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Optical vibrons in CdSe dots and dispersion relation of the bulk material
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We examine the dependence on size distribution of the Raman line shape of optical vibron modes in CdSe
dots. A detailed comparison with the theory of electron-hole correlated Raman scattering in spherical quantum
dots, which includes LO-confined modes, is carried out. The obtained CdSe vibron frequencies are found to
map well on theab initio calculated LO phonon dispersion relations of wurtzite CdSe alonfhH direction
of the Brillouin zone[S0163-18208)06808-9

[. INTRODUCTION normal growth conditions the CdSe QD’s have the wurtzite
(hexagonal structuré and the crystallographic axes of the
Investigations of the quasi-zero-dimensional heterostrucnanocrystallites are randomly orientated in the glass matrix.
tures or quantum dot&€)D’s) have been carried out in par- In fact, a detailed comparison with the theory of the Raman
ticular for 11-VI semiconducting compoundsToday, several line shape in QD semiconductors, including exciton-optical
advanced techniquésnake it possible to grow size selected vibron interaction, becomes necessary in order to extract
[I-VI quantum dots with spherical shape, normally embed-meaningful information on bulk phonon frequencies from the
ded in a glass matrix. The vibrational modes and the electronbserved Raman spectra of nanocrystallites.
optical-vibron interaction of these systems are objects of We have recently developed a formalism for calculating
study due to the interest in the linear and nonlinear opticafirst order Raman scattering by spherical semiconductor
properties, Raman scattering, and other effédike under- nanostructures. In this formalism, the “Rlich interaction
standing of the lattice dynamical properties and electron opwith optical vibrational modes is treated within a continuum
tical vibrational mode interaction of these II-VI low- model which takes into account both the elastic and the di-
dimensional heterostructures starts with an adequatelectric properties of the d£° Neglecting valence band
knowledge of their bulk phonon dispersion. Unfortunately, mixing at thel' point of the Brillouin zone, and in the dipole
the literature is scarce in bulk phonon dispersion data foapproximation, it is shown that in the Raman process only
many of the Cd-VI compounds, the main reason being thaéxcitonic states and vibrational modes with zero angular mo-
inelastic neutron scattering cannot be performed due to thmentum are allowed.Assuming a quadratic negative bulk
large neutron capture cross section'diCd present in natu- LO-phonon dispersion the vibron eigenfrequencies are given
ral Cd? by
Raman scattering allows a semiquantitative determination
of bulk optical branches by measuring the mode frequencies
w, as a function of QD radius. For this purpose, the optical 5 o o Mn 2
vibrations are considered to be confined to the dots with wn:wL—BL(ﬁ) ' @
spherical shape and are assigned an equivalent wave %ector

Men wherew, is the bulk LO phonon frequency at the Brillouin
=R (1) zone center ang@, a parameter describing the dispersion of
the LO phonon in the bulk. Using Eqg€l) and(2), and the

whereu,, is thenth node of the spherical Bessel functipn  dependence on size distribution of the observed Raman spec-
andR the QD radius. A similar method has been successfullftra of nanocrystallites we should, in principle, be able to
applied to determine LO and TO bulk phonon dispersionderive the average of the LO-phonons dispersion relation in
relations along different crystal directions by studying theCdSe.
confined optical phonons in short period quasi-one- In this paper we show that the model outlined in Refs. 8,9,
dimensional GaAs/AlAs superlatticés’ together withab initio phonon dispersion calculations, leads

A direct determination of the mode frequencies and thgo an understanding of the principal features of the Raman
equivalent wavevectors from the Raman spectrum in CdSepectra of QD’s in CdSe. We first present a detailed analysis
QD’s appears to be more complex because of the size distrof the Raman line shape in terms of size distribution, phonon
bution of the dots embedded in the matrix. In addition, undetinewidths, and photon energy of the exciting laser, whereby
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FIG. 1. The radial dependence of the exciton energy leveld fob (a) and thel ,=0 optical-vibron modegb) for a CdSe spherical
guantum dot embedded in a glassy matrix. In the calculation the parameters of Table | have been(aséte kexcitation laser energies
and the corresponding outgoing scattered energies used for the spectra of Figs. 3 are shown by dashed lines and dotted lines, respectively
The resonance radii for several excitonic states are indicated by arrows.

