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Photoluminescence transitions in semiconductor superlattices.
Theoretical calculations for InGaN blue laser device
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The optical response of an AlIGaN/GaN/(@g, _,N)"/GaN/AlGaN heterostructure is obtained from
precise, and comparatively simple, transition probability calculations. A comprehensive approach to
evaluate these quantities from rigorous expressions of the heterostructure’s energy eigenvalues and
eigenfunctions is given. Taking full account of the longitudinal quantum wells and the lateral
quantum dot confinement, quite precise intraband energy levels and wave functions have been
obtained. Photoluminescence results for sectionally constant band-edge profile differ from the
experimental measurements by approximately 45 meV. We show that the band-edge modulation
arising from charge polarization, is responsible for this difference.20®3 American Institute of
Physics. [DOI: 10.1063/1.1565698

I. INTRODUCTION band information, we calculate the blue interband radiative
recombination probabilities. We found out that the longitudi-

=l ¢ ) nal confinement is responsible for the narrow and well-
length emitting diodes and blue laser devices has led to OVeEeparated low-energy subbands. On the other hand, the at-

whelming experimental and theoretical actiity.Extensive  yacive Coulomb interaction and the lateral quantum dot
attention has been devoted to heterostructures growing prognfinement increase the recombination probabilities. These
cedures and to the understanding of the principal elemenig i res are necessary for a monochromatic emission, ther-

that contribute to the optical response of these systems. Ty siapility, and an appropriate number of levels to enhance
obtain lower current-density threshold, the proper waveyyq population inversion mechanism.

length, and reduced temperature sensitivity, distinct
multilayer AllnGaN heterostructures have been produced
The most successful structures for laser devices contain
active region of (IQlGai,xlN/InXZGai,sz)” superlattice

between thep- andn-doped Ab od5a.0N and GaN cladding  ¢ontribytion for the lowest-energy peak at 2.92 eV comes
layers(Fig. 1). Major advantages of these types of structure,o the radiative transitiorES ,— E{,, and the peak at

?re a _stronfger conflne(;nen'il of electr%ns %rgd r:joles and _5@155 eV fromEj ,— E3,- The distance between these
ormation of narrow and well separated subbands to providge .y s differ from the photoluminescen@) measurements
higher monochromatht_y, efﬂuenpy, and thermal stability. by approximately 45 meV. To explain this difference we in-
Varloushchara:;:tenstlc prpperges of tTe AIIn(fBaN het,ero'troduce a brief and preliminary analysis of the charge polar-
structures have been mentioned as relevant factors in tr]?ation effect on the optical response. In recent years, the

?hotor! emls}smr: mechanism an? their high performance. ThFiezoeIectric response and the spontaneous dielectric polar-
ormation of a large number of quantum dots because ofation with localized two-dimensional electron and hole

width fluctuations in the layered structure and the high dengases on opposite interfaces, have been observed for this

sity of dlslocatlon_s allow additional gonflnement a_nd a Iarger,[ype of system. This so-called “quantum confining Stark ef-
number ofe-h pairs. In Sec. Il of this article, we introduce

fect” modifies the potential profile and the minibands are

the theoretical basis tq stgdy the optical response taking int isplaced upward or downward. To obtain an insight of the
account both the longitudinal quantum wells and the latera harge polarization’s role in the optical response, we use the

guantum dot confinement. We use the simple and closed fofiotential obtained by Goepfest all* For this band-edge
thIaS 01|‘|t|r(1e Theo;y of Fl,m'te Per'Od'CISySte'(T:PS’ apd ,_modulation we recalculate the energy eigenvalues and deter-
the well-known formalism to evaluate the exciton's e heir shifts with respect to the sectionally constant po-

spectra:'’A complete analysis of the transition probabilities ¢ ntia| case. Introducing these shifts we obtain a very good

is made assuming sectionally constant band-edge mOdUI%'greement with the experimental resufig. 2)

tion. In this case, we were able to determine the superlattice In Sec. IV we present our conclusions and discuss the

energy eigenvalueléffv (in the v-th level andu-th miniband possible extensions of the present model
of the conduction or valence bandand the corresponding

