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Resonant Raman scattering in self-assembled quantum dots
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A theoretical treatment for first-order resonant Raman scattering in self-assembled quant(&AqQDss)
of different materials is presented. The dots are modeled as cylindrical disks with elliptical cross section, to
simulate shape and confinement anisotropies obtained from the SAQD growth conditions. Coulomb interaction
between electron and hole is considered in an envelope function Hamiltonian approach and the eigenvalues and
eigenfunctions are obtained by a matrix diagonalization technique. By including excitonic intermediate states
in the Raman process, the scattering efficiency and cross section are calculated for long-ralcfedxciton-
phonon interaction. The Fhtich interaction in the SAQD is considered in an approach in which both the
mechanical and electrostatic matching boundary conditions are fulfilled at the SAQD interfaces. Exciton and
confined phonon selection rules are derived for Raman processes. Characteristic results for SAQD’s are
presented, including InAs dots in GaAs, as well as CdSe dots in ZnSe substrates. We analyze how Raman
spectroscopy would give information on carrier masses, confinement anisotropy effects, and SAQD geometry.
[S0163-18209)16847-4

[. INTRODUCTION obtain. As in many other problems, it is always desirable to
have alternative characterization techniques which yield
Self-assembled quantum dofSAQD’s), produced by complementary information. Raman scattering provides just
clever flux interruption and control of growth conditions in such alternatives, as we will describe here, because of its
molecular beam epitaxy chambers, have been vigorouslgensitivity to structural parameters of the system.
studied over the last few yeatg'hese semiconductor struc-  We should emphasize that a large number of interesting
tures are characterized by the strong quantum confinement ekperimental results have already appeared in the literature,
charge carriers they provide, given their nanometer dimenwhere the SAQD’s are characterized by PL and PlHow-
sions. Either by photoproduction, nearby doping, or tunnelever, recent work by several groups has yielded interesting
ing into micron-size capacitance arrangeméntdectrons first results of Raman scattering in these systems. In these
and/or holes introduced into these structures experience theorks, light scattering has been used to characterize possible
strong local potential provided by structural constraints, apintermixing of materials upon deposition or as a consequence
plied gate voltages, as well as by long-ranged strain fieldsof thermal treatmerft,and to study the shifting of interface
The effective confinement potential includes the combinednodes due to stramSimilarly, an exploration of optical and
effect of structural and electrostatic potentials, as well ascoustic phonons in quantum dots embedded in a waveguide
lattice and strain anisotropies, and may have, in generalyas presented in Ref. 6. In these works, however, no analysis
quite a complicated symmetry. Since several growth techis made of the intervening electronior excitonig states,
niques and conditions are employed to fabricate SAQD'’s, th@erhaps due to the lack of a specific model to compare these
resulting geometries and sample configurations yield a variexperiments against. One should mention, however, that a
ety of different structures. preliminary analysis of the role of electronic states in the
It is experimentally clear that SAQD’s shapes vary over ainelastic light scattering was carried out by Hawrylktkal.,,
wide range, from well-facetted pyramidgp smoother flat with a successful qualitative comparisbn.
lenticular shape$,depending critically on growth and local In this paper, we present a theoretical treatment of the
environment conditions, as well as thermal treatment andesonant Raman scattering by confined phonons in SAQD’s.
regrowth of the substrate material. PhotoluminescéRte By full incorporation of the elements entering these experi-
and photoluminescence excitatidPLE) experiments are ments, namely the effects of the effective potential on exci-
routinely used to provide information on the overall size oftonic states, the LO-phonon dispersion for modes confined in
the resulting SAQD'’s, since due to the carrier confinementhe dot, and a detailed calculation of the various matrix ele-
there is a direct correlation between decreasing sizes andrmaents involved in the Fifdich coupling, we provide the ba-
larger blueshift of the PL signal. Mapping of the quantumsis for quantitative analysis of Raman experiments in these
dot shape is also accomplished by a variety of microscopgystems. For concreteness, we focus our attention here on a
techniques, from transmission electron microscOfgM) to  model of asymmetric dot confinement, where the effective
atomic force microscopyAFM) and scanning tunneling mi- potential is assumed to be that of a cylindrical pill box with
croscopy(STM), but quantitative and detailed information elliptical cross section, and we study the effects of this non-
on the effective potential in a given structure is difficult to circular geometry on thimelastic light scatteringand optical
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z with ag andapp being the Raman polarizability for allowed
g ! 1 and forbidden scattering, respectively, at the level of the di-
1| pole approximation. The allowed scattering by optical longi-
A tudinal phonons in bulk semiconductors is via the deforma-
§v| /: tion potential, while the Fialich-like events are forbidden.
& In this case, the square Raman polarizability is giveh by
L. |1 P mns Ve 1 2
E 4 y lal“=|es-R-g| —Z 27 U hwlwfi(w51evalaQ) :

p @

where o, (ws) is the incident(scatteredl light frequency
with polarizationg (&) and 7, (7s) is the corresponding
X refraction index of the sample, and the sum over final states

FIG. 1. A schematic picture of the self-organized quantum dotrefers to the different final phonon modes involved in the

modeled as a quantum disk with an elliptical shape inXiYeplane wransition, as we will specify latel; is the volume of the

and heightL,. The Raman backscattering configuration along thepr'm'tlve_ cell andu, is the relative ph(_)_non dlsplacem_ént.
Z||[001] direction is shown. Lateral confinement is harmoniclike, For a first-order process the probability amplitude is ex-

