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Electron Raman scattering in a spherical quantum dot

R. Riera
Departamento de Fisica, Universidad de Sonora, Apartado postal 1626, 83000 Hermosillo, Sonora, Mexico

J.L.. Marin
Centro de investigacion en Fisica, Universidad de Sonora, Apartado postal 5-088, §3190 Hermosillo, Sonora, Mexico

J.M. Bergues, R. Betancourt-Riera, and M. Fernindez.
Departamento de Fisica, Universidad de Oriente, Santiago de Cuba, Y0500 CUBA.

Recibido el 7 de mayo de 1996: aceptado el 26 de noviembre de 1997

The differential-cross-section (DCS) for an electron Raman scattering (ERS) process in semiconductors quantum-dots (QD) of spherical
shape is calculated for 7' = 0 K and neglecting phonon assisted transitions. Electron states are considered assuming complete confinement
within the QD. We also assume a single parabolic conduction and valence bands. Two kinds of spectra are discussed: emission spectra (DCS
as a function of emitted photon energy) and excitation spectra (DCS as a function of incident photon energy). In both cases we analyze DCS
for different scattering configurations. We study selection rules for the processes. Singularitics in the spectra are found and interpreted. The
ERS here studicd can be used to provide direct information about the electron band structure of the system.
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Se calcula la seccion eficaz diferencial para un proceso de dispersion Raman clectrénica en puntos cudnticos semiconductores de forma
esférica a la temperatura de 0 K. No se considera la interaccién con los fonones y se suponen ademds bandas parabdlicas y confinamiento
completo para los estados electrénicos. Se discuten los espectros de emision y excitacion y se estudian las reglas de seleccion para este
proceso. asi como su estructura. La informacién resultante puede ser titil para caracterizar la estructura de bandas de este sistema de baja
dimensionalidad.

Descriptores: Dispersion Raman electrénica, puntos cudnticos

PACS: 68.90.+g; 78.30.-j; 78.60.Ya

step process: in the first step the system absorbs a photon
from the incident radiation and an electron-hole-pair (EHP)
is created in a virtual state (after an interband electron tran-
sition); in the second step the electron and the hole move
independently of each other and emit photons of secondary
radiation performing intraband transitions [16]. In the final
state an EHP appears in a real state of the system, which is
thus left in an excited state. The DCS for ERS, in the general
case, usually shows singularities related to interband and in-
traband transitions. This latter result strongly depends on the
scattering configurations: the structure of the singularities is
varied when the photon polarizations change [17]. This pecu-
liar feature of ERS allows to determine the sub-band structure
of the system by direct inspection of the singularity positions
in the spectra.

1. Introduction

Many theoretical and experimental works have been devoted
to the study of different properties of the nanostructured
QD, quantum size effects on the exciton energy and op-
tical absorption spectra [1-3], electronic states and optical
spectra [4-7]. Raman scattering experiments are well known
to provide a powerful tool for the investigation of different
physical properties of semiconductor nanostructures (super-
lattices, quantum-wells, etc.) [8-10]. In particular, the elec-
tronic structure of semiconductor materials and nanostruc-
tures can be thoroughly investigated considering different
polarizations for the incident and emitted radiation [S-11].
In connection with this kind of experiments the calculation
of the dilferential cross section (DCS) for Raman scatter-
ing remains a rather interesting and fundamental issue to
achieve a better understanding of the man-made semiconduc-
lor nanostructures characterized by their mesoscopic dimen-
sions [12-15].

For bulk semiconductors ERS has been studied in
the presence of external applied magnetic and electric
fields [18-21]. In the case of a quantum-well preliminary re-
sults were reported by Riera er al. [16]. In the other case [23],

