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Energy levels of nitride quantum dots: Wurtzite versus zinc-blende structure
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Nitride based I1I-V quantum dot€QD’s) GaN, InN, and AIN have been investigated theoretically using the
hole effective mass Hamiltonian derived by 1565 method. The nitride based QD’s have significantly differ-
ent properties compared to 1l-VI based QD’s and also other Ill-V based QD’s such as GaAs and InP. IlI-V
based nitrides can have both zinc blende and wurtzite crystal structures whereas GaAs and other IlI-V and
II-VI QD’s exist only in the zinc blende structure. The study of nitride QD’s therefore offers an unique
opportunity of studying the role of the crystal field which is present in the wurtzite structure and is absent in
zinc blende structure. The energies and the eigenfunctions for spherical quantum dots have been calculated as
functions of the dot radiuR for both zinc blende and wurtzite structures for both the zero spin orbit coupling
(SO0 and finite SOC. For low lying states, in the zero SOC limit, the energies hav?al&pendence at all
R for zinc blende structures but the presence of crystal field in wurtzite modifies Rfed&pendence at
intermediater but not in small and largR. The addition of SOC further modifies the behavior at laRynd
the energies vary more slowly tharRE/for both the zinc blende and wurtzite structures. For very high excited
states of large QD’s, the wurtzite pattern approaches that of the zinc blende.
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[. INTRODUCTION electric effect can be utilized to generate entangled exciton-
exciton stated® required for information processing in
Investigation of semiconductor quantum d¢€D’s) or ~ guantum computers. In recent years many sophisticated the-
nanocrystalg¥NC’s) reveals the evolution of the electronic oretical approaches have been applied on G0’ These
structure from the extended solid state to the molecular limitare multibandk-p theory*°=2® empirical pseudopotential
an extremely important issue of basic and applied research itheory>*and tight binding method®3° Different theoret-
condensed matter physics. The superior properties of Qxal approaches are the manifestation of QD’s being interme-
based lasef,size dependent tunable light emitters, and de-diate between molecular and bulk systems. Of these, the

tectors were I’ecognized early. A Single eleCtron tranﬁstorﬁ.ﬁ method using SiX or e|ght bands haS Severa| advantages:
and s3evera| many body phenomena, such as the Kondg) the method is known to give a good description of the
effect and metal insulator transitiéimave been observed in pole states and the crystal field splitting of bands at zone

nanometer-sized QD's. There has been tremendous progregsnter which are important for determining the optical prop-
in the fabrication of self-assembled QD’s using the epitaxial

method® and highly monodispersive QD's using chemical erties accurately(i) the k- p method is much less computa-

. : = . tionally demanding compared to other methods) it is
method$® with very high quantum efficiency of optical tran- : - Lo - )
sitions. The field of nitride based Ill-V QD’s is not as mature ideally suited for device modeling in particular for the opto

as II-Vl based QD's, such as CdSe, CdS, ZnS, and ZnS electronic devices, an(v) theoretically the method is more

. ransparent compar her numericall manding meth-
Most of the reports on GaN QD are concerned with nano- ansparent compared to other numerically demanding met

; . ods. Therefore, to understand the electronic properties of ni-
powders embedded in matrices. There are a few reports ond ere ’ dthe e properties o

the fabrication of GaN-QD using metal organic chemical va-tide based QD's and future QD based devices, khp

por deposition(MOCVD).21° Nitride based nanostructures method is ideally suited. The electronic structure of II-VI
have significantly different properties as compared to Gaa4CdS, CdSe, ZnS, and Znband Ill-V (InAs, InP, and
based quantum well and QD’s. GaAs and most other 11l-vCaAS QD's have been widely studi€d; *® but the elec-
semiconductors have zinc blende crystal structure, but 11I-\ifonic structure of nitridInN, GaN, and AIN based QD's
nitrides are available in both zinc blende and wurtzite crystal'@v€ not yet been studied theoretically in detail except for
structures which leads to strong built in piezoelectric, fields¢he work by Andreev and Reillj who applied thek-p

in heterostructures. This can induce large redshifts in GaNtheory to the GaN/AIN hetrostructures with truncated hex-
AIN self-organized QD'$}'? Recently, nitride based QD’s agonal pyramids. In this paper we present a realistic multi-
have become a field of active interest. It has been proposdeand calculation of the electronic structures in isolated and
that InGaN is a truly quantum materialThe origin of its  unstrained InN, GaN, and AIN QD's for both the wurtzite
high quantum efficiency of luminescence, despite the largand zinc blende structure. Thep method successfully de-
density of structural defects, lies with the phase separablgcribes the confined electron and hole states in QD’s for both
nearly pure self-formed InN QD’s rather than with the alloy zinc blende and the wurtzite structures. The crystal field
composition->*4These structures could be practical building splitting is negative for AIN and positive for InN and GaN.
blocks for solid state quantum computing devite$he ex-  Due to the crystal field, in the case of zero SOC, the three-
istence of strong inbuilt electric field due to a giant piezo-fold degeneracy of hole states at the valence band top of zinc
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blende structures is broken for wurtzite semiconductors. Il. ELECTRONIC STATES IN SPHERICAL QUANTUM
Since the optical transitions take place from the band edges it DOTS

is important as well as interesting to systematically work out
the evolution of the hole states for QD’s due to crystal field
splitting. In Sec. Il the theoretical framework used in the
calculation is given. The results obtained and their diszcussioRJr
will be found in Sec. Ill. Section IV gives the conclusions.

