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Quantum lens in an external electric field: Anomalous
photoluminescence behavior
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Electric field (F) effects in self-assembled quantum dots with a lens geometry have been studied.
The optical selection rules and the origin of the anomalous behavior of the photoluminescence lines
with the applied field reported by Raymoed al. [Phys. Rev. B58, R13415(19998] are analyzed

in terms of the interband oscillator strength and lens symmetry. Also, an explicit analytical
representation in the framework of the simple parabolic model for the electronic states as a function
of F and lens parameter are given. The excitonic effect has been considered in the strongly confined
regime when the excitonic Bohr radius is smaller than the dot dimensions. The influence of the lens
geometry on the quantum Stark effect shows an asymmetric energy shift in the electron-hole
transition. © 2004 American Institute of Physic§DOI: 10.1063/1.1710706

I. INTRODUCTION model also address the experimental observation reported in
Refs. 31 and 32, of the electron-hole optical transition ener-

Discrete energy levels due to carrier confinement ingies for SAQDs as a function of the electric field applied
semiconductor structures such as quantum wells, thin films,5 mal to the grown direction.

Iayer(idz heterojunctions, and nowadays quantum dofs  The article is organized as follows: Sec. Il presents the
(QD),* are of a great importance for the description of ,aiematical model to deal with the confined Stark effect
transport phenomena, electrical, and optical properties of, 5 jens domain and Sec. Il is devoted to the calculation of
these “man-made” systems. Quantum dot lasers are expectgfle gscillator strength and to the comparison with some ex-

to have properties better than those of conventional quamu'ﬂerimental results. Finally, some conclusions are given in
well lasers. The complete confinement in all three directionsgg. |y

leads to a totally discrete energy spectrum with a noticeable
increase in the density of states. Several works have been
devoted to study, both experimentally and theoretically, thdl- QUANTUM LENS IN AN ELECTRIC FIELD

optical and eltgctrical_properties of quantum pyrantids, A typical self-assembled quantum dot with lens symme-
quantu‘rlrlzihské, spherical quantum dofs; “and quantum v nresents a circular cross section of radiand heightb,
lenses*~?L Also, experimental and theoretical studies when, s shown in the inset of Fig(d. We consider an electron-

an external electric field is present have been performed if, o pair confined in the SAQD domain under an electric
2 H 3 s 44

quantum  wells; quggtum disks? quantum pyramul%é field F parallel to its axial symmetry axis, taken as thexis

cuboidal - nanocrystaf; hemispherical quantum dotS, g5y |n the framework of the envelope function approxi-

H -29
spherical quantum dof$* self-assembled ~quantum mation, the exciton wave functions are taken as solutions of

dots39=3° and with an arbitrary geometf§. These studies
cover relevant topics such as electron and hole states, photp- h? 2 ? V2 eF- (1 —r!)— e’
luminescence and photocurrent measurements. 2mf ¢ 2mf M eF (Te=Th) K|re=rpl
Recently, an anomalous photoluminescence behavior has
been reportedsee Ref. 3% The photon emission lines of XWer(Te M) =(E—Eg)Werre,rp), @)

InAs/GaAs self-assembled quantum d@AQDs under an whereE, is the gap energy is the dielectric constant, and
external electric field= appear and disappear as the electricmi* andr/ (i=e,h) are the quasiparticle effective mass and
field is tuned. Several lines are clearly observed at low fieldjts radius vector, respectively. As a first approximation, in the
but they cannot be identified at higher fields. Moreover, thgimit of strong spatial confinementa(b<exciton Bohr ra-
photoluminescence peaks that are identified at certain posgiys ag), the electron-hole Coulomb interaction can be con-
tive (negative field, disappear for negati@ositive) values.  sidered as a perturbation. Neglecting the electron-hole corre-
This article is addressed to this particular effect. We showgation, the wave function? o(r. ) is written in separable
that taking into account the full lens symmetry of the SAQD. form by a product of electron and hole wave functions
the anomalous behavior of the emission lines can be eXy (r)W(r/). According to the axial symmetry the one-

plained qualitatively in terms of the interplay between theparticle wave function¥;(r/) in polar coordinates can be
lens geometry and the mixing effect of the electron-holegagt a5

wave functions when the external electric field is varied. The

_ f(r',0") exp(img)

