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Intrinsic electric field effects on few-particle interactions in coupled GaN quantum dots
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We study the multiexciton optical spectrum of vertically coupled GaN/AIN quantum dots with a realistic
three-dimensional direct-diagonalization approach for the description of few-particle Coulomb-correlated
states. We present a detailed analysis of the fundamental properties of few-particle/exciton interactions pecu-
liar of nitride materials. The giant intrinsic electric fields and the high electron/hole effective masses give rise
to different effects compared to GaAs-based quantum dots: intrinsic exciton-exciton coupling, nonmolecular
character of coupled dot exciton wave function, strong dependence of the oscillator strength on the dot height,
large ground-state energy shift for dots separated by different barriers. Some of these effects make GaN/AIN
guantum dots interesting candidates in quantum information processing.
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I. INTRODUCTION The paper is organized as follows. In Sec. Il we compare
In the last few years semiconductor quantum d@Ds) the characteristics of GaAs and GaN-based heterostructures,

have been an area of intensive research in condensed mattBrSec. Ill we develop our theoretical approach; in Sec. IV
physicst The possibility of tailoring some of their structural We introduce the investigated system; in Sec. V we focus on
parameters represents a fundamental tool in order to studgXciton-exciton interactions and on the oscillator strength of
basic physics and to achieve technological applicatiohs. the transitions. In Sec. VI we study two coupled identical
The strength of the lateral or vertical coupling between twoGaN dots and we compare GaAs and GaN macromolecules
guantum dots represents a further degree of freedom for efmRvestigating the role of the different parameters involved. In
gineering optical and electrical properties and for studyingSec. VII the main results are summarized and some conclu-
few-particle phenomenzf such coupled nanostructures are sions are drawn.
also known as “artificial” or “macro” molecules.

The growth of GaN/AIN quantum dotsind the demon-
stration of their vertical and lateral alignmértave been Il. GaN VERSUS GaAs-BASED QUANTUM DOTS
recently achieved. While GaAs-based quantum dots have | ¢ ys first of all compare the general characteristics of

been widely = studied ~both —theoretically =~ and g,N pased quantum dots with the more familiar GaAs-based
experimentally;! GaN quantum dots are becoming a sub-,ne¢ “The Gaas compounds have a zinchblende structure

{:Ctliggt'igﬁrseazﬂgh'n::resa;g:utrze'irnf%?:ﬁgtt;gln teiggglscﬁ'falcharacterized by a face-centered cubic cell. This structure
bp ' 9 P 9 does not present spontaneous polarization, and, in the ab-

single electron read-out devi¢ér spintronicst* ; o :
Our analysis is focused on few-particle effects in nitride S€nce of applied electric fields, the dipole moment of corre-

dots. We address some distinguished few-particle phenomerll%ted e!ectron—hole excitations .Wi” be negligilble _and S0 wil
typical of nitride QDs and mainly stemming from the built-in be the interaction between excitons _created in dlﬁergnt QDs.
giant electric field which characterizes such nanostructured.0r application purposes however, it would be desirable to
We analyze the behavior of the intrinsic exciton-exciton di-have a controllable source of interaction between dl_fferent
pole Coup"ng as a function Of the Various structure paramQDS, since the latter can be natura”y thought as the different
eters. In addition our calculations show that the ground-statéinits of a device. A possibility for creating such an interac-
excitonic transition of two identical GaN dots is character-tion has been envised and studied in Refs. 10 and 11. The
ized by a strong blue shift when their relative distance isunderlying idea is to create interacting dipoles, i.e., to sepa-
decreased. The corresponding ground-state excitonic wavate electron and hole excitonic components by means of an
function preserves its atomiclike behavior, in contrast toin-plane externally applie@statio electric field.

what happens in GaAs-based coupled QDs, where a red shift The great advantage of IlI-V nitride compounds, as GaN,
of the ground state transition and a splitting in bonding ands that they may presenhtrinsic electric fields, and, as a
antibonding molecularlike states is obser¥etVe stress that consequence, they automatically hawult in such an inter-

our analysis is also relevant for the experimental realizatioraction. 111-V nitride compounds may present in fact a wurzite
of the quantum information processing strategy proposed itype of structure based on a hexagonal cell, which is com-
Ref. 12, in which a large biexcitonic shift is necessary forpatible with spontaneous bulk polarization, i.e., they present
energy selective addressing of the different few-particle exa nonvanishing dipole per unit volume. In the heterostruc-
citations with fs/ps laser pulses. tures we consider, this polarization is accumulated at the
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GaN/AlGaN interfaces due to the asymmetry of GaN and 3,0 T ' T ' T ' ) '

