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We have investigated the diameter dependence of the Raman spectra of lead selenide nanocrystals. The

first-order Raman peak at about 136 cm™!

and its second-order overtone at twice this wavenumber move up

in energy with decreasing nanocrystal diameter. This anomalous behavior is interpreted in terms of quantum
confinement of the longitudinal optical (LO) phonon whose frequency displays a minimum at I" in the dispersion
of bulk PbSe. We perform ab initio calculations of the phonons of PbSe slabs with up to 15 layers. The LO mode
perpendicular to the slab shifts indeed upwards with decreasing layer thickness, thus validating the interpretation
of the anomalous radius dependence of the Raman spectra in terms of quantum confinement.

DOI: 10.1103/PhysRevB.88.115313

I. INTRODUCTION

The lead chalcogenides PbX (X =S, Se, or Te) are unusual
IV-VI semiconductors with a rock salt crystal structure and
with very small direct band gaps (410-280 meV at room
temperature') at the high-symmetry point L. This band gap can
be reduced to zero upon compressing the lattice,>* and in its
calculation, the effects of both spin-orbit coupling and electron
correlation must be carefully taken into account.* Closely
related to the electronic band structure, the lattice dynamics
of PbX (Ref. 5) also display some unusual features, e.g., the
transverse optical (TO) phonon mode displays a minimum at
Gamma and is very soft [60 cm™' for PbS,® 47 cm™! for
PbSe,” 30 cm~! for PbTe (Ref. 8)], which means that the
materials are close to a ferroelectric instability.9 Furthermore,
the longitudinal optical (LO) mode displays an anomalous dip
at I which can be explained as due to a pseudo-Jahn-Teller
effect'” or as a near Kohn anomaly.!!

The phonon dispersion of PbS (Ref. 6) and PbTe (Ref. 8)
have been measured by inelastic neutron diffraction. Only
scarce neutron diffraction data is available for PbSe.'*!?
Raman characterization of PbX is delicate because both TO
and LO optical modes are in principle not Raman active in
the rock salt crystal structure. Nevertheless, in some Raman
experiments, the LO mode (which is infrared, but a priori,
not Raman active) has been observed. In PbSe, the LO mode
was detected around 135 cm™! for PbSe films on a glass
substrate'* and on a (111) surface of BaF,.!3 In these cases, the
observability of the LO mode may be explained by a reduction
of symmetry in the thin film geometry. The results coincide
well with the 133 cm~! measured by tunneling experiments'®
and the 136 cm~! from neutron diffraction.!? Similarly, the
LO mode had been detected in the first-order Raman spectrum
of a PbTe sample coated with a thin Pb layer, which induces
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surface electric fields and energy-band bending.!” In recent
Raman measurements on PbSe single crystals under resonant
conditions, a peak at 130 cm™' is found.'® The authors argue
that the LO mode observation may be due to the resonant
Frohlich mechanism. '

The small band gap of lead chalcogenides, together with
a large exciton diameter (e.g., 20 nm in PbS and 46 nm in
PbSe) and small effective electron and hole masses, make
them an ideal candidate for strong quantum confinement in
the nanocrystalline form.?’ While many studies on optical
absorption and luminescence spectroscopy as a function
of the diameter of PbX quantum dots (nanocrystals) have
been performed,?'~>* relatively few works on the Raman
spectroscopy of these materials exist, and the results are
contradictory.>*?’ Some results suggest a redshift of the
LO-mode line in the Raman spectra of nanocrystalline PbX as
compared to the spectrum of bulk PbX, but other studies give
evidence for a blueshift. Since the spectra may be strongly
dependent on the experimental conditions, only a systematic
Raman study of nanocrystals with different diameters under
constant experimental conditions can give a definite answer.
This is the purpose of our paper in which we provide such a
study for spherical PbSe nanocrystals of varying diameters.
We observe a blueshift of the LO-mode-related Raman line
with decreasing crystal diameter. Our findings are interpreted
in terms of a simple quantum-confinement model for the LO
mode as well as by ab initio calculations of phonons in PbSe
slabs of varying thickness.