W(r', o', ¢)= (2
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FIG. 1. First energy levelgy ,,/E, of a quantum lens as a function of the dimensionless electricFiéfg . The(N, m) labels the levels by increasing energy
for a given quantum numben. Solid lines correspond to the exact calculation. Dots represent the solution up to second order perturbatiof@théary.
=1 semispherical quantum ler®) Lens domain witth/a=0.91.(c) b/a=0.51. Insefa) shows the QD lens symmetry. Insé¢bs and(c) show the deviation
for the ground state at high electric field between the exact results and perturbation theory.

with m=0,=1,... being thez component of the orbital angu- f(C)=0. (4)
lar momentum and the functiof(r’,#') satisfies the equa- )
tion The Schrdinger Eq.(3) for a bidimensional quantum
\ dot with lens-shape geometry in an electric field does not

_ h? (V2+ m?—1/4 )f(r’ 0') allow to find an explicit analytical closed solution for the
2my r'#sir’ 0’ ’ wave functions (r’,8’). The lens geometry and the electric
, ver . field break the spherical symmetry for which the square or-
+sgrig)eFr’ coso’f(r", 6") =Ef(r,6"), ®) bital angular momenturh and its zcomponentm are good
where sgng)=—e(e) for the electror(hole). In polar coordi- quantum numbers. Closed solutions of Eg) can be ob-
natesf(r’,#") must fulfill the boundary condition at the lens tained if the lens domain is mapped into a semispherical one
boundaryC: of radiusa. This particular conformal mapping equation has
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been reported in Ref. 20 and, according to 8).we obtain, The field keeps invariant the Hilbert subspaces for each
in reduced variables, an equivalent equation defined in aalue of|m|, remaining the twofold £ m) degeneracy.

semicircular domain given by In Fig. 1(a) the first exact calculated electron energies
7 En,m. for a semispherical quantum dot as a function of the
_V2+(m2_1/4)?BJrsgr(q)Ugjﬁzﬁ fB9(r,0) dimensionless electric fiel&F/F, are plotted(solid lines.
B The hole energies can be obtained by scaling the f&otBp
= (B9 by —(mi/my)(F/F,) and the factor E/E, by
oNB.E) T 0), ® (m%/m})E/E,. At low electric fields an explicit expression
f(1,6)=0, f(r,w/2)=0. (6)  can be derived for the carrier energy by applying perturba-

tion theory in terms of the well known semispherical wave
functions|n, I, m). Due to the constraift —m|=o0dd num-
ber, the ground statg, o at the semisphere corresponds to
excited statd =1, m=0 in the spherical cas€.It can be
seen from Fig. (@) that the energy aF~0 has a linear
2R sin( a ) behavior with the applied electric field. At stronger fields the
¥+ 1%+ 2R coq a ) (7) energy shifts are found to be proportionalR®in the lowest
order of approximation. A good correspondence is observed
and functionsZs(r,6), x5(r,6), f-, R a, and ¢ are de- petween exact diagonalization and second order perturbation
fined in Ref. 20. It is worth to notice that E(p) reduces to  calculations for a certain range of the dimensionless electric
the semicircular case ifo/a=1 with Js_1=1, xg-1 field F/F,. Our calculations show that, for an electron, the
=rsingandZs_,=r cosé. At zero electric field {=0) and  quadratic term obtained by the perturbation theory is two

In the earlier equatior=1(mp/mj) for electron(hole), ¢
=F/Fy, N\=EIE,, Fo=Ey/(le|la), Eq=A%/(2m%a?), B
=b/a, and the radius was taken as a unit of length. The
functionZ is given by

b/a=1 the solutions of Eq(5) are given by orders of magnitude lower than the linear term for a wide
O (r.9)=/sinoP|™(coss)J N, 8 range of electric fields, while the energy levels have a strong
nlmlr:0) ¢ Wiy pin, 1) ® quasistraight line behavior. Nevertheless, for hole states, and

with 1=1,2,...;-I=sm=I, and u,, is the nth zero of the due to their mass value, a nonperturbative approach becomes