AIN unit cells. Szl 4N - SISctron
In the case of QDs a strong strain-induced piezoelectricyg, |
field along the(0001) direction must be added to this effect. 7 2,04
This is considerably stronger than in GaAs-based nanostrucE ¢ 5]
tures because the piezoelectric constants in nitrides are 0|_g
ders of magnitude greater than in other IlI-V compounds. < ]
The sum of the two contributions results in a strong built-in .g 0,5
electric field of the order of few MV/cm which is oriented © ]
along the growth direction, and has opposite sign inside ancg ]
outside the dot. GaN-based QD are then characterized bjg -0,54
strong intrinsic electric fields which automatically creates in- Q .10l 1 1 L L
trinsic dipoles out of each and every electron-hole correlatec
pair excitation.

Let us consider two vertically stacked QDs coupled by the
exciton-exciton interaction just described. In GaAs the par- Vo ' T ' T ' T T T
ticle distributions corresponding to the biexcitonic ground
state generated by laser pulses having the same polarizatiol <
will approximately correspond to two parallel dipolésne
for every QD aligned along thein-plane field direction!

In this way excitons in two vertically stacked QDs will have
a positive Coulomb interaction.

If the corresponding GaN based structure instead, such
state is formed by approximately two dipoles but stacked in
the growth direction. Their interaction energy will then be - L
negative. This interaction energy is the so called biexcitonic s ' ’ -
shift, i.e., the difference in energy between the transition en- 4,50 L L L L
ergy corresponding to the creation of a certain exciton and -4 -2 0 2 4
the one corresponding to the same transition but in the pres 7 (nm)
ence of another exciton.

In GaAs based structures the biexcitonic shift can be rig 1. Electronupper paneland hole(lower pane) particle

tuned by engineering dots parameters as height and base afdiribution (dotted ling, conduction(upper panel and valence

by modifying the value of the external applied field. In the (ower paneJ band structurésolid line) along the growth direction
case of GaN based the Strength of the built in field is |nStea¢br two coupled GaN dots of, respectively, 2.5 nm and 2.7 nm of

determined by the structure parameters. In both materials arikight, separated by a 2 nm AIN barrier.

for experimentally reasonable parameters, it is possible to

achieve(at least theoreticallybiexcitonic shifts of the order  yinensional3D) exact-diagonalization scheme, as described
of few meV, which are consistent with fast, subpicosecond;; ref. 11. The confinement potential of GaN “macromol-
exciton dynamics. cule” is modeled as parabolic in they plane and as a

From the previous analysis it is clear that. both G?‘AS an equence of triangularlike potential wells along the growth
GaN structures may present a tunable exciton-exciton oY) direction (see Fig. 1

pling which can be used for different applications and in
particular to perform two-qubit conditional operatiofis'?
One drawback of applying an external electric figlas
needed in GaAs based structyrissthat a too strong electric
field might ionize the trapped charges. An externally applie
field also means more complex overhead circuits. e ice s
Due to the strength of the built-in electric field, the differ- H=H"+H"+H" (1)
ence in energy between the two lowest excitonic transitions The termH¢ is a sum of single-particle Hamiltonians

is one order of magnitude bigger in GaN-based structureghich describes a gas of noninteracting carriers, electrons
than the GaAs-based ones. Additionally in the GaN-base@nd holes, and includes the QD quasi-zero-dimensional con-
structures the oscillator strength associated to ground staiging potential. The ternti°® describes the correlation of the
excitons in QDs of different heights are different because th@garriers via the two-body Coulomb interaction. The tetim
QDs height roughly determines the dipole length and thiss 3 light-matter interaction Hamiltonian, which accounts for
strongly influence electron and hole wave function overlap.the |aser light absorption in a quantum dot. We consider the
Il THEORETICAL MODEL multiexcitor} optical spectra, i.e., the ab_s_orption probgbility
corresponding to the generld— N’ transition, whereN is
The theoretical approach employed to study the opticathe exciton number, and, in particular, we evaltfatee ex-
response of our GaN nanostructure is a fully three<itonic (0— 1) and biexcitonic(1— 2) optical spectra. The

