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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 Physics.@DOI: 10.1063/1.1532546#
s-
m
ta
a
ed
ym

n
tro
um
ed
a
a

ti
c

o
D
ct
s
o
-

on

i-
be
ca
e

aN
xi
o

ev

ian
ne

l
f

es
s.

l
o-
tive

rdi-

ro
Quantum dots~QDs! are quasi-zero-dimensional sy
tems that have focused the attention of the scientific com
nity as a playground for testing few-particle fundamen
physics and for their increasing technologic
applications.1–5 In particular, semiconductor self-assembl
QDs have received much attention recently due to the s
metry of their confinement potential~which paves the road to
an easier engineering of their electronic structure! and to the
possibility of optically-driving their excitations; this in tur
allows for ultrafast state manipulation and coherent con
of the few-particle dynamics, a basic request for quant
computing devices.4,5 In this panorama, GaN self-assembl
QDs occupy a distinguished place since, while their char
terization is still incomplete, interesting properties such
their long spin decoherence time6 or the presence of a
built-in electric field—as strong as few MeV/cm~Ref. 7!—
have been already demonstrated. Such a field, of polariza
and piezoelectric origin, is antiparallel to the growth dire
tion inside the QDs, inverting its sign outside.7 Its impor-
tance in relation to single-electron devices relies on the p
sibility of creating strong bonds between neighboring Q
that can be switched on/off optically. Under its action in fa
electrons and holes are driven in opposite directions, so a
create electrical dipoles that interact with energies of the
der of few meV;8 this effect is, for example, the key ingre
dient for a recently proposed quantum computati
information processing device.8

In this letter, we shall~i! provide a very accurate sem
analytical method to estimate few-particle interactions
tween stacked QDs without resorting to heavy numerical
culations and~ii ! propose an all-optical read-out devic
based on such interactions.

Let us consider first a single exciton confined in a G
QD. We shall work in the usual envelope function appro
mation and focus on the system ground state, although
method can be easily extended to the other low-energy l
states. The Hamiltonian of the excitonic system is

a!Electronic mail: damico@isiosf.isi.it
5210003-6951/2002/81(27)/5213/3/$19.00
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a5e,h

@Hza
0 1mava

2~xa
21ya

2 !/2#2e2/eure2rhu

with

Hz~e/h!
0 5~pz~e/h!

2 /2me/h!1Vz~ze/h!6eE~z!ze/h .

The terms in square brackets correspond to the Hamilton
of a particle confined by a parabolic potential in the in-pla
directions and by the strongly confining potentialsVz in the
growth direction ~usually modeled as a square potentia!,
E(z) is the built-in electric field,e is the absolute value o
the electron charge, ande is the dielectric constant of the
medium. In this letter, Greek letters will indicate the index
e andh corresponding, respectively, to electrons and hole

The ground statece/h(ze/h) of the one-dimensiona
HamiltonianHz(e/h)

0 , can be easily calculated by exact diag
nalization. We can then resort to the separable effec
HamiltonianH̃5Hze

0 1Hzh
0 1HI , where

HI~R,r !5F pR
2

2M
1

1

2
MvR

2R2G1F pr
2

2m
1

1

2
mv r

2r 2

2
e2

eAr 21^~ze2zh!2&
G1m~ve

22vh
2!R"r . ~1!

Here R5@me(xe ,ye)1mh(xh ,yh)#/M and r5(xe2xh ,ye

2yh) are the in-plane center of mass and relative coo
nates, respectively M5me1mh , m5memh /M , vR

2

5(meve
21mhvh

2)/M , v r
25(mhve

21mevh
2)/M , and ^(ze

2zh)2&[^ce(ze)ch(zh)u(ze2zh)2uce(ze)ch(zh)&. The
original problem has now been reduced to solving the Sch¨-
dinger equation forHI(x,y). By approximating the ground
state solution ofHI with the factorized formcR(R)c rel(r ),
wherecR(R)5AMvR /\p exp(2MvRR2/2\), we get

H̃ rel~r !5^cRuHI ucR&5\vR1
pr

2

2m
1V~r !, ~2!

with

V~r !5 1
2 mv r

2r 22e2/eAr 21^~ze2zh!2&.
3 © 2002 American Institute of Physics
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For calculating the properties of low-energy states,V(r ) can
be approximated around its minimum asV(r )'V0

1mṽ r
2r 2/2, where

mṽ r
25mv r

21
e2

e^~ze2zh!2&3/2. ~3!

We underline that the expression~3! includes corrections due
to the Coulomb interaction between electron and hole. As
will see later, such corrections strongly improve the precis
of the approximation.9 The eigenvalue problem related to E
~2! is now exactly solvable, and its ground state is given
c rel(r )5Amṽ r /\p exp(2mṽr r2/2\). The approximated
form for the total excitonic wave function is then

cxc'ce~ze!ch~zh!cR~R!c rel~r !. ~4!