In recent years, the increasing interest in short wave

In Sec. lll, we apply the model for the specific
(Inleai,XlN/InXZGal,XZN)n heterostructure, and determine
atﬂe optical response assuming sectionally constant band-edge
profile. We obtain a two peak structu(Eig. 2). The major

eigenfunctions¥ ", . Based on this fundamental intramini- 1l. MODEL

We consider an exciton in a flat quantum dot located
dElectronic mail: akb@correo.azc.uam.mx somewhere inside the heterostructure AlGaN/GaN/
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[T T T T 11" |l-=6-0|n'm . H= Zh(H\Iq+HLq+H|q)+He*h' (1)
32 electron v g 3 a=e
3 B T E‘: wheree andh stand for electrons and holes, respectively. The
- - < operatorsH, 4, given by
O 1l
- < © 1
- -t - _ 2
26 L —> <— lw =2.5nm V =04165¢V HLq_ 2m~k qu+V(Z) (2)
= 1 - noa, N3 GaN - refer to the kinetic energy in the growing direction with ef-
2T < IV 202083V = fective massmj, andV(z) the potential resulting from the
o f S w V,=02083eV o b X .
ok I : S and-edge modulation of the layered structure. This modula-
- ?f tion is taken as a square-barrier superlattice bounded by GaN
0.2 ol | N © cladding layers. For the rest of this article, the inner part of
-04 : supfrlsmce : - the heterostructure will be referred to as the superlattice
06,1 1 L (Fig. . . . .
2 10 1 2 3 45 6 7 8 For thee-h pair (confined by a transverse parabolic po-
z [unit cells] tentia) we consider the Hamiltonian
1 m*
FIG. 1. Parameters of an AlGaN/GaN/{IGa _, N/In, Ga,_, N)" _ 2 2 19, 2.2 2,,2
/GaN/AlGaN heterostructure as reported by Nakanetral. : Hiq 2qu (Pxqt Pyg) + 2 (@3XqT @3Ya), )

in which m7, is the transverse effective mass.
The particle-field interaction, to first order in the vector

n .
(Inleal_xlN/InXZGai_XZN) /GaN/AlGaN. In the growing potentialA, is given by

direction thee-h pair is confined within then-cell superlat-
tice and the GaN buffer layers. This implies, in a first ap- .
proximation, a finite periodic square-well modulation of the Hig= _mﬁ‘qc

valence and conduction band edges along the growidig _ S
rection. In thex-y plane the confinement is modeled as a  The vector potentiah of the photonic field is taken to

parabolic non symmetrical potentfaMe are mainly inter- Pe perpendicular to the propagation vedtarof the electro-
ested here in the calculation of the optical susceptibility ofagnetic field, which we expand into plane waves in the
this system. The expressions reported can be applied to diform

ferent multilayer configurations. Besides the miniband struc- 52 1

ture, which determines the main contribution to the photolu-A= / 2 \ﬁes)l(ems'rd;gre‘Ks'rdsm), (5)
minescence spectrum, we consider the quantum dot Q s @s '

contribution to the confining excitonic energy. For this pur-\ynere is a normalization volume. The orthogonal unitary
pose we work in the effective mass approximation and S°|Vepolarization vector®, ; and e, are at right angles to the
as _explained be_lovv_, the Sclilinger equation. The Hamil- propagation vectost, and dix and d, are the photon
tonian operator is given by creation and annihilation operators. The summation irglex
characterizes the direction and circular frequeagyof all
possible wave components. Finall, ;, describes thee-h
Coulomb interaction

A-p. (4)

0.28 eV 2
— e
= 4 0235¢eV Hepn=— : (6)
g 292¢ViE AR, e\ (Xe—Xn) 2+ (Yo~ Vi) 2+ (Ze— 21)?
& 1 wheree is the permittivity of InGa;_«N.
g M 31550V To decouple the-axis motion from thexy-plane motion
% i we rewrite the Coulomb interaction as
= e’
Hen=— + 6He.n (7)

e(Xe—Xp) 2+ (Yo~ Yn)?

and treat 6H.,, as a small perturbation that can be
neglected.

