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Abstract Using the fistprincp ks calculaton w ih 64 and 128 atan supercells the geometric and electron ic strue-
wres of IlN quanum dots (QDs) enbedded i wurtzite GaN were sinulated A fter optin izing the stress and total
energies electonic stuctures of the stable systens were furher calcuhted The elkctionic densities of states show
d stinguishing quan tm— confine-effects along different axes M oreover the curves of energy band edge appear in IlN
QDs Canparedw ih the typ tal band-edge shape of quantun w ell under the polarzation hat kads to the separatbn of

electrons and holes in space we found that the separaton problm could be elminated due to the curves of energy

band edge m QDs which is favourab ke for enhancem ent of the transiton probability of the electrons and holes
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1 Introduction

Sem iconductor quantum dot ( QD) structures
have attracted much attention due to their sgnificant
app lication potential in the manufacture of opto-
R ecently

electonic devies epitaxial grow th of

quantum dots has been w dely developed W ith the
heh quality
quantum dots with better size and density have been

mpwovement of growth technobgy,
produced Smultaneously research activity n -
nitride quantun dots material has alvays been
ntense M ost of the recent researches have been
focused on IGaN quantum dots A ctall, for
IGaN albys
he phase separation. In addition to the lage lattice
misnaich beween InN and GaN, the growth of InN
quantum dots becan es more difficult . Therefore

itwas frequent to observe InN due to

he sinulation of the physical pwoperties fran theo-
retic study seens useful to guide the experment

especially the microcosn ic stmcture properties of
P prop
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IN quantum dots embedded n GadN san icom-
ductors

In this work we perform the theoretical smu la
ton using the fistprinciples calculation ncluding
he establishment of quantum dotmodels opti iza
ton of the crystal stuctures canputatbn of the
electionic density of states ( DOS), analysis of the

eney band structures

2 Geanetric Structures

The geanetric stmctures of IlN quanum dots
were sinulated by enp byng fistprinciples caleu la
ton together with the density functbnal theory To
nvestgate the atan ic and electronic structure pwo-
perties of real crystal fran the orignal and basic
physical law, the ViennaA b-initio Smulatbn Pacle
age (VASP)
molecu lar dynan ics was used The pseudopotentials

basing on the quantum-mechanical

were used for a consderable reducton of the number

of planewaves per atam when canputng the
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K ohr-Shan equati)nI e Cooperating w ith a p lane
wave basis sef the calculation efficiency of extendb k
and period ical systans has sgnificantly mpoved
Executng VASP wih a high-povered canputer
( Lenovo 1800),
of N quantum dots enbedded n GaN semiconductor
2 1 StructureM odel

InN has sn all band-gap energy of 0. 7 V',

which enables to construct quantum dot n GaN

we sinulated the stucture poperties

sem iconductor IN has two structures wurizite and

zinc blende Ih nomal conditions wurtzite structure
is more stable For this reason we construct the
wurtzite stucturemodel for InN quantum dot
Asweknow, themost mportant property of the
quantum dot is three-dinensbnal ( 3D)
ment Thus when design ng the quan um dot strue-
tures N quanum dots shoul be surrounded by
GaN. A sinple model is constructed by 2 X 2 x 2

unit cells which canposes of 32 atans Expanding

confne

the supercell along b-axis we got a 64 atan s model
n which IlN quantun dots congregate in bwer left
In addition

we enlage the size of N quantum dot by expanding

comer denoted as 64-q n Fig 1 ( a).

the supercell up to 128 atams ( denoted as 128-q) n
order to fit better with the experment For can—
parison we also construct wo strucures n which

InN are distributed unifomly in GaN, denoted as
64-u and 128-u

(a)

@in OGa oN
Fig 1  Supercelk of NN /GaN quantum dots with 64 ( a)

and 128 atans (b), where b and ¢ are basis vectors

of crystal cell

2 2 Structure Optin ization

In order to obtain steady stmctures consisting
wih actual ciysta] structures of he models shou d
be optmized Ths means the atan positon shou H

be adiusted to reduce the stran to the lwest level

and to obtan the stuctures with the snallest total
enegies In practice the relaxation of the stress
makes the prem ise of the fomatbn of quantum dots
The popular technique of selfassanbled growth
bases on the control of stress of ep itaxial layelw to
fomat quantum dots with a relatively hanogeneous
size distrbutbn San e researches of the strain eve-
biton durng InN quantum dots gowth on GaN'""
revealed that aboutmore than 80 of the totalm is-
match stress is released n 2D gowth The fom ation
of 3D InN islands under the residual stress demon
strates that the relaxation p hys an mportant role for
the lattice structure ofQD.