Valence Band (eV

The physical system under investigation is a gas of
electron-hole pairs confined in a semiconductor quantum dot
or in two vertically coupled quantum dots. The Hamiltonian
d’s the sum of three terms
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biexcitonic(1— 2) optical spectrum describes the creation ofinteractions between the carriers. In writirl§¢, we neglect
a second electron-hole pair in the presence of a previouslfuger processes that take place only at high particle densi-
generated exciton. Here, we shall consider parallel-spin corties and energy far from the bottom of the band. Only pro-
figurations only. In the following three sections we will de- cesses conserving the number of carriers are considered:
scribe the three terms of the Hamiltonian.
Hec = Hee+ Hhh+ Heh
A. Single-particle description

clc!

We will work in the usual effective-ma¥sand envelope- :12 C.C
2 €178 7378

function approximatiod? Within such approximation
scheme, the noninteracting electron and holes wave func-
tions are described by the following Schrodinger equation:

V,
ejeyeze, 18638

= Tt
o + 22h1h2h3h4 Vh,hohoh,dn,dn,dn 0,
T om e + V"o = Egntlan, 2
o = e Verosn, G, G C ™
wheree/h describes the set of quantum numbers for elec- erephihy ~ E1%2MN2 7€ TNy T2 e

trons (e) and ho*les(h); ¢ is the envelope function of the The physical interpretation of the termsH is, respec-
quantum statem,, is the bulk effective mass for electrons tjyely, electron-electron and hole-hole repulsive interaction
(e) and holegh); Eqp, are the energy levels/*" is the three-  (He€ and H" and electron-hole attractive interactiéie"),
dimensional confinement potential. Since we are interestegihjle v indicates the Coulomb potential matrix for a generic
only in the lowest energy levels, we can approximate thewo-particle transition. After having obtained by direct di-
confinement potential as the sum of two potential profilesggonalization the 3D single-particle electron and hole wave
acting in the parallel and perpendicular direction to thefynctions, we calculate the matrix elements of the complete
growth plane. Moreover, a 2D parabolic potential in #3%¢  many-body HamiltoniaiH®+H¢®) in the basis of products of
plane has been proven to reproduce experimental *datagiectron and hole eigenstates of the single-particle Hamil-
Therefore in our model we consider a 2D parabolic potentialignian. We consider many-body state with the same number
whose analytic solutions are known, and we solve numeriyf electron and holes, that are in general denoted as exciton
ca!ly the Schrodinger equat_lon along_ the growth d|rect|on(N:1), biexciton (N=2), etc. By direct diagonalization we
using a plane-wave expansion technigtiéVe expand the  gptain the energies and wave functions, which will be ex-
unknown envelope function in a plane-wave basis: pressed as a linear combination of products of single-particle
1 _ states.
e = _EEK bie™". )

N C. Matter-light interaction

We use periodic boundary conditions with a box of length
L; k=n(27x/L) are the reciprocal lattice vectors. By substi-
tuting the plane-wave expansi@) in the Schrodinger equa- ) * f ot
tion ?2) wepobtain an eigznvalue) equation, e H'=- E(t)(zeh’%hcedh * Eeh’ue"ced ) ®)

The light-matter interaction Hamiltonian is

> (Hue - Ede)be =0, (4) WhergE(t) is thg electromagnetic field of t'h.e laser amg, is
K the dipole matrix element for the-h transition that can be

where Hy, are the matrix elements of the single-particle factorized as a “bulk” and a wave function dependent part:
Hamiltonian in a plane-wave basis. A direct diagonalization

can be done with standard commercial packages. The elec- Meh:Mbka Y1) (). (9)
tron and hole states expressed in terms of

creation/destruction operators are The matrix elements of the light-matter Hamiltonian are

le)=cl|oy, different from zero only for the transitiond — (N+1) and
5) (N+1)—>N that correspond to the absorption and the emis-
Ihy = dm)' (5) sion of a photon, respectivelN is the number_ of electron-
hole pairs, that is conserved bif +H®®). Following the Fer-
where |0) is the vacuum state. The single-particle Hamil- mi’'s golden rule we can calculate the absorption probability
tonian of the system can be rewritten as for the N— (N+1) transition:
He=He+H"=2 Ecclce+ >, Endidy. (6)