With Ly, = Vil gy, pressed as

response. We find that the elliptical symmetry has strong and _ E (fIHe_rlpa){palHe—plpa){pa|He—Rli)
clear signatures in the light scattering cross section, as well fi_ﬂwz (hos—E, +iT, )(ho—E, +il',)

as in PL and PLE. Moreover, we show that detailed analysis z z ' ' 3

of the Raman coupling could give one information on the
effective mass of the carriers, since they affect strongly thélere, |x;) (j=1,2) refers to the excitonic intermediate
general features and overall peak distribution and amplitudegtates in the QD with energl, and lifetime broadening
of the Raman intensity profiles. I',,.. The exciton-radiation interaction can be expressed as

Since the Raman scattering data is expected to be more :
prevalent in the study of these systems in the near future, and
because of its intrinsic interest, we present a detailed analysis
of a model for a SAQD which captures the essential physics
of the problem. In fact, the cylindrical box model is likely to where D, (D,) is the creation(annihilation operator for
be a good model of rather flattened nonfacetted dots, wher@xcitons with quantum number anda,. . is the annihilation
the characteristic dimensions are 3 nm in height and 28 nrphoton operator with wave vectar and polarizatiore. T,
in diameter* for example. Similarly large diameter/height is the exciton-photon coupling coefficient which for direct
aspect ratios are typical in these systems and our modalllowed transitions betweenandv bands and in the electric
should provide a good description. dipole envelope function approximation takes the fbrm

The remainder of the paper is organized as follows. Sec-
tion Il will develop the theory for Raman resonant scattering e 27h
(RRS applied to the case of quantum disks with a large  Tev=r"\/ Se pcvf W (re=ro,rh=ro)d’r.
aspect ratio, discussing the nature of the excitonic states in o ¥ Very )
these structures, as well as the matrix elements involving
exciton-phonon interaction. Section Il develops the expresHere, ¥ ,(r¢,ry,) is the exciton wave function of the quan-
sions for the Raman polarizability and cross section, andum disk andp.,={c|p|v) is the interband optical matrix
presents results for the InAs/GaAs system, as well as in thelement of the momentum operator between conduction- and
CdSe/ZnSe system. Finally, Sec. IV contains conclusionsalence-band Bloch functions.
and discussion of results. In the Appendix, we present some We assume thdt,,L,>L,, as observed in typical SAQD

He_r= 2 {TADla, e+ T4 D, a,d+Hc, (4

K61

technical details of the calculations. samples, which results in the optical phonons being confined
on theZ direction, leading to a quantization of the phonon
[l. THEORY OF RRS IN QUANTUM DISKS wave vectorg, along the QD axis. In this case, the exciton-

A schematic picture of a short-cylindrical quantum disk phonon interaction can be taken as
with an oblate spheroidal profile is shown in Fig. 1. We
assume that the QD is grown along f@91] direction de- He_p= > S%(q,n)D} D, bl +H.c., (6)
noted byZ, while the[100] and[010] directions lie alongX wimg M1 2
andY, respectively. In a backscattering configuration on theyhere b’  is the creation operator for a phonon with an
[001] surface of cubic semiconductors, the Raman tensor Cairﬁ-planeq{/r\]/ave vectog and frequencys,(q). In zinc-blende
be written a8 type semiconductors, and following E¢l), the Franlich
ar app O mechanism can be observed in the backscattering configura-
| a a 0 ) tion Z(X,X)Z for a [001] surface. Due to the long wave-
bP < ’ length of the optical transitions involved, one can use the
0 0 a dipole approximatiorithe phonon wave vector is taken to be
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zero, and then the Raman process is forbidden in the Bulk.effects in the framework of the Wannier model for the
However, in semiconductor nanostructures such as quantusiectron-hole pairs confined to semiconductor SAQDs with
wells and QDs the confinement of the phonon makes thiglliptical cross section.

scattering process allowed, and thel#fich mechanism even

becomes the stronge€tConsidering only the diagonal com- A. Excitonic states
ponent of the Raman tensdd), the expression for the o i ,
exciton-LO phonon coupling constantis The e_xmtqnlc wave functions are taken as a solution of
the Hamiltonian
Cr(o /o )1/2 2
Sal@m= [q2+(n77/Ln)2]1’2 H=Hg+Hp— N — .
“0 _ eN(Xe=X) >+ (Yo Yn)*+ (2= 2n)
X (o] D (zo) @19 T e— D ()€ | ) (12)
(7)  Where
with 1 2 1 i 22 202
Hi(r) =Piz| S~ |Pizt 5 PiL T 5 ML (@ X + oy
( L,/2 L,/2 LZ 2mZ(Zi) 2mi
elg edtde— (— 1)~ A : - =
1 (-1 e +V(z). (12)
oP(2)={ 2 COi{”_W - L, : N L_zszsﬁ Here, m. (p;;) andm, (pi,) (i =e,h) are the carrier ef-
L, 2 2 2 fective massesmomentum operatorsn the XY plane and
L the Z axis, respectivelyY(z) is the carrier confinement po-
e 9 (—1)"el2— g2 2= 72 tential, ande is the dielectric constantnotice we ignore
\

small image charge effects here, although they could be in-
troduced straightforwardly For flat quantum disks, where
the conditionL,,L,>L, is fulfilled, the anisotropic effect
© =12 9) along theZ axis can be disregarded. The effective mass
’ e mi(z;) and carrier confinement potential are taken as steplike
functions. That is, the potentid(z;) andm(z) have con-
stant values in and outside the QD. On the other hand, the
7 shape and confinement anisotropies in X¥ plane are
ZﬂﬁwL(s—l_s—lﬁ (10) modeled by harmonic potentials with frequencieg and
Y w00 ' w,, where Jo,/w,=L,/L,.* In this case, wherd,,L,
>L,, the lateral confinement is weaker than along the per-
In these expressions and B, describe the quadratic LO- pendicular direction. Therefore, the excitonic Bohr radigs
phonon dispersion in the bulk semiconductor, whileand js much larger than the electron-hole pair mean value along
&.. are the static and optical dielectric constants, respectivelithe 7 direction, and the excitonic motion can be considered