W e choose proper calculatng parameters to
relax the systan. First of all optim ize the equilib-
rium lattice constant by keeping the wurtzite strue-
ture For structures 64-q and 128-q n Fig 1 the
equilbriun httice constants we obtained are Q 329 96
and Q 338 40 nm, respectively Campared w ith the
results calculated fian Vegards law using he ex
permental lattice constants of InN (Q 354 5 nm)
and GAN (Q 318 9 i) as criterion the relatve
errors are 2. 0 and 1 51%, respectively On the
basis of the equilbrum lattice constants we optin ize
he supercell structures by autanatically ad usting
he atan positons and volmes until approaching the
lowest total energies The total energies of wo quar
tum dot stmctures before and afier relaxatbn are
listed nTable 1 Canparing w ith the un ifom dis
bution stuctures correspondngl, we conclude that
he total energies of he QD stmctures are lower and
higher afier and before relaxaton, respectively This
ndicates hat here has a strong local stress betw een
IIN QDs and surrounding GaN matrk  The local
In add+

ton the change ratio of the total energy is larger for

stress has been released after relaxation

the 128-q structurg which suggests that the b gger

Tablk 1 Stuctures and total energies
&
Total energies
Stuctures - = -
Pre-relaxation Postrelaxation
64-q - 380920 6 - 383 49 6
64-u - 380962 4 - 382 146 7
128-q - 735706 2 - 741 354 8
128-u - 736 045 2 - 739 701 3
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QD ismore stable

3 Quantum Confine E ffect

The electronic density of states (DOS) repre-
sents the electionic states per unit energy n per
recprocal space Vi VASP sofware we calcu late
he total DOS and the partial DOS of each atam.
Canmonly the DOS is plotted as a fancton of en-
ergy lo reflect the distrbutbn of electonic states n
different energy regions However this dagran is
unable to reflect DOS distrbutbn n real space I
order to clearly reveal he quantum confine effect of
chage carriers the DOS dstribution i the real
space is proposed at the first tm e nwhich the value

of DOS is shown in different grey levels with the

Energy/eV

GaN InN GaN InN GaN InN GaN InN

> b

Fig 2 The densities of states abng b-axis ( a) and c-axis ( b).

enegy as o nate axis and the positon of each atam
ormolecule as abscissa axis as shown in Fig 2
Based on his method we gain an msght nto the
quantm confine effects abng each directbn

Fg 2 shovs the DOS distrbutbn n the real
space along b- and c-ax® Both dhagrans denon
strate the shape and depth of the electron and hole
wells The electron well & deeper than the hole's
which means the band offset of the bottan of the
conduction band is larger than that of the top of the
valance band Camparng the band offsets abng b~
and c-axi we found a remarkable band curve abng
b-axis This is rehted to the band gap variation at
different positions for the sane moleculke This phe

nanenon is more notable n ec-axis

14
1.2
1.0

Density of state (states/e-{))

GaN InN GaN InN GaN InN GaN InN

— s

The abscBsa axis represents the mokcular positbn of GaN or

InN. The od hate axs represents the energy And the different grey levels correspond to the density of states

Polarizatbn is a basic property of wurtzite —
nitrides inclhidng the spon taneous and p iezoelectric
polarizatbns which orents along c-axis The lage
lattice misnaich beween N /GaN quantum dots
heterogeneous structure would give rise to a b gish
piezoelectric polarization The magniude of the
built n electric fels induced by the p iezoelectricity
and spontaneous polarization is estimated to be n the

order of MV /an'”™ "

structure properties along ¢-axis are sign ificantly dif

Thereforg the electonic

ferent The large band airve abng c-axis n Fig 2
(b)
effect Around QD the curves of he botian of the
conducton band and the top of the valance band are

gives a typical exanple of the polarization

depicted n Fig 3( a). Canparing with the nomal
quantum well (QW ) stucture the shape of the
conducton band edge of the QD is s ilar abng
c-ax§ whrh is attributed to the pohrzaton However

® g

-

® g

N
n_

Fig 3 The energy band edge stuctures along c-axis ( a)
quantun dot (b) quantum well CB conducton

band VB vahnce band

he valence band edges of the QD and the QW

exhibit [ the srevérse idiapecsArscwie Koy, //velecirons
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and holes generally congregate n the bwer bcation
of the electron and hole wells as shovn n lefi and
right of thewells of F'iy 3(b),
lght of his the electon and hole are separated n

respectvely.  In the
the QW stmucture On the contrary, electrons and
holes congregate n the same spatnl position n the
QD stmcture thus the charges are congregated

This perfomance is favourable for enhancement of
he transitbn probability of electrons and holes and

brings an ex citng evidence for the application of InN

QDs alsa

4  Energy Band Stucture

Generally speakng the numerical caleu lation
of the valence band is quite nicety and believable
when appling the local density approxmation
(LDA). Howeves

low er than the expermental valie But itwon't affect

the conduction band is often

he analysis of the electronic pwperties Here we
manly observe the different energy band structures
engendered by 64-q and 64-u, as shown n Fig 4

Both of than are sinilar except for the energy sp lit
tng n theQD structure Especially the lowest wo
bands of the bottan of conductbn band are totally
apart and form an nd vidual energy band This can
be attrbuted to the split of the degenerate enewgy
level due to he descending of he crystal synmetry
n the N QD. Detailed observatbn show s that the
splittingmanly causes the ascending of the second
band of the bottan of the conducton band and slight
descend ng of the top of the valence band resu lting

n the change of the energy band gap Considering

the above results we conclude hat localmod if cation
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