II. EXPERIMENTS

PbSe nanocrystals (NCs) were synthesized according to
literature methods.”® Briefly, lead oleate precursors were
prepared from lead acetate trihydrate dissolved in a mixture

©2013 American Physical Society
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FIG. 1. (Color online) (a) Normalized absorbance spectra of PbSe
nanocrystals for a range of mean diameter between 7.1 nm (bottom)
and 4.5 nm (top). The optical transitions are labelled «, 8, y, and
E,. Inset: TEM image of a monolayer of PbSe nanocrystals with
a mean diameter of 6.0 nm. (b) and (c) Raman spectra of PbSe
nanocrystals with a mean diameter of 6.8 nm for two optical excitation
wavelengths.

of oleic acid and 1-octadecene that was stirred at a tem-
perature of 110 °C. Tri-n-octylphosphine selenide precursors
were prepared from the dissolution of selenium in
tri-n-octylphosphine. Then they were injected into the solution
containing lead oleate precursors that was heated at 180 °C.
The reaction was allowed to continue for 1 to 15 min at
a temperature between 110 and 145°C, depending on the
nanocrystal size that had to be reached. After centrifugation
and redispersing the precipitated nanocrystals, the suspension
was thoroughly washed to remove unreacted species.

The nanocrystal size was determined from the absorbance
spectrum of the nanocrystal suspension and compared with
the size measured with high-resolution transmission electronic
microscopy (HR-TEM). Figure 1(a) shows representative
absorption spectra of six PbSe nanocrystal suspensions. The
nanocrystal mean diameter varies between 4.5 and 7.0 nm.
The narrow size distribution of the nanocrystals results in
sharp optical transitions that were assigned based on the
nomenclature used in Ref. 21. As seen in Fig. 1(a), the lowest
energy transitions «, B, y are blueshifted as the nanocrystal
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size decreases. A higher transition, labelled E1, is also visible.
It is not affected by quantum confinement and corresponds
to a transition that occurs at critical points of the PbSe
bulk band structure.?*° From HR-TEM measurements of the
suspensions characterized in Fig. 1(a), the standard deviation
for the size distribution was found to be 4%. For smaller and
larger nanocrystal sizes, the size distribution slightly increases.

Seven samples of PbSe nanocrystals with an average size
ranging from 2.5 to 8.5 nm were then studied by Raman
spectroscopy. For that experiment, solutions of nanocrystals
in toluene were drop-cast on a Si wafer or on glass. The
Raman spectra were excited by an Ar-ion laser (514.5 nm)
or by a He-Ne laser (632.8 nm) at several laser powers and
were analyzed by a LabRAM Dilor Jobin Yvon spectrometer
or a T64000 confocal micro-Raman spectrometer. The incident
light was focused into a spot diameter of 1 pum. Spectral
resolution of the Raman spectrometer was about 1 cm™!.
Each spectrum was measured with an accumulation time of
100-300 s. In order to perform micro-Raman measurements
between room temperature and 250 °C, a Linkam THMS 600
heating stage was used.

Starting with the Ar-ion laser, the analysis of PbSe
nanocrystals with a mean diameter of 6.8 nm reveals the
existence of two peaks at 140 and 281 cm™! that are due
to the excitation of one LO phonon (1-LO peak) and two
LO phonons (2-LO peak), respectively.’>?” Choosing another
laser wavelength of 632.8 nm that is resonant with the E|
transition yields a similar spectrum but improves the quality of
the measurements. As a result, this excitation wavelength was
preferred in the following experiments. While this result favors
aresonant Frohlich mechanism to account for the excitation of
the LO modes in PbSe nanocrystals, the Raman activity could
also be caused by a reduction of the nanocrystal symmetry,
since PbSe nanocrystals are known to be faceted.?!-3?