The above equations include the confinement of the phonogecoupled from th& component. Hence, Eq11) can be
wave function and resulting eigenfrequencies along Zhe cast as

axis. The phonon wave vector is then described by a perpen-

2

nw
+0q?

w%<q>=wE—BE[(L—Z

and

CF: _ie

dicular componeng to the SAQD growth Z axis) direction, H(re,rn)=Ho(re,rn)+Hp(re,rn), (13

and a parallelj, component(quantized due to the confine-

ment in the quantum diskFor the backscattering configura- e2

tion shown in Fig. 1, only LO vibrations witly,=nm/L, Ho(re,rh)zHe(re)+Hh(rh)—m, (14
e

(with n=1,2,...), andg=0 are allowed to participate.
We should notice that the Hnbich potential(8) is only valid andH, is a perturbation term given by
in the limit g~0, where the coupling between the longitudi-
nal and transverse polarization modes, which appears as a g2
consequence of the matching boundary conditions, can b p(re,'n)=——{[(pe—pn)>+(ze—24)2] /2
disregarded. The electron-phonon interacti®nsatisfies the e
electrostatic boundary conditiorisontinuity of the electro- —|pe—pnl 1, (15)
static potential and th& component of vector displacement
field) as well as the mechanical boundary conditions (s ~ Wherep is the carrier coordinate in theY plane. The solu-
continuous and, is exactly zero at the interfaces, wheres ~ tion of the HamiltonianH, is readily written in separable
the phonon displacementA more detailed analysis of the form by a product of the wave function in the plane and the
electron—optical-vibration interaction is given elsewhére. electron and hole subband wave functiaf$z). The exci-

It is clear from Eq(7) that in order to evaluate the Raman ton in-plane motion is described using the center-of-mass
polarizability, it is necessary to know the excitonic states  coordinatesR= (m®pe+m| p)/(m®+m!)=Xx+Yy, andp
and the matrix elements¥, |®{(z)e '4'e[W, ) inthe =, —p —xX+yV. Correspondingly, the exciton envelope
guantum disk. In the following we consider the excitonic function can be written as
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2.0 — - T T : T . . Parameters used in calculations. If heavy- and light-
_ TABLE I. P di Iculati If h d ligh
E | (@) InAs/GaAs | hole[(hh) and(Ih)] masses do not appear explicitly in the reference
= m=0 state cited, they were calculated from the bulk Luttinger parametgrs
R T S m=1 and 2 states - and y,, as described in text.
~ L =L =20 nm
e =
g Parameters InAs GaAs CdSe ZnSe
§ Eq (6V) 0.45" 157 1.84 2.82
g €p :I.463l 93e
§ w_ (cm™Y) 259.7 292 209 2501
E BL 1.389x10°6¢ 1.576x10 69
m®/mq 0.02% 0.067 0.112 0.1¢8
0.08
20— . . — m2/mg 0.34(hh*  0.38(hh)*
% ® , 0.027(I2  0.09 (Ih)? 1.2 0.3¢"
= m=0 state
2 15| Lo, | 0.08
O b —_
e L=10nm mP /m 0.036(hh)2
< b o--e--- L=20 nm +
z | 0.088(Ih)? 0.45
S 10} 0.08
O
g AE; (%) 40% 40%
% 051 AE, (%) 60% 60%
4
g e I, (em™h) 2 2
B oo T -
2 2 6 8 10 4Reference 23.

breference 5.

L
. () ‘Reference 20.

