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In contrast to the most commonly studied nanocrystals of II-VI materials, resonant Raman spectra of
colloidal M-V quantum dots (QDs) show two almost equally intense peaks centered approximately at the
longitudinal and transverse optical (TO) bulk phonon frequencies. The “anomalous” spectra of III-V QDs are
explained in the framework of a microscopic theory for the first-order resonant Raman scattering, which takes
into account the optical deformation potential (ODP) and Frohlich exciton-phonon interactions—valid for
spherical nanoparticles. It is obtained that: (i) the “anomalous” TO peak is mostly due to confined phonon
modes with the angular momentum /,=3; (ii) Raman intensity depends on the QD radius (R) as R~ for the
ODP mechanism, while for the Frohlich one it is proportional to R™'; and (iii) the relative intensity Ito/Ii ¢
ratio value is higher in backscattering configuration for cross polarization than for parallel one. Raman spectra
calculated within the Luttinger-Kohn Hamiltonian for the electronic states and a phenomenological theory of
optical vibrations including rigorously both the mechanical and electrostatic matching boundary conditions
explain the experimental data for InP QDs using bulk phonon parameters and ODP constant.
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I. INTRODUCTION

In polar semiconductors there are two different mecha-
nisms for electron-phonon coupling. Optical phonons pro-
duce a long-range electric field giving rise to the Frohlich
interaction. The momentum conservation in bulk crystals
leads to the first-order Raman selection rule of dipole-
forbidden longitudinal (LO) phonon scattering. The second
independent electron-phonon [both LO and transverse opti-
cal (TO)] mechanism is via the dipole-allowed optical defor-
mation potential (ODP). Choosing appropriate backscatter-
ing configurations, the electrostatic potential and mechanical
deformation can be probed separately in the resonant Raman
scattering (RRS) (see Ref. 1, and references therein). Due to
the translational symmetry breaking in quantum dots (QDs),
the stronger Frohlich-type coupling becomes allowed in any
geometry and it is generally assumed as the dominant effect.”
Hence, typical RRS spectra observed for nearly spherical
II-VI semiconductor nanocrystals (NCs) present a single
asymmetric peak slightly below the bulk LO phonon fre-
quency (wr o) while TO phonon is absent (see Ref. 3 for a
recent review in QDs). However, a TO-type scattering was
observed for III-V NCs such as InP and InAs.*~7 Typical
Raman spectra are shown in Fig. 1 for InP QDs with differ-
ent mean diameter (D). It follows from the figure that the
relative intensity of the TO-type peak with respect to the
LO-type one (Ito/l o) increases when the QD size de-
creases, which is consistent with previously reported
studies.*> We also found that I/} is quite different for

parallel (Z(X,X)Z) and perpendicular (Z(X,Y)Z) backscatter-
ing geometries. For instance, in the case of 3.8 nm QDs, it
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served that both bands are asymmetrically broadened. The
authors of Ref. 4 attributed the observed TO-type mode to
the breaking of the spherical symmetry of the InP QDs.
However, further studies® have shown that the shape of
chemically grown NCs is normally very close to spherical.
Then we can ask whether the ODP mechanism is significant
in QDs and how does the resulting interplay of the LO and
TO scattering intensities actually work out? In the present
Rapid Communication we are addressing these questions by
obtaining a general expression for the probability of RRS
assisted by LO and TO phonons, which allows us to explain
the observed “anomalous” spectra and the TO-type mode in
II-V QDs. Also, a criterion (indicating when the ODP con-
tribution is negligible) is analyzed and the predictions of the
theory are tested with the experimental data for InP NCs.

II. EXCITON-PHONON INTERACTIONS

The first-order RRS amplitude is determined by'

M = 2 <0|H:R(e5)|K,><K,|HerP—ph +H§x—ph|K><K|H;R(eI)|O>

(Eo = 1Q)(E, — 1LYy ’
(1)

where ¢; and (), (eg and ()g) are the polarization and fre-
quency of the incident (scattered) photon, respectively,
(k') enumerates the excitonic states with the energy E,
(E.r), |0) stands for the excitonic vacuum, and H;_R is the
exciton-radiation interaction Hamiltonian for the photon ab-
sorption and emission. The Frohlich (fo_ph) and ODP

DP . . . .
attains approximately one half for Z(X,X)Z and 80% for (He"‘f’h) exciton-phonon Hamiltonians are given by
Z(X,Y)Z. The peak positions are shifted with respect to the r Cr
bulk TO and LO phonon frequencies, which becomes notice- Hexpn = V,_%E [b0(rs) = ¢,(r.)] (2)
able for the smaller size NCs. The transversal phonon peak is .
blueshifted while the LO one is redshifted. Finally, it is ob- and
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FIG. 1. Raman spectra of four matrix-free films of InP QDs with
different mean diameter.
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where CF=e\'/2ﬂ'ﬁwLo(e;l—egl), €. and €, are, respectively,
the high-frequency and static dielectric constants of the QD
material, R is the QD radius, ¢,(r) and u,(r) are the dimen-
sionless electrostatic potential and the relative displacement
field, respectively, uy is the zero-phonon amplitude' (propor-
tional to R~>? due to the normalization condition), ay is the
lattice constant, and D;; (p=e,h) is the deformation potential
(DP) vector as defined by Bir and Pikus.” In virtue of the
symmetry, for a semiconductor with zinc-blend structure the
conduction band does not contribute to the Raman tensor and
d, corresponds to the ODP constant for the I'{s band.!