As the laser power has been shown to induce structural
changes in semiconductor nanocrystals,33 we first turn our
attention to the positions of the 1-LO and 2-LO peaks as a
function of the laser power. As shown in Fig. 2(a) for PbSe
nanocrystals with a mean diameter of 5.5 nm, an increase of the
laser power causes a significant shift of the peak position for
the 1-LO mode. The peak decreases from 142.4 to 138.8 cm™!
as the laser power increases from 1 to 10 mW. A similar trend
is observed for PbSe powder [Fig. 2(c)] that can be considered
as bulk material due to the micrometer size of the PbSe grains.
Interestingly, working with the smallest laser power, as well
as raising the sample temperature, both lead to a systematic
redshift of the 1-LO mode [Figs. 2(b) and 2(d)] that is quite
consistent with the one found when the laser power changes.
Although heating the nanocrystals leads to a larger lattice and
thus a reduction of the phonon wavenumber in agreement with
our observation, it could also contribute to an increase of the
oxidation of the nanocrystal surfaces.

Measurements were thus performed in air or in a glove box
filled with nitrogen. Figure 3(a) clearly shows a redshift of the
1-LO and 2-LO modes, when the nanocrystals are exposed to
air, in agreement with Ref. 34. Focusing on the 1-LO mode,
the peak becomes asymmetric after air exposure, a shoulder
being clearly visible at smaller wavenumbers. We attribute this
shoulder to the Pb-O-Pb stretching mode. The second overtone
of this mode occurs at twice the wavenumber and as a result
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FIG. 2. (Color online) (a) Raman spectra of a 5.5-nm PbSe
nanocrystal film for different laser powers. The experiment was
performed at 300 K. (b) Raman spectra of a 5.5-nm PbSe nanocrystal
film for different sample temperatures. The laser power was set to
1.0 mW. (c¢) Raman wavenumbers of the 1-LO peak as a function
of the laser power for the 5.5-nm PbSe nanocrystal film and a bulk
PbSe sample. (d) Raman wavenumbers of the 1-LO phonon mode as
a function of the temperature for the 5.5-nm PbSe nanocrystal film.

redshifts and broadens the peak related to the 2-LO mode of
PbSe. Therefore, in order to precisely measure the energy of
the phonon modes in PbSe nanocrystals with different sizes,
it is necessary to avoid their exposure to air and use a low
laser power to preserve the nanocrystals from any chemical
or structural modifications. The subsequent experiments were
thus performed at the lowest laser power of 1 mW, limiting the
nanocrystal exposition to air as much as possible.

Finally, Raman spectra were measured on different places
of the same sample. As shown in Fig. 3(b) for a sample
consisting of a thin film of 5.5-nm PbSe nanocrystals, small
but still significant shifts are observed in the peak position of
the 1-LO mode. As an increase of the heat leads to a redshift
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FIG. 3. (Color online) (a) Comparison of Raman spectra for a
5.2-nm PbSe nanocrystal film measured in an air-free environment
(red) and air exposed (black), both excited at 5 mW. (b) Spatial
fluctuations in the position of the 1-LO peak of 5.5-nm PbSe
nanocrystal films. The laser power was set to 1.0 mW in (b).
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FIG. 4. (Color online) Raman shift of the 1-L.O peak as a function
of the PbSe nanostructure size. Open circles: calculated frequencies
of the 1-LO peak for PbSe (100) slabs with a width varying from 6
layers up to 15 layers. Open squares: 1-LO frequencies for PbSe(100)
slabs according to the quantum-confinement model (extracted from
the dispersion in Fig. 5). Filled squares: measured Raman frequencies
for films of PbSe NCswith different sizes. Inset: Raman wavenumbers
of the 2-LO peak as a function of the PbSe nanocrystal size. The right
panel shows the vibrational pattern of the quantum confined LO mode
(with polarization perpendicular to the slab) of a 12-layer slab. The
double column of Pb (gray) and Se (orange) atoms represents the
motif of the elementary unit cell of the slab.

of the 1-LO mode, and the heat dissipation might be more or
less efficient depending on the separation between neighbors
in the nanocrystal film, we assign these fluctuations to
inhomogeneities in the compactness of the nanocrystal array
and the degree of disorder. On average, we find a standard
deviation of 0.85 cm ™! for the peak position on a given sample.