Bessel functionJ,, ;. Since we have performed a confor- necessary to describe the field effect on the quantum lens.
mal transformation, the Hilbert space of E§) at F=0 and

b/a=1 is the same as that defined by Es). with F#0 and

b/a# 1. Hence, the set of functior(8) is a complete set of B. Nonsemispherical quantum lens

orthonormal eigenfunctions for the space of solutions deter-
mined by Eqgs(5) and(6). The boundary condition&) im-
pose the restriction thak—m|=odd number. Therefore, we
can search the wave functid®®#), solution of Eq.(3), for
each Hilbert subspace defined by the quantum numbes
a linear combination of the function8):

As the semispherical domain is deformed into a lens
domain with circular cross section, the application of the
electric field leads qualitatively to the same results, from the
point of view of their symmetry properties, that in the semi-
spherical case. Nevertheless, there is a strong concurrence
between the lens deformatiqeonfinement effegtand the
* energy provided by the external field. In Figgbjland Xc)
f8O(r,0)=2 CHONMIEO (r,6). (9) the electronic levels€Ey , are shown as a function of the
n| dimensionless electric field/F, for two types of quantum

Here,N enumerates, for a given values mf the levels by lensb/a=0.91[Fig. 1(b)] and 0.51[Fig. 1(c)] representing a
increasing value of the enerdsy . Taking Eq.(9) in Eq.  weak and strong lens confinement domain, respectively.
(5) leads to an infinite generalized eigenvalue problem foMoreover, a perturbation theory calculation in terms of the
Anm(B,€) with eigenfunctions{Cﬁ’f)(N,m)} for a given applied electric field can be performed, but now #igen-
value of quantum numben. The corresponding matrix ele- functions =% and eigenvaluesk y (8) =E#¢=%)/E,
ments have to be evaluated numerically and standard ngorrespond to those defined inlens domain withb/a<1.
merical diagonalization techniques have been used to solvEhese wave functions have been previously reported in Ref.
the system of equations. The electric field and quantum do35. For the sake of comparison, the calculated dimensionless
symmetry impose restrictive conditions on the energy levelsgnergy values, following perturbation theory, are represented
the carrier polarization, and the optical oscillator strengthby dots in Figs. {b) and Xc). We observe a good correspon-
These facts lead to a mixing of the wave functig@sthat ~ dence between exact and perturbation calculations obtained
should provide peculiar behaviors of the optical transitions.for both values of the lens domain here considered. Figures
1(b) and Xc) show that the effect of the field on the energy
decreases as/a decreases, due to the increasing effect of

Let us first analyze the limib/a—1. In the case of a the confinement, as it should be expected.
spherical quantum dot the, states presertH2)-fold de- The probability density functiodPDPF for the electron
generacy. As the electric field is turned on the degeneracy iground state l=1m=0) and heavy hole stateNE&1, 2,
removed and thé’'=1+1 states withAm=0 are mixed””  and 3 withm=0) for an InAs/GaAs SAQD with a lens do-
However, if the domain is reduced to a semispherical onemain is presented in Fig. 2 for three values of the applied
the solutions are restricted to those states fulfilling the conelectric field. It can be seen the stronger mobility of the hole
dition || —m|=o0dd number with a degeneracy equal lto  with respect to the electron. Also, it is clear that fér-0

A. Semispherical quantum lens
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FIG. 2. Probability density function &= — 300, 0, and 300 kV/cm for the
(Ne=1m=0) electron state andN,=1m=0), (N,=2m=0), (N,
=3m=0) heavy hole states. For the calculation a rationjf/m} = 16.38
was used.

(F<0) the mean value of the heavy hold{{" 3|z f{{<)),

is located abovebelow the electron ondf({3)[z|f{ %),

and a nonsymmetric displacement with respecFte0 is

expectedsee Fig. 3. Moreover, from the plot of the PDF we

can see that the asymmetric behavior with respect the fielc

(F= =300 kV/cm) comes directly from the lens geometry.
Another important magnitude for the electro-optical

properties is the carrier polarization, which is proportional to

its zcomponent average. According to E®), and for a

<z>/la

given state(N, m), this magnitude is given as follows: P T TP SO TP R R HU R B
-125 -100 -75 -50 -25 0 25 50 75 100 125
, N — , (B.6) . . .
(FCD1Z [t =a 2 CHIINmCYE(N,m) Electric Field (Units of F )
nl;n" 1"
0 (0) . N . . . . .
X<f51,|),m|u7ﬁzﬁ| fn’,l’,m>' (10) FIG. 3. Carrier polarizatiokz) in units ofa as a function of the dimension

less electric field=/F for the electronge), light (Ih), and heavyhh), holes.
Figure 3 shows the behavior (ji>/a [i=electron(e), heavy (&) Corresponds to a lens domain witha=0.91.(b) b/a=0.51. Solid lines
(hh), and light(lh) holeg as a function of the dimensionless éPresent the ground statdi£1,m=0) and dotted lines toN=2,m=0)