Next, we will discuss the biexciton system. If the barr
between two stacked quantum dots QD0 and QD1 is s
that particle tunneling is negligible, or if the mismatch b
tween relevant single particle levels in QD0 and QD1 is s
ficiently large due to the built-in electric field and to siz
differences between the two dots, each direct low-energy
citon in the macromolecule QD01QD1 will be strictly con-
fined to a single dot, so that when considering a biexci
formed by one exciton in QD0 and the second in QD1,
can safely approximate its wave function as the productcbi

'cxc0cxc1 , where 0, 1 indicates QD0 and QD1, respe
tively.

Let us consider the biexcitonic shiftD«, i.e., the energy
shift in the transition related to the creation of a second
citon in the presence of a first one. This quantity is essen
for performing, for example, conditional operations in qua
tum computational devices;4,5,8,10it is then crucial to have a
quick way to estimateD« in order to define the correct rang
for the structure parameters. For the case we are analy
where no significant excitonic tunneling is present betwe
different QDs and only the Hartree term plays a relev
role, a good approximation forD« will be the Coulomb in-
teraction averageD«5Sa,b5e,hD«a0,b1 , with

D«a0,b15sa,b^cxc,0cxc,1u
e2

eura02rb1u
ucxc,0cxc,1& ~5!

with sa,b521 if aÞb; sa,b51, otherwise.D«a0,b1 repre-
sents the Coulomb interaction between particlea in QD0 and
particleb in QD1 in the presence of the other particles co
posing the biexciton~i.e., partially including correlation ef-
fects!. D«a0,b1 is an integral over the coordinates of all th
four particles considered; in general, in fact, due to Coulo
interaction, it is not possible toexactly factorizecxc,i into
single particle components. Let us now consider a gro
state biexciton and approximatecxc,i with Eq. ~4!. We stress
that, being the factorization done over the collective coor
nates internal to the single QD, such expressionincludesto a
certain extent the Coulomb interaction between electron
hole in the same QD. It is now possible to integrate anal
cally over most of the variables. If we additionally approx
mate the electron and hole single particle wave functi
along thez direction as

ca,i~za,i !'exp@2~za,i2^za,i&!2/2la,i
2 #/~Apla,i !

1/2

where
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^za,i&5^czi~za,i !uẑuczi~za,i !&

and

la,i
2 [2^czi~za,i !uẑ2uczi~za,i !&

we obtain

uD«a0,b1u5
e2

e
A D̃a0,b1

la0
2 1lb1

2 E
2`

`

dzexpF2
z2

la0
2 1lb1

2 G .
exp@~z1Dza0,b1!2D̃a0,b1#

3$12f@A~z1Dza0,b1!2D̃a0,b1#%, ~6!

where f(x)5(2/Ap)*0
x exp(2t2)dt is the error function,

Dza0,b1[^za0&2^zb1&, and D̃a0,b15Da0Db1 /(Da0

1Db1). Here De/h,i5@(m/\)$Be/h2@(vR2ṽ r)
2/Bh/e#%# i ,

with Be/h,i5@ṽ r1vR(me/h /mh/e)# i andi 50, 1 indicating to
which QD the involved parameters belong. With the use
Eq. ~4!, the twelve-dimensional integral in Eq.~5! has been
reduced to the one-dimensional integral in Eq.~6!.

Figure 1~a! shows biexcitonic shift values associated
the system QD01QD1 in the inset, when the barrier widthw
is varied between 2 and 4 nm and QD heights are resp
tively 2.5 and 2.7 nm.D« is obtained using Eq.~6! ~solid
line!, and compared to the ‘‘exact’’ results in Ref. 11 calc
lated by direct diagonalization of the fully interacting bie
citonic Hamiltonian. As can be seen in Fig. 1~a!, Eq. ~6!
captures most of the information: its estimates are in fac
most 7% from the exact values. The curve labeled C inclu
Coulomb correlation effects in the excitonic wave function
while the NC curve does not. We stress that, in this form
lation, including Coulomb interaction, does not imply mo
complex calculations, since it is done by the simple subst
tution v r→ṽ r @see Eq.~3!#. The precision of the results i
highly affected by such corrections.