FIG. 2. Three-dimensional Coulomb potential correction :Reference 24.
AE(ne,Nny) in an InAs/GaAs SAQD with circular cross section, as fReference 25.
a function of the quantum dot side,. The first two electron and  Reference 26.
hole subbands,, n,=1,2 are considereda) L=L,L,=20 nm,
and in-plane internal exciton quantum numines0 (solid lineg,
and degeneraten=1 and 2(dashedl (b) AEy(ne,ny) for L=10 in InAs/GaAs quantum disks. We have used the values given
nm (solid lineg, L=20 nm(dasheg, andL =30 nm (dotted. in Table | for the calculations, withm®=0.023n,, m'z‘
=0.34m,, andmf =0.036n,. The AE,, contribution to the
exciton energy for circular cross section with=L,=20
‘I’M(re’rh):¢ne(2e)¢nh(zh)¢NX,Ny(R)m(P)- (16  nmis shown in Fig. @) as a function of the quantum dot
sizel, ranging from 2 to 10 nm. Different internal quantum
numbersm=0 (solid lineg andm=1 and 2(dashed lines
The functionséy, (ze) [¢n,(20)], ‘PNX,NY(R)v and ©,,(p)  are shown for the first two electron and hole subbangs
represent the confinement of the carrier by the="h=1 and 2. AsL, decreases, the exciton becomes more
V(z.) [V(z,)] band profile in thength [n,th] Z-level, the WO dimensional and the 3D energy correction is expected to
two-dimensional2D) center-of-mass motion of the exciton d€crease, as seen in general. At a certain value= (),
with quantum numbeN, andN,, and the relative in-plane however,AE, reaches a minimum and fa, <L it grows.
exciton motion in themth state, respectively. The solutions r@Pidly. For smaller, values the quantum confined carrier
for these functions as well as the contribution to the tota€N€rgy is close to the band offset energy and the carrier wave
exciton energy given by the perturbation Hamiltonkpare fungtlon penetrates into the-surroundlng.m_edlum. That is, the
discussed in the Appendix. The purely 2D exciton problenC'Tier becoming less confined. The minimum positiog
described byH, in Eq. (14) has been solved by direct matrix Strongly depends on the electron and hole subbands, as seen
diagonalization in a basis of optimized harmonic oscillators]" Fig- 2@. We have limited the curves in leg. 22for values
as described in Ref. 15. We refer the reader to that work foPf Lz ) satisfying the condition (ne,Nn|Z+Zy[Ne,np)
details of the resulting excitonic states in 2D. In the current=0.255(m), which corresponds th,~5 nm for the exciton
work, moreover, we include the 3D character of the problenPranchn.=n,=2. As the perturbatiod E,, has been calcu-
via the ¢(2) functions and the correction provided by, in  lated under the approximation(ne,ny|zs+2zne,ny)
Eq. (15). <r2(m) (see Appendix it is no longer valid for smaller
Figure 2 presents the numerical results for the threevalues ofL,. In the regime wherd_, is very small, the
dimensional exciton correctio¢w#|Hp|\Ifﬂ)=AEm(ne,nh) exciton returns to a 3D character, although with a “pinned”
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center of mass. In fact, the confinement is so strong that thg(m,N, Ny ,Ne,Np) =Eg+ (Ny+ 12 oy + (Ny+ 12 o
electron is found with large probability outside the QD,

while being bound to the holévhich is trapped inside the +En +En, + Emt AEm(Ne, M),
disk due to its heavier mass)>m®) by the Coulomb inter- (17)
action.

Figure 2b) is devoted to the variation a€E, for values
of L=L,=L, ranging from 10 to 30 nm. As the disk radius
gets larger, in-plane internal motion is less confined an
AE(ng,ny) tends to a fixed value nearly independent_of
and subband quantum numberg,n,,. In the case of Fig.
2(b), that takes place foc =30 nm. Similar results to those B. Matrix elements
presented in Fig. 2 were obtained for a SAQD with elliptical
cross sectiorinot shown. Using this correction for the gen-
eral case, the total exciton energy is equal to

whereEg is the gap energy. As we have seen, for all cases
studied under the conditionis,<L,,L,, the contribution of
E,, to the exciton binding energy is very small and, in first
pproximation, it could be disregarded. We include it in our
numerical results for completeness.

Following the results of the Appendix for the exciton
wave function, the corresponding coefficidrif, can be writ-
ten as

112 ‘
r S AMIAN 2 (W) [ en(Den (2102 (19

e 2mh Ny N!
N, '

TE =2—e pey N
—
(2) 2

vmg Von*M 2N+ Ny
with A(n)=(—=1)"(2n—1)!1//(2n)!. The direct allowed optical transitions are those that produce excitons imthe
excitonic state fon,—ny, equal to an even numbéior a symmetric well, while the center-of-mass quantum numbis(sN,
in the XY plane must also be even. Therefore, we only need to evaluategrtpg,y coefficients for each exciton state[with
&, .n, defined as per EqA9)].
For the exciton-phonon matrix interaction proportional(ﬁoﬂr|<I>,(:”)(z)e‘iq"|\I’M>, and involved in Eq(7), we find that
(for w: {ne,np,Ny,Ny,m}),

Ny Ny

(M’ Ny Ny g nfl @8 (zg)e 19 Teng iy s Ny Ny my = (m'[e 9P M my(n/| b (M (z,) [n) St (Nl |Ny)

X(Nye "Y|Ny), (19

where the separability of the wave functioWs, has been used, and
. [N’ =N
igy ) LIN =N

INT [N a \°
NI’ NI \/EaM max(N,N") \/EaM

with af,l =Muw,/h, M is the total exciton mass, arhd;(g) are the associated Laguerre polynomials. From the above equation
it is clear that for larget., in comparison with the lattice constaag, the main contribution to E¢20) comes fromg,=0.
In this case, it is possible to show that E80) reduces tady . Thus, the exciton-phonon matrix elements are given by

2

: (20

2
- q .
<N’|e'qXX|N>=exp( ——Xz) min
day

(W, | P (zZe)e™ 1 W )= Sy, Oy iy v mry n (Mel PEV (Ze) ). (D)
A similar expression is obtained for the contribution from holes. The matrix elements of héicRrpotential d{"(z)
betweenn; andn; electronic states are straightforward calculations and will not be presented here. The most important case