. state.

parameterF/F, for two quantum lens domainga) b/a
=0.91 and(b) b/a=0.51. The statesN=1,m=0) and (N
=2,m=0) have been considered for the calculation and theC. Exciton correction
semiconductor parameters of Ref. 10 were used. From this
figure, it can be seen that Bt=0 the polarization is different
from zero (z)>0). This is a direct consequence of the lens
symmetry, independent of the chosen Hamiltonian model
while the resul{z,(F =0))=(z,(F=0)) is solely due to the

The Coulomb interaction can be taken as a perturbation
if the strong confinement regime is considered. Thus, in the
first order perturbation theory calculation the exciton correc-
tion can be cast as

g . N ’m
assumed boundary condltlo(@. As_ expected, in the fra_\me- AENZ!mZ |\I,Ne'me(ré)|2|q,Nh ]mh(rmz
work of a homogeneous Hamiltonian mode, an opposite rela- = f — redry,
tive displacement of electrons and holes occurs along the 0 [re—rsl 11

direction of applied field. Also, the heavy hole quasiparticle
is strongly affected by electric fields, reaching its asymptotiovherer; is given in units ofa, the integrals over/ are

value, that is(z)/a—b/a ({(z)/a—0) for F—« (F—  performed in the quantum lens domasee the Appendjx

—o). From Figs. 8a) and 3b) it can be seen that a¥a andA =2m? e?a/(xh?) measures the ratio between the Cou-
decreases the polarization is less influenced by the field, andmb and the spatial confined energies. In our calculation,
in the strong confinement regime lower values(af are  the parameteA must be less than one. Figure 4 shows the
reached. excitonic binding energy as a function of the electric field. In
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FIG. 4. Exciton binding energy of the ground stméig as a function of
the electric field for some InAs/GaAs quantum leht&a=0.91, 0.70, 0.51,
and 0.34.
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the calculation, the values=20 nm, m} =0.0152n,, m}
=0.249m,, andx= 10 were used. From this figure it can be
seen that the Coulomb interaction represents a small correc ;
tion to the total electron-hole energy aad will diminish as

b/a decreases. Moreover, the influence of the electric field @
on the binding energy is practically negligible and can be
considered as a constant. These facts are clearly understoc
due to the interplay between the spatial geometry interactior 0.0
and the Coulomb and electric field ones.

llator Strength d(ﬂ’g)(N =ILN ;m
e h

SCl
o
N

0.2

PR T TN TP I S R S S R
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IIl. OPTICAL MATRIX ELEMENT Electric Field (Units of F(,)

In order to understand the origin of the photoemission
lines as a function of, we must calculate the interband FIG. 5. Oscillator strengtd”9(Ne=1Nj,;m=0) as function of the elec-
optical matrix elements between different electron-hole paiF”C field for five electron-hole tran_sitions and two ratioswfa. (a) b/a _

. . . =0.91. (b) b/a=0.51. In the graphics the labels 1-5 represent the transi-
sta_tes. In a_ first approac_h, and n_eglectlng the COUIOr_nb Ir]te'Ei'ons from the heavy hole statég,=1, 2, 3, 4, and 5 to thdle=1 electron
action, the interband optical matrix element is proportional tGground state, respectively.
the oscillator strength of the electron-hole pair wave function
W, mg N, m(Te Tp), given by
2 electric field breaks this selection rule and transitions be-