21
POAN — AnsD)E= 7|H,()\N)\N+1)|25(E()\N+1) -E(\) -B),

B. Coulomb correlations (10

The single-particle eigenfunctions and the correspondingvhere the statg\y) corresponds tdN Coulomb-correlated
eigenvectors are the input for the calculation of Coulombelectron-hole pairs.
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TABLE |. Material parameters used in the calculations. for ng and OJH”’d which depend on the aluminum concentra-
tion in the barrier: in the quantum wells considered in Ref.
GaN GaAs 21 such concentration is Al=0.15 while for GaN/AIN quan-
E v a5 1519 tum dots is AI=1. In particulaio}"''=2.48%, therefore in
gap ) ' : GaN-based dots spontaneous polarization and piezoelectric
mf(mo units) 0.2 0.067 fields have similar values while in j|<Ga, gdN/GaN quan-
My (Mo units) 1 0.34 tum well the piezoelectric field contributes only 10% of the
AE(eV) 2 1 total value. The other parameters necessary to calculate the
AE,(eV) 0.5 0.3 electric field are: PIl9=-2(e;4C13/Caz—€3) 0™, Pl=
e(relative 9.6 12.10 -3.2¢107“C/m?, P=0 C/n?, P2 =-0.081C/n¥, and PY,
=-0.029C/m?.
The giant internal field strongly modifies the conduction
IV. COUPLED GaN DOTS and valence bands along the growth direction and causes the

. i separation of electrons and holes, driving the first one toward
We study the multiexciton optical response of GaN/AIN e D top and the latter toward its bottom. This corresponds
QDs in the range of parameters experimentally realized iR, the creation of intrinsic dipoles. In this context, the charge

Ref. 16: the dot height is varied between 2 and 4 nm and thgjsyrinytion of two vertically coupled GaN dots occupied by
base diameter is varied from 10 to 17 nm, proportionally to,

. . ; , one exciton each can be described as two dipoles aligned
the height(according to experimental data in Ref.)18he along the growth direction. This is exemplified in Fig. 1,

material in the dot is assumed to have a constant compositiQere we plot the electron and hole single-particle distribu-
pf Gal'\l,' while in the barrier is pure AIN t_hUS neglectmg tions corresponding to the lowest biexcitonic stateth
intermixing. The valence-band discontinuity is set, accord'ngparallel-spin excitonsfor one of the GaN/AIN quantum dot

to exptlaYrimentaI values, to 0.5 eV, the conduction band ¢ ,anostructure considered. Nearby quantum dots are then
2.0 eV:' The typical system con&dgred is cqmpos.ed by tWOcoupIed by the corresponding exciton-excitdipole-dipole
QDs stacked along the growthaxis (see Fig. L in the i iaraction.

in-plane directions the confined potential is assumed to be

parabolic. In Table | we compare the different parameters

used in this paper for GaN and GaAs quantum dots. GaN has" BIEXCITONIC SHIFT AND OSCILLATOR STRENGTH
higher electron/hole masses and conduction/valence-band The energy renormalization of the excitonic transition in

