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We present a fully three-dimensional study of the multiexciton optical response of vertically coupled
GaN-based quantum dots via a direct-diagonalization approach. The proposed analysis is crucial in
understanding the fundamental properties of few-particle/exciton interactions and, more important,
may play an essential role in the design/optimization of semiconductor-based quantum information
processing schemes. In particular, we focus on interdot exciton—exciton coupling, the key ingredient
in recently proposed all-optical quantum processors. Our analysis demonstrates that there is a large
window of realistic parameters for which both biexcitonic shift and oscillator strength are
compatible with such implementation schemes. 2@2 American Institute of Physics.

[DOI: 10.1063/1.1519353

Semiconductor quantum daf®Ds) are systems of para- pling versus oscillator strength: we demonstrate that it is
mount interest in nanoscience and nanotechnolddyey are  possible to tailor and control such nontrivial Coulomb inter-
the natural evolution of band-gap/wave-function engineeringctions by varying the QD geomet(g.g., base and height
in semiconductors; however, in contrast to quantum wellssince this in turn modifies the wave functions of electrons
and wires, they exhibit a discrete—i.e., atomic-like—energyand holes confined into the QDs as well as intrinsic electric
spectrum and, more important, their optical response ifields; at the same time, our investigation shows that the
dominated by few-particle/exciton effects. Moreover, severabscillator strength of the ground-state exciton decreases su-
QD-based technological applications have been proposeggrexponentially with increasing QD height.

such as laserscharge-storage devicésluorescent biologi- The relevance of our analysis is twofold) we address
cal markerd, and all-optical quantum information a distinguished few-particle phenomenon typical of nitride
processors. QDs, i.e., the presence of an intrinsic exciton—exciton dipole

So far, self-organized QDs have been successfully fabricoupling induced by built-in polarization field§j) we pro-
cated using a wide range of semiconductor materials; theyide detailed information on the set of parameters needed for
include Il1-V QD structures based on GaAs as well as orthe experimental realization of the quantum information pro-
GaN compounds. GaAs-based QDs have been well charagessing strategy proposed in Ref. 9, in which a large biexci-
terized and their electronic structures have been widelyonic shift is necessary for energy selective addressing of the
studied®’ whereas the characterization of GaN-based sysdifferent few-particle excitations with fs/ps laser pulses.
tems is still somewhat fragmentary and their electronic prop- ~ More specifically, in our analysis we consider the range
erties have been studied only recefitiGaAs- and GaN- of GaN/AIN QDs presented in Ref. 10: the dot height will
based nanostructures exhibit very different properties: GaNary from 2 to 4 nm and the QD-based diameter from 10 to
systems have a wider band g&5 eV) compared to GaAs- 17 nm, assuming a linear dependence between these two
based one$l.5 eV). Moreover, whereas GaAs and most of parameters in agreement with experimental and theoretical
the other IlI-V compounds have a culgiincblendg struc-  findings®
ture, GaN(as well as other nitridg¢shas a hexagondivurz- As already underlined, the peculiarity of wurzite GaN
ite) structure, which leads to strong built-in piezoelectric heterostructures is the strong built-in electric field, which is
fields (of the order of MV/cm. As a consequence of such the sum of the spontaneous polarization and the piezoelectric
built-in fields, in these nanostructures excitonic transitiondield. Spontaneous polarization charge accumulates at the
are redshifted, and the corresponding interband emission [§aN/AIN interfaces as a consequence of a slight distortion of
fractions of eV below the bulk GaN band gap. GaN and AIN unit cells, compared to those of an ideal hex-

In this letter, we shall provide a detailed investigation ofagonal crystal. Piezoelectric fields are caused by uniform
the interplay between single-particle carrier confinement angtrain along the(000)) direction. Contrary to GaN/AlGaN
two-body Coulomb interactions in coupled GaN-based QDsguantum wells—where the spontaneous-polarization contri-

In particular, we shall analyze exciton—exciton dipole cou-bution is dominant=* in QDs the strain-induced piezoelec-
tric field and the spontaneous-polarization potential are of

a o - similar magnitude and sign, both oriented along the growth
Electronic mail: sergio.derinaldis@unile.it . R . .
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Italy. direction is almost the same inside and outside the dot, but it
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is opposite in sign. The built-in electric field in GaN QDs
and AIN barriers is calculated accordingto

br_ pd
_ L Ptort_ Piot
4 €o(La€nrt Liea)

)

Probabilty amplitude (arb. units)

where ey, g is the relative dielectric constant of the barrier
(of the quantum dot P2:@ is the total polarization of the

barrier (of the quantum dof andLy, ) is the width of the

barrier (the height of the dot The value of the field in the

barrier Fy, is obtained by exchanging the indices br ahd

Equation(1) is derived for an alternating sequence of quan- ;
tum wells and barriers, but it is a good approximation also in 10 — .
the case of an array of similar QDs in the growih direc- 5| VALENCE BAND
tion. The lateral shape of the QD is simply approximated by
a bidimensional parabolic potential, which mimics the strong
in-plane carrier confinement caused by the built-in electric
field and preserves the spherical symmetry of the ground
state® Our approach is supported by the agreement with the
experimental findings in Ref. 8. The polarization is the sum
of the spontaneous polarization charge that accumulates gfc. 1. Electron and hole particle distribution, conduction- and valence-
GaN/AIN interfaces and the piezoelectric one. All the param-band structure along the growth direction for two coupled GaN dots of,

eters are taken from Ref. 1adapted for the case=1 for Al respectively, 2.5 and 2.7 nm of height, separated by a 2.5 nm AIN barrier. In
. the upper panel the dotted line corresponds to the hole, and the solid one to
percentage in the barrier