tween states with different quantum numbers are allowed,
provoking nondiagonal oscillator strengths different from
2 (8.6 (B.6) zero. According to t.he .dependence of the 'oscillator strengths
» Chi®(Ne,m)C 77 (Np,m) d®9 on the electric field folb/a=0.91 [Fig. 5a)], those
mhint transitions fulfilling the selection ruleAm=m,—m,=0
show a strong anisotropy with respectie- 0. This behavior
(12) is due to the lens geometry, i.e., the electron/hole motion in
the z direction is different with respect to the positive or
In Fig. 5 it is shown the behavior of the oscillator strengthnegative direction of the field. Another interesting feature in
d(®9 for several electron-heavy hole states. The oscillatoFig. 5 is the appearance and disappearance of electron-hole
strength for the light hole behaves like a zoom of the heavyransitions as the electric field is tuned. For example, the
hole case nedf =0, and it is not shown in the figures. Due transition 2[heavy hole staté2,0) to electron staté1,0)] at
to the infinite barriers model used, the oscillator strength id=/F,=15 shows a maximum in the oscillator strength, while
diagonal af-=0 and transitions between electrons and holest negative field this emission line has practically zero inten-
with different quantum numbend, mare not allowed. The sity. The opposite can be argued for the oscillator strength 4

d(ﬂ'g)(Ne,Nh;m):’f W, N, m(rrdr!

2
0
XCEQ) ol Tl £ o)
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[transition from the heavy hole statd,0) to electron state <

(1,0], where the stronger maximum is located at negativew, 108 ' ' ' ' R

field and a very weak photoluminescence lines are predicte( >,
at F/Fy>0. A similar symmetric behavior of the emission E_”
lines with respect the applied electric field is observed for the g
transitions 1, 3, and 5. This nonmonotonic dependence of thé=
photoluminescence lines dnis explained by the admixture
of states with different orbital quantum numbdenduced by
the electric field and the lens geometry. The field breaks the

nsition

spatial parity of the final functioh®® in such a way thatall & i '
(B.) j ; - nAs/GaAs

componentsC %y in Eq. (9) contribute to the new state. At T = 200 K N

F=0 and due to the restrictioi —m|=o0dd number, the @ 2=9.0 nm ‘

optical transition(f{£; D|f{’"?)=0 for N,=2,3,.. The & 05| b = 0.94 Lo -

field couples states with different angular momentuand :

the coefficientscfﬁ’f) for | =evennumber are different from &

zero, allowing optical transitions between heavy and electron g

wave functions with different quantum numbBF and m (5 ey oy

-300 -200 -100 0 100 200 300

=0. Moreover, following Egs(5) and(9), the weightsC{5 ¥
are nonsymmetric with respect to the directionFof This Electric Field (kV/cm)

behavior is clearly observed in g , energy dispersion

shown in Fig. 1, providing an evidence of the strong admix-FIG. 6. Exciton ground state transition energy as a function of the electric
t in th ' f fi S‘(B‘g) Th f | field F for a QD with lens geometry of a radius=9 nm and height

ure_ I_n € wave lenC IONSNo™ - ere O_re’ anoma OUS_ =8.5nm. Dots represent the data from Ref. 31, solid line is the exact
variations of the oscillator strength and of in the photolumi-calculation including excitonic effect and dotted lines are the Rayleight—

nescence spectra, as a function of the electric field, are exchrainger second order perturbation theory. A fi€lg= —74 kv/cm has
pected been introduced in order to shift rigidly the theoretical calculation to com-

. . . . . _pare with the experimental data. Dashed lines correspond to the exact cal-
Regarding to excitonic effects, it is necessary to pomtgulation withE: = 0 kV/em
i .

out that within the strong confinement limia(b<ag), the

behavior of the oscillator strengtti(®9(N,=1,N;,;m=0)

as a function of the electric field and the quantum lens ge- . . . : .
. pole proportional toPy=(iel7yZslie)— (inlTZglin). In

omet-ry.paramef[eb/e-l do. not change at all. The main char- eneral, any theoretical formalism which provides different

acteristics detailed in Fig. 5, and those reported in Ref. 3

. . ! robability density distributions for electrons and holes will
are linked to the spatial symmetry properties. The eIECtron[ead to a permanent nonzero intrinsic dipole in the quantum

hole attract_ive correlat_ic_)n s respons_ible for a smallincreasgy; This can be achieved including finite barriers potentials,
of that particular transitiofa more bright line in the photo- using any extende#t-p Hamiltonian model or taking into

luminescence spectrymbut it will not introduce a different ., qiqeration different strain distributions for electrons and
spectral intensity distribution as a functionfafThis spectral  5jes. The fundamental issue is to get a value Bgrin