discontinuities. The main feature of wurzite compared to zinyje presence of another exciton is known as biexcitonic shit.
coblende GaN heterostructures is the strong built-in electrigy piexcitonic shift of the order of few meV in two coupled
field. The strength of the intrinsic field is of the same _orderGaN dots is the prerequisite for the implementation of con-
of magnitude inside and outside the dMV/cm), butitis  gitional quantum dynamics in the quantum information/
opposite in sign, antiparallel to the growth direction insidecomputation scheme proposed in Ref. 12. In the aforemen-
the dot. The built-in electric field in GaN QDs and AIN bar- tioned scheme excitons in different QDs are manipulated by
riers is calculated according t: energy-selective addressing; additionally, due to the strain
br md field, two stacked QDs are in general not identical, therefore
Fg= M (11  we set the difference between the well widths of two stacked
€o(La€pr + Lpreq) QDs to be 896 This allows for energy-selective generation
. . . . . of ground-state excitons in neighborin Ds. For the range
where ey () is the relative dielectric constant of the barrier ¢ garameters considered, the l?arrier V\E/Jid(t?h is such to prevgnt
(of the quantum dot Py, is the total polarization of the single-particle tunneling and to allow at the same time sig-
barrier (of the quantum dot andLy, () is the width of the pificant dipole-dipole Coulomb coupling. In contrast to
barrier (the height of the dot The value of the field in the GaAs quantum dots, even with a 2 nm barrier the single-
barrier Fy, is obtained by exchanging the indices andd.  particle tunneling is negligible on the nanosecond time scale
Equation(11) is derived for an alternating sequence of quan-(i.e., on a time scale comparable to the excitonic lifelime
tum wells and barriers, but it is a good approximation also inThis is due to the higher valence/conduction band gaps and
the case of an array of similar QDs in the growh direc-  electron/hole effective masses.
tion. In our approach the in-plane components of the built-in  The theoretical approach employed to study the optical
electric field are in fact “absorbed” in the strongly confining response of our GaN nanostructure is a fully three-
bidimensional parabolic potential which in addition pre- dimensional exact-diagonalization scheme, as described in
serves the spherical symmetry of the ground sta8Our  Sec. Ill. The confinement potential of GaN macromolecule is
modeling is supported by the agreement with the experimermodeled as parabolic in they plane and as a sequence of
tal findings in Ref. 22. The polarizatidhf’gt'(d) is the sum of triangularlike potential wells along the growtl) direction
the spontaneous polarization charge that accumulates égee Fig. 1 We evaluate the excitoni@®@— 1) and biexci-
GaN/AIN interfaces and the piezoelectric omy"=P>7  tonic (1— 2) optical spectra. The biexcitonid — 2) optical
+P2gd. The piezoelectric charge is induced by the latticespectrum describes the creation of a second electron-hole
mismatch and by the thermal straiR)ie = Pore'+P’®). All - pair in the presence of a previously generated exciton. Here,
the material parameters are the ones used in Ref. 21, excepe shall consider parallel-spin configurations only. For all
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FIG. 2. Excitonic(solid line) and biexcitonic(dashed ling ab-
sorption spectrum of the GaN coupled dots of Fig. 1.

the structures considered, the two lowest optical transition
are, respectively, direct ground-state excitons inalandb
(see Fig. 1 In Fig. 2 we show an example of such an ab-

sorption spectrum for the parameters of Fig. 1. In such ex

ample a negative exciton-exciton couplidg=5.7 meV is

the signature of the creation of vertically aligned dipoles

forming the biexcitonic ground state.

PHYSICAL REVIEW B 69, 235316(2004)

FIG. 3. Biexcitonic shift of the ground-state transition in dot b
for two coupled GaN dots as a function of dot height and base
diameter. In curvéA) only the base diameter of the dots is changed
(D=10 nm); in curve (B) only the height of the dots is changed
(Lg=2.5 nm, while in curve(C) D is varied proportionally td_g.

The parameters for the parabolic potential is varied in the range:

%we:74—290 meV,iw,=33-130 meV. In particular, the values

analyzed in the figures ardD=10 nm (Awe=290 MeV fiwy,
=130 meV}, D=11.75 nnffiwe=170 meV fiw,=76 meVj, D
=13.5 nnifiwe=131 meV fiw,=59 meVj, D=15.25 nnifiwe
=97 meV fiw,=43 meVj, D=17 nmMhw.=74 meV fiwy,
=33 me\j.

Let us focus on the bhiexcitonic shift defined in the present )
case as the energy difference between the ground-state biex- Curve C presents the experimentally most common case

citonic transition(given a ground-state exciton in da}f and
the ground-state excitonic transition of dmt This quantity

in which base and height of the dots change simultaneously.
For realistic parameters the biexcitonic shift can be up to

provides the essential coupling for realizing conditional gate20% smaller than in curv®, where the wave function is

in  exciton-based information

schemegd?12

all-optical  quantum

more localized, being the diameter fixed to the value of the
“small” dots. In such case it is possible to achieve biexci-