Our theoretical description is based on the Luttinger-Kohn
Hamiltonian.!! Assuming infinite QD/matrix barriers and ne-
glecting the electron-hole interaction, the excitonic states can
be labeled by the electron-spin and hole momentum projec-
tions, s,=*1/2 and M= *1/2,%3/2.12 Under resonance
conditions with the lowest excitonic states, the main contri-
bution to the scattering amplitude comes from the l1s,
—18;), octet. These states, with energy E, are all degenerate
due to the above assumption.

We employ a continuum theory of optical phonons in or-
der to calculate ¢, and u,. Such an approach was developed
from the earlier dielectric continuum (DC) model (see Ref.
13 for a review). In particular, the problem of ex—ph inter-
action in a heterostructure was first treated using a modified
DC model.'* However, the phonons in this theory are disper-
sionless and therefore cannot reproduce the asymmetry of the
observed Raman or far-infrared (FIR) line shape for II-VI
QDs.?? Incorporating the phonon dispersion, we obtain'>

(@~ wiou= BV (V-u)~ BV X (VXu)+=V g,
p

V(e.V ¢p—-4mau) =0,

where B; (Br) is the curvature parameter of the bulk LO
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FIG. 2. Radial dependence of the optical phonon modes allowed
to the first-order Raman scattering in InP QDs.

(TO) phonon-dispersion curve, « is the polarizability per
cation-anion pair, and p is the reduced atomic mass density.'¢
Solving simultaneously the coupled elastic theory, equations
of motion, and the Poisson equation allow fulfillment of the
set of electrostatic and mechanical boundary conditions lead-
ing to the intermixing of confined LO, TO, and interface
modes. This is a key issue for the correct description of the
present experiments. The set of three “spherical” quantum
numbers for the optical phonons is v={l,,m,,n,} (I, is the
angular momentum, m, is the z projection, and n, is the
radial quantum number). The expressions for ¢,(r) and u,(r)
are given elsewhere.!1?

III. RAMAN SELECTION RULES

Frohlich-type Hamiltonian leads (in the framework of the
Luttinger-Kohn formalism) to the well-known Raman scat-
tering selection rule for QD phonons with /,=0 and [,=2;
m,=0, + 232 (where the Z axis of the coordinate system for
the phonon angular momentum is parallel to the photon wave
vector). For the ODP interaction, we note that both the LO
and TO phonons can produce interband transitions between
the T'g-valence bands.”! Since u,~Vd,, the displacement
vector presents an opposite parity with respect to ¢,(r) and
the Raman tensor for deformation-potential Hamiltonian will
be nonzero for phonons with lp=1; mp=0 and lp=3; m,
=0, = 2. Figure 2 shows the dependence of the phonon fre-
quencies w,; , (degenerate with respect to m,) on the QD
radius for the allowed LO (1,=0,1,2,3) and TO (1,=1,3)
modes contributing to the Raman spectra. For the allowed
excitonic transitions, we have As.=0 and AM=0, £2.

IV. SCATTERING PROBABILITY

The total Raman cross section is proportional to the sum
over all phonon modes v of the scattering probabilities
W,(Q,,Qg:e;,e5)=|M,|>. Since the ensemble of spherical
QDs does not present any selected quantization axis, it is
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necessary to average over all possible directions of the inci-
dent photon wave vector. Then it is convenient to work with
the trace and the irreducible part of the Raman tensor respon-
sible for so-called scalar and symmetric scattering,?” respec-
tively. Only diagonal ex—ph matrix elements contribute to
the trace (or scalar) term in a backscattering geometry. Thus,
the scattering probability for eglle; can be written as Wes'®
=W+ WSl with

V. s

m)? Ccy ePK \*
Wif"?é=m ;F,W [N(w,) +1]

S (M, + D u, M) - 4] 6 Js) |
> M
(E, - hQ)(E, - 1iQy)?
X 80— Q- w,), 4)

where P is the Kane’s momentum matrix element, K is the
overlap integral of the electron and hole radial envelope
functions,'? m (e) is the free-electron mass (charge), 7 is the
refraction index of the medium, V is the volume, N denotes
the Bose-Einstein function, and f=v3Rdug/ (2aqCr) ~R™"
is a dimensionless parameter that measures the relative con-
tribution of the Frohlich and ODP mechanisms. The second
independent term, due to the irreducible part of the Raman
tensor, is determined by hole-phonon interaction and the
corresponding scattering probability W?”E; is given by
an expression similar to Eq. (4) but the numerator in
the second line is replaced by (|A]*+|B[*)/2, where
A=Sy(-1)M=12(M| b+ D}, M), B=3,[(M|¢,
+/D}-u,|M')+C.C.], the last sum over M is restricted to
—1/2, =3/2, and M'=M+2. In the case of cross polariza-
tions (eg L e;), the contribution of the scalar part vanishes
and the overall result equals to 3/4 of the corresponding
value of the symmetric part for the eglle; scattering ampli-
tude, ie., Wet=3We' 322 Notice that according to the
established selection rules, there is no interference effect be-
tween the two ex—ph interactions.

