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Abstract IhGaN /GaN quanum well exhibits a series of unusual optical properties H avever the physics of quan-

um well on the micro scak is sub pcted to laige uncertamnties Little 5 knovn on the d Boontinuities of energy band

stucture and beal states on the aiom it kvel n the case of different In atoms distrbuton in the InGa,_ N layers

caused by In compositbnal flucation and phase sepamation whih ntenswvely aliers the optical and electonic pro-

perties Using the efficient and accurate total energy and molecu he-dynan s package VASP which & based on the

density finctonal method we perfomed the first princples calculatbns on InGaN /GaN quantm wells The cakw

lated results exhbit discrete bands awund the conduction band m nmum and the vaknce band m aximun that vary

wih the In atan dstrbutions M oreover the bcal states with the discrete bands are lkely to appear the quantum
confined Statk effect in the nGdN /GaN mnterface enhanced by the pohrizaton field n the ciystal The control and

further understanding of thosem icw characteristics may kad to the mproved perfom ance of hGdN QW s
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1 Introduction

In recent years GaN based sam iconductors
have been considered as an potential cand date m &
terial for short wavelength light em itting applica
tbns ' due to theirw ile band gaplsl, high breal
down field large electron saturation velocity and
chen ical stability at high ten peratures O f particu lar
nterest is all k nds of In.Ga-,N /GaN quantum well
(QW ) stuctures which phy apwotalrole i devices
such as active regbn of the lightan ittng ™ .

In spite of many works of QW stmctures there
reman a number of open questbns related to the
physics ofQW on amicro scak Little is known on
he discontinuities of band structures and local states
near different atans under different I distribution
caused by In canpositional flucuation n In.Ga;-, N
layers which ntensively nfluence on the optical
Hence,

and electonic properties unveilng the
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mechanign of electronic behavbr at the atan ic level
is essential for assessing he degree of carrier com
finen ent and design ng electronic and optoelectionic
devices under precise control In this paper we
perfomed the first prnciples calculatbns with the
heb ofan efficient and accurate smulaton package

VASP (V enna Ab-Initio Smulatbn Package), and
system atically exp bred the characteristics of InGaN /

GaN QW under them icro scale

2 Canmputational D etails

VASP isbased on the density functionalm ethod
with the molecular dynam ics The calculations re
ported here were carried out by enpbyng the pro-
jector augmented wave method (PAW ) for its rea
sonable accuracy and efficiency Both Ga and In 3d
electons are treated as part of the valence band

and the plane-wave cutofl enewy is taken to be
36 75Ry. An8%x 8% 8 Ganma centered M onkhost
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Pack mesh'® was used to sanple the Brilloun zone
In addition te gean ety optin izatbns were pre-
bmed by relaxing all degrees of freedon using the
conjugate gradient akorithm.

GaN has an wurtzite stucture in which G alN
bilayers were arranged n ABAB ...
quence[ ! correspondence to hexagonal phase We
desined wo kinds of InGaN /GaN QW s as M odel

I and II shown n Fig 1 To fully dininish the

stacking se

coupling between wells n the periodic supercells

heir gean etry structures of repeatng supercellswere
constructed w ith strip cuboid supercells canposed of
1% 1x%x16 unit cells with 64 atams IGaN QW s
were separated by a hickerG dN barrer of about7 5
m. The different In distrbutbns were constituted
by insertng one GalN bilayer nto IrN layers as
shown n Model II. For camparison the buk GaN

and IlN as the same size are also calcu lated
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Fiz 1 Geometry stuctures of IlG &N /GaN QW sw ith 64-abm supercells ofModel [ and II.

3 Results and D iscussion

3 1 Lattice Structure

In the relaxation calcu htbns it is seen that the
errors of the calculated lattice constants of the buk
GaN and InN arew ithin 1% canpared to he expert
mental values which confims the reliability of the
cam putational m ethod

The calculated lattice constants @ are 0. 323 5
and Q 323 6 m forModelI and II,
These valies are a little laer han that of buk
GaN, which is reasonable due to GaN barrier sub-
jecting to a biaxial i-p lane tensile stress when same

Ga layers are substituted by laiger radus In  In con-
trast the httices are reduced n InGaN to release

respectively

hem isfit stress whidh appear more distinct nM o-
del T. These lattice distoribns are atiributable to
laiger difference of lattice constants beween GaN
barrier and InGaN well n Model I,

. . (10
accan panied by the phase se}:)aratlon[I " and can po-
[1L 12]

r .

which is

sitional disorde

On the contrary the lattice of GaN barrier is
correspondingly reduced abng ¢ axis as shown n
Fr 2 It is obvbus thatwhen In atoms enlarge the
lattice na axes the ntemp lanar crystal spacing in ¢
direction is smultaneously reduced whih may lead

to the difference of electronic structures
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Fig 2 The unit cell kngth as a function of positon abng
¢ axis forModel I (a) and II (b).