The biexcitonic shift can be engineered by varying thetonic shifts up to 9.1 meV.
coupled GaN dots parameters with self-assembled growth. Our results show that the best strategy to achieve large
We analyze how it depends on the height and base diametgiexcitonic shift is to grow “high” and “small diameter” dots.

of the dot and barrier between the dots. We also study th

&nfortunately the oscillator streng{®S) of the ground-state

corresponding variation of the oscillator strength of the trantransition strongly decreases with the height of the dot, since
sition. Figure 3 shows how the biexcitonic shift depends orit is proportional to the overlap of electron and hole wave

the dimensiongheightLy and base diametdd) of the dot,

functions. Since the coupling of the laser field to the consid-

for a barrier width that is equal to 2.5 nm. We have consid-ered transition is directly proportional to this quantity, in

ered three cross sections of the space parameters, the fi
(solid line, A) keeping the QD height fixefLy4=2.5 nm), the
second (dashed line, B fixing the base diameter t®
=10 nm(small dotg, and the thirddashed-dot line, Lvary-

ew of an all-optical manipulation of correlated electron-
hole pair excitations, it is of utmost importance to study the
dependence of the OS on the various parameters. In Fig. 4
the OS corresponding to the excitonic ground state obdst

ing the base diameter proportionally to the height, accordinglotted for the same parameters of Fig(same labeling of

to the experimental relatioD=3.9_4+3 nm6 The height

the curved Curve B (fixed basg¢ shows that the OS de-

and base diameter values plotted corresponds to the smallereases superexponentially with the height of the dot. It

dot.
The excitonic dipole length is roughly proportional to the
height of the dot because of the MV/cm built-in electric

changes over three order of magnitude from 2 nm to 4 nm
height dot. It is interesting to notice that, on the other hand,
the width of the dot does not influence the electron-hole

field; therefore the dependence of the exciton-exciton intereverlap, so curvéA (fixed L) is practically a constant over

action on the QD height is the strongéstirve B).
By looking at curveA, instead, we notice that the spread-

ing of the wave function related to a wider dot basis, nega-

tively affects the biexcitonic shift: in fact this decreases from

the wholeD range and the two curvd® and C correspond-

ing to different diameters, coincidé.

In the range of height values considered in Fig. 3, the OS
varies over three orders of magnitude, so care must be taken

5.1 to 4.3 meV, as the base diameter goes from 10 tin a future quantum information processing experiment in

17 nm?® Exciton-exciton interaction is favored by “local-
ized” states, virtually achieving a maximum in an idealized
“pointlike” particle case.

order to optimize at the same time biexcitonic shift and?©S.
Let us now examine the influence of the barrier on the
biexcitonic shift and oscillator strength. In Fig. 5 we show
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FIG. 4. Oscillator strength of the ground-state transition inldot

for the same parameters of Fig. 3; labeling as in Fig. 3. [ . 1 . 1 . 1 . 1
2 0 2 4 6

(upper panel, curvd) the decreasing of the biexcitonic shift Z (nm)
with the barrier width for two coupled dots of 2.5 nm and
2.7 nm of height. We notice that it deviates from a dipole- FIG. 6. Excitonic distribution in a 2.5 nm dot of a coupled dot
dipole interaction behaviqcurveB) and itis 0, 5 meV even nanostructure when the barrier width is 2 (solid line) and 10 nm
at 10 nm barrier. The reason for this behavior can be inferreddotted ling.
from Eq.(1). The electric field in the dot increases with the .| . . N
barrier width, and, as a consequence, also the dipole Iengtﬁ'.er Is 2 nm, there is a crossover at 4 nm, after_vx_/hlch I
The two competing effects result in a slower decreasing ofemains smaller than the exact result. The most striking con-

the biexcitonic shift with the barrier. Cuni& corresponds to sequence of thbarrier-dependenbuilt-in electric field, is
the pointlike approximation, for a fixed dipole lengéhout that the oscillator strength strongly varies tgower pane),

1.5 nm corresponding to & 2 nm barrier. We see that theeven if the dimensions of the two dots are kept fixed. In

L NN e : . addition (and in contrast to Figs. 3 and,4n this caseboth
pointlike biexcitonic shift is two times bigger when the bar- 55 and biexcitonic shift aricreasedby a smaller barrier,

suggesting that the best structure for optical excitonic ma-
a 1 nipulations and energy-selective addressing techniques is