A. Wurtzite structure

The Hamiltonian in effective-mass theory, for hole states
wurtzite structures in the zero SOC limit is given?dy

LpZ+Mpj+Np; RpDy QPP+ APoPx
Rp.py Lpj+MpZ+Np; Qpyp,+ Apopy 1)

HOZ_
2mg
Qpyp,+ApoPy QPP+ APePy  S(PS+pZ)+NpZ+2moA,

whereL,M,N,Q,R,S,T are effective mass parametess,is  where P;=y,p>—2/3y,P?), Py=y,p?+ 2/3y,P?

the crystal field splitting energy, aneh, the free electron +2myA., T= np@%+ 5p(22)' T* = 7]p(22)+ 5p£2%' IS

mass.po= y2moA has been introduced to make the coeffi- = A p p1) +2,1P?) S =—ApoPPP— 24P,

c_ient A dimensi_onless_. In Hamiltoniahlo the basis _func- whereP® and P™ are second and first rank spherical ten-

t:cons us?jd aré(—lllf<e, Y-like (l"fﬁ), IandZ-IL)ke fjl“l) fur|1ct|0ns. sors formed out of the componengs,p, ,p,. The new ef-

If instead, eigenfunctions of valence band angular momeng, . ro

i ective mass parameterg;,y,,v;,Ys, etc., are related to

tum (1=1):1)=-(IN2)|X+Y),| L0 =]2),|1-1) L,M,N, etc., by the relationy ii(2L+M+N) =3(L

_ . ’ 3 N .y 1 3 ’ 72 3

= (1N2)|X— LYg are used as basis states, the M+ N) ZIR yl=1(T+29) —LTZS),

Hamiltoniarf*~2® gets transformed to ) r YT Vit » Y276 /s 73
=50, n=35(L—M+R), §=35(L—M-—R). To take into ac-
count the spin-orbit interaction, the basis is enlarged by tak-

= S -7 ing a direct product of the earlier bagis,1),|1,0),|1,—1)
1 . .
Ho= S+ P, -S| @) and the spin eigenstates
2mg
_T* _S* Pl
=11 11 =11,0 11 =1,—-1 1
|ul>_| ’>§’§ ) |U2>—| 1>§1§ ) |U3>—| v >§,§ y
=|1,1 ! =11,0 .1 =|1-1 ! 3
un=11.0|5.=5), [u=[10|5.-5), [ue)=[1-1)|5.~ 5] )
|
The hole Hamiltonian, which is expressed in the above basis -\ 0 0 0
is given by 0 0 0 N 0 0
0 0 A 0 —y2n o
Ho O Hso= *
H:(OO |+ H, @ 0 —Vy2n 0 A 0
0 0 0 —Jy2n 0 0
0 0 0 0 -\
whereO is a 3X3 null matrix andHg, is the Hamiltonian
due to the spin-orbit interaction which is given by (5)
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where N characterizes the strength of the interaction. Be-states with the Hamiltonian, given in E€Q), can now pro-
cause of hexagonal symmetry, only theomponent of the ceed as follows. SincB(® and1(® are second rank tensors,
total angular momentuntorbital, band, and spjnis a con- a wave function of the form

stant of motion. Also, the terms linear jwill couple even

and odd angular momentum states. Since the boundary of the

dot is spherical, the wave functions for the zero SOC can be _ —

expanded in terms of spherical Bessel functions as follows: v 2 Crn]i (kar)[(1L1)F, M)

an’|Y'm,1(0,¢)
¢m=2|cn,|j.<k.“r> b Yi(6,¢) |. 6)

r‘l |Y +1(0 ¢) . | | . .
is assumed. As befor&,R= «, is thenth zero ofj,(x). In
In Eqg. (6), ji(x) is the spherical Bessel functiork, |(I,I)F,M) the orbital angular momenturhis coupled to
=al/R, whereal is the nth zero ofj,(x), R is the dot angular momentuni(=1) to obtainF,M being the corre-
rad|us andC, | is an overall normalization constant given by spondingz component. Substitution oF in the Schrdinger
Ch |—(\/—/R3/2)[l/j|(an)] For finite SOC, the Hamiltonian equation withH given by Eq.(9) leads to secular equations
is given by Eq.(4) and the wave function is expanded as involving the coefficientsa, andb,,, the solution of which

