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All-optical single-electron read-out devices based on GaN quantum dots

Irene D’Amico®
Istituto Nazionale per la Fisica della Materia (INFM) and Institute for Scientific Interchange, via Settimio
Severo 65, 1-10133 Torino, Italy

Fausto Fossi

Istituto Nazionale per la Fisica della Materia (INFM), Institute for Scientific Interchange, via Settimio
Severo 65, 1-10133 Torino, Italy, and Dipartimento di Fisica, Politecnico di Torino, Corso Duca degli Abruzzi
24, 1-10129 Torino, ltaly

(Received 5 July 2002; accepted 29 October 2002

We study few-particle interactions in GaN-coupled quantum dots and discuss how the built-in field
characteristic of these structures strongly reinforce dipole—dipole and dipole—monopole
interactions. We introduce a semi-analytical model that allows for a rapid and easy estimate of the
magnitude of few-particle interactions and whose predictions are closer than 10% to “exact” results.
We apply our study to the design of an all-optical read-out device that exploits long-range dipole—
monopole interactions and may be also used to monitor the charge status of a quantum dot system.
© 2002 American Institute of Physic§DOI: 10.1063/1.1532546

Quantum dots(QD9 are quasi-zero-dimensional sys- s o
tems that have focused the attention of the scientific commu- H= azze . [H2+ Mai (X +Y2)/2]— el elre—ry|
nity as a playground for testing few-particle fundamental '
physics :11n5d for their increasing technological With
applications.™ In particular, semiconductor self-assembled o _,.2
Qp[;)s have receive% much attention recently due to the sym- Hz(erm = (Pigem)/2Mein) +Vo(Zein) = €E(2)Zetn
metry of their confinement potentiéihich paves the road to The terms in square brackets correspond to the Hamiltonian
an easier engineering of their electronic structaned to the  of a particle confined by a parabolic potential in the in-plane
possibility of optically-driving their excitations; this in turn directions and by the strongly confining potenti&lsin the
allows for ultrafast state manipulation and coherent controgrowth direction (usually modeled as a square potentfial
of the few-particle dynamics, a basic request for quantunE(Z) is the built-in electric fielde is the absolute value of
computing device&® In this panorama, GaN self-assembled the electron charge, anelis the dielectric constant of the
QDs occupy a distinguished place since, while their charactmedium. In this letter, Greek letters will indicate the indexes
terization is still incomplete, interesting properties such a€ andh corresponding, respectively, to electrons and holes.
their long spin decoherence tifh@r the presence of a The ground stateyen(zen) of the one-dimensional
built-in electric field—as strong as few MeV/ctRef. 7)— Ham"tF’nia”H(z)(e/h)v can be easily calculated by exact diago-
have been already demonstrated. Such a field, of polarizatidiglization. We can th%n resort to the separable effective
and piezoelectric origin, is antiparallel to the growth direc-HamiltonianH=Hz+H;,+H,, where

tion inside the QDs, inverting its sign outsifdts impor- p2 1 p?

tance in relation to single-electron devices relies on the pos- H,(R,r)= ﬁjL EMwZRRZ + 2—r+ Eerzrz

sibility of creating strong bonds between neighboring QDs K

that can be switched on/off optically. Under its action in fact, 5

electrons and holes are driven in opposite directions, so as to — c +M(w§— wﬁ)R-r. 1)
create electrical dipoles that interact with energies of the or- e\/r7+((Ze—Zh) )

der of few me\® this effect is, for example, the key ingre- Here R=[Mu(Xe,Ye) + Ma(Xn,y) /M and r=(xe—Xp,y
dient for a recently proposed quantum computation_y  are the in'plane center of mass and relative coordi
|nformat|_on processing de_w(?e. _ . nates, respectively M=mg+m,, w=memy/M, o3

In this letter, we shalli) provide a very accurate semi- _ Mew2+Myw?)IM, o= (myw2+mwd)/M, and ((ze
analytical method to estimate few-particle interactions be-_ 20)2) = (e Ze) ¥n(Z0) | (2o — 20) 2| e 2Z6) tin(Z1) - The
tween stacked QDs without resorting to heavy numerical Ca'briginal problem has now been reduced to solving the Schro
culations and(ii) propose an all-optical read-out device dinger equation foH,(x,y). By approximating the ground
based on such interactions. state solution oH, with the factorized formyr(R) (1),

Let us consider first a single exciton confined in a GaNwhere yx(R) = (Mg % 7 exp(- MwsRY24), we get

