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Stark shift in single and vertically coupled type-l and type-Il quantum dots

K. L. Janssen,B. Partoens,and F. M. Peetefs
Departement Natuurkunde, Universiteit Antwerpen (UIA), Universiteitsplein 1, B-2610 Antwerpen, Belgium
(Received 22 March 2002; published 23 May 2p02

We theoretically studied the Stark effect on an exciton in single and vertically coupled type-l and type-II
guantum dots. Only for the single type-I dot does the exciton energy show a parabolic dependence on the
applied field. A dipole moment is induced by the applied electric field for vertically coupled type-I dots and for
type-Il dots, leading to a linear dependence of the Stark shift on the electric field. Furthermore, we predict that
spontaneous symmetry breaking can occur for vertically coupled type-Il dots leading to a permanent dipole
moment.
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In recent years self-assembled quantum ¢@’s) have interpretation of the nonparabolic Stark effect as found in
attracted considerable interest because they can be regardedf. 9. We are only interested in the overall functional be-
as ideal model systems for quasi-zero-dimensional systemshavior of the Stark effect and therefore do not take into ac-
Therefore, QD’s are often called “artificial atoms.” Self- count the built-in dipole moment due to strain and/or com-
assembled QD’s are expected to have applications in optd)o_sition, as it will mainly lead to a shift in the electric-field
electronic devices. Many effects known from atomic physics2XIS. _ _ .
were found in QD's, and of particular interest is the effect of ~The energy and wave functions are obtained by solving
an electric field on an exciton in a quantum dot, the so-calledhe following Schrainger equation:

Stark shift. From an application point of view, optical non-

linear effecté and usefulness for quantum compufifmve (Het Hyt Vo) W(re,rp) =EW(re.ry), 1)
been predicted, whereas_ from a _basip p_hysips point_of ViEWith V, the Coulomb interaction term, and

the Stark effect can provide detailed insight into the interdot

charge distribution. Recent experimental redulthave p2 o

shown that the Stark shift exhibits an asymmetry in the pres- He,h:ﬁ +Ven(fen) FeFzp, )
ence of an electric field, due to a built-in dipole moment. eh

Theoretical studi€s’ have shown that the sign of this dipole here H.n and V,, are, respectively, the single electron

moment in single dots depends on the composition gradienhole) Hamiltonian and confinement potentials, aRds the
and/or strain effects, localizing the electron and hole in dif-applied electric field. Our method of solving this problem is
ferent regions of the quantum dot. Vasanefial® studied explained in more detail in Ref.10.

the system of very strong multiple stacked dots and showed First we investigated the influence of the electric field on
that the Stark tunablllty in this SyStem is much |al’ger than foran exciton in a Sing|e type_l disk, where we took material
the single dot structure. Very recently, Sheng and Lebﬁrtonparameters of InAs/GaAs dots, V,=450 meVy,
have found an anomalous behavior of the Stark shift for=316 mevm,=0.04m,, and m,=0.34n,. We model the
stacked quantum dots. They predicted that vertically couple@yantum dot by a quantum disk, with radi@s-9.81 nm and
type-I dots exhibit a strong nonparabolic Stark shift. Theyihicknessi=3.6 nm, which are comparable to the dots stud-
claimed that this anomalous dependence of the Stark shift igq py Sheng and Leburtdn

caused by the three-dimensional strain field distribution Figyre 1 depicts the result for the exciton energy as a
which influences drastically the hole states in the stacked QRnction of the applied electric field, showing a parabolic

structure. Where all mentioned works, both experimental andiependence. Generally, the Stark shift varies quadratically
theoretical, were based on type-l quantum dots, as, €.Gyijth the applied field as

InAs/GaAs dots, very little attention has been paid to the

electric-field effect on type-ll dots, such as InP/InGaP or E(F)=E(Fg)—p(F—Fg)—B(F—Fg)?, (3)
GaSh/GaAs dots where only one of the charge carriers is
confined inside the dot. which follows from a second-order perturbation theory with