we stress the role of the excitonic states in resonance with Il. THEORETICAL BACKGROUND

the incoming and scattered light in the observed Raman

spectra. We show that the asymmetric broadening observed The average Raman cross section of an ensemble of
in the Raman line shape with decreasing mean quantum dgpherical quantum dots with a size distribution function
radius is due to the contribution of a distribution of vibron F(R) can be expressed as

modes selected by the resonance of the exciting laser and the

scattered light with the confined excitonic states. Compari-

son of the theoretical results with the measured dependence Po Por
of the Raman spectra on the size distribution of the QD < >=f F(R)

brings forth the vibron frequencies as a function of QD ra- I daws I dws
dius. We compare them with the corresponding bulk LO-

phonon dispersion obtained kb initio lattice dynamical i\{vhere the cross section of the single QD of radiuger unit

calculations. With this method, and the available samples, . . .
is possible to explore dispersion relations of bulk phonons inSOIId angled() and per unit scattered light frequendys for

CdSe up to 50% into the Brillouin zone. incoming light frequencys, is given by*®

(Riw,80s,6)dR, (3

prm _ 5 (FIHg _glpa)(palHe vlpa)(pilHe_gll) | VR
0')0(?(1)5 n M1 M2 [h(l)s_ E#z(R)—’_IFMz][hwl_Eﬂl(R)+IFM1] [ﬁwl_hws_hwn(R)]2+F2-

4



4666 C. TRALLERO-GINEREet al. 57

TABLE |. Values of the material parameters used for the nu- n=1
merical calculations. Henm, andm,, are the electron hole effective 100 1= (a)
mass, respectivelyn, is the bare electron mads, is the bulk band 75 hw|=2-707 eV
gap andge the static dielectric constant.
Parameters CdSe 50—
Eq (eV) 1.865° 25 (—
o, (cm™1) 213.1° =
me /Mg 0.12° = 0
mp, /Mg 0.44° s 1001
BL (ms™1) 2.969< 10° © 2 L
€ 9.5% Z 8o
a (nm) 0.42999 S sl
¢ (nm) 0.70109 g -
N 40 [~
aReference 15. @ —
bReference 16. o 20~
‘Reference 17. © 0
YReference 18. g
€ 100F
The final stateF) of the system consists of single vibrons of o —
frequencyw,(R) [statistically created following the distribu- 80 -
tion function F(R)] and a photon of frequencws. |u;) 60 —
(i=1, 2, refers to the intermediate excitonic states, with —
energyE, (R) and lifetime broadening . . In Eq. (4) H¢ g a0~
(He.y) is the crystal-radiatior{exciton-vibron interaction, 20 |-
S, is a constant involving physical parametérand a 0 B
Lorentzian function is included in order to take into account
the vibron linewidthI". Details of the scattering efficiency 160 180 200 220 240
calculation considering either free electron-hole pairs or ex- Raman Shift (cm™7)

citons as intermediate states of the QD can be seen

elsewheré:® The resonant character of the Raman process is FIG. 2. Raman cross section as a function of Stokes shift for a
evidenced by the denominators which appear in @j.In- 1.8 nm radius CdSe sphere embedded in gladsegt=2.707 eV
coming resonance takes place when the energy of the lasafd different vib[?n broadeninga) I'=2 cm™*, (b) T'=4 cm™*,
photon coincides with one of the exciton enerdigs while ~ and(©) I'=6 cm . The contributions of,=0, n=1, andl,=0,

. n=2 vibron modes to the total line shape are displayed by dashed
outgoing resonance occurs when the scattered frequen% d dotted lines, respectively

equalE,,,.*° Assuming an ensemble of spherical dots with a
size distribution, the conditions w;=E, (R) or  modes in a spherical CdSe are shown in Fidp) hs a func-
ho—hon(R)=E,,(R) select the Raman spectra of a set oftion of R.

guantum dots with radifR;} in either incoming or outgoing Let us now analyze the Raman spectrum in terms of the

resonance. In the following, a precise determination of thesize distribution of quantum dots. The relative contribution

resonance dot radik. becomes necessary to evaluate theof the excitonic and vibronic states to the Raman line shape

cuialent v Vectors, voled e measurea Raman OSSP 00 T ncoming lser Tecuency, e exclonic o=
spectra. In our case the energy of the exciton ground statmg| to Fig. ib), vibrons with different quantum number

has been fitted as a function of the mean radius to the X e expected to plav a role in the scattering process. espe-
perimental energy of thél=1 exciton state obtained from P play 9p : €SP

absorption measurements at 4.2 K using an effective radi cially when the resonance condition selects small radii, and