QD. We shall work in the usual envelope function approxi- 5

mation and focus on the system ground state, although our Pr

. ' Hie(r)= H =hwrt+ 5—+V(r 2
method can be easily extended to the other low-energy level rel(1) = (Yl Hi[ ) = froog m (r), 2
states. The Hamiltonian of the excitonic system is with
dElectronic mail: damico@isiosf.isi.it V(r)= %,uwrzl’z— €% e\r?+{(ze—z4)%).
0003-6951/2002/81(27)/5213/3/$19.00 5213 © 2002 American Institute of Physics
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For calculating the properties of low-energy staiég;) can
be approximated around its minimum a¥(r)=~V,

&
‘ o
T
=0
~

+p@?r?/2, where =
5 .
,uf&)z—,uwz-f- ¢ 3 E
= By —TeT — 3.
' " e((ze—2n)%)°

We underline that the expressi@8) includes corrections due

to the Coulomb interaction between electron and hole. As we o ‘ ; . .

will see later, such corrections strongly improve the precision ;X ! - % o

of the approximatiori.The eigenvalue problem related to Eq. e 0 e : % 3
g s z ]

(2) is now exactly solvable, and its ground state is given by L TSI
Urel(r) = o, Th exp(— ua, r’/2h). The approximated ¥ “r hi h:{:owj
form for the total excitonic wave function is then st ’1 J v il
[ . hg QDO |

U™ We(Ze) Yn(Zn) Yr(R) Prel(1) - (4) 2 10 15 20 25

dQDD—QDN (nm)
Next, we will discuss the biexciton system. If the barrier FIG. 1. (a) Biexcitonic shiftAs vs distance between nearest-neighbor dots
between two stacked quantum dots QDO and QDl is SUCRDO and QD1. The barrier widttv is varied between 2—4 nnie is ob-

: : : s . . _tained using Eq(6) (solid line). Diamonds correspond to the “exact” results
that particle tunneling is negligible, or if the mismatch be in Ref. 9. Curve C(NC) includes(does not includeCoulomb corrections.

tween relevant single particle levels in QDO and QD1 is suf4nset: Schematic view of the macromolecule QBQD1. The position
ficiently large due to the built-in electric field and to size along the growth direction occupied by each dot is marked by couples of

differences between the two dots, each direct low-energy e>@ara”|‘(3' ””hesd The e";‘(g‘)foA”*‘ight géaY' e) a’l‘)d hole(dark gfayxzﬂ C'Ouﬁs

. . . . are sketched as we ey VS distance between QDO and @D The
9“0” in the _macromOIecu'e QDOQD1 will .be ?tnCtly 90”', barrier width is fixed atv=2.5 nm. The coordination numbgkris indicated
fined to a single dot, so that when considering a biexcitonor each point. Curve ¢éh) corresponds to an electrghole) in QDO. Inset:
formed by one exciton in QDO and the second in QD1, wesame as for inset ofa), but for the stacked-QD array QDO,...QID when
can safely approximate its wave function as the prodigt QDO is occupied by an electrafeft) or by a hole(right).

~ iy collxc1, Where 0, 1 indicates QDO and QD1, respec-
tively. _ o (Zai) =(V2i(Za )| 2 ,i( 20,1))

Let us consider the biexcitonic shifte, i.e., the energy q

shift in the transition related to the creation of a second ex&"
citon in the presence of a first one. This quantity is essential 7\(21,i52<¢zi(2a,i)|22|lﬂzi(Za,i))
for performing, for example, conditional operations in quan-
tum computational devicés®1it is then crucial to have a
quick way to estimatée in order to define the correct range e? Daopr ([~ z?
for the structure parameters. For the case we are analyzing, A& 40,1 = e VA2 1 \2 _ocdzex N2+ )\,231

L e . . . . a0+)\/31
where no significant excitonic tunneling is present between

we obtain

different QDs and only the Hartree term plays a relevant exd (z+ AZaO,Bl)ZBaO,ﬁl]

role, a good approximation fake will be the Coulomb in- _

teraction averagle =23, 5_cnA& 4051, With xX{1—¢[ \/(z+ Azaoﬁl)zDan]}, (6)
e? where ¢(x)=(2/y7)[§exp(-t?)dt is the error function,

A8010,512 Sa,B< ¢xc,0¢xc,l| m | wxc,olpxc,l) 5 Azaoﬁlz<za0> - <z'31>1 and Baom: DaODﬁll(DaO