Among the various Raman scattering processes involved
in this kind of research slectron Raman scattering (ERS)
seems to be a useful technique providing direct information
on the energy band structure and the optical properties of the
investigated systems. ERS is qualitatively explained as a two-

two articles about ERS in cylindrical and rectangular quan-
tum wire (QW), were published. It is our aim to study ERS in
aquantum-dot (QD) of spherical shape. The emission and ex-
citation spectra, in these novel systems are significantly mod-
ified due to the quasi-zero-dimensional character of the elec-
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tronic states. The ERS processes are determined by electronic
transitions between zero-dimensional electron or hole sub-
bands. For the sake of simplicity we assume complele elec-
tron confinement within the QD. We also consider parabolic
bands in the zero temperature case and neglect all the tran-
sitions assisted by phonons. Such simplifying assumptions
facilitate the calculations but still provides a clear picture of
the physical situation,

2. Model and applied theory

Let us briefly describe the model and fundamental theory
applied in our calculations. The QD is of radius ry. As ex-
plained above, we consider a single conduction (valence)
band, which is split into a sub-band system due to complete
clectron confinement within the structure. The solution of
Schrodinger equation in the envelope function approximation
leads to
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for conduction electrons. J,, 1 () is the Bessel function of
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order n + 1. ;. = denotes the zeros ol the Bessel function:

o 1 (/f:f 2) = 0. T (f.) are the spherical harmonics. 1,
is the Bloch function taken at iy = 0 in the Brillouin Zone,
where (by assumption) the band extrema are located. We use
spherical coordinates (r,#, p). The complete electron con-
fincment in the QD implies x|, = 0.

The sulfix ¢ is used to denote electronic quantities. The
clectronic states are described by the quantum numbers: 7.,
e, m,. The eigenenergies are
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Jte being the electron effective mass and E' = 0 at the bot-
tom of the bulk conduction band. For the holes the analogous
quantities are obtained essentially changing suffix e by # (la-
beling hole quantities).

The DCS for ERS is given by [16]
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where V7 is the normalization volume, n(w) is the refraction
index as a function of the radiation frequency, ws and €; is the
unit polarization vector for the emitted secondary radiation.
¢ is the light velocity and wy is the frequency of the incident
radiation and W{ws, €) is the transition rate calculated ac-
cording to
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In Eq. (6) y = e.h for the cases of electrons or holes,
respectively, |¢) and | /) denote initial and final state of the
system with their corresponding energies £; and Ey. |a) and
[b) are intermediate states with energies £, and £, while ',
and I'y are the corresponding life-time widths.

The operator H; is of the form
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where i is the free electron mass. This operator describes
the interaction with the incident radiation field in the dipole
approximation. The interaction with the secondary radiation
ficld is described by the operator

P = —ihV, (6)
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This operator describes the photon emission by the electron
(hole) alter transitions between conduction (valence) sub-
bands of the system. In Eq. (7) the intermediate states |u)
represent an EHP in a virtual state (after absorption of the in-
cident photon), while the states |b) are related to the “interfer-
ence diagrams™ [16, 24]. The latter term involves a negligible
contribution whenever the energy gap £, is large enough (for
instance, this is the case of GaAs, CdTe, etc.) and will not be
considered in the present work.

In the initial state |i) we have a completely occupied va-
lence band, unoccupied conduction band and an incident pho-
ton of energy fiw;. Thus

E,=hu . (8)

The final state | f) involves an EHP in a real state and a
secondary radiation emitted photon of energy fiw,. Hence
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For the intermediate states |a) the energies E, are easily ob-
tained from the above discussion.
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3. Differential cross section

Using the theory depicted in Sect. 2 we can obtain, after cum-
bersome calculations, explicit expressions for the DCS of the
ERS process. We have neglected photon wavevector in com-
parison with electron wave vector, in our calculation. Hence,
in the final state we have: A - Lh = (. We just write the final

results:
d*o < fates
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where j = 1 =¢%; § = B = gt j = 8 = ¢, . Theevectors
represent the different polarization dlrectlons, and
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The Y, terms are only characterization coefficients of the
DCS of each polarization
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the vectors X, Y and Z are unit vectors along the correspond-
ing Cartesian axis.

The interband matrix element of the operator P is de-
noted as

5] L ‘ * 3
Doy = A wi Py, (20)
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the above matrix element is evaluated at fa?n = 0 in the Bril-
louin Zone while Vj is the unit cell volume.