In the following subsections, we present new and old
FIG. 2. Optical susceptibility and PL measurements as functions of thqesylts of the TFPS applied to the specific device studied
photon energy. The solid liné&) corresponds to our calculations of the herelo,lzwe reformulate some expressions to determine the
optical susceptibility fitted to the PL measurements by Naruketwal. (dot- o . .

miniband structure, the energy eigenvalues, and eigenfunc-

ted line ..). The dashed ling----) shows the optical susceptibility taking " ' o = @ ]
into account the energy shift induced by charge polarization. tions. We derive the transition and recombination probabili-

26 28 3 3.2
Photon Energy [eV]

Downloaded 11 Aug 2006 to 140.105.16.64. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



5020 J. Appl. Phys., Vol. 93, No. 9, 1 May 2003 A. Kunold and P. Pereyra

ties in the transfer matrix language of the TFPS to describand can then be explicitly obtained, we have found that in

the particle-field interaction and the ensuing high-energy raerder to calculate the miniband structure and the wave func-

diative recombination emissions. tions with a precision as high as 10eV, it is sufficient to
consider the transfer matrix

M=MrMM 13
A. Miniband structure, energy eigenvalues, ReTsTsL (13

and eigenfunctions where Mg, and Mg, refer to the left and right cladding

To obtain the energy eigenvalues and the correspondinigyers.
eigenfunctions we need to solve the Sainger equation of For a system bounded with finite walf$the eigenfunc-
the multilayer system in the one channel one-dimensiondions at any point in the (j+1)-th cell, are given by
(1D) approximation, commonly used when the transverse R -
translational invariance holds. The valence and conduction V¥ .,.(2)=®,.(2)+ ¢, .(2)
band-edge modulation leads to the specific potential profiles

shown in Fig. 1, where square barrier potential shapes, pro- =¢[modz,l.)]| Rela;+ )+ %Im(ﬂj_aj) ,
duced by the alternating semiconductor layers, are assumed.

To determine the WGa N valence and the (14
conduction-band offsetAE, and AE. we use the widely . _
known formula where the functiong,, ,(z) and¢,, ,(2) represent the right

and left propagating functions. Assumigg< V; (i=e,h), the

1 eigenvalues are obtained from
AEu:§[Eg,lan_Eg,Gal\(l_X)_X(]-_X)Bw]

2 2,2
ke—Kg ket kg

1 Im B,+Re a,=0, (15

— EAEC , (8) 2ch0 2ch0
where «,, and B,, are then-cells superlattice transfer matrix

where Eg oy and Eq gay are the energy gaps of InN and elements[Egs. (10) and (11)], «2=2mi,(VF—E)/#2, and
GaN, respectively, anSW the bowing parameter. Notice that kgzzmﬁqE/ﬁZ is the wave vector at=z,. Having obtained
Eg,innv @ndEg oy may, in general, be replaced by the corre-these eigenvalues we can now evaluate the corresponding
sponding energy gaps in the barrier and in the valley of thgigenfunctions. In the one propagating mode limit consid-
superlattice of interest. ~ered here, the polynomigb,,, reduces to the well-known

To solve the Schudinger problem for the superlattice, chebpyshev polynomial of the second kikt,. Using the

plus the two-layered heterostructures on the left- and rightprevious analytic formulas the intra- and inter-band radiative

strategy and formulas of he theory of finite periodic
systems? We first obtain the single-cell transfer matrix

B. Intra- and inter-band radiative transitions

a B
(9 and the PL spectrum

a* ﬂ*

For a system like the one shown in Fig. 1, which is
where M, (l,,) andM(I,) are the transfer matrices which similar to the heterostructures reported in the literatafe,
propagate the state vectors from one point to another in theee plot the miniband structure shown in Fig. 3. In these
same well and in the same barrié,,,, and M, are the calculations, the effect of the charge polarization has been

M:Mwab(Ib)MbWMw(lw):(

transfer matrice for the well> barrier and barrie—~ well  neglected but will be considered at the end of Sec. Ill. The
interfaces. We then use the formulas ground-state bands for electrons and holes are extremely nar-
row and become denser as the number of cells in the super-
a?:pj_apjfli (10 lattice increases. In this figure, we also show the lowest-
miniband energy levelg, , (v=1,2,..n—1), for n=6.
Bi=B"'pj-1, (11 In general, to identify the various radiative processes, it

) . is convenient to consider the exciton field
for the transfer matrixM; relating state vectors at any two

points z, and z;=z,+ jl . separated by cells of lengthl . N
For energies below the band edge of the cladding layéfs ( V()= V¢ (a,,+ > v (@b,
and V) the boundary conditions require exponentially de- o whov!
caying wave functions at the ends of the superlattice. This =02+ ¢, (2) (16)
imposes further restrictions on the transfer matrices.
Although the transfer matrix of the whole system couldwith a, , andb,, , the electron and hole annihilation opera-

be built as tors in the-th state of theu-th miniband, respectively. In
terms of this field, the particle-field interaction amplitude
M=MgMgMMg M (120 becomes
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wherel is introduced as a phenomenological level broaden-