‘3 2 Band Structure
The optral and electrical poperties of sem icor

ductors fundan entally depend on their band
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structure  In genera] quantum confinement occurs

when the we llw dth of QW appwach the size of Bohr
radus For a canprehensive understanding on the
quantum confinement effect we have the ai of
solving the effectve m ass Schr dnger equation for

the smplified square potentialwell shown n Fig 3

[t w=v ()

wherem, & the effectivemass of the electron Fram
Eq (1),
trons at the bottan of the conduction bands are
E(k+k) Bl
2%}; + ZTLZ Lz (2)
IhEq (2), electronshave

the energy levels at I' pont for the elee

E=F.+

where n= 1, 2 3

quantized knetic energy and possess d screte energy

x GaN Flz-om
z %
| : I
y i InGaN | E,
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The smplified square potential well of InGaN/
GaN QW.

Fig 3

Energy/eV

levels alongz directon
InFi 4
take discrete constant enewgy at both the conduction

it is obvious that the band strucures

band m inmum (CBM ) and the valence band max+
mum (VBM ) permpendicular to he interfacial p lane
(inc¢ axs), whereas the band stmctures keep on
parabola for bothModel I and IT. Our results ind+
cated that the electrons parallel to the nterfachl
plane behaved very much as the free electrons

whereas pempendiailar to the nterfacal plane the
kinetic energy of the electrons which were not ap-
proximately continuous were quantized and sub ject
to he discrete confined states giving birth to the wo-
dimensbnal election gas A bng the high symm etry
Ines fran I' oA, the CBM nModel I and Il are
1 53 eV, 1 41 eV lower than that in Buk GaN, re
spectvel. A tirbuted to the reduction of the synm e
try fm Cg, to Cs, caused by the insertbn of IhGaN
QW, the 2-fold degenerated CBM of Bulkk G&N is
split into 2 subbands n the case ofModel I and
II. While at VBM, the heavy hole band and light
holeband nModel I andIl are Q 065 &, 0. 42
eV lower than those n Buk Ga\.
the cbser In atan s stand the analler band gap w ill

It is obvious that

approach.
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Fig 4 Band stuctures ofM odel [

(a), Modelll (b) and buk GaN (c)

w ih theirm agn ifications amund " and A points
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3 3 Density of States

The DOS profiles of each GaN and InN b+
layers along [ 0001] direction are shovn n Fg 3
it can illm inate the
IhFg 5 the

fomaton of confinement states are ascrbed to InN

In the m anner of speak ng
band stucture of QW n real space

bi-hyers which have a confinng effect on the eke
trons and holes M eanwhile in tune with the afore-
mentbned lattice distortions near InGaN /GaN inler
faces same GaN bilayers have the smilar local
DOS to adjacent InN bilayers which mply the
nteractbn between In and vicinalGa atans Never
theless the asymm etric nteraction also suggests the
nflence of oher potential fel on local DOS.
Furhemore we can observe that the bands
bend along ¢ axis and their trends are consistentw ith
the affection of polarization fell This also accounts
for that the polarizaton fiel resulis n the asym—

metric interacton beween Ih and vicnalG a atan s

Due to the band bending[ ! the electrons and holes
are separated apart to the opposite sites of the well
which will bring about the quantum confined staik
effect (QCSE) U4 M eanwhile the electon-hole
spatial overlap wave functbn is decreased the re-
canb natbn rate is suppressed the lght em ission
efficency is decreased and the threshod current
density is enhanced

The states at the bottan of the conductbn band
nM odelll are fewer than that nModel I, which
will result n bwer ntemal quanum efficency. In
add ition, the nteractbn beween Ih and vichal Ga
atams help shape aw derQW and enlarge the space
betw een electrons and holes whichwould furher re-
duce the recanb nation rate Consequently thinning
down the thickness of hGaN QW is an effectve way
to overcane the bottleneck of the ekctron-hole spa
tial separation[ ! and 1o mpwove the lght en ission

efficency and thewavelengh stability.
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Fig 5 PDOS profiles ofModel I (a) and Il (b).
. band into subbands The ntemal field nduced by
4 Conclision

By using VASP w ih n the framew ork of the first
principles the micwo characteristics of InGaN QW s
are intensvely studied The obtaned results show
that here are san e discrete energy levels n InGaN
QW, which contrbute to the fomatbn of two-

dimensional electron gas and split the degenerated
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