S .
(in nm) R,,=3.367+0.90785 R (the constant term 0.336 Ubroadenlng and asymmetry of the Raman spectrum follow

ef™>- e N . from the contribution of several vibron modes evaluated at
should account for possible inaccuracies in Bhdetermina-

tion or in the boundary condition@ In Fig. 1(a), we illus- different radii in the resonance regime. The main contribu-

. ) . . tion to the Raman spectrum comes from QD’s with radii in
trate the allowed exciton energies calculated for the first f|ve,E .
- . he range|R.—R|< R, where R, denotes the radius for
L=0 levels of CdSe nanocrystals embedded in a glassy ma- ; . : . :
. ) . : ich either incoming or outgoing resonance is reached. An
trix. The calculation has been performed as discussed in Ref llch € ! ; .
. . . . stimation of SR can be obtained with the following equa-
9, using the material parameters given in Table I. The dofion'
radii for certain incomingdashed linesand outgoing(dot- '
ted lineg resonance energies are shown by pairs of arrows. 9E (R)
These “resonant” dots give the main contribution to the w= ;R
Raman line shape, thus selecting those vibrational modes
with frequencieso,(un,R;) which fulfill a resonance condi- Equation(5) represents deviations from resonance equal to

tion. The optical vibrational energies of the first fdyr=0 the exciton lifetime broadening. Fdr,=5 meV and the

©)
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FIG. 3. Raman line shapes for 3.8, 2.6, 2.1, and 1.8 nm mean radius CdSe nanocrystals in a glass matrix measuigukatdot
The excitation energies afe) 2.182 eV,(b) 2.182 eV,(c) 2.412 eV, andd) 2.707 eV. The thick solid lines correspond to the numerical
evaluation of Eqs(2) and (3) following the model of Refs. 4,8,9. The parameters of Table | and a vibron broadEririg5, 3, 3, and 6
cm~! have been used for the fit of spectey, (b), (c), and(d), respectively. The different exciton contributions to the calculated line shape
are shown in(@). Dashed lineN=1 excitonic state; dotted lindl=3 excitonic state; and solid lin&i=2 excitonic state.

material parameters of Tabll a maximum value of condition determines a maximum resonance radius of 1.88
6R~0.03 nm is obtained with Eq5). The frequency uncer- nm. The Raman line shapes are almost exclusively due to
tainty for the corresponding single vibrofw can be cast exciton-vibron interaction with thg,=0,n=1 and 2 vibron

into the form modes, thd ;=0, n=3 and 4 contributions are too small to
be seen in the scale of the figures. The spectrum of ka. 2

ow 1 SR which corresponds to a vibron linewidth df=2 cm™1,

o (o RIBLpn)?—1 R (6) shows two well defined peaks related to the-0,n=1 and

a small one related td,=0, n=2 vibrons. Their relative
giving an inhomogeneous broadening&®$~0.1 cm ! for contributions are determined by timedependent part of the
S5R=0.02 nm,R=2 nm, and using the parameters of Table I. €xciton-vibron matrix elementtsvhich drop off rapidly with
Figure 2 shows the calculated Raman spectra for differerincreasingn. The Raman spectrum fdr=4 cm™* [Fig.
vibron broadeningd’. For this calculation we have consid- 2(b)] shows, beside the principal structure at 210 ¢m
ered an ensemble of CdSe quantum dots described by (4,=0, n=1), a shoulder at 203 cm due to then=2
Gaussian size distribution function centered at the mean radbron. As the intrinsic vibron linewidth increases, the cal-
dius Ry=1.8 nm and a dispersiofat half maximum of  culated spectrunjFig. 2(c) for I'=6 cm™1] exhibits an
+15%. These spectra were obtained for the laser energgsymmetric broadening towards the low-frequency side,
hw,=2.707 eV, adding up in Eq4) the first 10 excitonic Which results from the negative dispersion of the vibron fre-
levels with L=0 for the optical vibrational modes with quencies with increasing radilisee Fig. 1b)].
n=1, 2, 3, and 4, using the parameters of Table I. A lifetime
broadeningl’,=5 meV was assumed for all excitonic tran-
sitions. The spectra fot w;=2.707 eV shown in Fig. 2 cor-
respond to an incoming resonance with the lowest exciton Figures 3a)—3(d) show four Raman spectra measured at
state for a QD with a radius of 1.85 nm, while the outgoingT=5 K in CdSe nanocrystals with mean radRg=3.8, 2.6,