yield both the eigenvalues and eigenfunctions of the hole

+Z Crs2bnii+ 2K 20)[(1+2)F,M)  (10)

an Y 1(0,) states.
Y0, ) To incorporate the spin-orbit interaction, one can proceed
" |+1 as in the wurtzite case by enlarging the basis to Bgand
o dn Y (6, 9) adding the spin-orbit interaction given in E@). However,
Ym+1o= 2 Codi(kyr) 1 ym - (0 W, contained in Eq(4) is now the 33 matrix representa-
In an Y1 (6,¢) . I . : ;
et tion of the Hamiltonian given by Eq(9) in the basis
n Y1 (6,9) 11,2),]1,0),]1,— 1).
dy, Iym*'z(g'(ﬁ) But a more convenient way to incorporate the spin-orbit

interaction for zinc blende structure under spherical symme-
It should be noted that tha values in the last three terms of try appro)qma“on is to introduce the operator

the column matrix, given in Eq.7), are one more than the

corresponding values in the first three, because the former

are associated with spin states wgf= £ while the later are Hgo=—2A1-S, (11
associated witls,= — 1. The energy eigenvalues and wave-

functions for the hole states are obtained from the solution of

the Schfdinger equation where the parameteris the same as in E¢5) and is related

to the splittingA of the valence band dt due to the spin-

HY s 10=EV i1 (8)  orbit interaction byA=A/3. The matrix representation of
. ) i Hgp in the basis of Eq(3) is identical with the matrix given
with H given by Eq.(4) and ¥, 1/, given by Eq.(7). in Eq. (5). The coupling of spirS with the angular momen-
tum F obtained by coupling and| gives rise to states char-
B. Zinc blende structure acterized byF'=F + 1.

While the basic structure in wurtzite is hexagonal close
packed(hcp), the basic structure in zinc blende is face cen-
tered cubic(fcc). There are no crystal field effects and also F
the terms linear in momentum are absent in the zinc blende“:, M) =
Hamiltonian. The transitions from the Hamiltoni&ty in the

Nl = N -

wurtzite case to the corresponding one in the zinc blende is M’ — 2 M’
easily obtained by puttingh,,=0,A=0R=Q=N,S=M,T
=L. Baldereschi and Lipdlf have shown that in the spheri- E 1 ,
cal symmetry approximation, the Hamiltonian for hole states 2 1 1
for zinc blende structure can be put in the form + 1 1 ‘5,— §> |‘lff,|,+1/2 ,
y M+=- —= M’
1 M
= —p)(2) ’ 9)
2mg 3 (12)

whereP®) is the second rank tensor formed out of the mo-

mentum components mentioned earlié?) is a second rank where the square brackets represent the Clebsch-Gordan
tensor representing the angular momentum 1 ap@nd (CG) coefficients*! The matrix elements dfi, in this basis

are given by y,;=(L+2M)/3,u=[2(L—2M)+3N]/5(L can be easily worked out by changing the order of coupling
+2M). Solution of the boundary value problem for the hole through the use of the transformation
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TABLE I. The values of the parameters for AIN, GaN, and InN
(Refs. 28,42 k- p parameters are in the units &f/2m,, exceptA,
where units are in eV A.
w
AIN GaN InN 5
- 1.92 2.67 3.72 2
w 0.7271 0.7191 0.7968 2
A (eV) —0.0932 0.0223 0.0373 =
Ag(eV) 0.0111 0.0111 0.0111 2
m,(Mo) 0.32 0.20 0.12 5
m,(mg) 0.28 0.20 0.12
L 4,171 7.113 10.34
M 0.826 0.627 0.69 . . . . . .
N 0.535 0.688 0.741 25 50 75 25 50 75
R 3.758 6.486 9.650 Radius (A) Radius (A)
S 0.476 0.581 0.651
T 4,711 7.979 10.841 FIG. 2. The energy levels of odd parity states in unitsegf
Q 3.331 6.0543 9.2716 =(y,/2my)(A/R)? in a GaN QD with zinc blende structure as a
\ 0.456 0.8675 1.0605 function of dot radiusR in (a) zero SOC caséb) finite SOC.
A 0.096 0.179 0.283
Eq(eV)(hcp 6.23 3.507 1.994 in terms of spherical Bessel functions and envelope functions
Eq(eV)(fco) 4.9 3.299 1.94 |(|,|)F,|\/|> and|(|+2,I)F,M> with MZM'i% as before
[see Eq.(10)] and the corresponding Scldiager equation
can be solved.
[(I,1)F,S;F',M")

whereU(l,1,F’,S:F,1") are the Racah coefficierits.Each
of the wave functionsl, in Eq. (12) can now be expanded

Energy(in units of g,)

=> U(LLF",SF,IN,(1,9),1";F' M"Y,
I!