In the present work we investigate the effect of an electrigd the dipole moment ang the polarizability of the electron-
field on single and vertically coupled quantum dots, both forhole systenf.As both electron and hole are strongly confined
the type-I and the type-ll systems. Our quantum dots arénside the type-I disk, the electric field has only a very small
modeled by quantum disks of finite height and our calculaeffect on the wave functionginset of Fig. 1, for F
tions are based on a Hartree-Fock mesh calculation, dorre 100 kV/cm), leading to a dipole momept=0 at all field
within the two-band model of the effective-mass approxima-values. In the inset of Fig. 1, we plotted the density along the
tion, i.e., strain effects and band mixing are presently nez direction atr =0, i.e.,|\Ife,h(O,z)|2. As a consequence the
glected. The advantage of this approach is that the intricaciesecond-order term, quadratic in the applied field, will be the
of the Stark effect due to the interdot coupling can be showrmmost important, leading to the parabolic behavior of the
much more clearly. For example, this will lead to a different Stark shift. Note that the Stark shift is symmetric arodnd
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FIG. 1. The exciton energy as a function of the electric field for

a single type-I disk. The dashed line indicates a quadratic fit. Inset: FIG. 3. The dipole moment as a function of the electric field for
The electron and hole densitiesFat 100 kV/cm along the direc- two coupled type-l disks. Inset: The electron and hole densities
tion for r=0. The solid curves denote the single-particle densitiesalong thez axis for different values of the electric field.

whereas the dashed curves show the results with interaction.

X102 meV for a neutral Cs atorf,and AE=20 meV for
=0 kV/cm, as we have no built-in dipole moment. In order 100-A wide GaAs/AlGaAs quantum well structurés.

to obtain the parameteand B, we fitted our result to Eq. The reason for the nonparabolic behavior can be traced
(3) with p=0 (dashed line in Fig. land foundB=1.47  back to the strong effect of the electric field on the hole. For
%103 enm/(kV/cm). F=0 kV/cm, both electron and hole are equally spread over

We then extended our study to a system of two verticallythe two disks. The electric field draws the two particles apart.
coupled type-I disks. The same material and disk parameteiss the hole is a rather heavy particle, it is almost completely
were used as for the single disk, but we have now one extrpushed towards the upp@ower) disk for positive(negative
parameter, the interdot distanak,, which we tookd, electric field.
=1.8 nm, as in Ref. 9. For this system, the Stark shift ap- The electron is much less affected by the field, because it
pears to be no longer quadrati€ig. 2). In addition, due to is much lighter and is therefore more tightly bound to the
the linear behavior, the stacked structure exhibits a Starjuantum disks. This can also be seen from the electric field
shift which is one order-of-magnitude larger than for thedependence of the single hole and single electron energies
single dot! For the single type-I disk of Fig. 1 we found a (inset of Fig. 2. For noninteracting particles, the effect of the
Stark shift of AE=1.5 meV atF =100 kV/cm which com- electric-field on the energy is described by, ,(F)
pares toAE=35 meV for the two coupled disks system =Eg(0)+eF(zep)+ BenF?, with (z, ) the mean electron
of Fig. 2. As a comparison we havgr F=100 kV/cm)  (hole) position along thez axis® which is zero forF=0.
AE=1.65meV for a polar CsF moleculeAE=2.06 Already for small electric-field values, the hole has moved to

one of the dotgsee the inset of Fig.)3Therefore(z,) has a
o45 - finite value, and the first-order contribution will be most im-

portant, leading to an almost linear behavioset of Fig. 2.