4 . the electron spatial distribution of the biexcitonic ground state.
The above theoretical scheme has been applied to real-

istic state-of-the-art GaN QDs. The difference between the
well width of two neighboring QDs is assumed to be 8% toof a second electron—hole pair in the presence of a previ-
allow energy-selective generation of ground-state excitons i@usly generated exciton. Here, we shall consider parallel-
neighboring QDs. The barrier width is such to preventspin configurations only.
single-particle tunneling and to allow, at the same time, sig-  Let us focus on the biexcitonic shift corresponding to the
nificant dipole—dipole Coulomb coupling: the giant internal energy difference between the ground-state biexcitonic tran-
field, in fact, strongly modifies the conduction and valencesition (given a ground-state exciton in datand the ground-
bands along the growth directions and causes the separatistate excitonic transition of ddt. This quantity—a “mea-
of electrons and holes, driving the first one towards the QDsure” of the ground-state exciton—exciton coupling—plays a
top and the latter towards its bottom. This corresponds to therucial role in all-optical quantum processors, being the key
creation of intrinsic dipoles. If we consider two stacked dotsingredient for conditional-gating schemmes.
occupied by one exciton each, the resulting charge distribu- Figure 2 shows how the biexcitonic shift increases with
tion can be seen as two dipoles aligned along the growtithe height of the dot. The barrier width is kept fixed and
direction. This is evident in Fig. 1, where we plot the elec-equal to 2.5 nm. In curvéA) both the height and diametEr
tron and hole single-particle distributions corresponding toof the dots are varied according to the relatibr-3.5.4
the lowest biexcitonic statéwith parallel-spin excitonsin +3 nm ¥ while in (B) only the height of the dot is changed.
our GaN-based semiconductor “macromolecule.” The cre-We notice that, for realistic parameters, it is possible to
ation of stacked dipoles results in a negative exciton—excitoachieve biexcitonic shifts up to 9.1 meV.
coupling (or biexcitonic shif}. A few comments are now in ordeti) When a barrier of
The theoretical approach employed to study the opticabnly 2.5 nm separates two stacked GaAs-based QDs, the
response of our GaN nanostructure is a generalization excitonic wave function is molecular likéforming bonding
nitride materialy of the fully three-dimensional exact- and antibonding states spread over the whole macromolecule
diagonalization scheme proposed in Ref. 7. More specififor both electron and hole. This effect is maximum for dots
cally, we consider electrorig) and holegh) confined within  of the same size but persists even when their dimensions are
stacked QDs, as depicted in Fig. 1. As usual, the confinemerslightly different. In GaN QDs, instead, over the range of
potential is modeled as parabolic in they plane and as a parameters used, the lowest states preserve their atomic-like
square-well potential modified by the built-in electric field shape since both electron and hole effective masses and
along the growth(z) direction. The many-exciton optical valence/conduction-band discontinuities are much higher
spectra, i.e., the absorption probability corresponding to théhan in GaAs, therefore, decreasing the atomic-like wave-
genericN— N’ transition, is evaluated as described in Ref. 7.function overlap responsible for the molecular bondi.
In particular, here we focus on the excitonic-¢@) and The excitonic dipole length is roughly proportional to the
biexcitonic (1—2) optical spectra in the presence of the height of the dot because of the strong built-in electric field;
built-in electric field. For all the structures considered, thetherefore, it is crucial to evaluate the dependence of the
two lowest optical transitions correspond to the formation ofexciton—exciton interaction on the height of the QMis.)
direct ground-state excitons in d@sndb, respectively. The The spreading of the wave function affects the biexcitonic
biexcitonic (1—2) optical spectrum describes the creationshift, as one can notice by comparing curves A and B in Fig.
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5 15F . In conclusion, we have performed a detailed investiga-
O T 2 30 35 . a0 tion of exciton—exciton interaction as well as of its effect on
. the multiexciton optical response in state-of-the-art GaN-
Height (nm)

based nanostructures. We have shown how it is possible to
FIG. 2. Biexcitonic shiftupper pangland oscillator strengtiower panel  €ngineer the interdot biexcitonic shift by varying the height
of the ground-state transition in dbtfor two coupled GaN dots separated and width of the dots. Our analysis provides precious indi-
by a barrier of 2.5 nm vs QD height. In curv@) only the height of the dots - atinng for the realization of GaN-based quantum informa-
is changed D =10 nm), while in curvéA) D is varied proportionally to the . . . . . .