distribution is determined by the fact that the lens shapgygreement with the experimental value. The model presented
geometry and the electric field reduce the spherical symmep, sec. |1, which considers infinite barriers and neglects the
try of the Coulomb potential, leading to a specific admixturé ot well known strain distribution, can reproduce the order
of states for the optical transitions. of magnitude and the curvature of the measured transition
Itis useful to analyze, qualitatively and quantitative, theenergy with respect to the applied electric field. Figure 6
results provided by the simple electronic model here considspows the dependence of the ground state transition energy
ered, with the experimental observations. Electron-hole optinn F, measured by photocurrent technigtié?for a QD with
cal transitions energies for SAQDs as a function of the fieldy pase size of 18 nm in diameter and height of 8.5 nm. Here
normal to the grown direction have been reported in Refswe compare several theoretical fittings, according to the
31, 32, 34, and 37, showing a clear asymmetric Stark shiftmodel of Sec. Il, where the solid line represents the excitonic
In order to fit the obtained experimental data, several model§ansition and the dotted lines the same result using pertur-
have been proposed. For example, in Ref. 34 effective papation theory without excitonic effect. In the calculation the
tentials for electron and holes were assumed, while in Refgest fittings have been obtained with the set of valuds
31 and 32 an effective pyramidal geomefseverely trun-  =0.015n,, my =0.249n,, and  Eg,f{T=200K)
cated is considered. Nevertheless, in our opinion, there is=0.348 eV The wave function penetration into adjacent
still some uncertainty about the fundamental parameterenvironment is considered by a fitting procedure to repro-
which lead to the mentioned asymmetric Stark shift. Let usduce the data reported in Ref. 31. In our case, we obtain and
first analyze qualitatively the influence of the lens domain oreffective radiusa,4=8.5 nm. In some extent, the values of
the Stark effect. In our case of a SAQD with lens geometrythe electron and holes masses used include phenomenologi-
the electronic energy shows an asymmetric Stark shift due toally the strain field distribution on the band structfiréThe
the linear dependence d¢h(see Fig. 1 Hence, the allowed excitonic correction has been calculated according to Eq.
optical electron-hole transition energy has a permanent dic11). The resulting binding energy calculation for the ground
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state AE(®9 at F=0 is equal to 24.9 meV andE(®© T T T
=24.6, 23.8 meV aF = *+290 kV/cm. When a lens geom- !
etry is assumed, the optical ground state transition energyS
calculation presents an asymmetric Stark shift with respect tc
F=0, as can be seen in the Fig. 6. This asymmetry come:&
out from the lens geometry and the difference between the?_'J
electron and hole masses. Since we are interested in analyhg
the influence of the lens geometry on the Stark effect, a=
built-in electric field F;=—74 kV/cm was addedad hog g
shifting rigidly the theoretical calculations. It can be seen
that the principal features, as the order of magnitude, curva:
ture, and asymmetry, are well reproduced by the quanturr
lens model. Concerning the internal fiekl, we should
mention that its origin is very controversial. In Ref. 34, the
value ofF; is mainly due to a strong increase in the electric
confinement energy, as the external field forces the electror
towards the apex of the dot. In Ref. 31, the internal field is

obtained by a graded Ga composition in the dot and the . LI R
correct direction of the permanent dipole is reached by a % S ]
severe truncation of the QD, modeled as a pyramid. It is__ le-2h .

important to recall that the presence of an internal field has%

been reported or wurtzite CdSe spherical GDhis work 1121 T

y (

propose the possibility of facets on the QD surface and/or%” .
surface traps, supporting the departure from the symmetrica [5 ............
shapes. =
Using the same set of parameters employed in the Fig. 6-2
we compare in Fig. (8 the oscillator strength dependence E
on F for the ground statésolid line) with the experimental & Hop T
observationgdots.3! The observed maximum occurs &t T=200K
=—140 kV/cm, while in the calculation the maximum is a=75nm
located atF = — 74 kV/cm, in correspondence with the fit- b/a =0.47

tings shown in Fig. 6. Nevertheless, we can see good agree
ment between the experimental results and the calculations
Accordingly, the behavior of the first excited state as a func- )
tion of the applied electric field is shown in Fig(tp. The a0 200 00 o 00 200 300
theoretical calculations correspond to theN.E1,m .