_ _ _ +Dpgi). Here Depni=[(u/%){Ben—[(wr— @)% Brel}]i,
with s, g=—1if a#B; s, =1, otherwise Ag 40,451 repre-  with By, i =[@; + wr(Men/Myye) i @andi =0, 1 indicating to
sents the Coulomb interaction between particia QDO and  which QD the involved parameters belong. With the use of
particle g in QD1 in the presence of the other particles com-gq. (4), the twelve-dimensional integral in E() has been
posing the biexcitorti.e., partially including correlation ef- reduced to the one-dimensional integral in Eg).
fects. Ae,gp1 is an integral over the coordinates of all the  Figure Xa) shows biexcitonic shift values associated to
four particles considered; in general, in fact, due to Coulomihe system QD® QD1 in the inset, when the barrier widh
interaction, it is not possible texactlyfactorize ¢, into s varied between 2 and 4 nm and QD heights are respec-
single particle components. Let us now consider a groun(ﬁvew 2.5 and 2.7 nmAg is obtained using Eq(6) (solid
state biexciton and approxima#g.; with Eq. (4). We stress  |ine), and compared to the “exact” results in Ref. 11 calcu-
that, being the factorization done over the collective COOdeated by direct diagona”zation of the fu”y interacting biex-
nates internal to the single QD, such expressmtudesto a  citonic Hamiltonian. As can be seen in Figlal, Eq. (6)
certain extent the Coulomb interaction between electron angaptures most of the information: its estimates are in fact at
hole in the same QD. It is now possible to integrate analytimost 7% from the exact values. The curve labeled C includes
cally over most of the variables. If we additionally approxi- Coulomb correlation effects in the excitonic wave functions,
mate the electron and hole single particle wave functiongyhile the NC curve does not. We stress that, in this formu-

along thez direction as lation, including Coulomb interaction, does not imply more
Vo i(Zas)~exd — (2, i_<za,i>)2/2)\¢21,i]/( \/;)\a’i)lm co_mplex ceﬂculatlonssmce it is done_b_y the simple subs_tl-
tution w,— @, [see Eq.(3)]. The precision of the results is

where highly affected by such corrections.
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Similarly to the biexcitonic shift, Coulomb interaction hand will never ionize the trapped particles. Moreover, in
modifies the transition energy in the absorption spectrunGaN QDs, Coulomb interaction is maximized, sir(€ethis
corresponding to the creation of an exciton in a certain dot irsystem naturallyaligns the charges along the growth direc-
the presence of an electrghole) in another dot? In this  tion, and(ii) due to the strength of the built-in field, the wave
case, though, tha@lipole—monopolginteraction decreases as function spreading in the growth direction is reduced. It is
~d/w? (d the dipole length, roughly equal to the GaN QD important to stress that, for the device to work, it is sufficient
heighd, that is, much slower than the dipole—dipole interac-to have a static electric field in theeading QD so, for ex-
tion ~d?/w® characterizing the biexcitonic shift. This im- ample, a GaN QD layer could be grown on a different sub-
plies that, it should be possible to detect such a dhifid  strate. We finally underline that the parameters used in our
consequently the electrafmole) presencg even if the two  calculations are in the reach of present experimental tech-
dots are not neighbors. nigues.

Let us consider the response of an array of slightly dif-  In summary, we have proposed an all-optical read-out
ferently stacked GaN dots, whose height~i€.5 nm® and  device based on long-range exciton—single-charge interac-
which are separated by barriers 2.5 nm wide. In the hypothtions. The latter were calculated using our semi-analytical
esis that the dot QDO contains an electritole), we can  model, which allows for a quick and very precise estimate of
calculate, by using Eq6) and by not including Coulomb few-particle interactions in stacked GaN quantum dots. The
interaction in the wave functions related to QDO, the energydevice exploits the built-in electric field characteristic of
shift connected to the creation of an exciton in iQDwvhere  GaN-based heterostructures, but may be adapted to nano-
N=1,2,3... is the coordination number with respect to QDO.structures based on different semiconductor compounds.
The system is sketched in the inset of Figb)l The calcu-
lated shiftAe; is plotted in Fig. 1b) as a function of the 1| jacak, P. Hawrylak, and A. WojQuantum Dots(Springer, Berlin,
distance between the centers of QDO and\RD'he coordi- 1998.
nation number of the latter dot is indicated as well. The curve”H. Saito, K. Nishi, and S. Sigou, Appl. Phys. Lét8, 267(2001; G. Yusa

and H. Sakakiibid. 70, 345(1997; T. Lundstrom, W. Schoenfeld, H. Lee,
labeled by 61) corresponds to the presence of an electron and P. M. Petrof, Scienc@86, 2312(1999; M. Jr. Bruchez, M. Moronne,

(hole) in QDO. ForN=1, |Agy|~10 meV, but even consid-  p Gin, S. Weiss, and A. P. Alivisatoiid. 281, 2013(1998; D. Loss and
ering N as high as 5, the energy shift is still of the order of D. P. DiVincenzo, Phys. Rev. &7, 120(1998; M. Sherwin, A. Imamo-
~0.5 meV, that is, able to be resolved by laser pulses as shor!V; and T. Montroyibid. 60, 3508(1999.

