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Abstract: Us ing the first-princ ip les calcu lation w ith 64 and 128 atom superce lls the geome tr ic and e lectron ic struc-

tures o f InN quantum do ts ( QDs) em bedded in w urtzite GaN were simu lated. A fter optim izing the stress and tota l

energ ies, electronic structures of the stable system s were further ca lcu la ted. The e lec tron ic densities o f states show

d istingu ishing quan tum-confine-effects a long different axes. M oreove r, the curves o f energy band edge appear in InN

QDs. Com pared w ith the typ ica l band-edge shape o f quantum w ell under the po lar iza tion that leads to the separa tion o f

e lectrons and holes in space, w e found tha t the separation prob lem could be elim ina ted due to the curves of energy

band edge in QDs, w hich is favourab le for enhancem ent o f the transition probability o f the electrons and ho les.
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1 Introduction

Sem iconductor quantum dot ( QD ) structures

have attracted much attention due to their significant

app lication potentia l in the manu facture of opto-

electronic dev ices. R ecently, ep itax ia l grow th o f

quantum dots has been w idely developed. W ith the

improvement of grow th techno logy, h igh qua lity

quantum dots w ith better size and density have been

produced. S imu ltaneously, research activ ity inⅢ-

nitride quantum dots material has a lw ays been

intense. M ost of the recent researches have been

focused on InGaN quantum do ts. A ctua lly, for

InGaN a lloys, itw as frequent to observe InN due to

the phase separation. In addition to the large lattice

m isma tch betw een InN and GaN, the grow th of InN

quantum dots becomes more difficult
[ 1]
. Therefore,

the simu lation of the physical properties from theo-

ret ic study seem s usefu l to guide the experimen,t

espec ially the m icrocosm ic structure properties o f

InN quantum do ts embedded in GaN sem icon-

ducto rs.

In this work, w e perform the theoretical simu la-

t ion using the f irs-t principles calcu lation, including

the establishmen t of quantum do tmode ls, opt im iza-

t ion of the crystal structures, computat ion o f the

electronic density of states ( DOS) , analysis of the

energy band structures.

2 Geometr ic Structures

The geometric structures of InN quan tum do ts

w ere simu lated by emp loy ing f irs-t principles calcu la-

t ion together w ith the density funct iona l theory. To

invest igate the atom ic and e lectron ic structure pro-

perties of rea l crystal from the orig inal and basic

physica l law, the V iennaA b-initio S imulat ion Pack-

age ( VASP ) basing on the quantum-mechan ica l

mo lecu lar dynam ics w as used. The pseudopotent ials

w ere used for a considerable reduct ion o f the number

of plane-w aves per atom when comput ing the
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K ohn-Sham equat ion
[ 2~ 4]

. Cooperating w ith a p lane

w ave basis se,t the calculation efficiency o f extendib le

and period ical systems has significan tly improved.

Execut ing VASP w ith a h igh-powered computer

( Lenovo 1800), we smi ulated the structure properties

of InN quantum dots embedded in GaN sem iconductor.

2. 1 StructureM ode l

InN has sm all band-gap energy of 0. 7 eV
[ 5]
,

w hich enables to construct quantum do t in GaN

sem iconductor. InN has tw o structures, wurtzite and

zinc blende. In norma l conditions, w urtzite structure

is more stab le. For this reason w e construct the

w urtzite structuremode l for InN quantum do.t

A s w e know, themost important property o f the

quantum do t is three-d imensiona l ( 3D ) conf ine-

men.t Thus, when design ing the quan tum dot struc-

tures, InN quan tum dots shou ld be surrounded by

GaN. A simple model is constructed by 2 @ 2 @ 2

unit cells wh ich composes o f 32 atoms. Expanding

the supercell along b-ax is, w e go t a 64 atom s mode l

in wh ich InN quantum dots congregate in lower left

corner, deno ted as 64-q in Fig. 1 ( a). In addition,

w e en large the size o f InN quantum do t by expanding

the superce ll up to 128 atoms ( denoted as 128-q) in

order to fit better w ith the experim en.t For com-

parison w e a lso construct two structures, in w hich

InN are distributed un iform ly in GaN, deno ted as

64-u and 128-u.