Let us make some remarks concerning the above equa-
tions. For a general scattering configuration we should have
three terms in the DCS, as explicitly seen in Eq. (10). How-
ever, for particular choice ol the scattering configuration
some of these terms could be absent. For instance,
have backscattering configuration with Z parallel to the ra-
diation wavevector &, then the other configurations will not
contribute to the DCS. In general for all the scattering con-
figuration the contribution to the DCS is given by (11) and
(12). In the configuration where scattered radiation wavevec-
tor is parallel to the x-axis with polarization ¢ || 2 , lLe..
Z(¢).5-)X only the first term at the right-hand-side of Eq.
(10) will be present in the DCS. In these configurations the
emission spectrum of ERS in a spherical QD shows maxima

at the following values of w,:
2 n,++ C
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FIGURE 1. ERS cross-scction (in arbitrary units of o) for a GaAs spherical quantum-dots in the scattering configuration Z (7. Z)X.

We have set: I'y = 3meVand I, = Ty =

1 meV. a) Scattering efficiency as a function of hw, /Ey (emission spectrum). The solid

curve correspond to hiw; = 2.3 eV, the dashed curve to hey = 2.9 eV, in hoth case 1y = 4 nm, Resonant transitions are indicated by
W (e, ke, np, k) and wh (e, ke, nup, ks ) corresponding to electron or hole intersubbands transitions [see Egs. (21) and (22)]. b) Scattering
cfficiency as a function of (hwy — E, )/ Fo (excitation spectrum). The solid curve correspond to rp = 3 nm and hw, = 2 eV, the medium
dashed curve to hiw, = 2.3 eV and the short dashed curve correspond to ro = 4 nm and hw, = 2 eV. ¢) Scattering efficiency as a function

of (hwy

— E,)/ Ey (excitation spectrum). The solid curve correspond to 7y = 3 nm. the medium dashed curve to ro = 4 nm and the short

dashed curve correspond to ro = 5 nm, in all cases we have chosen hiw, = 2.3 e¢V.

As can be seen from (21) or (22) these frequencies corre-
spond to electron transitions connecting the sub-band edges
for a process involving just the conduction or just the valence
band (i.e.. intraband transitions). The following selection rule
is fulfilled: n; = n, £ 1; the minus sign applies to (21) and
the plus sign to (22).

Other singularities of Egs. (11) and (12) occur whenever
p = (0. Such singularities are mainly related to certain values
ol the frequency w; of the incident photon. For the excita-
tion spectra the positions of these singularities are given as
follows:

1
ailrs ki k) = E—D(ﬁu)t — Ey)
_ hwsg ny: (p]n,+%)2+ ) (Hrlh-‘r%)2 (23)
Ey T\ ke 2\ o

Here the selection rule rny, = n. = 1 must be fulfilled. The
peaks related to the latter singularities correspond to inter-
band EHP transitions and their positions depend on the inci-
dent radiation frequency w; for both excitation and emission
spectra. The singularities involved in Egs. (21) and (22) are
independent of w; and correspond to intraband transitions.
These kind of singularities are present in the emission spec-
tra only.

4. Discussion and conclusions
As discussed in Sect. 3, we have computed the emission and

excitation spectra of the ERS process for a given polarization
- ol the emitted radiation. The physical parameters entering

in our formulas were taken for the GaAs case; i.e., E, =143
eV: . = 0.066500; p15, = 0.4541p (the heavy hole band).

Figure la shows the so-called “Emission Spectra” in
which we have plotted,

2
d=o

1
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for the spherical QD.
Figures 1b and Ic show the so-called “Excitation Spec-
tra”, in which we plotted,

1 o 1
S5 5. —(hw — E,),
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for the spherical QD. The quantity 1/oq [d?o /dw,dS2] is fre-
quently called “Scattering Efficiency™ (S.E).