. J. Finley, M. Skalitz, M. A A Z . Boh . Ab-
as 2—3 ps. The asymmetry between the e and the h curveitriite;n:gbl Pr?y: [ Zréfseggg& renner, G. Bohm, and G. Ab

reflects the corresponding asymmetry between electron aneg. iolatti, R. C. lotti, P. Zanardi, and F. Rossi, Phys. Rev. L&5}.5647

hole wave functions; the sign dfey,; is related to the sign of ~ (2000.
the particle in QDO. SE. Biolatti, I. D’Amico, P. Zanardi, and F. Rossi, Phys. Rev6!® 075306

. . . . (2002.
Starting from these S|mple observations, we can think 0f6B. Beschoten, E. Johnston-Halperin, D. K. Young, M. Poggio, J. E. Grim-

a noninvasive optical read-out device for a memory which aidi, S. Keller, S. P. DenBaars, U. K. Mishra, E. L. Hu, and D. D. Aw-
has been written as the preseffiogjic state 1 or the absence _schalom, Phys. Rev. B3, R121202(2001).

7 ’ H .
loai f har in h OB: in [ r R. D. Andreev and E. O. O'Reilly, Phys. Rev. &, 15851 (2000; F.
(Og C state 0 of a charge each Q by using a 1ase Widmann, J. Simon, B. Daudin, G. Feuillet, J. L. Rouviere, N. T. Pele-

probe Center?d at the chogen R@xcitonic transition en- kanos, and G. Fishmaibid. 58, R15989(1998; M. Arley, J. L. Rouviere,
ergy, the logic state 10) will correspond to the absence F widmann, B. Daudin, G. Feuillet, and H. Mariette, Appl. Phys. L4

(presencgof the corresponding excitonic peak in the absorp- 3287(1999; F. Widmann, B. Daudin, G. Feuillet, Y. Samson, J. L. Rou-

: ; viere, and N. T. Pelekanos, J. Appl. Phg8, 7618(1998.
tion spectrum. This scheme could be also used to measur?s. De Rinaldis, I. D’Amico, E. Biolatti, R. Rinaldi, R. Cingolani, and F.

the qubit state in quantum computing devi&éand could, in Rossi, Phys. Rev. B5, 081309(2002.
general, be a valid alternative to the reading done, for ex->The zcomponent of the wave function is much less affected by Coulomb
ample, by point contacts, since it avoids charge fluctuations correlations since(i) the particle confinement along such direction is

. . stronger andii) due to the intrinsic electric field, electron and hole wave
due to the presence of currents in the systein. addition, functions do not significantly overlap,

for far enough distances between the “written” QDO and thewg pazy, E. Biolatti, T. Calarco, I. D'Amico, P. Zanardi, F. Rossi, and P.
“reading” QDN, the interaction becomes proportional to the Zoller, cond-mat/0109337.
. . . . . 11 H H ’ H : ;

total charge inside QDO, so in principle a measureef; S. DeRinaldis, I. D’Amico, and F. Rossinpublished s
could be used to count the electroffimles that have been 12For detection of charged excitons in the same QD, see F. Findeis, M.
o . - Baier, A. Zrenner, M. Bichler, G. Abstreiter, U. Hohenester, and E. Moli-
injected in QDO. The sign oley; would be related to the  nari, Phys. Rev. B3, R121309(2001).
sign of the net charge present in QDO. The desiredNQD **Such value represents a good compromise between increasing the exci-
excitonic transition can be generated by energy—selective tonic dipole length and the corresponding decreasing of the oscillator
schemes or near-field techniaues. A plus of the broposed strength[see DeRinaldis, |. D’Amico, and F. Rossi, Appl. Phys. L8t,

eme : ques. A plu '€ prop 4236/(2002].
device is that, by using a long-distance interaction, the pres“T. Tanamoto, Phys. Rev. A1, 022305(2000; E. Pazy, I. D'Amico, P.

ence of the exciton in the reading dot would not significantly Zanardi, and F. Rossi, Phys. Rev. @, 195320(200D; M. Bayer, P.
perturb the system in the written one. Hawrylak, K. Hinzer, S. Fafard, M. Korkusinski, Z. R. Wasilewski, O.

A simil h f be i | din dif Stern, and A. Forchel, Scien@91, 451 (2001).
similar scheme can, of course, be implemented In dif-1s5g for point contacts, though, since both reading schemes are based on

ferent semiconductor QD&as, for example, GaAs QDs Coulomb interaction, the measure outcome could be influenced by the
with the caveat of using an external in-plane electric field to_presence of spurious charges in the system.

: : ; : : 18For the effect of an in-plane electric field on excitonic wave functions in
reinforce dipole—-monopole interactiofsThe main advan GaAs QD see Ref. 5. Recently, significant built-in electric fields have been

tag.e of using GaN QDS_iS the strowiilt-in electric field reported also in InGaAs self-assembled @® Rinaldi, private commu-
which on the one hand simplifies the setup, and on the othernication.
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