FIG. 1. ~a! Biexcitonic shiftD« vs distance between nearest-neighbor d
QD0 and QD1. The barrier widthw is varied between 2–4 nm.D« is ob-
tained using Eq.~6! ~solid line!. Diamonds correspond to the ‘‘exact’’ result
in Ref. 9. Curve C~NC! includes~does not include! Coulomb corrections.
Inset: Schematic view of the macromolecule QD01QD1. The position
along the growth direction occupied by each dot is marked by couple
parallel lines. The electronic~light gray,ei) and hole~dark gray,hi) clouds
are sketched as well.~b! D« tri vs distance between QD0 and QDN. The
barrier width is fixed atw52.5 nm. The coordination numberN is indicated
for each point. Curve e~h! corresponds to an electron~hole! in QD0. Inset:
same as for inset of~a!, but for the stacked-QD array QD0,...QDN, when
QD0 is occupied by an electron~left! or by a hole~right!.
license or copyright; see http://apl.aip.org/about/rights_and_permissions
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Similarly to the biexcitonic shift, Coulomb interactio
modifies the transition energy in the absorption spectr
corresponding to the creation of an exciton in a certain do
the presence of an electron~hole! in another dot.12 In this
case, though, the~dipole–monopole! interaction decreases a
;d/w2 ~d the dipole length, roughly equal to the GaN Q
height!, that is, much slower than the dipole–dipole intera
tion ;d2/w3 characterizing the biexcitonic shift. This im
plies that, it should be possible to detect such a shift@and
consequently the electron~hole! presence#, even if the two
dots are not neighbors.

Let us consider the response of an array of slightly d
ferently stacked GaN dots, whose height is;2.5 nm13 and
which are separated by barriers 2.5 nm wide. In the hypo
esis that the dot QD0 contains an electron~hole!, we can
calculate, by using Eq.~6! and by not including Coulomb
interaction in the wave functions related to QD0, the ene
shift connected to the creation of an exciton in QDN, where
N51,2,3... is the coordination number with respect to QD
The system is sketched in the inset of Fig. 1~b!. The calcu-
lated shiftD« tri is plotted in Fig. 1~b! as a function of the
distance between the centers of QD0 and QDN. The coordi-
nation number of the latter dot is indicated as well. The cu
labeled by e~h! corresponds to the presence of an elect
~hole! in QD0. ForN51, uD« triu;10 meV, but even consid
ering N as high as 5, the energy shift is still of the order
;0.5 meV, that is, able to be resolved by laser pulses as s
as 2–3 ps. The asymmetry between the e and the h cu
reflects the corresponding asymmetry between electron
hole wave functions; the sign ofD« tri is related to the sign o
the particle in QD0.

Starting from these simple observations, we can think
a noninvasive optical read-out device for a memory wh
has been written as the presence~logic state 1! or the absence
~logic state 0! of a charge in each QD:3 by using a laser
probe centered at the chosen QDN excitonic transition en-
ergy, the logic state 1~0! will correspond to the absenc
~presence! of the corresponding excitonic peak in the abso
tion spectrum. This scheme could be also used to mea
the qubit state in quantum computing devices,14 and could, in
general, be a valid alternative to the reading done, for
ample, by point contacts, since it avoids charge fluctuati
due to the presence of currents in the system.15 In addition,
for far enough distances between the ‘‘written’’ QD0 and t
‘‘reading’’ QDN, the interaction becomes proportional to t
total charge inside QD0, so in principle a measure ofD« tri

could be used to count the electrons~holes! that have been
injected in QD0. The sign ofD« tri would be related to the
sign of the net charge present in QD0. The desired QN
excitonic transition can be generated by energy-selec
schemes5 or near-field techniques. A plus of the propos
device is that, by using a long-distance interaction, the p
ence of the exciton in the reading dot would not significan
perturb the system in the written one.

A similar scheme can, of course, be implemented in d
ferent semiconductor QDs~as, for example, GaAs QDs!,
with the caveat of using an external in-plane electric field
reinforce dipole–monopole interactions.16 The main advan-
tage of using GaN QDs is the strongbuilt-in electric field
which on the one hand simplifies the setup, and on the o
Downloaded 15 Jul 2012 to 192.167.204.100. Redistribution subject to AIP 
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hand will never ionize the trapped particles. Moreover,
GaN QDs, Coulomb interaction is maximized, since~i! this
system naturallyaligns the charges along the growth dire
tion, and~ii ! due to the strength of the built-in field, the wav
function spreading in the growth direction is reduced. It
important to stress that, for the device to work, it is sufficie
to have a static electric field in thereading QD so, for ex-
ample, a GaN QD layer could be grown on a different su
strate. We finally underline that the parameters used in
calculations are in the reach of present experimental te
niques.

In summary, we have proposed an all-optical read-
device based on long-range exciton–single-charge inte
tions. The latter were calculated using our semi-analyti
model, which allows for a quick and very precise estimate
few-particle interactions in stacked GaN quantum dots. T
device exploits the built-in electric field characteristic
GaN-based heterostructures, but may be adapted to n
structures based on different semiconductor compounds
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