The excitation spectrum for the spherical QD, was com-
puted for the scattering configuration Z (€, Z)X . In this case
only the first term at the right-hand side of (10) contributes,
thus, we do not have any singularities, that is, for the fixed
values Niw, and ry the expressions (21) and (22) do not con-
tribute. Furthermore, for certain values of w; we can find
abrupt changes in the curve slope which correspond to differ-
ent thresholds related to the points where a given subband be-
gin to contribute to the DCS. This explain the step-like char-
acter of the curve. The lowest admissible value of fiw; — E, is
defined by the minimum value of ,u:+ 2 . For higher values of
) — E, new sub-bands begin to contribute, thus defining the
other thresholds seen in the figures. We give explicit indica-
tion of the points where the thresholds are present, specifying
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the involved sub-bands. Figure la shows the emission spec-
trum for the same scattering configuration. The incident ra-
diation frequency was fixed as fiw; = 2.3 eV and hwy = 2.9
eV. We can observe abrupt changes in the slope, thus pro-
viding a certain step-like dependence of the S.E. The points
where the curve slope presents abrupt changes are related to
threshold values of fiw, representing the incorporation of new
sub-bands to the process. It should be realized that, for lower
values of fiw,, more sub-bands can participate in the emis-
sion process. The condition hw; — hws — E, > Ey (;.'.T% )
must be fulfilled in order to have the emission of secondary
radiation photons. For fixed values of hwy, E,, and E. the
threshold positions are defined by ;r:%. This is explicitly
indicated in Fig. 1b.

In Fig. la we show the emission spectra for the
Z(é, Z)d\' configuration for the QD. We have chosen
ro = 4nm. It can be observed that for hiw, = 2.3 eV
the differential cross section display only two singulari-
ties at w® (0,1,1,1), and w" (1,1,0,1), while for fiw, =
2.9 eV four singularities are observe at w(0,1,1,1),
w"(1,1,0,1), w" (1,1,2,1), and w" (2,1,1,1) . We should
note that the w, values for which we find singularities do not
depend on the incident radiation frequency w; and only de-
pend on the energy differences between the valence and con-
duction subbands for the fixed value ry. For higher energies

liw; of the incident radiation photon we shall observe a large

number of singular peaks in the emission spectra as can be
deduced from (21) and (22). For fixed value of w; we can
also observe a certain step-like behavior at give values of w,.
The maximum number of steps is determined by (23). The
position of the steps in the spectra depend on the value cho-
sen for wy.

In Fig. Ib we show the excitation spectra for a QD for the
same scattering configuration as in Fig. la. In the case, hw,
is fixed and hwy is a variable quantity. The other parameters

coincide with those of Fig. 1a. We observe the same behavior

in the spectra for dilferent values of ry with the same hw as
those different values of /e, The resonant transitions are in-
dicated only in one curve, because they are same in all curve
only we should keep the same order, which is given by ex-
pression (23). We also observe a threshold for 1h? lower val-
ues of (hwy — £,) I, " when ;r:;Jr%‘ and ;r::'+§ take their
minimum values for fixed values of hw, and [0

InFig. I¢c we show the excitation spectra for QD for three
values of ry, but we have now chosen fiw, = 2.3 eV in all
cases. In this graph, only a shift in the spectra can be ob-
served.

In the present work we have applied a simplified model
for the electronic structure of the system. In a more realis-
tic case we should consider coupled band structure using a
calculation model like that of Luttinger-Kohn or the Kane
model. We also assumed an infinite potential barrier for the
electron at the QD interface. A calculation assuming a finite
barrier would be better, but it is also possible to introduce a
certain redefined effective mass for the infinite-barrier case
leading to the correct energy levels for electrons and holes
(see for instance Ref. 25). The above mentioned assumptions
would lead to better results but entail more complicated cal-
culations. However, within the limits of our simple model we
are able to account for the essential physical properties of the
discussed problem. The fundamental features of the DCS, as
described in our paper, should not change very much in the
real QD case. It can be easily proved that the singular peaks
in the DCS will be present irrespective ol the model used
for the subband structure and may be determined for the val-
ues of fiw, equal to the energy dilference between two sub-
bands: huws'" = Eq) = B, where ES™ > B are
the respective electron (hole) energies in the subbands. Sim-
ilarly, we shall have a step-like dependence in the DCS for
hw; = hwe+ E,+ E, + Eg. Up to the present there is a lack
ol experimental work for this type of ERS. The major inter-
est of our calculations is to stimulate experimental research
in this direction.
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