 nm forM ode lⅠ andⅡ, respectively.

These va lues are a little larger than that of bu lk

GaN, wh ich is reasonable due to GaN barrier sub-

ject ing to a biax ial in-p lane tensile stress w hen some

Ga layers are substituted by larger rad ius In. In con-

tras,t the la tt ices are reduced in InGaN to release

them isfit stress, wh ich appear more d istinct inM o-

de lⅠ. These lattice distort ions are attributab le to

larger d ifference of lattice constants betw een GaN

barrier and InGaN we ll in M odel Ⅰ, w hich is

accompanied by the phase separation
[ 10]

and compo-

sitional disorder
[ 11, 12]

.

On the contrary, the lattice of GaN barrier is

corresponding ly reduced a long c ax is, as shown in

F ig. 2. It is obv ious that w hen In atoms enlarge the

lattice in a axes, the interp lanar crysta l spacing in c

direction is simultaneously reduced, w h ich may lead

to the d ifference o f electronic structures.

F ig. 2 The un it ce ll leng th as a function o f position a long

c ax is forM ode lⅠ ( a) andⅡ ( b).

.
3. 2 Band Structure

The opt ical and electrical properties o f sem icon-

ductors fundam enta lly depend on the ir band
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structure. In genera,l quantum confinement occurs

w hen the we l-lw idth ofQW approach the size ofBohr

radius. For a comprehensive understanding on the

quantum con finement effec,t w e have the a id o f

solv ing the effective m ass Schrdinger equation for

the simplified square potent ialw ell shown in Fig. 3

-
Ü
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Eq. ( 1), the energy leve ls at # po in t for the elec-

trons at the bottom of the conduction bands are
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where n= 1, 2, 3, ,. In Eq. ( 2), e lectrons have

quant ized kinetic energy and possess d iscrete energy

F ig1 3  The sim plified square po tential we ll o f InGaN /

GaN QW.

levels along z d irection.

In F ig. 4, it is obv ious that the band structures

take discrete constant energy at both the conduction

bandm inimum ( CBM ) and the valence band max-i

mum (VBM ) perpendicu lar to the interfac ial p lane

( in c ax is) , whereas the band structures keep on

parabola for bothM odelⅠ andⅡ. Our results ind-i

cated that the e lectrons paralle l to the interfac ia l

plane behaved very much as the free e lectrons,

w hereas perpend icu lar to the interfac ia l p lane, the

kinetic energy of the electrons, wh ich w ere no t ap-

prox imate ly continuous, w ere quant ized and sub ject

to the discrete confined states g iv ing b irth to the two-

dimensiona l electron gas. A long the h igh symm etry

lines from # toA, the CBM inM odelⅠ andⅡ are

1. 53 eV, 1. 41 eV low er than tha t in Bu lk GaN, re-

spective ly. A ttributed to the reduction of the symm e-

try from C 6v to C3v caused by the insertion o f InGaN

QW, the 2-fo ld degenerated CBM o f Bulk G aN is

split into 2 subbands in the case o fM ode lⅠ and

Ⅱ. W hile at VBM, the heavy hole band and ligh t

ho le band inM ode lⅠ andⅡ are 0. 065 eV, 0. 42

eV low er than those in Bu lk GaN. It is obv ious tha t

the c loser In atom s stand, the sma ller band gap w ill

approach.

F ig. 4 Band structures ofM odelⅠ ( a), M odelⅡ ( b) and bu lk GaN ( c) w ith the irm agn ifications around # and A po ints.
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3. 3 Density of States

The DOS prof iles of each Ga-N and In-N b-i

layers along [ 0001] direction are show n in F ig. 5.

In the m anner of speak ing, it can illum inate the

band structure o f QW in rea l space. In F ig. 5, the

format ion of confinement states are ascribed to In-N

b-i layers, w hich have a confin ing effect on the e lec-

trons and ho les. M eanwh ile, in tune w ith the afore-

ment ioned latt ice d istortions near InGaN /GaN inter-

faces, som e Ga-N bilayers have the sim ilar loca l

DOS to ad jacent In-N bilayers, w hich imply the

interact ion betw een In and v icina lGa atom s. N ever-

theless, the asymm etric interaction also suggests the

in fluence of o ther potent ial f ie ld on loca lDOS.

Furthermore, w e can observe that the bands

bend along c ax is and the ir trends are consistentw ith

the affection o f polarization f ie ld. Th is a lso accoun ts

for that the po larizat ion f ie ld resu lts in the asym-

metric interaction betw een In and v ic ina lG a atom s.

Due to the band bending
[ 13]

, the e lectrons and holes

are separated apart to the opposite sites of the w e l,l

w hich w ill bring about the quantum confined stark

effect ( QCSE)
[ 14, 15]

. M eanwh ile, the electron-hole

spatia l overlap w ave function is decreased, the re-

comb ination rate is suppressed, the light em ission

effic iency is decreased, and the thresho ld curren t

density is enhanced.

The states at the bo ttom o f the conduct ion band

inM odelⅡ are few er than that inM odelⅠ, w hich

w ill result in low er internal quan tum effic iency. In

add ition, the interact ion betw een In and v ic inal Ga

atoms he lp shape a w iderQW and enlarge the space

betw een e lectrons and ho les, wh ich w ould further re-

duce the recomb ination rate. Consequently, thinning

down the th ickness o f InGaN QW is an effective w ay

to overcome the bo ttleneck of the e lectron-ho le spa-

t ial separation
[ 16 ]

and to improve the light em ission

effic iency and thew ave leng th stability.

F ig. 5 PDOS profiles o fM ode lⅠ ( a) andⅡ ( b).

4 Conclusion

By using VASP w ith in the framew ork o f the first

pr inciples, the m icro characteristics o f InGaN QW s

are intensive ly studied. The obta ined resu lts show

that there are som e d iscrete energy levels in InGaN

QW, which contr ibute to the format ion o f two-

dimensiona l e lec tron gas and sp lit the degenerated

band into subbands. The in ternal field induced by

QCSE brings about the band bend ing in w e l,l ma-

king a strong impact onmaterialps optica l properties.

M eanwh ile, the distribution o f In atoms in QW have

many e ffects not only on the crystal lattice but also

on the band structure. A ll o f those may give a clear

understand ing for further improv ing the perfo rmance

of InG aN /GaN QW s.
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InGaN量子阱的微观特性
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摘要: 采用 VASP程序包模拟计算 InGaN量子阱的能带, 精细展示了量子阱实空间能带结构。计算结果表

明, In原子所在区域出现局域束缚态,导带底与价带顶的简并能级发生分裂, 同时量子阱沿垂直结面方向存

在分立的能级。此外, 针对影响能带的 In组分波动、能带弯曲等问题进行探讨,以准确描述其电子行为,从而

深入系统地了解 InGaN /GaN量子阱的电学光学等特性。
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