n;=n; can be cast as

1 1 mpkg L
. (n) N n+1) —ﬂ -
(il @ (2)|ni)=(—1) ke = Knmgkn 2 [H(

mAkB) 2

MgKa

]1[ 1 makg 1 LZ{H(mAkB)Z

J— + J—
Ka Mgka 1—(2k,L,/n7)2 2 Mgk

(22

It is important to emphasize that in the dipole approximationence between electrons and holes is known as
(q=0) the Frdnlich mechanism for Raman scattering is not “decompensation.® In nanostructures, this effect arises due
allowed in bulk semiconductof§.This rule is broken due to to the finite potential barrier and their different masses,
the different confinement of electron and hole, which resulténd/or due to electron-hole correlation. The values of the
in a noncancellation effect of the matrix elemefior ¢  Raman scattering cross section in #(eX,X)Z configuration
=0), whenever a nanostructure is considered. This differdepend on the differences between electron and hole wave
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functions through the Ftdich Hamiltonian. In our approach, and
if an infinite barrier along the growth direction is assumed,
the Frdnlich contribution to the Raman scattering vanishes, 2, 7s Wow, [ Ug) 2
since in that case, the mass asymmetry does not play a role in Q =VZ= —4(—> 2 Ia(F“)Izé(ws— W~ wp).
determining the wave functions. Idos m ¢t Vel "
For the Z-confinement model assumed, symmetric along (27)
that axis, Eq.(21) restricts the phonon modes.to only even The Bose-Einstein phonon factors in E¢g6) and (27) are
values,n=2,4, ..., and no odaumbers contribute to the peglected because we consider Raman processes at low tem-
cross section. Hence, the following selection rules are Obperature, so that the number of thermal phonons is negli-
tained for the quantum numbers involved in EG8l and  giple, The two denominators in E¢R4) can produce reso-
(18): nances at different photon energies. The first Gneoming
B ) B . resonancg at 7w, =E(m,N,,N,;n.,ny), and the second
Me=np[=0.2,...0 Nx,Ny=0.24.... with one (outgoing resonanoeat hwysz E(m,Ny,Ny;ne,np) or
AN ,=0; m=0,1,...; n=24,.... (23) ﬁw_sz_E(m,Nx,Ny;ng,nh) which corres_pond to _ phonon
emission by electrons or holes, respectively. As in photolu-
That these selection rules are obeyed will allow us to clearlyninescence excitation measurements, the Raman scattering
identify the various contributions to the Raman scatteringefficiency profile(for a given paim,,n;, of electron and hole
cross section and intensity, as we will see in the next sectiorsubbands describes excitonic states with even center-of-
mass quantum numbers and oscillator strength equal to
Ill. RAMAN POLARIZABILITY ©2(0).2 Quantum disks with circular cross section present a
degeneracy of ordeX+ 1, whereN=N,+N,, due to their
Y symmetry. Therefore, the excitonic states satisfying the
ondition N,+N,=N, with N,,N, being even numbers,
contribute to the same peak in the Raman profile. On the
NLINLI other hand, for elliptical cross sectioh(#L,), the center-
XY - of-mass and relative motion degeneracies are broken, and
(&)l(&)l} due to the reduction in the density of states, the observed
2 Raman peaks will be smaller than those observed in the cir-
cular cross-section case. The relative energy position of the
2 Tk % peaks in the Raman scattering efficiency profiles and their
. % On(0) 2 J-m¢“é¢”r’1dz amplitudes give a direct measurement of the ratiéL , and
the quantum disk geometry.
1 % In the following, we analyze the Raman processes for the
X[hw|—E(m,NX,Ny;ne,nh)JriFl] f_xd’ned’nhdz case of InAs/GaAs and CdSe/ZnSe SAQD’s. The incoming
(outgoing resonances are denoted by the symtl@)lin the

The diagonal component of the Raman teragifor the
nth phonon can be obtained by introducing the calculate
matrix elements into Eq2), so that

alV=—iag: >,
NNy SNy

! ’
Ne,Np.Ng N}

, "1 p figures, and the main excitonic state contributions by the set
1 5n n <ne|q)F |ne> L .. .

- h'h of quantum numbersng,N,,N,). For simplicity, and to il-

N [hws—E(M,N,,Ny;ng,np) +il5] lustrate the effectiveness of this technique, we have only

considered an incoming frequency range belonging to the

5né,ne<”r'1|q’(Fn)|”h> excitonic branchn,=n,=1, with the material parameters

- T ) (24 listed on Table I. Considering incoming resonance with other
[hws—E(m,Ny,Nyine,np) +iT'5] excitonic branches would give rise to contrasting information

where related to differences in excitonic wave functions and matrix
elements. A full analysis of the Raman response in each

e3 wagM* u? m (wf_wg)fPZ system should provide vast supplementary information to

aF=4— ™ % —, PLE and PL spectra to characterize completely the SAQDs

mg © @19 @ Eee T involved, and the confinement potentials that give rise to

(25 these exciton states.

M* is the reduced mass of tlomsinvolved in the optical
mode,P=[(x|py/s)|, fis equal to 1 or 1/3 for the heavy- or A. InAs/GaAs

light-hole contribution, respectively, and the approximation Figure 3 displays the Raman intensity profiles for the

o~ w, has been used to obtain EE5). B X .
The Raman polarizability, the Raman scattering efficiency_2 LO confined mode of InAs dots embedded in a GaAs

per unit length and unit solid angle for a given final confinedMatrx, in the vicinity of the fundamental absorption edge,

phonon,dS(M/4€Q (also known as Raman intensityand the for the cases ofa) circular geometry,(b) elliptical cross

differential Raman cross sectioffo/dQdw, per unit of section(with L,=2L,). Vertical lines(terminated by a filled
solid angle are given by the equations s circle for | resonances and by a dark square for O reso-

nances represent the strength of the main contribution to

250 . 030 [ Un 2 each resonant pe.ak. It should be notic_ed that for closely
—v=2 '(_0) |a(|2 (26)  spaced peaks the interference between different resonant lev-

Q0 7 ¢t \Ve F els is strong and the total intensity is not simply the result of
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15k ®)Lz2L 1 FIG. 4. Raman cross section of InAs/GaAs SAQDs with circular

symmetry,L = yL,L,=20 nm, andL, varying from 2 to 4 nm, at
fiw, in incomingresonance with the lowest exciton level. Contribu-
tion of different phonon modes as indicated.