] 1 characterized by small interdot barriers. In this respect it
~ 1 would be very interesting to have experimental confirmation

~ ] of our prediction.
———lg 1 . . .

o \B ‘ In Fig. 6 we plot the direct comparison of electron and
r \l Barrier (vm) ] hole distributions of the 2.7 nm dot, for two different barrier

T
Biexcitonic shift (meV)
1

width (2 nm and 10 nm The width of the barrier changes
Xg—. ] the internal electric field in the dot, that in turns strongly
=B modifies the wavefunctions. The dipole length changes of
about 30%(Fig. 6), going from about 1.5 nm at 2 nm batrrier,
. . . : to 1.9 nm when the barrier is 10 nm wide.
-\. 1 Compared to G*aAs guantum dots, nitride dots have higher
1 effective massesn,, of both electrons and holes, lower di-
electric constant and highgabout two timey conduction
and valence band discontinuiti¥g,. As a consequence, the
ool \. T GaN bulk excitonic Bohr radi.us .is apout four times sma_ller
than the GaAs one and the distributions of confined particles
~~ ] are more localized, because their wavelength penetration
~— 1 Len, WhereLgn=7%/\2mgVep, depends on such parameters.
] The reduction of these two characteristic lengths causes a
2 4 6 8 10 faster decrease of the electron-hole overlap, as a function of
Barrier (nm) the dipole length and consequently a stronger sensitivity of
the oscillator strengtliroughly proportional to the electron-

FIG. 5. Upper panel: curvé®) shows the biexcitonic shift of the Nole overlap in the strong confinement regime we are con-
ground state transition in dotfor two coupled GaN dots of 2.5 and Sidering to quantities such as the height of the déig. 4) or
2.7 nm of height vs barrier width between the dots. Cu(@e  the different built-in electric fieldFig. 5), which strongly
shows the corresponding biexcitonic shift in the pointlike chargeaffect the dipole length.
approximation. Inset: as in main panel, but for large barrier widths. Our results demonstrate that there exist a wide range of
Lower panel: oscillator strength for the same parameters describggarameters for which the biexcitonic shift of the order of
above. Inset: internal electric field in dot b vs barrier width. meV. This is a central prerequisite for realizing energy-

O =2 N W A O 0 N 0w
T
/n

Biexcitonic shift (meV)

Eleciric field (Mv/cm)

OS (arb.units)
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3.4

T T T T T T T more than 600 meV, from 3337.5 meV to 2709.5 melp-
a3l 4 per panel of Fig. ¥. Also the oscillator strength is modified
szl ] (lower panel of Fig. Y of one order of magnitude, decreasing
very fast up to 5 nm barrier width, showing a slower de-
creasing afterward. In the particular caseegctlyidentical
30 ] quantum dots, because of the symmetry of the system, the
29 | \\u . single exciton eigenstates ak$a>:%(|01>+|10>) and |,
28| ~ 4 :%(|01>—|10>) and the energy splitting is given byV@
27| ~ where V¢ is the Foerster enerd¥.V¢ is proportional to the
I square of electron-hole overldptherefore is much lower in
IS—— GaN than in GaAs. For example the maximum value for the
'\ ] parameter considered in this work, corresponding to 2 nm

31} -

GS energy (eV)

] dot’s height and 2 nm barrier, is only 0.05—0.06 meV. How-
j ever we stress that when the dots are slightly different, this
\. effect rapidly vanishes since it depends on the réie/ A)?
100 L \ where A is the energy difference between the two levels
coupled by the Foerster transfer process. In GaN dots, differ-
ently form GaAs, with an 8% difference in siz#,is already
of the order of hundreds of meV, causing this effect to be
extremely difficult(if not impossiblg to be observed experi-
1 2 3 4 5 6 7 8 9 10 11 mentally.
Barrier (nm) To qualitatively investigate the effects of the different pa-
rameters involved we have calculated the ground state elec-
FIG. 7. Exciton ground-state energypper panéland oscillator ~ tron and hole distribution for some GaAs-GaN “mixed case,”
strength(lower pane) in the dot b of two identical coupled GaN i.e., some artificially designed molecules with one GaN pa-
dots of 2.5 nm of height vs barrier between the dots. rameter(electric field, valence-conduction band offsets, ef-
fective masse@ssubstituted by the corresponding GaAs one.