—0)=(Ny=2m=0) and N,=1,m=0)=(N,=3m=0) Electric Field (kV/cm)

excitonic transitions and are represented by solid lines whilgc. 7. (a) Ground state oscillator strength as function of the electric field
the experimental data are depicted by dots. The obtainefdr the sample of Fig. 6b) First measured exited state energy according to

results indicate that the first observed excited state should Hef- 31 In the calculation the set of parameters of Fig. 6 has been em-
ployed. Solid lines represent calculation for the-12h and le—3h exci-

a combination of several optical transitions. In .p'ar(e) Bve tonic states(c) Ground state transition energy as a function of the electric
compare our results for the ground state transition energy fdfeld F for an InAs/GaAs quantum lens geometry of a radie7.5 nm and

a QD of radiusa=7.5nm, b=3.5nm, and ratio ofb/a b/a=0.47. In the calculation and effective radiusagf;=15.16 nm has been
_ - . . used. In all graphics the experimental data are represented by dots, the exact
=047 Wlth_ the data reported in Ref. 31. In .thIS case, thecalculation by solid lines, and dotted lines are the Rayleight—Simger
strong confinement provokes a larger penetration of electrongcond order perturbation theory.

and holes into the surrounding medium. In order to take into

account this effect we introduce an effective quantum lens of

radius a.s=15.16 nm keeping the same ratlwa=0.47.

This procedure had been used in the past to simulate the, CONCLUSIONS

finite potential barrier modéf***°and represents an alter-

native to include the finite barrier band offset avoiding its We have shown that self-assembled quantum dots with
mathematical complications. In the present calculation thgens geometry lead to peculiar oscillator strength distribution
values ofmg andmyj, are the same employed in the fittings as a function ofF. The mixing of different electronic states

of Fig. 6 but now a built-in internal fieldr;=—80 kV/cm  due to the interplay between lens deformation and the field,
was assumed. Also, in the figure the second order perturb@xplains the appearance and disappearance of the photolumi-
tion approach(dotted line$ is shown, evidencing the good nescence lines as the electric field is tuned. Also it is shown
correspondence with the exact calculation. that the lens symmetry conduces to an asymmetric Stark

1.09 |-
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shift. The main experimental features observed of the quanFhe integralsZ is over the two-dimensional lens domain and
tum Stark effect in self-organized quantum dots can be exwere performed numerically following a Monte Carlo proce-

plained by assuming a lens geometry.

dure. These integrals solely depend on lens deformdtian

Finally, we have reported an analytical representation foand are independent on the electric field.
the electronic states of the dot as function of the lens geom-
etry and the electric field normal to the dot plane. We have!p. Bimberg, M. Grundmann, and N. N. Ledentsdihe Quantum Dot
not considered the stress and the Ga distribution in the dot, HeterostructuregWiley, Chichester, 1999

However, the reported representation for the eigensolutiong

2A. D. Yoffe, Adv. Phys.50, 1 (2002).
M. A. Cusack, P. R. Briddon, and M. Jaros, Phys. Revb8 R2300

could provide a basis to incorporate such effects and to go (;99g.
more deeply into the evolution of the optical properties on “Mm. A. Cusack, P. R. Briddon, and M. Jaros, Phys. Re@684047(1997.

the external applied fields.
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APPENDIX
Using the identit§*

©  s=p ’
1 1 r?

=4n> >

=0 s=7p 2p+1rPTt

XY7 o(0c,de)Yp s(6h, ér) (A1)
and Eq.(2) we obtain

o

1o(B.§)
Nh,mh: p
AE m. ZEOApZO 2p+1"° (A2)

where

o)

I(B.6)= 2 CPI(Ne,me)CPO(N,,my)s

Ly

« Ci(/Bé)(Ne,me)CEF’g)(Nh ,mh)Ii,j,i ',J"(p)

(A3)
and
ZLLVJ'(P)::J.dfédféffﬂgfé,ﬂé)ﬁﬂ%ﬁfé,96)
r,<p ! !
Xr;p—“ P,(cosb,)P,(cosoy)
XA (Te 0T (6. (A4)

In the earlier equationlabels the set of quantum number,

[) and the variables’, #' are function ofr, 8 coordinates
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