1.0 1(0,0,0) 0(0,0,0) E ] o
both in the | and O channels. Similarly, the large gap
(~30 meV) between the first two peaks in Fig(@ is now
much smaller <15 meV) in Fig. 3(b), due to the lower
symmetry of this dot.

Let us now look at the overall Raman cross section in this
system. Figure 4 shows this quantity for the SAQDs of lat-
eral dimensiorL=4 nm and three different values of thick-

, ) , , , , nessL,=2, 3, and 4 nm, at.w, in the incoming resonance
0.80 0.82 0.84 0.86 0.88 with the lowest excitonic state n{=N,=N,=0,n,=n,
Photon Energy (eV) =1). The InAs bulk phonon frequency of 259.7 thused
to evaluate the InAs/GaAs SAQD phonon dispersion takes

FIG. 3. Raman intensity as per E@6) as a function of laser into account the lattice mismatch stress and the growth
energy for InAs dots in GaAs. Figures correspond tortke2 LO  conditions® The & function in Eq.(27) has been replaced by
confined mode of InAs withm®=0.023n,, m?=0-34“o‘ andm? 4 | orentzian with phonon linewidthi,=2 cm *. The pho-
=0.036n,. (3) Circularly symmetric case with,=2 nm, andLy 4 frequency depends dn due to the phonon confinement
=L,=20 nm. (b) Asymmetric QD withL,=2 nm, L=\Ldy 5 given by Eq.9). The calculated Raman spectra show
:ai?::smérinlgb]élx;Lgy tThZ?r 'gjgmhnrg(Ru?:g;;\t(?o&n?((\)l\)ﬂ{ﬁ?' similar behavior in the case of circular geometty € L) or
e Sy Bt e elliptical cross sectiowith L, =2L,). It can be seen in Fig.
=n,=1 in all cases. The strength of the main contribution to the4 that then=4 phonon peakyincreases lasdecreasetapart
incoming(outgoing resonance is indicated by a vertical line with a o - . .
filled circle (squarg. from a'shlft in energy This é:ap be explame'd through the

denominatof 1— (2kaL,/n7)<] in Eq. (22). This factor has
f minimum forn=2 ask,L,< 7 (the equality is achieved in
the limit of an infinitely deep well or large, values. This

1(0,2,0)
1(2,0,2)+0(0,0,4)

1(1,0,4)

05

1(2,0,0)+0(0,0,2)

1(1,0,2)

11,0,0)

1(0,0,6)

1(0,2,2)+0(1,0,0)

1(0,2,2)+0(0,0,6)

1(0,0,2)

Raman Intensity (arb. units)
1(0,0,4)

single contributions. This effect is strongest in the case o
circular geometry, shown in Fig.(8. The Raman profile ) e .
displaysga serieg of center-of—rgass peaks for eaé)h excitdfCt explains why the relative intensity_,/1,—, decreases
internal statem, closely resembling the excitonic oscillator asL, decreas«_as. It can be noted that [QEE.’ nm we have
strength. For the case of circular geometry, the states witRNY One exciton branchne=n,=1) contributing to the
N,+N,=N are all degenerate and the Raman features agf'0SS Section.
pear then as relatively large resonant peaks for laser energy

equal to the incoming or outgoing energy transitions. Note,

in fact, that there are many doubly annotated features in Fig. Let us comment on the important effects of the various

3(a), such aq0,0,2 and(0,2,0, indicating degeneracies. In components of the carrier effective masses on the Raman
contrast, Fig. &) clearly shows that we are dealing with profile. First, we observe that the confinement induced renor-
elliptical cross-section dots, since the circular symmetry demalization of the fundamental edge is a sensitive function of
generacy is lifted, and a diverse set of incoming and outgothe carrier masses along the growth direction and the band
ing resonances appear in the Raman scattering efficiencpffsets. Second, the shape of the Raman profiles is deter-
The relatively small peaks, rare interference, and overall fremined to a great extent by the in-plane motion, and conse-
guency splitting between peaks are a direct indication of thejuently, by the carrier in-plane masses. Thirdly, the absolute
QD anisotropy. Note, in particular, that the transitions in-values of the Raman intensity strongly depend on the
volving the ground stat¢0,0,0 are substantially stronger, electron-hole decompensation effect in the growth direction,

Role of carrier masses
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FIG. 6. Raman scattering efficiency as a functionfad, for
CdSe/zZnSe SAQDs for the=2 andn=4 LO confined modes of
CdSe.(a) Circular cross section, whete,=L,=4 nm andL,=2
nm. (b) Elliptical cross section witi.=yL,L,=4 nm,L,=2L,,
andL,=2 nm. Notation as in Fig. 3. Notice much weaker contri-
bution fromn=4 modes.