selective addressing with subpicosecond laser pulses, as ré/¢ Will consider a nanostructure composed by two dots of
quested, for example, by all-optical quantum information2-2 hM and 2.7 nm separated by a 2 nm barrier. As a bench-

processing schem®s2 or read-out devices mark we also plot the “pure GaAs” cag€ig. 8b)]: its
ground state has both hole and electron distributions delocal-

ized over the macromolecule, forming bonding molecular
V1. BLUE SHIFT AND ABSENCE OF MOLECULAR states. The corresponding “pure GaN” case is plotted in Fig.
STATES 1 and it is characterized by electron and hole distributions
localized in a single dot. The coupled GaN dots without the
Another interesting effect peculiar of hexagonal giant electric fieldFig. 8d)] still present an atomic charac-
GaN/AIN quantum dot is the blue shift of the ground-stateter. The same holds for an artificial GaN macromolecule with
transition when the distance between the dots is decreasedgas effective massefFig. 8c)], and an artificial GaN
without the lifting of the degeneracy of bonding-antibonding nanostructure with GaAs conduction/valence band structure
states. In GaAs-based quantum ddt8 there is a red shift [Fig. ga)]. It is interesting to note that the electron and hole
and an increasing energy difference between bonding angistribution of a GaN dots without electric fielig. &d)]
antibonding states, which are spread over the whole macrggre more extended than when a giant electric field is present
molecule for both electron and hole; on the contrary in GaNFig. 1). We conclude that the single dot confinement of the
QDs, over the range of parameters here considered, the lowxcitonic wave function in GaN QDs is a robust feature and

est states preserve their atomiclike shape. This depends @Rat all the parameters involved are responsible for the ab-
the fact that both electron and hole effective masses angence of molecularlike states in GaN coupled dots.

valence-conduction-band discontinuities are much larger

than in GaAs, thereforalecreasingthe atomiclike wave

function overlap responsible for the molecular bonding. VIl. SUMMARY AND CONCLUSIONS

However, as discussed in the preceding section, the built-in

electric field is not only a function of the dot parameters, but We have performed a detailed investigation of the optical
it depends strongly on the barrier width. In particular it in- spectrum of coupled GaN quantum dots. In particular, we
creases when the barrier is increased, to saturate at the valbigve shown some effects peculiar to wurzite nitride materials
Fa~ (P~ P20/ (€0€g), corresponding to an isolated dot. For compared to GaAs-based nanostructures: the absence of
examples it increases from 5 MV/cm for a 2 nm barrier toground-state exciton wave function delocalization even for
9 MV/cm for a 10 nm barrier for the dot parameters of Fig. relatively short barriergup to 2 nm due to the large effec-

6 (see inset In Fig. 7 we consider twadentical dots sepa- tive mass/band offsets of nitrides; the presence of a large
rated by increasing barrier width. As a consequence of thexciton-exciton interaction between neighbor quantum dots,
electric-field change, the ground-state energy changes afused by the giant intrinsic electric fields. We have also

OS (arb. units)

/
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FIG. 8. Electron and hole par-
ticle distribution along the growth
direction for two coupled dots of,
respectively, 2.5 nm and 2.7 nm
of height, separated by a 2.5 nm
AIN barrier. The dot parameter
sets corresponds tga) GaN, ex-
cept valence/conduction band off-
set (GaAs ong; (b) GaAs; (¢
GaN, except electron/hole masses
(GaAs oney (d) GaN, except that
the electric field is set to zero.

eleciron
sssss Mol
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«» hole
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shown that a shift of energy levels of identical quantum dotsorresponding oscillator strength by varying the structural
is expected when the distance between them is varied: sugarametergbase, height, barrigof the dots. Such analysis is
blue shiftis not caused by molecular coupling of the wavecrucial in the mainframe of quantum information processing
function but by the decreasing of the built in electric field asscheme® and in general for all-optical devices based on
the interdot barrier decreases. We have also shown how it isnergy-selective addresstign which the conditional exci-

possible to engineer the interdot biexcitonic shift and thetonic dynamics is based on such quantity.

*Electronic address: srinaldi@chem.utoronto.ca
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