F ig. 1 Supercells of InN /GaN quantum dots w ith 64 ( a)

and 128 atom s ( b) , where b and c are basis vectors

of crystal ce l.l

2. 2 StructureOptim ization

In order to ob tain steady structures consisting

w ith actual crysta,l structures of the mode ls shou ld

be optim ized. Th is means the atom position shou ld

be adjusted to reduce the stra in to the low est leve l

and to obta in the structures w ith the sm allest tota l

energ ies. In pract ice, the re laxation o f the stress

makes the prem ise o f the format ion o f quantum dots.

The popu lar techn ique o f sel-f assembled grow th

bases on the control o f stress of ep itax ia l layer
[ 6 ]

to

format quantum dots w ith a relatively homogeneous

size distribu tion. Som e researches of the strain evo-

lut ion during InN quantum dots g row th on GaN
[ 7, 8]

revea led tha,t aboutmo re than 80% of the totalm is-

match stress is re leased in 2D g row th. The formation

of 3D InN islands under the residua l stress demon-

strates that the re laxation p lays an important ro le for

the lattice structure o fQD.

W e choose proper calcu lating parameters to

re lax the system. F irst o f a l,l op tim ize the equ ilib-

rium latt ice constant by keeping the w urtzite struc-

ture. For structures 64-q and 128-q in Fig. 1, the

equilibrium lattice constants w e obta ined are 0. 329 96

and 0. 338 40 nm, respectively. Compared w ith the

resu lts calcu lated from V egardps law using the ex-

perimen tal lattice constants o f InN ( 0. 354 5 nm )

and G aN ( 0. 318 9 nm ) as criterion, the re lative

errors are 2. 04% and 1. 51%, respective ly. On the

basis of the equ ilibrium lattice constants, w e optmi ize

the supercell structures by automat ically ad justing

the atom positions and vo lumes until approaching the

low est to tal energ ies. The total energ ies of tw o quan-

tum dot structures before and a fter relaxat ion are

listed in Tab le 1. Comparing w ith the un iform distr-i

bution structures corresponding ly, w e conclude tha t

the tota l energ ies of the QD structures are low er and

higher a fter and before relaxat ion, respectively. This

indicates that there has a strong loca l stress betw een

InN QDs and surrounding GaN matrix. The loca l

stress has been released after re laxation. In add-i

t ion, the change ratio of the to tal energy is larger for

the 128-q structure, w h ich suggests that the b igger

Tab le 1 S tructures and to tal energ ies1

eV

Structures
To tal ene rg ies

P re-relaxation Po st- re lax ation

64-q - 380. 920 6 - 383. 499 6

64-u - 380. 962 4 - 382. 146 7

128-q - 735. 706 2 - 741. 354 8

128-u - 736. 045 2 - 739. 701 3
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QD is more stab le.

3 Quantum Confine E ffect

The e lectron ic density o f states ( DOS) repre-

sents the electronic states per un it energy in per

rec iprocal space. V ia VASP softw are w e calcu late

the to tal DOS and the part ial DOS o f each atom.

Commonly, the DOS is p lotted as a funct ion o f en-

ergy to re flect the d istribut ion o f electronic states in

different energy reg ions. How ever, this d iagram is

unab le to reflect DOS d istribut ion in real space. In

order to clearly reveal the quantum confine effect o f

charge carriers, the DOS d istribution in the rea l

space is proposed at the first tim e in w hich the value

of DOS is shown in different g rey levels w ith the

energy as o rd inate ax is and the posit ion o f each atom

or mo lecule as absc issa ax is, as show n in Fig. 2.

Based on th is method, w e gain an insight into the

quan tum confine effects a long each direct ion.

F ig. 2 show s the DOS d istribut ion in the rea l

space along b- and c-ax is. Both d iagrams demon-

strate the shape and depth o f the electron and hole

w e lls. The e lectron w ell is deeper than the ho leps,

w hich means the band offset of the bo ttom of the

conduction band is larger than tha t of the top o f the

valance band. Comparing the band offsets a long b-

and c-ax is, w e found a remarkable band curve a long

b-ax is. Th is is re la ted to the band gap variation a t

different positions for the same molecu le. This phe-

nomenon is more no table in c-ax is.

F ig. 2 The densities of states a long b-ax is ( a) and c-ax is ( b). The absc issa ax is represen ts the m o lecular po sition of GaN o r

InN. The ord inate ax is represents the energy. And the d ifferen t grey levels co rrespond to the density of sta tes.