13
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FIG. 1. The energy levels of even parity states in unitsof
=(y1/2my) (A/R)? in a GaN QD with zinc blende structure as a
function of dot radiuRR in (a) zero SOC caséb) finite SOC case. In
case(a) (zero SOQ, the states are labeled Bs,D,,S;, etc., where
the subscripts represent the total angular momer&gml +1) and
the capital letters correspond to the lowkfsee Eq(10)]. In case
(b) the subscripts denote the total angular momentahi=F
+9).
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FIG. 3. The energy leveldor M =0) in units ofe, for QD’s as
a function of dot radiusk for (a) InN, (b) GaN, (c) AIN with
wurtzite structure in the case of zero SOC. The states are labeled as
S,, Py, etc., where the capital letters correspond to the domihant
present and the subscripts indicate whether the states avelike,
or Z-like. The detailed structure of the states are given in Tables Il
and IlI.
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FIG. 4. The energy leveldor M=1) in units ofe, for QD's as FIG. 5. The energy level§or M= 2) in units ofe, for QD's as
a function of dot radiusR for (a) InN, (b) GaN, (¢) AIN with 5 fynction of dot radiusR for (@ InN, (b) GaN, (c) AIN with
wurtzite structure in the case of zero SOC. wurtzite structure in the case of zero SOC.

Ill. RESULTS AND DISCUSSION o . . .
SOC. As is evident from Table I, the spin orbit effect is much

~We have calculated and compared the hole state energynajier than crystal field effect in AIN, GaN, and InN. Later
eigenvalues and eigenfunctions in the absence, as well as {fi shall consider the changes in the trends in eigenvalues

the presence of S_OC for two distinct crystal structgres: zincand eigenfunctions when the spin-orbit effect is added. The
blende and wurtzite for GaN, InN, and AIN. The difference hole energy spectra for GaN as a function of the dot radius

in the wurtzite and zinc blende Hamiltonians are seen clearl¥0r the zinc blende structure are shown in Figa)l(even

from a comparison of Eqgsl), (2), and(9). Whereas the zinc . ; . o
N . : parity statel and Fig. 2a) (odd parity states Similar trends
blende Hamiltonian in the spherical approximati@y. (9)] are observed for InN and AIN. The hole energy eigenvalues

is characterized by two mass parametggsand u, in the . . .
: - L InN, GaN, and AIN for the wurtzite structure are given in
wurtzite case more parameters are required. This is becau ' ’ . o . .

b d r]L%;s 3, 4, and 5. The zinc blende Hamilton{d®) is spheri-

the basic structure changes from fcc in the former to hcp i SO
the later in which a strong crystal field splitting is present.cally symmetric and the total angular momentéra | +1 is
The Z-like states belong to thé&'; representation an,  conserved. So the states in Figéa)land Za) are labeled as
Y-like states belong to thE, representation. The sign of the S;,D,,D3, etc., where the capital letters correspond to the
crystal field splittingA, is taken positive ifl'g (X, Y-like) lowest component of orbital angular momentum present in
states lie abovéd’; (Z-like) states in the valence band as in the state and the subscripts represent the valu@. dfi the
the case of GaN and InN. The parameieris related to the  case of wurtzite only the component of angular momentum
average energy and is related to the amount of splitting of \ js a good quantum number. Figures 3, 4, and 5 correspond
the two bands. The values of the parametersu, Aq, and 15 M =0, 1, and 2, respectively. All the energies are in units
Ag (spin-orbit splitting for GaN, InN, and AIN are givenin ¢ . = (y4/2mg) (A/R)2. It is observed from Figs. (& and
Table 12242 Also listed in the table. are the effective mass 2(a)othat i; thg zinc blende zero SOC case the plots of ener-
gargmetzrdli,ll\\l/l ,N,Q,R,S,T and the bulk band gaps of AIN, gies(in units of €,) are horizontal straight lines indicating a
ai, and In. strict 1R? dependence. This is expected because all the ele-
ments in the Hamiltonian matrix for zinc blende have B?1/
A. zero SOC case dependence. This behavior is modified when the spin orbit
We first compare the energy eigenvalues and eigenfundnteraction is added and the curves show a slope for IRrge
tions for zinc blende and wurtzite structures in the absence ais seen from Figs.(ft) and 2b). The spin-orbit contribution
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TABLE Il. The probabilities of different components fdf =0 in the low lying states, starting from the

ground state, of wurtzite QD’s of AIN, GaN, and InN for raéii= 16 A andR=76 A in the zero SOC case.