% L ing constant.
; C 27656 At variance with the current approaches to calculate the
3F radiative emission we have here a precise procedure to de-
281 2.7654 termine the eigenfunction®;, (z) and \Ifi,’v,(z) (Appen-
56l 2.7652 dix A). The possibility of knowing these quantities provides
aal 2765 us with the ability to theoretically calculate the radiative
2.4~ transitions.
Sl In this approach, we also include the possibility of hav-
QT ing additional confinement in the transverse direction. The
Rk -0.22 explicit analysis of the excitonic energy spectrum in a quan-
o2k -0.24 tum dot was studied in various references. We consider the
-0.26 model and results of Refs. 14—16. A summary is presented in
04r -0.28 Appendix B. The quantum dot confining contribution and the
0.6, charge polarization effect are shown here to be crucial as

i tuning parameters to determine the exact value of the recom-
z [unit cells] bination energy measured experimentally.

FIG. 3. (a) Miniband structure obtained for the heterostructure reported by
Nakamuraet al. (b) Energy levels of the first minibands in the conduction

band.(c) Minibands above the hole barriers. IIl. RESULTS AND DISCUSSION

For the system in Fig. 1, frequently used in the
literature!~® the well and barrier widths are taken &g
=25 A and1,=60 A. If we consider the energy gaps
Eg.can=3-485 eV andE, ;,y=1.9 eV at 20 K}” and the bow-
ing parameterB,,=3.4 eV!81° the barrier heightsv; (i
+¢§(Z)A(Z)5_&r¢:(z) =e,h) in the su_perlattice be(_:omcg 0.4165 anq 0.2083 eV,

respectively, while the potentialg; in the cladding layers
9 measured from the band edges are 0.5783 and 0.2891 eV.
+¢U(Z)A(Z)E(pc(2) The effective masses in the active region are determined
from a linear interpolation. For the electron we interpolate
betweenmy , ;.= 0.16my and my, ,,,=0.1my and for the
: (17 (heavy or light hole betweerm g n=2.0mp and mf, .«
=1.67m,,%°"2wherem, is the electron mass. For these pa-
In the lowest order, the first and fourth terms in this equatioryameters, we plot the miniband structure shown in Fig).3
correspond to intraband and intraminiband transitions whiclror energies below the barriers’ potentials and V;,, we
emit or absorb infrared photons. The remaining terms profind isolated and narrow minibands with energy levels in the
duce higher-energy transitions. The second term accounts f@iterval between 2.765 and 2.7656 eV in the conduction
the absorption process while the third term describes the amyand [Fig. 3(b)], and between-0.165142 and—0.165144
nihilation of an exciton with the emission of a blue photon. gy in the valence band. These minibands contairl levels
We are interested in the third term contribution. More pre-wheren is the number of cells in the superlattice. Above the

ife
q=§¢;h <qu>: 2 _f dz

d
"
2)A(z) — z
= mﬁ‘qC ¢c (2)A( )(9r ¢c(2)

d
+ (DA 5 b) (D)

cisely, our purpose is the calculation of barriers we have many subbands with small energy gaps. The
ite g subband widths increase with increasing energy. At the same
2 s qj dzeo,(2)A(Z) — ¢(2) time, the energy level distance increases, while the subbands

a=eh MjqC o approach each other. Each miniband contairsl energy

ihe levels[see Fig. &)].2* A similar structure can be observed in
=2 — 2 gdda,b,(e, Ky the conduction band.

a=eh Mig v/ pwu’ s The distance between the lowest miniband and the set of
. d subbands above the barriers, especially in the conduction
Xf dZ‘I’Z',w(Z)G'KS'rE‘I’Z,y(z), (18 pand, is essential to account for the experimental PL results.

For the system under study the lowest-conduction subband
where gs= y27fic*/ws(). Higher-order transitions, which and the highest-valence subband are separated by approxi-
consist of infrared emissions followed by a recombinationmate|y 2.92 eV, while the Separation between the next sub-
process, are neglected. bands in the conduction and valence band is 3.25rY. 3).