  Po larizat ion is a basic property of w urtziteⅢ-

nitrides, including the spon taneous and p iezoelectric

po larizat ions, wh ich o rients a long c-ax is. The large

lattice m ismatch betw een InN /G aN quantum do ts

heterogeneous structure would g ive rise to a b igg ish

piezoelectric po larization. The magnitude of the

buil-t in e lectric f ie lds induced by the p iezoelectric ity

and spontaneous polarization is estimated to be in the

order o f MV /cm
[ 9~ 11]

. Therefore, the electronic

structure properties along c-ax is are sign ificantly di-f

feren.t The large band curve a long c-ax is in F ig. 2

( b ) g ives a typical example of the polarization

effec.t A roundQD, the curves o f the bottom o f the

conduction band and the top of the valance band are

dep icted in F ig. 3( a) . Compar ing w ith the norma l

quantum we ll ( QW ) structure, the shape of the

conduction band edge of the QD is sim ilar a long

c-ax is, wh ich is attributed to the po larizat ion. However,

F ig. 3 The energy band edge structures along c-ax is. ( a)

quantum do t; ( b ) quantum w e l.l CB: conduction

band; VB: va lance band.

the valence band edges o f the QD and the QW

exhibit the reverse shape. A s w e know, electrons
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and holes generally congrega te in the low er location

of the e lectron and hole w e lls, as show n in left and

right o f thew e lls of F ig. 3( b ), respective ly. In the

light o f th is, the electron and hole are separa ted in

the QW structure. On the contrary, e lectrons and

ho les congregate in the same spat ia l position in the

QD structure, thus the charges are congrega ted.

Th is performance is favourable for enhancement o f

the transit ion probab ility o f electrons and ho les, and

br ings an excit ing ev idence for the application of InN

QD s a lso.

4 Energy Band Structure

Genera lly speak ing, the numerical calcu lation

of the valence band is quite n icety and be lievable

w hen app ly ing the local density approx imation

( LDA ) . H ow ever, the conduction band is often

low er than the experimenta l value. But itwonpt affect

the ana lysis of the electron ic properties. H ere w e

ma in ly observe the d ifferent energy band structures

engendered by 64-q and 64-u, as shown in Fig. 4.

Both o f them are sim ilar except for the energy sp li-t

t ing in theQD structure. E spec ially, the low est tw o

bands of the bottom o f conduct ion band are to tally

apart and fo rm an ind iv idua l energy band. Th is can

be attribu ted to the sp lit o f the degenerate energy

level due to the descending of the crysta l symme try

in the InN QD. Deta iled observat ion show s that the

splitting ma in ly causes the ascending o f the second

band o f the bo ttom of the conduction band and slight

descend ing of the top of the va lence band, resu lting

in the change of the energy band gap. Considering

the above results, we conclude that localmod if ication

F ig. 4 Energy band structures of InN /GaN quantum do t ( a)

and In
0. 125

Ga
0. 875

N bulk ( b).

of the energy band edge induced byQD is c losely re-

lated to the whole energy band structure. How ever,

it w as hard to ana lyze the quantum confine effects

directly from the energy band structure. This reflects

in ano therw ay that the valid ity of the new proposed

method o f DOS in the rea l space for analyzing the

quan tum confine effects of QD.

5 Conclusion

The firs-t princ ip les theory w as used to simu late

the geometr ic and e lectron ic structures o f InN QDs

embedded in GaN sem iconductor. By optim izing the

structure, the stab le QD structures have been con-

structed. A new m ethod that clearly demonstrates

the quantum-confine-e ffects in quantum structure has

been proposed a t the f irst t ime to reflect the DOS

distribution in the real space. E lectrons and holes

concentrate in the sam e spatia l space of the QDs

structure revea ls tha t the QD structure is favorable

for enhancem ent o f the transition proba-bility o f the

electrons and holes.
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GaN半导体中 InN量子点的结构性质
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摘要: 采用第一性原理模拟计算纤锌矿结构 GaN半导体中 InN量子点的结构性质。建立 64和 128个原子

的超原胞量子点模型, 进行结构优化以获得稳定的吻合实际的系统,并模拟分析电子结构。从态密度空间分

布图看到不同轴向的量子势阱形状各异、深度不一, 说明量子点的限域效应存在着各向异性的特点。 c轴极

化方向引起量子点结构带边的弯曲形状与传统的量子阱结构不同,使得电子空穴没有发生空间分离, 有利于

电子空穴的跃迁几率的提高。

关  键  词: 量子点; 量子限域效应; 电子态密度
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