For example in state 2 in AINR, +1)=0.49 indicates that the probability of the component withl and

I=1, 1,=+1 is 0.49. The table illustrates how the structure of the states changes with QD radius and

material.
AIN GaN InN
R=16 A R=76 A R=16 A R=76 A R=16 A R=76 A
(S,+0)=0.82 (S,+0)=093 (P,+1)=0.49 (P,+1)=0.49 (P,+1)=0.49 (P,+1)=0.49
(P,—1)=0.49 (P,—1)=0.49 (P,—1)=049 (P,—1)=0.49
(P,+1)=049 (5,+0)=055 (O,+1)=049 (@©,+1)=049 @,+1)=049 ([D,+1)=0.49
(P,—1)=049 ([©,+0)=0.34 (©O,—-1)=049 ([O,—-1)=049 (©,-1)=0.49 [O,—1)=0.49
(D,+1)=0.49 (P,+0)=0.72 (5,+0)=058 (F,+1)=0.49 (S,+0)=0.42 (F,+1)=0.49
(D,-1)=0.49 (,+0)=0.17 (5,+0)=0.22 (F,—1)=0.49 (5,+0)=0.34 (F,—1)=0.49
(S,+0)=0.68 (P,+0)=0.46 (,+1)=049 (P,+1)=049 F,+1)=0.49 (P,+1)=0.49
(D,+0)=0.20 (,+0)=0.38 (,-1)=049 (P,—1)=049 F,—1)=0.49 (P,—1)=0.49
(P,+0)=051 (5,+0)=0.23 (P,+1)=049 (G,+1)=045 (P,+1)=0.49 (G,+1)=0.49
(F,+0)=0.14 0,0=0.34 (P,—-1)=049 (G,—1)=045 (P,—1)=0.49 (G,—1)=0.49

is independent oR and in units ofe,, gets multiplied byR?  mixtures of all the three statés, 1), |1,0), and|1,—1). (vii)
causing an increase for large The same is true for the higher excited states for large values
The graphs of the eigenvalues for the wurtzite structurepf R and(viii) the ground state energy in AIN is much higher

in the zero SOC case, given in Figs. 3, 4, 5 show the followthan in GaN and InN.

ing trends.(i) The lowest curves are completely flat for large  All the features described above can be understood by
R, but as the radius is decreased the curves show a downwaashalyzing the Hamiltonians given in Eq4) and(9). TheR
slope before becoming flat for very smRlagain.(ii) As one  dependence of the terms in E{.) have the general form
goes up in energy, the transitions seem to be occurring foA/R?+ A (B/R) + AC, wherehkzﬁ(a'n/R). Since the en-
higher R. (iii) At larger radii, for InN and GaNmaterials ergy eigenvalues are in units @’Bz(y1/2mo)(ﬁ/R)2, the
with positive crystal field splittingthe lower eigenfunctions observed trends can be clearly understood by representing
are mixtures of1,1) and|1,—1) states whereas in the case Hamiltonian given in Eq(1) in units of €. The Hamiltonian

of AIN (with —ve A only the[1,0) component is present. in the basigX), |Y), |Z), with the matrix elements in the
The probabilities of the differerit components in the wave general form highlighting th&® dependence is

function associated with each level are given in Tables 11, I,

IV (zero SOQ. (iv) Because of the presence of terms linear A, A, As;+ABR
in momentum in the Hamiltonian in the wurtzite case, the A A At ABR
eigenstates are, in general, mixtures of different parities but Ho= 2 1 3 - (19

the lowest states are seen to be states of definite parjty.
The lowest states in GaN, InN aRestates and nob states
whereas the lowest state in AIN is &wstate.(vi) The states For GaN and InNA, is +ve andX-, Y-like states are lower
for small values of the dot radius on the other hand, arén energy compared t@-like states A;<<A;). Hence for

A;+ABR A;+ABR A +A,CR?

TABLE lll. The probabilities of different components fof =1 in the low lying states, starting from the
ground state, of wurtzite QD’s of AIN, GaN, and InN for ra&i~ 16 A andR=76 A in the zero SOC case.

AIN GaN InN

R=16 A R=76 A R=16 A R=76 A R=16 A R=76 A
(P,+1)=034 (P,+0)=092 (P,+1)=054 (5,+1)=0.65 (P,+1)=0.53 (S,+1)=0.54
(P,+0)=0.65 (P,+0)=0.45 (O,-1)=0.32 (P,+0)=0.46 (D,—1)=0.40
(S,+1)=0.83 (P,+0)=0.65 (S5,+1)=0.67 (P,+1)=0.77 (S,+1)=057 (P,+1)=0.66