FIG. 5. Raman intensity profiles calculated for different sets of
hole mass values, for InAs quantum disks in GaAs, Wifk-2 nm
and Ly=L,=20 nm. Masses as indicated in each paital: m®
=0.023n,, m'=0.34n,, m}=0.036n,, as in Fig. %a); (b) m°
=0.023ny, m!=0.027n,, m}=0.088ny; (c) m*=0.08ny, m!
=0.08n,, m =0.08n,. Incoming(l) and outgoingO) resonances

indicated as in Fig. 3. the different conduction- and valence-band offsets. Notice,

which, as discussed above, depends onZhmasses and PY comparing all three panels, that the more symmeiric

band offsets. Figure 5 shows the Raman intensifiesthe and m, are, the more periodic the various excitonic levels
n=2 LO phonon calculated using different sets of masses@PP€ar in the Raman profiles. As mentioned before, given

(see Table)t (a) bulk m, heavy hole tn, exhibits a light- that the carrier masses gffect the Raman response so
hole character (b) bulk m, light hole (m, is now the strongly, one could, in principle, use the experimental results
heavier ong and(c) isotropié massest= mhio 08m,. The in a given system to extract information on the masses. This
light-hole contribution to the scattering efficiency is aboutWould be a very specific and powerful technique to provide
900 times weaker than that corresponding to the heavy hol&arrier masses in the relatively complex environment of the

due to the factof = 1/3 in Eq.(25) and that the electron and SAQDs, where S“?“”S’ fa‘%et.“”g’ and even hoIe. mix.in.g
light-hole masses in the bulk are very close®e0.023n,, makes their theoretical prediction and estimation quite diffi-

and mP'=0.027,). The effective hole masses used in theCUIt'
calculation of Figs. &) and §b) arise from the diagonal
components of the 44 k-p Hamiltonian!’ The masses are
derived from the bulk Luttinger parameteyg andy,, where To illustrate the role of the specific materials that com-
mi=my/(y1¥27y,) and m!=my/(y,*v,). The case of pose the SAQD, Fig. 6 shows the Raman scattering effi-
Fig. 5(c) is intermediate betweeg@) and(b), and is presented ciency as a function of the laser energy for CdSe dots in a
only to illustrate how different masses affect the Raman inZnSe substrate. Typically, the CdSe/ZnSe quantum disk is-
tensity profiles. In this last case, decompensation differenceands are obtained by atomic layer epitaxy or by molecular-
between the hole and electron wave functions are due only tbeam epitaxy®'° Here, as before, we show the case of the

B. CdSe/ZnSe
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n=2 LO confined phonon for a quantum disk with circular substantially the relative intensities and various peak split-
cross section (@), and for a nonsymmetric one if). In  tings).

Fig. 6@ L,=Ly=4 nm andL,=2 nm, while in Fig. 6b) One should comment, moreover, that perhaps the most
L=yL,.L,=4 nm butL,=2L, andL =2 nm. As in Fig. 3, natural and unambiguous comparison of our calculations
the vertlcal lines represent the relat|ve strength of the mainvith experiments would occur for results of micro-Raman
excitonic transitions in the total Raman intensity, all of themprobes. Current probes sample typically the entire dot en-
corresponding to the exciton branch witg=n,,=1. The set semble in the system and yield naturally a convolution of the
of parameters used is given in Table |. To obtain the phonossingle dot response with the distribution. Sample or strain
dispersion we used the bulk frequency of =209 cml field inhomogeneities would make the analysis more in-
and w, =250 cm ! for CdSe and ZnSe, respectively, fol- volved and likely not as precise. The local probe, on the
lowing the confined phonon model described in Sec. Il.0ther hand, is a fascinating technique capable of not only
Here, the lattice mismatch stress and the growth conditionstudying the frequency dependence of the Raman yetd
have not been taken into account, mainly due to the lack oploring both incoming and outgoing resonanedsit it also
knowledge concerning the phonon frequencies on this typgives information on thespatial dependence of the cross
of SAQD’s. An estimation using pseudomorphic strainssections*

would shift the CdSe frequency te,~239 cm *2° for

which there is recent experimental evideﬁl‘;a]though fur- ACKNOWLEDGMENTS

ther verification is needed.

The principal features of the resonance profile present in We would like to acknowledge O. de Melo Pereira and J.
Fig. 6 are as follows: First, the outgoing resonances ardieto-Jalil for several useful suggestions. S.E.U. acknowl-
slightly higher than the incoming ones. Second, additionakdges partial support from the U.S. Department of Energy
peaks appear in between IKQ,,N,) and I(1Ny,N,) when  Grant No. DE-FG02-91ER45334.
the circular symmetry is broken, just as in the InAs case,

with the number c_)f visiple peaks increasing with the quan- APPENDIX
tum disk lateral dimensions. Here, we also show the corre- _ _
sponding contribution from the=4 phonon mode. As be- 1. The Z motion of the carrier

fore, this results in a much weaker peak, although the small |n the effective-mass approximation tEemotion of the
energy shift is clearly visible and likely measurable in cross—arriers is described by the ScHinger equation

section plots. In comparison with Fig. 3, note how successive

| or O peaks appear much farther here, as the lateral size is
smaller in this case, producing stronger quantization despite

a Iargermf mass. In fact, as the exciton siter effective

Bohr radiug is quite small in this material,=10 nm would 5
yield very weak quantum confinement and a more continuum

1
pZ( 2m(Z) ) (Z) d’n(z) n¢n(z)1 (Al)

density of states. L L
z z
0; |z|$? My ; |z|<3
IV. CONCLUSIONS V(z)= L m(z)= .
. z z
We have presented a theoretical formulation for the one- Vo, |z]= 2 mg; |[z]= 2
phonon resonant Raman profile and cross section in SAQD’s (A2)

with flat cylindrical symmetry. We find that the pattern of the

scattered light intensity is characterized by the hole in-plandhe bound states are therefore given by
mass and lateral confinement anisotropies, while effective

masses and disk thickness along the growth direction deter- 1 1 maksg L, makg\? L, 2
mine to a great extent the Raman spectra and their absolute #n(2)= ke Tt —( ) }