Ill. RAMAN LINE SHAPE AND OPTICAL VIBRONS
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2.1, and 1.8 nnfopen dots The samples were prepared in a 215 . < .
borosilicate matrix by a diffusion controlled procdsietails
of the growth procedure are given in Ref.)1The size de-
pendence of the spectra in Figsag-3(d) involves a de-
crease of the optical mode frequency as well as a broadenin¢__
of the Raman lines with decreasing QD size. Moreover, thes
line shapes show an asymmetrical broadening towards the2
low-frequency side for nanocrystals wifR;=2.1 and 1.8 g 205
>
o

210

nm. — [100] N

The calculated Raman cross sections are represented i 2 —-— [010] %
Figs. 3a)—3(d) by thick solid lines. The spectrum of Fig. ——- [001]
3(a) corresponds tdiw;=2.182 eV which is in incoming 200 1 O Raman data
resonance with the=0, N=1, 2, and 3 excitonic states for
QD radii equal to 3.1, 4.1, and 4.7 nm, respectiealge Fig. AN
1(a)]. These excitonic states are in outgoing resonance, cal- 195 . : . A
culated with the bulk LO phonon frequeney , for nano- 0.0 0.1 0.2 0.3 0.4
crystal radiiR,= 3.2, 4.3, and 4.9 nm, respectively. The scat- o/(2n/a)

te.ring profiles re_Iated to outgoing and incoming res,onances FIG. 4. A plot of the LO-vibron frequencies of CdSe taken from
with the excitonic stateN=1,-2, ,and 3 are Shown in Fig. _the data of Figs. 3 vs the “wave vector” calculated with Ed).
3(a) by dashed, dotted, and thin lines, respectively. The Maifg yiprational frequencies have been obtained by comparing of the
contribution comes from th&=1 state in outgoing reso- experimental line shapes of different mean size CdSe nanocrystals
nance, while the excited staté=3 presents an incoming with the calculated ones. The curves represantnitio lattice dy-
resonance stronger than the outgoing one. The contributiofamical calculation, within the mass approximation, of the LO-
of the N=2 state is negligible, its optical oscillator strength phonon branches wurtzite CdSe along [80], [010], and[001]
being much weaker than those of tNe=1 and 3 excitonic directions of the Brillouin zondsee Ref. 15 Note the excellent
states’ In all analyzed nanostructures the stronger excitonagreement between the experimental data and the dispersion along
vibron matrix elements correspond to thg=0, n=1, and  [001] (the hexagonal axis
n=2 vibron modes. In the case of Figi@the line shape is
a Lorentzian because the resonance radii select vibron modegy “wave vectors” q,, are evaluated using E¢l) for each
which are very close in energy. For the calculation of Fig.set of “resonant” dots. We have also displayed the LO pho-
3(a) a vibron linewidthI'=1.5 cm™* was used. The spec- non dispersion of bulk CdSe along the main direction of the
trum for 1w =2.182 eV[Fig. 3(b)] in a nanocrystal with a Brillouin zone ([100], [010], [001]), computed within the
mean radiusRy,=2.6 nm presents a line shape shifted tomass approximation, fromb initio force constants. This ap-
lower frequency and somewhat broader than that of th@roximation is based on the transferability of the electronic
Ry=3.8 nm QD. For the case of 15% size dispersion con- force constants computed for one material into another
sidered here, contributions from the resonance radiusvhich differs from it basically only by a change in atomic
R.=4.1, 4.7 nm and beyond are attenuated by the Gaussianasses. This approximation has been successfully used in
functions centered &,=2.6 nm. The measured spectrum in the computation of phonon branches in zinc-blende semicon-
Fig. 3(c) was taken afw;=2.412 eV in QD’s withRy=2.1  ductors with a similar lattice paramet&rOur force con-
nm. Resonance with the=1 excitonic state is achieved for stants were obtained using density functional perturbation
R.=2.3 and 2.4 nnfsee Fig. 1a)]. Consequently, the corre- theory' for the case of wurtzite CdSThe dispersion rela-
sponding vibron modes are separated sufficiently in fretions displayed in Fig. 4, were obtained from the force con-
guency[see Fig. 1b)] for an asymmetrical broadening on the stants of CdS after replacing in the dynamical equation the
low-frequency side to appear in the calculated Raman scatnass of S by that of Se. Thab initio force constants of CdS
tering efficiency. As the mean radius of the QD’s is reducechave been checked against inelastic neutron scattering
(Rp=1.8 nm the |,=0 vibron modes are well defined in measurementsSuch measurement are not yet available for
frequency and the calculated Raman cross section fo€dSe, although there are at present in progress, together with
f.w,=2.707 eV shows a pronounced asymmetrical spectradb initio phonon dispersion calculations for’&CdSe crys-
line [Fig. 3(d)]. Vibronic linewidths of 3, 3, and 6 cm'  tal with the wurtzite structure.
have been used in the calculated spectra of Figs, 3(c), The somewhat different size of the unit cells of CdS and
and 3d), respectively. Once again, we have included theCdSe is taken into account by writing the reciprocal lattice
l,=0, n=3, 4 vibron modes but since their exciton-vibron vectors in reduced units g2/ ¢ for [001], 27r/a for [100] and
matrix elements are much smaller, these do not show up if010], wherec and a are the parameters of the hexagonal
Fig. 3. unit cell) and using the experimental lattice constants given
The above procedure provides the possibility to evaluatén Table I. We obtain a LO frequency at the Brillouin zone
vibrational optical frequencies and their equivalent “wave center of 235 cm?* which is ~10% higher than the experi-
vectors” relevant to the observed Raman spectra. From thmental one. We therefore scale all the computed frequencies
fits of Figs. 3 the optical frequencies are obtained in terms oin the Brillouin zone by a constant factor to reproduce the
the nth mode and radius. In Fig. 4 we plot the LO frequen-experimental frequency of 213.1 ¢m at the zone center.
cies obtained for CdSe as described above from the scatter- The dispersion computed from the experimental data re-
ing line shape of the four samples of Fig. 3. The correspondported here according to the procedure described above are
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in good agreement with the calculations of the[{@®1] bulk (iii) Defects or impurities in the dots induce Raman scat-
phonon dispersion obtained with the mass approximationtering with the participation of,=1 vibronic modes.