(F,+0)=0.23 (O,—-1)=0.30 O,-1)=0.38 (,—1)=0.16
(D,+1)=053 (,+0)=0.82 (O,+1)=049 (@©,+1)=043 @,+1)=052 ([D,+1)=0.51
(D,—1)=0.26 0,-1)=019 (S,+1)=032 (@©,—-1)=0.18 (S,+1)=0.27
(P,+1)=031 (F,+0)=0.31 (F,—1)=052 (,+1)=0.36 (F,—1)=056 (F,+1)=0.40
(P,+0)=026 (H,+0)=021 (@P,+1)=0.16 (F,—1)=045 (P,+1)=0.23 F,—1)=0.36
(S,+1)=067 (@©,+0)=0.32 (F,+1)=0.38 (S5,+1)=0.59 (F,+1)=0.31 (S,+1)=0.49
(D,-1)=0.27 (,+0)=0.31 (F,+0)=0.18 ([O,+1)=0.22 F,+0)=0.20 (G,—1)=0.29
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TABLE IV. The probabilities of different components fdf =2 in the low lying states, starting from the
ground state, of wurtzite QD’s of AIN, GaN, and InN for raiii= 16 A andR=76 A in the zero SOC case.

AIN GaN InN

R=16 A R=76 A R=16 A R=76 A R=16 A R=76 A

(D,+0)=0.77 ([O,+0)=094 ([O,+0)=064 (F,—1)=0.44 ([O,+0)=0.65 (,—1)=0.46
(D,+1)=0.21 O,+1)=034 (P,+1)=051 (@O,+1)=0.34 (P,+1)=0.50
(P,+1)=0.70 (©,+0)=0.75 (P,+1)=051 ([O,+1)=050 (P,+1)=0.50 ([D,+1)=0.39
(F,+0)=0.15 (,+0)=0.13 (,-1)=044 (G,-1)=0.2 (F,—1)=047 (G,—1)=0.34
(F,+1)=0.34 (F,+0)=0.82 (F,+1)=047 (,+1)=053 (,+1)=043 (,+1)=0.51
(F,—1)=0.33 (F,+0)=0.30 (F,+0)=0.13 (F,+0)=0.36 (H,—1)=0.16
(D,+0)=0.31 (F,+0)=0.46 (G,—-1)=050 ([O,+0)=0.32 (G,—1)=0.53 (P,+0)=0.25
(D,+1)=0.22 H,+0)=0.28 (©,+1)=0.22 (G,—-1)=0.28 {O,+1)=0.22 (P,+1)=0.18
(G,+1)=0.23 (H,+0)=0.28 (,+1)=0.29 ¢H,—-1)=0.44 (,+1)=023 (H,—1)=0.39
(G,-1)=0.38 (F,+0)=0.21 (,-1)=0.35 ¢H,+1)=0.23 (,—-1)=0.28 (H,+1)=0.26

large R, the low lying states will be determined by =0 for the lowest eigenfunction. Sindd =I1,+1, andl, is
Hq1,H12,Hy1,Hy, which are constant terms in the matrix +1 or —1 for the lowest state in GaN, InKbeing linear
given in Eq.(14). This explaing(i) the flatness of the curves combinations of1,1) and|1,—1)) anM =0 state must also
at largeR and (i) the ground and low lying states are mix- havel, as—1 or +1. The lowest for which this can happen
tures of|1,1) and|1,—1) only in GaN and InN. In AIN, on is|=1. For AIN on the other hant,=0 for the lowest state
the other handA. is —ve and Z-like states are lower in and M=0 will be obtained froml,=0 and this can come
energy tharX-, Y-like states A;>A7). The low lying states from an S state. These observations are consistent with the
for largeRin AIN should thus have only thel,0) component  result that the ground state in AIN is @state while the
as is obtained from the calculati@iven in Tables II-IV. ground states in GaN and InN aRestates. Thg1,1) and

For QD's having the wurtzite structure, the axial compo-|1,—1) states being linear combinations ¥{, Y-like states
nent of the total angular momentukh is conserved ani

15
- F M=3/2 D l+G |
(@ InN M= Sxi L/SXT X
XT XT
F F
x F T+F T x
L P L+F | | Pl
10 FxT e 10} FxT /;‘J}"‘le ]
D D,T FleP L ot
st D 145 | D, &t
) * ot 3
S l+D 1 P1T x /
5% // - 5 "ﬁ‘?g‘l
P bl
- ~ 20
"g (b) GaN ;* 5 (b) GaN D l+G L
@ 157 s o F1
a— X = 15} x
T F1 st
c FT Pl c x x
] o4 ot S Fr Fl
g 101 & s+ ] £ Rt 0,1
4 DZT S 10+ z
> X (<)) D1 PT
o sl PT had x
s x @ ST s
g 5 [P+PY 1 c P T+P T /
5 T ] 5 2
DL
351 () AIN Pr 35} (c) AIN bl
Pl o1
25| I
S,T+D 1 25
gxI 14D P4F 1 P
15| x D,T
Pl Pl LE D!
st_—"—"_ st st Pt
5 ,le' ) ) 5 P T+P,T
0 50 100 0 50 100
Radius (A) Radius (A)

FIG. 6. The energy levels in units ef, as a function of the dot
radius for(a) InN, (b) GaN, (c) AIN with wurtzite structure in case
of finite SOC forM =3.