Ka Mg Ka mg Ka
values. The Raman selection rules obtained for the in-plane ATTBTA BTA

center-of-mass quantum numbess\,=AN,=0, allow a Ke(z—L,/2). L,
qualitative evaluation of the anisotropy geometry of the is- et e A 2
land. The difference in frequency between any two incoming
(or outgoing resonance peaks in the Raman scattering effi- Ny cogkazt(n—1)7/2] EE L_z
ciency profile is proportional to the square lateral confine- cog ksl ,/2+(n—1)7/2]’ 2
ment[ (Nx—Nj) L >+ (N, —N,)L,?]. We also find that the L
Raman spectra are nearly independent of the riagitl_, , (—1)"F e ke(z L2, 7=— ?Z
even when the intensity depends strongly on that ratio. \

We have also shown how the relative values of the vari- (A3)
ous carrier masses change the Raman response in a qualita-
tive fashion. This sensitivity to the masses can, in turn, bavith n=1,3, ... foreven parity states and=2,4, ... for
used to characterize the system not only as far as phonardd parity states,  ka=+2mE, /%2, kg
dispersiongwhich control to a great extent thgosition of =2mg(Vo—E,)/A?, andm, (mg) is the effective mass in

the Raman featurgsbut also the effective masses of holesthe well (barriep. The bound state conditions result in the
and electrons participating in the scatterifvghich change following transcendental equations:
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Kal)| 13 monic potential (1/2kw?x? and (1/2uw]y?, respectively.

K K ta 2 | n=4.,... The frequencyw, yields then an effective dot sizé,
m—B= m—A L (A4) =hlpwy, and similarly forL, . The solution of the prob-

B A —cot( A Z). n=24,.... lem (A8) is given by an expansion in terms of the noninter-
2 ) acting system basis,
2. Two-dimensional exciton center-of-mass motion
_ _ _ Om(p)= 2 @ nen (Xen V), (A9)
The wave function of the exciton center-of-mass motion Ny XY y

eN, ,Ny(R) corresponds to a two-dimensional harmonic oscil- _ . . . .
lator in the XY plane with quantum numbets, ,N, given ¢on(X) being the solution of the harmonic oscillator Hamil-

by’ tonian similar to Eq(A6). The eigenfunction®),,, and rela-
tive exciton energie€,, are obtained as in Ref. 15 by a
qDNx’Ny(R)=<pNX(X)(pNy(y), (A5)  numerical diagonalization technique of the resulting Hamil-
tonian matrix(A8). Hence, geometrical confinement effects
where on excitons in quantum disk with elliptical cross section are

U2 studied following this matrix diagonalization approach, in-
_ UM _ 22 cluding the utilization of an optimized basis for larger dot
(PN(X) (\/EZNNI) exq ayX /2) HN(X)v (AG) diameter§.5

ay=VMawy/h, M=mf + m[(‘y, the functionHy(x) is the

Hermite polynomiaf?> and the center-of-mass energy is

given by If the 3D exciton Bohr radiugg is considerably larger
than the QD height, (ag>L,), the Z-axis confinement is

(A7) stronger than th&Y direction. Hence, the 3D Coulomb in-
teraction effect on the exciton relative enerBy, can be
treated by perturbation theory by

4., Three-dimensional Coulomb correction

1
Ny+ 5

1
Ecm:(Nx+ E)ﬁwx-i- ﬁwy.

3. Exciton relative motion

e2

The I-_|am_|lton|an describing the relative motion of the 2D Hp=— [ pe—prl2+ (ze—20)2] 2= | po—pr| "1},
exciton is given by’ €
p?2 1 1 e? as in Eq.(13). Forag>L,, the electron-hole pair mean value

Hrelzﬂ + Eﬂwixhr Eﬂwiyz— \/ﬁ (A8) along theZ axis is smaller than the mean electron-hole sepa-
evxry ration r¢=[(m|| ps— pn|?Im)]1¥2. Correspondingly, the exci-
where u is the exciton reduced mass in tier plane. The tonic correction energy up to first order can be written ap-
2D exciton is confined along th& andY axes by the har- proximately as

AE (Mg, N ¢ < <1+ (ze=2,)° )_1/2 1 > (A10)
m(Ng,Np)=— Ne.N —= | —1|ny,ne),
" e (M| (pe— pn)?|m) " (m[(pe—pr)?|m) "
e2 (Ze_zh)2
T ermy |\ MM T T T T e A

In Eq. (A10) the XY exciton coordinate has been substituted by its motion projection onto the well plane. The cordgfion
for a given excitonic statém) depends on electron and hole subbangsndn;, and Eq.(A11) is cast into

2

AEp(Ne,np)= —=——[(Ne|Z2|ne) +(np |z )+ - - 1, (A12)
2erg(m)
where
1 K o1(1 maka | 21 1 [ maka |2 2 [k, M ke
(|ZAn)=L2|>| kg3 +kg 2+ — +—{— 1+( A_B) -= ( A_B> ~1l+= —A—l) A_B]
2 2 /) 4|6 Mgk K| | mgka K\ 2 Mgk
T —\ 2 —-1/2
1 1 mpk 1/ mpk 1
X|=+= 22 D AR 42 (A13)
kg  ka Mgka 2 MgKa 2

with VszZ. These expressions are illustrated in Fig. 2 in the text.
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