= 240t ] The electron, however, is only slightly influenced by the
o 2351 - electric field. Therefore, the second-order term will be more
< s30l ] important in this case, leading to the parabolic behavior of
2 S the electron energy with the electric field. We found that for
s %[ Ew ] very small fields, the electron tends to follow the hole as a
S 220 5° §§ . consequence of the Coulomb attraction. For larger fields,
'§ 215] §:§ §§ ] however, i.e.F=20 kV/cm, the electric field overcomes the
@ ) 22 Coulomb attraction and the electron moves from the upper

2101 S ’ into the lower disk, which is illustrated in the inset of Fig. 3.

205 | * ravrem ] Notice the changed position of the electron for different

0 20 20 a0 30 100 electric-field values. A direct consequence of the more pro-
F KV / cm) nounced effect of the electric field is the creation of a dipole
moment, which was absent in the single disk case. The pres-
FIG. 2. (a) The exciton energy as a function of an electric field €nce of this dipole moment implies that the first-order term,
along thez direction for two vertically coupled type-I disks. Inset: i.€., the term linear irF, is now the most important, leading
The single-particle energies for hole and electron as a function of0 a linear behavior of the Stark shift. Only for very small
the electric field. Note the linear behavior of the hole energy inelectric fields, i.e.F=<2 kV/cm, is the dipole moment neg-
contrast to the parabolic behavior of the electron energy. ligible and the Stark shift still parabolic. Although the dipole
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FIG. 4. The exciton energya) and dipole momentb) as a FIG. 5. (a) The exciton energy as a function of the electric field
function of the electric field for a single type-Il diskc) The elec- for two vertically coupled type-Il disks. The dot afF
tron and hole densities along tieaxis for r=0. The electron =100 kV/cm is the exciton energy for a symmetric hole wave
density is shown only foF =1 kV/cm, since it changes very little  function. (b) The electron(dashed contour lingsand hole(solid
with electric field. contour line$ densities for-=0 kV/cm. Notice the asymmetry of