FIG. 7. The energy levels in units &f, as a function of the dot
radius for(a) InN, (b) GaN, (c) AIN with wurtzite structure in the
case of finite SOC foM = 3.
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TABLE V. The probabilities of different components fM:% in the low lying states, starting from the
ground state, of wurtzite QD’s of AIN, GaN, and InN for radti=16 A andR=76 A in the presence of
SOC. Now the probabilities also include the spin components indicated by an arrow.

AIN GaN InN
R=16 A R=76 A R=16 A R=76 A R=16 A R=76 A

(P,+1,])=0.24 (S,+0,)=0.86 (P,+1,/)=0.50 (P,+1,1)=0.54 (P,+1,1)=0.50 (P,+1,1)=0.53
(P,+0,])=0.51 P,-17)=049 (P,—11])=0.42 (P,—1,1)=0.49 (P,—1,1)=0.44
(S,+0,1)=063 (P,+0,/)=0.85 (P,+1,[)=052 (S,+1,[)=0.46 (P,+1,])=051 (S,+1,])=0.43
(P,+0,])=0.15 (P,+0,])=044 (@©,-1,])=0.3 (P,+0,[)=0.46 (D,—1,])=0.45
(P,+1,])=051 (S,+0,)=050 (S,+1,)=0.63 (D,+1,1)=055 (S,+1,/)=0.56 [D,+1,)=0.54
(P,—1,1)=0.49 (D,+0,1)=0.30 ©®,—1,)=0.30 O,—1,1)=0.40 O,—1,/)=0.38 ©,—1,])=0.42
(S+1,1)=0.79 (P,+0,/)=0.59 ©,+1,])=0.52 (P,+1,])=0.52 ©,+1,)=051 (P,+1,/)=0.49

(D,~1,1)=048 (F,-1,])=0.12 ©,-1,1)=048 F,—1,)=0.25
(D,+1,1)=053 (P,+0,1)=0.63 (S,+0,)=0.8 (S,+1,])=0.37 (S,+0,)=0.8 (F,+1,])=0.53
(D,—1,1)=0.32 ©,+1,])=0.20 F,—1,1)=0.42

are spatially more spread out than #uike states which are represented by straight line is, units, is not observed be-
confined to a narrow region surrounding theaxis. This cause effects due to the momentum dependent terms and
confinement may also explain the higher ground state energyrystal field term are comparable. Clearly for higher excited
in the case of AIN. states this transition will occur at high&r

In case of the zinc blende Hamiltoniah=0, A,=0,
A;=A;, andA,=Ags. Thus all the terms in the Hamiltonian
matrix given in Eq.(14) are constant and we get straight
curves in units ofey, as shown in Figs. (&) and 2a). Also, The IlI-V nitrides have low spin orbit interaction. In the
we observe that the three directiong,z are equivalent and wurtzite structures of these nitrides the spin orbit splitting is
hence the ground and low lying states are mixtures of all themaller than the crystal field splittingee Table)lL The spin
three statefl,1), |1,0), and|1,—1). Very high excited states orbit interaction part will add terms in the Hamiltonian given
have large momentum-dependent contributions. In the cada Eg. (1) which are independent &. Expressed in units of
of wurtzite, for very high excited states the effects/™f e, these terms will increase &. The hole energy spectra
term becomes negligible compared to momentum dependefar GaN as a function of the dot radius for the zinc blende
contributions and hence the spectrum approaches the zirstructure in the presence of SOC are shown in Filg) (even
blende spectrum as is indicated by the presence of all thparity states and Fig. Zb) (odd parity states Contrary to
three componentd, 1), |1,0), and|1,— 1) in the eigenstates the results in the zero SOC case the energies in unitg of
for the flat portions of the graphs obtained for wurtzite struc-are no longer constants as a functionPoindicating devia-
tures. For very smalR, the effects of the\,, term also be- tion from 1R? behavior.
come negligible. The spectrum will again approach that of The hole energy spectra for InN, GaN, and AIN figr

zinc blende. In the intermediaf region the 1R? behavior =3 andM=3$ as a function of the radius of the QD’s are

B. Results with SOC

TABLE VI. The probabilities of different components fdt =3 in the low lying states, starting from the
ground state, of wurtzite QD’s of AIN, GaN, and InN for radli= 16 A andR=76 A in the presence of
SOC.