To compare our results to the PL measurements in Refsthese subband gaps are responsible for the two PL peaks
7 and 8 we calculate the Optical Susceptlblllty described byobserved by Narukawat a|_, which are Separated by ap-
P 2 proximately 0.235 eV. On the other hand, the position in
‘de\If;,V,(z) E\I’Z,v(z) energy of the lowest-energy pegk is determined py the super-
——, (19 lattice parameters and the exciton’s lateral confinement en-
(0s— Byt Epry)*+T ergy, which for quantum dots of different sizes, is of the

x= X

v o
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100—— 100 10 1 2 3 4 5 6 17
L 4 4 1T r 1T 1T 1T T
80_— . —_80 3L electron -
60 ~60
—_ 40 ¢=4nm | $=8nm |¢=18nm | 40
2 ol — ]
GE) 20 __ - __ 20 2.4 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
m O | pr— ; ] O 's i — 71 T ] 1 ' 17 "1 ™71 ' 7T
L — S0
20 (@ (®) | () H-20 S
L — — 04
-40 somey =40 oE
-60 -1-60 ol
FIG. 4. Exciton lateral confinement energy for symmetric quantum dots of 0~2_1 : (I) ' Il : é : |3 : ‘I'_ : g ! |6 t 7
(@ 4 nm, (b) 8 nm, and(c) 18 nm of diameter. The lowest level has an .
energy of the order of-50 meV. z [unit CellS]

FIG. 5. Wave-functionsF'{ ; and ¥} , for the first energy level of the first
subband in the conduction and valence band. For these wave functions the

. . . . electron and hole are localized in the interior of the quantum wells.
order of —50 meV, as shown in Fig. 4. In this calculation, we d

have used m; ¢ gan="0.23Mp, M, ¢ |;n=1.67My, M| |, Gan

— _ 2021 __ gl
2.04mo, andm, p, iny=1.61mo, €=9.0. culated optical susceptibilitysolid line 9, normalized to fit

To obtain the optical susceptibility, we calculate all the . . . .
possible first-order transitions between the conduction angh'e experimental dat(g_dotted line ), is shov_vn '_cogether with
a curve that takes into account the shift induced by the

the valence subbands. We evaluate the integrals in the mE'fhar e polarization effectiashed line---) as explained be-
merator of Eq(19), using the exact forms of the eigenfunc- g€ polariza ine- xplal

. ) . . . . low
tions given in Appendix A. In this way we obtain the two . .
main peaks with a separation of 0.324 é¥lg. 2. To ac- The miniband structure that results when the sectionally

count for the correct intensities we would have to calcuIatefnogsa?;tgosogesmslil 'Sesigglfﬁe;efbﬁ 1a cgﬁrzkljsc:)“%ebggli -uelgtge%
the higher-order transitions in order to determine the occu- ' 99 C

pation probability of each state. Although this might be in- using the TFPSFigs. 7 and & The main consequences of

teresting, the first-order calculation is sufficient to gather in_changlng the band-edge shape @jea repulsion of the low-

formation on the relative distance of the main peaks
observed experimentally.

The specific values of the transition probabilities depend
on the subband and intraband indexes in the wave functions
v (2) and\lf’;,v,(z). By plotting the square of the abso-
lute values of these eigenfunctions we can infer the main
properties of the selection rules and transition probabilities.
In Fig. 5 we show the wave functionk? ,(z) and ¥ (z)
that correspond to the first energy lev&ls, andEY ; in the
first miniband of the conduction and valence bands, respec-
tively. The electron and hole that occupy these states, with
energies below the barrier potential, are localized in the
guantum well regions. On the other hand, in Fig. 6 we notice
that the electron in the stat¥5 ,(z), with energyEs3, be-
tween the barrier potentidl, and the cladding layer poten-
tial Vg, is localized mainly in the barriers’ region. This same
phenomenon occurs in the valence band. The transition prob-

ability values depend strongly on the overlapping of the 0

wave functions and their derivatives. Thus, the recombina- oY T S N R I B
tion processes that take place between matching states are -0 1 2 3 4 5 6 7
more likely to happen than those between states that do not z [unit cells]

match, i.e., a transition of the ford® (z2)—W¥", ,(z) will
V'M( )~ VK (2) FIG. 6. Wave-functionsP'§ , and ¥4 , for the second energy level of the

have higher probabilities for=1". Th'is S?IeCtion rule gives  second subband in the conduction and valence band. For these wave func-
rise to the two PL peaks observed in Fig. 2, where the caltions the electron and hole are mainly in the interior of the barriers.
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8E ), =45meV [5ro 8 ,=260meV  [-0.56
0.2} o I I I o e O 0.24 0.4 —————————— 1K 0.48
0.1k J H H H H H I_ 1 1 0.22 02 | | | | | | -[ 0.44
of | ‘ ‘ . . ‘ . . 0.2 ol J J J J i * . 0.4
= -1 0 1 2 3 4 5 6 7 = -1 2 3 4 5 6 17
V V
Py 8E,=20meV J‘ 0.28 5 O ,=240meV  [1-0.56
0.2 : :::*: 0.24 041 ¢ 0.48
0.1 -|- 0.22 02t -[ 0.44
0 0.2 0 1 0.4
-1 0 1 2 3 4 5 6 7 -1 0 1 2 3 4 5 6 7

z [unit cells] z [unit cells]

FIG. 8. Miniband structure for the flat band profilep) and the parabolic
band-edge modulatiofdown) in the conduction band.