V. EXPERIMENTAL DETAILS

We performed a RRS study of InP QDs produced by a
colloidal chemistry technique®® and deposited onto a glass
substrate in the form of a matrix-free film. InP NCs were
produced using essentially the same colloidal synthesis
technology® as used for II-VI QDs. The dots were nearly
spherical with the diameter ranging from 2.7 to 6.0 nm as
determined by transmission electron microscopy studies. Po-
larized RRS spectra were measured at room temperature us-
ing a Jobin-Yvon T64000 spectrometer and an Ar* laser. Our
experimental data are presented in Figs. 1, 3, and 4.

VI. COMPARISON BETWEEN THEORY AND
EXPERIMENT

We evaluated W, in both scattering configurations
Z(X,X)Z and Z(X,Y)Z for ensembles of InP QDs using the

bulk phonon parameters.?* The calculated scattering prob-
ability was averaged over a Gaussian distribution of the QD

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 081304(R) (2008)

5 lo mp ' InP

=y 100

E x 10 . <R>=1.90 nm
2’ o 20
_; 9 . 3 0 . * -
= 32 '

=S parallel

@ | 0 \ R
L ol s e ) polarization

D
Frequency (cm’)

Raman Intensity (arb. units)

cross
polarization g o

1 L 1 L 1 L 1 L 1
275 300 325 350 375
-1
Wavenumber (cm’)
FIG. 3. (Color online) Experimental and calculated RRS spectra
of InP QDs. The spectra were normalized to the peak value of the
parallel polarization spectrum. Inset: The relative contributions of
different phonon modes for eglle;.

radius with a standard deviation of 10%. The results for two
samples are shown in Figs. 3 and 4. The LO-type peak for
eglle; is formed mostly by the /,=0 modes (see inset of Fig.
3) occupying only the frequency region approximately from
330 to 345 cm~!. The quadrupolar [,=2 modes appear in
both polarizations giving the major contribution to the LO
phonon part of the spectra for eg L e;. The deformation po-
tential contributes substantially even for parallel polarization
with /,=1 and 3. It becomes clear that the anomalous TO-
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FIG. 4. Same as in Fig. 3 for (R)=1.35 nm.
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type peak is entirely due to the ODP interaction with the
contribution of the /,=3 modes dominating the spectra. From
Figs. 3 and 4, we observe an increase in the relative intensity
Ito/I o as the QD mean radius decreases. This effect is
clearly explained by the R dependence of the parameter f.
For smaller radii, the relative contribution to the Raman
cross section of the ODP with respect to the Frohlich mecha-
nism increases as R™> [Eq. (4)]. Moreover, since 1,=0 modes
do not contribute to the scattering in cross polarization, we
expect that the Itg/l; o ratio should be higher for this
configuration—in complete agreement with the experimental
data. The dependence of the shift and broadening on (R) for
both Raman peaks is explained by the radial dependence of
O, (Fig. 2) originating from the bulk phonon bands, which
are described by nearly parabolic dispersion curves with an
upward and downward bending for the TO and LO branches,
respectively.?

We have been able to fit quite well our experimental RRS
spectra using solely the bulk values of the ODP constant and
the parameters determining Cr. We have performed similar
calculations for CdSe dots and found that the ODP interac-
tion is negligible in the Raman spectra (f parameter is much
smaller for CdSe than for InP). The importance of the ODP
mechanism for III-V QDs is due to the lower ionic charge
and larger d, characteristic of these materials compared to
the II-VI ones. In fact, although less pronounced than for InP
QDs, a TO-type mode has also been observed in Raman
spectra of InAs dots.?
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VII. CONCLUSION

The explanation of the presence of the TO-type mode in
the Raman spectra of III-V QDs has been given in terms of
the ODP mechanism that is enhanced because of the lower
ionicity and higher d, values (compared to the II-VI materi-
als) and due to its stronger dependence on R. Our study leads
to two important conclusions. First, the short-range ex—ph
interaction, i.e., the ODP mechanism, becomes more impor-
tant for QDs with small radii. It is responsible for the anoma-
lous TO-type peak in the RRS spectra of spherical QDs. The
calculations show that the Frohlich matrix element scales as
R™2, while for ODP the characteristic scaling is R~*2. Sec-
ond, the contribution of the /,=0 modes to the LO-type peak

is excluded for Z(X,Y)Z scattering by Raman selection rules
and the relative intensity Ipq/l; o increases. The excellent
agreement between the theory and experiment, obtained by
taking into consideration both the Frohlich-type and ODP
couplings and using only the standard deviation of the QD
radius distribution as ad hoc parameter, demonstrates that the
ex—ph interaction mechanisms are the same in NCs as they
are in bulk semiconductors. These interactions can be de-
scribed by the same functional relations and characteristic
parameters in QDs as small as 3 nm in diameter.
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