height from 10 to 17 nm. CurvéC) shows the biexcitonic shift in the UON processing C|6.1r|fy|r'19, in partlc_:ular, the crucial interplay
point-like charge approximation. The parameters used are: effective mass&etween biexcitonic shift and oscillator strength.

m.=0.2my and m,=m,; in-plane parabolic confinement enerdyw, ) ] ) )
=74 meV andi w,= 33 meV for the(B) curve andiw,=74—290 meV and The authors want to thank R. Cingolani and R. Rinaldi

fiwp=33-130 meV for theA) curve. for stimulating and fruitful discussions. This work has been
supported in part by the European Commission through the

2. The biexcitonic shift is largefup to 20% for the param- Research _Project SQID within _the Future and _Emerging
eters considered herahen the wave function is more local- TechnologiesFET) program and in part by the National In-
ized, since the system is closer to the idealized “point-like” Stitute for the Physics of MatteliNFM) through Research

particle casdsee curveC) in Fig. 2]. (iv) Our results dem- Project No. PRA-SSQI.

on;trate tha.-t th.ere. eX|S.tS _a wide range of parame.te.rs fo[L. Jacak, P. Hawrylak, and A. WojQuantum Dots(Springer, Berlin,
which the biexcitonic shift is at least a few meV. This is a 1998; D. Bimberg, M. Grundmann, and N. N. Ledents@yantum Dot
central prerequisite for realizing energy-selective addressinqHeterostructurez{WiIey, Chicester, U.K., 1998 and references therein.

; ; H. Saito, K. Nishi, and S. Sigou, Appl. Phys. LeT8, 267 (2001).
with SuprCOSECOI’Id laser pUIseS’ as requeStEd’ for exampIgJ. J. Finley, M. Skalitz, M. A?zberggf A. Z);enner G. B(Ehm ]imd G. Ab-

by all-optical ql_lantum information processing SCheﬁ"%_& streiter, Appl. Phys. Lett73, 2618(1998; G. Yusa and H. Sakakibid.
Our analysis shows that the best strategy to achieve a7o, 345(1997; T. Lundstrom, W. Schoenfeld, H. Lee, and P. M. Petroff,
large biexcitonic shift is to grow “high” and “small diam- 430'9”0'32}18& 2312(1999. . < and i
eter” dots. The drawback is that the oscillator stren@i®) '\S"(;ieBr:é’gzgf’zéri'sMégﬂaoronne' P. Gin, S. Weiss, and A. P. Alivisatos,
of .the ground'State_ tran_S|F|0n Stron_gly decreases with the&g giolatti, R. C. lotti, P. Zanardi, and F. Rossi, Phys. Rev. L&5t.5647
height of the dot, since it is proportional to the overlap of (2000.
electron and hole wave functions. A small value of the OSGR- Rinaldi, S. Antonaci, M. De Vittorio, R. Cingolani, U. Hohenester, E.
. . . . Molinari, H. Lipsanen, and J. Tulkki, Phys. Rev. @, 1592 (2000; I.
enhgnces the WeII-known. dlff!cultles of single-dot signal de- .amico and F. Rossi. Appl. Phys. Leff, 1676 (2001,
tection. The lower panel in Fig. 2 shows that the OS corre-7g. giolatti, I. D’Amico, P. Zanardi, and F. Rossi, Phys. Rev68 75306
sponding to the excitonic ground state of dotdecreases 8(2002)- ‘
superexponentially with the height of the dot. As shown by \Ffv-id% ;&drieéi;%dn Eé Oba?d?ﬁllg' 'F;:ﬁ-le?ej"- E&YRloiflfelrEezol?loir Fbele
the_ fact that curv_es{A) and (B) practically coincide, the kanos, and G. Fishmaibid. 58, R15989(1998.
height of the dot is the only parameter relevant for the OS°®s. pe Rinaldis, I. D’Amico, E. Biolatti, R. Rinaldi, R. Cingolani, and F.
value. Indeed, the wave-function spreading due to the widtrfoRossi, Phys. Rev. B5, R081309(2002.
; _ M. Arley, J. L. Rouviere, F. Widmann, B. Daudin, G. Feuillet, and H.
of tr:e t?]Ot does n?thqull;‘(tencle the eleqtéon dhp I('a:.ovezrl?rp]) ' oS Mariette, Appl. Phys. Lett74, 3287(1999; F. Widmann, B. Daudin, G.
. nthe range of neight values (:':OHSI eredin Fig. 2, the Feuillet, Y. Samson, J. L. Rouviere, and N. Pelekanos, J. Appl. R83s.
varies over three orders of magnitude, so care must be takerre1s(199s.
in a future quantum information processing experiment in"'R. Cingolani, A. Botchkarev, H. Tang, H. Morkoc, G. Traetta, G. Coli, M.
order to Optimize at the same time biexcitonic shift and OS. Lomascolo, A. Di Carlo, F. Della Sala, and P. Lugll, Phys. Re61B2711
Our _an_alySiS suggests that a reason_able_ way to_do SO iS 18 Trojani, U. Hohenester, and E. Molinari, Phys. Rev6B R161301
maximize the product between the biexcitonic shift and the (2002.

Downloaded 06 Jul 2012 to 192.167.204.100. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