Reiterating the measurements for the other samples, we
were able to plot the energy of the 1-LO and 2-LO peaks as a
function of the nanocrystal size. Starting with the bulk value
of the 1-LO peak at 136 cm™!, Fig. 4 reveals a blueshift of the
1-LO peak as the nanocrystal size decreases from 8.5 to 6 nm.
Then the peak position of the 1-LO mode fluctuates around
142 cm™! for smaller nanocrystal sizes. A similar behavior is
obtained for the 2-LO peak, indicating that the energy of the
LO mode readily varies with the nanocrystal sizes.

III. RESULTS

For the modelling of Raman spectroscopy of nanocrystals,
three levels of approximation have been used in the past
(for an overview see, e.g., Ref. 35): (i) In the “confinement
model” one assumes that the restriction of the phonon mode to
a nanocrystal of diameter D leads to an uncertainty Ag ~
m/D in the wave vector of a zone-center optical phonon
which in turn leads to a shift and uncertainty (broadening)
of its wavenumber. (ii) In the “continuum model” (see, e.g.,
Refs. 36-38) the vibrations of the spherical (or differently
shaped) nanocrystal are obtained by solving the continuous
equation of motion which contains as input the bulk phonon
dispersion relation in order to take into account the atomic
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FIG. 5. (Color online) Calculated dispersion of the LO phonon
branch between I' and X (Ref. 2). The phonon dispersion has been
upscaled by 6% in order to match the experimental value for the LO
phonon at I'. The red circles mark the wave vectors and frequencies
of the perpendicular LO mode of an n-layer slab according to the
zone-folding model (see text). For comparison with Fig. 4: the 6-layer
slab has a width of 3.45 nm, the 14-layer slab has a width of 8 nm.

character of the vibrations. This equation of motion is coupled
with the Poisson equation in order to take into account the
coupling of the vibrations to the electric field that may result
from the vibrations of a polar material. (iii) Phonons of some
nanocrystals [e.g., GaP (Ref. 39)] have been calculated on the
atomistic level by diagonalizing the dynamical matrix, which
was calculated from force constants and effective charges that
were both fitted to the bulk phonon dispersion.

The quantum confinement model has been used to explain
the Raman spectra of microcrystalline hexagonal boron nitride
(hBN): with decreasing crystal size, the Raman peak (which
is due to the TO phonon in that case) shifts upwards in
wavenumber.*’ The reason comes from the pronounced local
minimum at I” of the TO mode, as confirmed by calculations™*!
and measurements*? of the phonon dispersion. Thus, a similar
analysis may hold for the LO mode of PbSe which also
displays a minimum at I".>'° This situation is demonstrated in
Fig. 5 where we show the LO mode dispersion in the I'X
direction (i.e., for the phonon wave vector q in the [001]
direction). While it is not possible to associate the phonon
modes of spherical nanocrystals directly with a bulk mode,
this analysis can be done easily for the phonon modes of slabs
(2D-systems). The wave vector in the direction perpendicular
to the slab surface is quantized. This leads to the mapping
of the node free LO mode of an n-layer (100) slab to the
bulk LO phonon with wave vector q,, = Qmax/(n — 1), where
Qmax denotes the wave vector at the high-symmetry point
X on the boundary of the first Brillouin zone. The wave
vectors q, and the corresponding frequencies are shown by
red circles in Fig. 5. In this zone-folding scheme, the LO
mode of slabs does indeed blueshift with decreasing number
of layers until the maximum is reached for n = 5. For smaller
layers, the frequency should decrease again, but here the limit
of the validity of the zone-folding method is reached. The
wavenumber difference between bulk and the 5-layer slab is
almost 10 cm™!, in good agreement with the experimental data
of Fig. 4.