both densities, although there is no electric field presentThe

moment depends on the applied field strength, an estimate g{P°le moment as a function of the electric field.
its average value can be obtained from a fit of the linear part
of the Stark shift, i.e., 20 kV/cmF=<100 kV/cm, which At F=0 kV/cm, the hole is sitting symmetrically above
givesp=3.5enm. and below the disk, and consequently the dipole moment is
The dipole moment is connected with the mean electronzero at this point. Therefore the Stark shift in a small region
hole distance along thedirection, i.e.p=e({z,)—(ze)). In  aroundF=0 kV/cm will have a parabolical electric-field de-
Fig. 3 the dipole moment is depicted as a function of thependence. For larger fields, however, il€=0.05 kV/cm,
electric field, showing a fast increase already for small electhe hole wave function is clearly asymmetric alangnd an
tric fields. Remark that our calculated dipole moment agreeappreciable dipole moment appears, as shown in Fim. A
well with the one obtained by fitting the linear part of the fit of the linear part of the Stark shift, i.e., 0.2 kV/eafr
exciton energy. =<1.0 kV/cm, gives us an estimate of the dipole moment,
In Ref. 9, the different behavior of the Stark shift for namely, p=10.55enm, or an electron-hole distance of
single and coupled type-I disks was attributed to a differencéz,) —(z.,) = p/e=10.55 nm, which agrees well with the cal-
in strain fields. However, we show here clearly that its originculated dipole momer{isee Fig. 4b)] and the electron and
lies in the tunneling between the two coupled dots whichhole densitie§Fig. 4(c)].
allows for the creation of a strong dipole moment which is We also investigated thinner type-Il disks for which a
not possible in the single dot case. Although strain fields aremaller induced dipole moment is expected. We found in-
important in order to find more exact values of the excitondeed that the Stark shift became less linear.
energy, they are only of secondary importance when explain- Next we investigate the system of two vertically coupled
ing the origin of this Stark shift. This assertion is corrobo-type-Il dots. We consider the same material parameters as
rated due to the fact that we found Stark shifts which are upliscussed above, for disks wi=12 nm,d=3 nm, and an
to a factor-of-2 the same as found by Sheng and Leburtonnterdot distancel,= 3 nm. The exciton energy as a function
For example, folF =100 kV/cm Sheng and Leburton found of the applied electric field is depicted in Fig(as where
AE=40 meV(3 meV) which compares to our reslie one feature immediately catches the eye, namely, the appear-
=35 meV(1.5 meV) for singlédouble quantum dots. ance of hysteresis. This hysteresis is due tgpantaneous
After having discussed the type-I dots, we now turn tosymmetry breakingas we found recently in Ref. 15. The
type-ll dots, where we use parameters for the InP/InGaRtate with the asymmetric wave function has a lower energy
dots, where the electron is confined inside the dot and théhan the symmetric stafelot in Fig. 5a)]. This is a conse-
hole is located in the barrier. First we consider a singlequence of an enhancement of the Coulomb attraction for the
disk. Material and disk parameters dreV,=250 meV, asymmetric casgsee Ref. 15 When we increase the electric
Vh,=-—50 meV, m,=0.07Mmy, m,=0.60ny, R=10 nm, field very slowly, the system is trapped in this energy mini-
andd=8 nm. Figure 4a) shows that the Stark shift for this mum and as long as the system remains trapped, the exciton
system also exhibits a nonparabolic behavior, in contrast tenergy increases. The effect on the wave function is shown
the previous result for the type-1 disk. The origin of it canin the inset of Fig. &), where one can see that even for
again be traced back to the existence of a dipole moment for=0 kV/cm the hole wave functioiisolid contour linek is
larger fields. Note that the electric-field range for this type-IIstrongly asymmetric, and that the electr@ashed contour
system is much smaller than for the type-l system, becaudines) tends to follow the hole. As a consequence, this leads
the hole is only bound by the Coulomb interaction. to a permanent dipole moment. Without symmetry breaking
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the dipole moment would be zero fdf=0 kV/cm. The field, we find similar behavioy, leading to the observec_j hys-
spontaneous symmetry broken state isfer0 kV/cm dou-  teresis in Fig. ). This behavior of the dipole moment is of
bly degeneratésee Fig. £a)]: the hole can sit above or be- Particular interest as it should be measurable experimentally.
low the stack of vertically coupled dots. This leads to a hys- 10 conclude, we find that only for the single type-I quan-
teretic behavior for the dipole moment as a function of thet“mddot_d%es th% Stark Sh'frt] of ':he 9X?tc|’3 enr(]argy exfh|b|t a
electric field[Fig. 5(c)]. Starting from positive electric-field guadratic dependence on the electric field, whereas for ver-
values we find a positive value for the dipole moment tically coupled type-I dots and both for single and vertically

B B . . coupled type-Il dots is a strongly linear component in the
—.e(<zh> (ze)). i.e., th(_a hole is Iocatgd on top of the St"’mkedStark shift predicted. We attribute this linear dependence to
disk system. Decreasing the electric field leads to a slo

. : . he appearance of a strong dipole moment. This is a conse-
decrease of the dipole moment, as the relative distance b bp g cip

filence of the electric field which leads to a tunneling of
tween the electron and the hole decreases= AD kV/em,  the hole to one side of the dot structure inducing a dipole
the dipole moment is still strongly positive, as the main party,oment.
of the hole wave function is still located on top of the sys-
tem. When further decreasing the electric field, as long as the K. L. J. is supported by the Instituut voor de Aanmoedig-
system remains trapped in the energy minimum, the wavéng van Innovatie door Wetenschap en Technologie in Vlaan-
function remains at this position, although one would expectleren(IWT-VI) and B. P. is a post-doctoral researcher with
the negative field to attract the hole towards the bottom othe Flemish Science Foundatit/BWO-VI). Part of this work
the stacked disk system. Only when the electric field is largevas supported by the FWO-VI, The Belgian Interuniversity
enough to pull the system out of the trap does the hole sudAttraction Poles (IUAP), the Flemish Concerted Action
denly jump to its expected place, and the dipole momen{GOA) Program, the University of AntwerpVIS), and the
suddenly reverses its sign, i.e., becomes negative. When weuropean Commission GROWTH program NANOMAT
start from negative electric-field values and increase the@roject, Contract No. GSRD-CT-2001-00545.
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