FIG. 7. Miniband structure for the flat band profilep) and the parabolic
band-edge modulatiofdown) in the valence band.

ducti d val bband duced b tof a blue laser device. For negligibledependence of the
energy conduction and valence subbands, produced by Q?oulomb interaction these degrees of freedom where decou-
increased potential in the bottom of the quantum well éd

b f th itv in th ¢ of the barri Spled. We solved the Schdinger equation for the superlattice
egaufsel ° ft copcaw fyﬂ:n ebgppgr pgr 0 h eb aMeTS3nd determined the exact energy eigenvalues and eigenfunc-
PO eSn_ lal, an & ra(i_lon 3 b fe su than sa ovet 'bet' ar?ert.h tions. Using these quantities the interband transition ampli-
i |Tce, as mentione f € otrre], i € main ConEE,' l; 'OPh 0 NSudes and the optical susceptibility were calculated. The dis-
optical response co(r:’nes rgm € ranS|tEﬁ1|V—> 1, forthe crepancy between our calculations and the PL experimental
first peak z_and fronte; ,—E, for the second peak_, itis clea_r measurements by Narukawtal. appear to be related to the
that the distancé\E,; between the two peaks is approxi-

; ) charge polarization effect. Although here we present results
mately the separation between the first and the second co ge b g P

ducti bbandsES. plus th di ton i for a specific set of device parameters, the expressions and
uction subban 21 pvus_ € corresponding separation in 4, o theory, might be applied to design and to get an important
the valence subband¥y,, i.e.

insight of the physics for a great variety of other configura-
AE,~(ES ,—ES{,)+(E5,—E} )= 6ES+ SE} (20 tions.

21 2,v 1v 2,v 1v 21 21
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order calculation of this reduction is shown in Fig(dashed The electron’s wave vectors in the various regions of the

line ----). heterostructure are given by
IV. CONCLUSIONS ki:E ﬂ, i=c,w,b, (A1)
h Zmi

We studied an exciton confined in the lateral and longi-
tudinal directions of the AlGaN/GaNh, Ga_, N  where the indexes, w andb stand for cladding layer, well,
/InXZGai_XZN)“/GaN/AIGaN superlattice in the active region and barrier. The wave function is given by

(7' ®(2),
7"My(z=jl JM;Mg @ (0)

—00<7<0,

jle<z=jl.+I1,

W (2) =4
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where
1 [ ketik, —ketiky
LT 21Ky | —ko+iky,  ketiky |
1 (ketik, ke—iky
MRs= 21 k—ik, ko +iky'
ez 0
MC(Z):( 0 ekcz)’
elkuz 0
Mw(Z):< 0 eisz)'
1 (kpt+iky kp—iky
Mow=21 | ky—iky,  ko+iky)’
eikpz o
Mb(Z):( 0 eikbz)’
1 [ kptiky, —ky+iky
Mu=2ik| ki, Ky+iky |

gkez 1
{5 f}

andM; =M ,Mp(lp)MpM ,(1)-

APPENDIX B: QUANTUM DOT CONTRIBUTION

The transverse part of the Schinger equation can be
written in the center of mag€0M) and relative coordinates.
The corresponding Hamiltonians in terms of ladder operator

are

Hcom= T ax(ATA+ 112)+ hiay(ATA +1/2),

and

e
Hye=f ox(atay+1/2) +fiwy(a)a,+1/2) - -

whereA, A, a', anda; (i=x,y) are the harmonic oscil-

(A3)

(B1)

(B2)

A. Kunold and P. Pereyra

lator’s raising and lowering operators constructed from the
center of mass and relative coordinates, respectively.

To solve the Schidinger equation foH,. we use the
harmonic oscillator’s basis. The excitonic energy spectrum is
obtained by numerical diagonalizatigRig. 4).
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