The continuum model was used by Krauss et al.** for
the analysis of their Raman data of PbS nanocrystals with
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diameter of 4 nm. Since it uses as an input the bulk phonon
dispersion which displays a dip for the LO mode at I',°
the model correctly predicts a blueshift of the Raman peak
with respect to the bulk LO model. Thus, both the quantum
confinement and the continuum model describe qualitatively
correctly the blueshift of the Raman peak with decreasing
nanocrystal diameter. Nevertheless, both models do not take
into account the changes of the electronic structure (band gap,
dielectric screening, effective charges) with decreasing crystal
diameter. It would thus be desirable to perform microscopic
lattice dynamical calculations (such as in Ref. 39 for GaP
quantum dots). Due to the very peculiar electron and phonon
dispersions, a good semiempirical model for the interatomic
force constants is not available (and would also not take
into account the changes in dielectric screening and effective
charges). In principle, one should therefore perform ab initio
calculations of the phonons. Since this is currently still
not feasible for nanocrystals containing several hundreds or
thousands of atoms, we performed ab initio calculations of
phonons in a slab geometry which allows studying the effect
of a one-dimensional quantum confinement.

We use density functional theory (DFT) in the local density
approximation (LDA) as implemented in the code QUANTUM
ESPRESSO.* The slabs consist of 6 to 15 layers in the (001)
orientation. The slabs are arranged in a periodic supercell with
a vacuum of a width of 14 a.u. (before geometry relaxation)
between adjacent slabs. Wave functions are expanded in
plane-waves with an energy cutoff of 30 Ry and the first
Brillouin zone is sampled by a 10 x 10 x 2 k-point mesh. For
Pb, we use a Vanderbilt ultrasoft pseudopotential with the 5d
electrons in the valence, and for Se we use a norm-conserving
Bachelet-Hamann-Schliiter pseudopotential. For the in-plane
lattice constant, we choose 6.124 A, which is the experimental
value at room temperature.' In the out-of-plane direction, the
geometry is optimized, which leads to a 1.3% decrease in the
nearest neighbor distance and to a surface rumpling (zse — Zpb,
where z denotes the coordinate perpendicular to the layer) of
0.072 A.

The phonon frequencies are obtained from the equation

1 Aoy 2 _

The dynamical matrix C‘ﬁﬁ (q) corresponds to the change of
the force acting on atom ¢ in direction 8 with respect to a
displacement of atom s in direction «. In Raman spectroscopy,
only modes with a wave vector q — O are excited. The
elements of the dynamical matrix are calculated by density
functional perturbation theory (DFPT).#443

The vibrational mode that is important for our analysis is
the LO mode whose vibrational motion is perpendicular to
the slab and whose “envelope” wave function has an antinode
in the middle of the slab and vanishes at the surface (see
right panel of Fig. 4). This mode is easily discernible by its
high infrared intensity because all anions are moving in one
direction and the cations oppositely. This is also the reason for
the strong Frohlich coupling which renders this mode Raman
active under resonant conditions even though its A,, symmetry
[the point group of the slab is D4, (4/mmm)] renders this mode
inactive under nonresonant conditions. Due to the polarity of
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the mode, one has to take into account the macroscopic electric
field that accompanies the collective atomic displacements
and adds an additional “nonanalytical” term to the dynamical
matrix**
C’vﬂlﬁ( __anp/ap na ~of

s (@) ="Cy (@) + 7 Cy (), @
with
4n 5@ ZDu(a - L)
Q q-60-qQ

Here, 2 is the unit-cell volume. The electronic dielectric
tensor €+ and the effective charge tensor Z; are calculated
within DFPT, just as the analytical part of the dynamical matrix
an C;’f (q). The name “nonanalytical” stems from the fact that
in the limit q — O, the value of nﬂég‘f‘ (q) in Eq. (3) depends
on the direction in which the limit is taken. In our calculations,
the limit is taken in the direction perpendicular to the layers.