We do not find any explanation as to why the frequencies The broad shoulders seen at the low-frequency side of the
measured through the Raman spectra of QD’s embedded inmain peak on the spectra of Figs. 3 can be qualitatively ex-
glass matrix, map so well onto the LO-phonon dispersiorplained by the relaxation of thig=0 selection rule. These
along the[001] direction of the Brillouin zone as opposed to shoulders are centered around 190 ¢nand move to lower

the perpendicular directions. energies as the mean radius decreases. An evaluation of the
I,=1 modes for CdSe nanospheres reveals a mode at 189.5
IV. CONCLUSIONS cm™! (the so-called Fiialich mode. Those resonance radii

which pick up frequencies around the "Rlich frequency

In summary, we have carried out a detailed analysis of thgg|ect optical vibrations which have a strong electrostatic
Raman spectra in CdSe dots with mean radii between 1.8 andynripution and, in this way, strong exciton-vibron interac-
3.8 nm. We have shown that the main contribution to th&isn can be achieved.

observed cross section arises from those microcrystallites in Finally, the optical vibron frequencies obtained by the

the sample wrlose sizes_favo.r incoming and outgoing resGiiing procedure described above can be mapped using the
nances. Then=1 andn=2 vibron states yield the main \5ye vector given in Eq) onto ab initio lattice dynamics

contribution to all studied Raman spectra. The shifts andgicylations for wurtzite CdSe. The obtained frequencies
asymmetric broadenings towards the low-frequency side, Ot}ﬁap well onto the LO-phonon dispersion along {891]

served aR}, decreases, are explained by the contribution Ofyirection of the Brillouin zone. Our results are consistent

different vibron states to the line shape and the negative LQith a negative parabolic dispersion law for the bulk LO
dispersion law Eq. (2)] of CdSe. To fit the spectra of Figs. 3 phonons, with a phenomenological parameggr equal to

the phenomenological vibron linewidtlisshould increase as 5 gggx 103 m/sec, which applies at least over the first half of
Ry is reduced. This can be attributed to several causes e pulk Brillouin zone of CdSe.

(i) The mixing effects of the hole subbands allows the
exciton-vibron interaction witd ;=2 modes including the
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