AIN GaN InN
R=16 A R=76 A R=16 A R=76 A R=16 A R=76 A

(P,+1,])=032 (P,+0,])=0.86 (P,+1])=052 (S,+1,)=0.78 (P,+1,1)=052 (S,+1,1)=0.70
(P,+0,1)=0.64 (P,+0,])=043 ©,-1,1)=0.12 (P,+0,)=0.46 (O,—1,7)=0.22
(S,+1,7)=0.78 (©,+0,])=0.88 (S,+1,1)=0.66 (P,+11)=0.71 (S,+11)=059 (P,+1,])=0.70
(D,~1,1)=0.28 ©,—1,7)=0.36
(D,+0,])=0.76 (P,+0,7)=0.60 (O,+1,1)=0.49 ©,+1,)=052 ©,+1,)=0.53 (O, +1,7)=0.57
(D,+1,])=0.19 (F,+0,7)=0.21 (O,—-1,1)=0.20 O,—1,)=0.29 ©,+0,)=0.17 (O,—1,1)=0.20
(D,+11)=0.37 (©,+0,])=0.69 ©,+1,)=0.33 (F,+1,)=044 ©,+1,])=0.33 (,—~1,)=0.48

(D,—1,1)=0.20 0,+0,])=0.64 F,—1,)=0.44 (D,+0,])=065 (P,1,/)=0.43
(P,+11)=0.238 0,+0,])=0.65 (F,—1,)=0.44 (S,+1])=0.44 (F,—1,)=0.46 F,+1,])=0.39
(D,+1,1)=0.16 (P,+1,])=051 (O,+11)=0.15 (P,+1,])=0.48 (F,—1,1)=0.39

155331-8



ENERGY LEVELS OF NITRIDE QUANTUM DOTS. .. PHYSICAL REVIEW B 68, 155331 (2003

shown in Figs. @), 6(b), and &c) and Figs. 7a), 7(b), and
7(c), respectively. The probabilities of the differdntompo-
nents in the wave function associated with each level are
given in Tables I, I, IV (zero SOQ and Tables V, VIwith
SOQ. For values oR in the range 25-50 A, energy eigen-
values trend is a bit complicated and level crossings seem to
occur. For GaN, for example, the second excited state in the
M =3 case, changes from R state for smallR 15 A to a
mixture of SandD states folR 80 A. For AIN the crossing of
levels take place at a much lower valueRothan in GaN and
INN.

As in the zero SOC case, in GaN and InN, the lower states
in the spectra for larg® are mixtures of1,1) and|1,—1)
states but for loweR |1,0) state also appear&iven in

(a) InN
zinc-blende

------ wurtzite

- N W o

(b) GaN

zinc-blende
wurtzite

Energy(in units of eV)
w LN ) R -]

Tables V and V). But unlike the zero SOC case, the curves 7 :;:f;}:ee"de
are not horizontal lines for large, as seen in Figs. 6, 7. For

GaN and InN the curves have an upward slope but for AIN 6

the curve is somewhat flatter. This can be understood from 5

the fact that in GaN and InN the crystal field and the spin-

orbit effects add up. Since these terms in the Hamiltonian are 40 25 50 75 100

independent oR, in units of ¢, their effect increase aR?
giving rise to an upward slope for large In AIN, A, is Radius (A)

negative and the crystal field and spin orbit effect partially o ) )
cancel each other giving rise to a somewhat flatter spectrum FIG. 8. Band gap in units of eV as a function of the dot radius
for large R. In all the three material the lowest state corre-Rfor (& InN, (b) GaN, (c) AIN with zinc blende as well as wurtzite
spond toM = 1. The band gap as a function of radius of the Structure with finite SOC.

QD -iS plOtted f0r bOth the ZinC blende and WUrtZite Structure%nd the |inear terms in the Hamiltonian become important
in Fig. 8. and theR dependence is more complex.
(3) Similar to the zinc blende case in wurtzite with SOC,
the energies fall off more slowly thanR7 for large values
IV. CONCLUSIONS of R The deviation from the R? bahavior for largeR is

. , . much less in AIN than in GaN and InN. This is because in
The electronic structure of QD’s of the I1I-V nitrides InN, the case of AIN,A,, is negative and partially cancels the

GaN, and AIN have been studied for both the zinc blendeS L
. . pin-orbit effect.
and wurtzite structures. The following has been found. (4) The lowest states in GaN and InN materials &e

(1) The energies for the zinc blende structure as a functioRates and nds states whereas for AIN the lowest state is an
of dot radiusR has a strict R? dependence for zero SOC. In S state.
the presence of SOC the energies fall off more SlOle and do (5) The eigenstates and the eigenva|ues with wurtzite
not follow strict 1R* dependence at large structure approach those for the zinc blende structure for
(2) For the wurtzite structure the energies vary &fbr  very high excited states of large quantum dots and also for
very large and very smaR in the zero SOC case. In the quantum dots with very small radius, though the effective
intermediate region the effects due to the crystal field termsnass theory breaks down at very small radius.
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