The results of our calculations are displayed in Fig. 4
together with the experimental data points and the results
from the quantum-confinement model (extracted from Fig. 5).
The calculations confirm the experimentally observed trend
of increasing LO frequency with decreasing nanocrystal size.
For slabs with more than 10 layers, the ab initio results are
parallel to the predictions of the quantum-confinement model.
The difference of about 3 cm~! can be attributed to surface
effects and to the fact that in the slab calculation we perform
a geometry optimization in the perpendicular direction while
the (in-plane) lattice constant is the experimental bulk lattice
constant.*®

An important uncertainty in our comparison of calculations
and experiment consists in the dielectric environment of
the nanocrystals, which can play a role in the coupling of
the induced macroscopic electric field with the LO mode.
On one hand, in our calculations, we use vacuum (with
a dielectric constant of 1) in between the layers. On the
other hand, the periodic stacking of PbSe slabs leads to an
average macroscopic dielectric constant (in the perpendicular
direction) between 4.1 (for the 6-layer slab) and 7.2 (for the
15-layer slab)*” and thus to an effective dielectric environment
which is probably not very far from the situation of a stacking
of nanocrystals separated by layers of organic materials.
Increasing the vacuum width between the slabs reduces the
average dielectric constant but also reduces the effective
charges such that the net influence of the vacuum width in
our calculations is rather weak.

Finally, we shall examine the line shape of the peaks. As
seen in Fig. 1(c), the peak of the 1-LO mode shows a small
shoulder at 125 cm~! and a broad shoulder around 200 cm™~".
Such features are better seen in Fig. 6 that highlights the
experimental variation of the peak intensity as a function of the
laser power for a sample consisting of nanocrystals and a bulk
sample. The shoulder at low frequency, labelled SP, appears
for the nanocrystal and bulk samples and has been discussed
above as originating from the Pb-O-Pb stretching mode at the
surface of the nanocrystals. In contrast to this low-frequency
component, the broad shoulder at high frequency is not always
visible. Only for the highest laser powers, the peak of the
1-LO mode becomes really asymmetric. As this asymmetry
is also seen for the bulk sample [Fig. 6(b)], we rule out any
confinement effect as the cause of this line shape modification.

e (q) = 3)
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FIG. 6. (Color online) Raman spectra of (a) a 5.5-nm PbSe

nanocrystal film and (b) a bulk PbSe sample measured for different
laser powers.

Interestingly, we note that the change of the line shape takes
place with a reduction of the peak intensity of the 2-LO mode.
Measurement of the ratio between the peak intensity of the
2-LO mode yields a reproducible value, around 0.65, when the
spectra at the lowest and highest laser powers are compared.
Since this ratio reflects the electron-phonon coupling strength,
a reproducible decrease of the peak intensity indicates a
stronger screening of the electron-LO-phonon interaction,
consistent with a higher density of free charge carriers in
the samples as the excitation power increases. Therefore,
we suspect the asymmetry to correspond to a Fano effect*®
rather than a nonadiabatic effect.® Indeed, the interaction of
electronic Raman transitions with discrete optical phonons
results in Fano interference, and severe asymmetries have
been found for heavily doped semiconductor crystals*®*® and
nanostructures.’® In the case of PbSe nanocrystals, due to the
eightfold degeneracy of the lowest conduction and valence
band levels that can be slightly lifted up under confinement'
and the high polarizability of the p-like orbitals,*> we think that
the intraband electronic transitions between different valleys
could be resonant with the LO phonon mode? and give rive
rise to the asymmetric line shape.

IV. CONCLUSION

The measured®!? and calculated’ anomaly of the zone-
center LO phonon mode in the dispersion of bulk PbSe
manifests itself also in the diameter dependence of the Raman
spectra of PbSe nanocrystals. Contrary to most nanocrystalline
materials, where the Raman active phonon modes shift down
in frequency, we observe a blueshift of the Raman peak
with decreasing nanocrystal diameter. This behavior can be
qualitatively understood in terms of quantum confinement
of the LO mode because the phonon dispersion has a dip
at the zone center. Decreasing the crystal diameter means
increasing the value of the quantized wave vector and thus
leads to an increase of the frequency. This qualitative behavior
is confirmed by our ab initio phonon calculations on PbSe
slabs of various widths. These calculations take into account
the changes in the electronic structure (band-gap opening) and
the dielectric confinement. In addition to optical absorption
spectroscopy, Raman spectroscopy is thus a suitable tool for
the diameter determination of PbSe nanocrystals. Due to the
similar electronic and vibrational structure, we expect that the
same conclusions also hold for PbS and PbTe nanocrystals.
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