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Raman spectra of ZnSe nanoparticles synthesized
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ZnSe nanoparticles were synthesized by using a thermal evaporation method for a vapour phase reaction of zinc

and selenium sources. The sample was characterized by XRD, TEM, HRTEM and Raman spectroscopy. Raman spectra

of longitudinal-optical (LO) like mode was analysed by a macroscopic continuum dielectric model. Large broadening of

LO-mode is homogeneous and comes from the relaxation of the phonons at the interface and contribution of defects.

Surface modes give the main contribution to the asymmetry of the lineshape.
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1. Introduction

Nanomaterials of different II-VI semiconductors
have elicited renewed interest of the great potential for
optical device applications due to their nonlinear opti-
cal properties.! 4 The quantum confinement effects
are the subjects of much current research. Raman
spectroscopy, which has been recognized as an im-
portant structural probe, provides a fast convenient
method for the study of vibrational and structural

properties of low-dimension materials. %!

Many researches have been done on the phonon
properties of other II-VI nanomaterials such as
Cds, "8 CdSel® and CdTe.['9) But the size-effects on
their phonon modes and on the electron—phonon in-
teractions are still somewhat controversial. de Paula
et all'%! observed no shift of the LO-phonon fre-
quency with the experimental resolution of lcm™!
when studying CdTe quantum dots with mean-radius
of 3.6nm. Sarigiannis et al[!l also observed no shift of
the phonon frequency when discussing the LO mode
of vapour-phase-grown ZnSe nanoparticles with di-
ameters of about 4nm. But a microcrystal model
(MCM)[' was used in their discussion to analyse the
LO mode which gave an expected redshift of about
10cm~! and the asymmetric broadening was explained

to be due to the relaxation in the g-vector selection
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rule. No shift of LO mode was explained to be due
to the existence of particles with a distribution of var-
ious sizes. However, the lineshapes of LO mode are
well described as Lorentzian by Hwang and Park(!?]
when studying CdSe quantum dots with a diameter
of 2.6nm, and the Lorentzian surface modes have con-
tribution to the asymmetry of LO mode.

To describe the scattering by the confined phonon
mode of Raman spectra, a macroscopic continuum di-
electric model (MCDM) was proposed to study the

(13] Tt uses

polar optical vibrations in nanostructures.
eigenstate modes of phonons confined in a sphere in-
stead of superposition of all phonons near k=0 to de-
scribe the contribution of relaxation of phonon mo-

This

model was successfully used by Vasilevskiy et all”®!

mentum conservation on the Raman spectra.

to analyse the correlation between the lineshape of
the Raman spectra and the crystalline quality of the
semiconductor quantum dots and gave satisfactory re-
sults.

In the present work, we study the reduced space
dimension effects of ZnSe nanocrystals on the Raman
lineshape. To describe the experimental Raman line-
shape, we use MCDM discussed above to analyse LO
mode. Our discussion shows that the relaxation of
phonon momentum conservation has little contribu-

tion to the asymmetry of lineshape because of the
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small dispersion of phonons with wave vector g be-
tween 0 and 7/Ry. Large homogeneous broadening
originates from phonon relaxation at the interface.
Surface modes are also considered to explain the asym-

metry of the lower frequency region.
2.Experiment

The ZnSe nanoparticles were grown by a vapour
deposition method. Two quartz boats filled with pure
zinc and selenium powders were located at different
temperature zones in a tube furnace with the zinc
and selenium source near a water-cooled copper col-
lector at one end and the gas input on the other end.
The tube was evacuated to and maintained at about
20KPa during the whole growth process. The system
was raised to 700°C and maintained for 60min and a
continuous Ar flow of 50 sccm was input into the sys-
tem during the growth. After the furnace cooled down
to room temperature, a yellowish layer covered the
copper collector, which was collected for further anal-
ysis. The phase of the as-grown sample was studied by
x-ray diffraction. The morphology of the sample was
analysed by transmission electron microscopy (TEM)
and high-resolution transmission electron microscopy
(HRTEM). The energy dispersive spectroscopy tech-
nique was used to assess the chemical composition of
the nanoparticles.

Micro-Raman spectra were measured in a back-
scattering geometry at 273K under the excitation
of a solid-state laser with a 532nm wavelength.
The scattered light was dispersed through a Jobin
Yvon HRD1 monochromator and a TE-cooled charge-
coupled-device (CCD) was used as detector. No po-
larization was considered. The monochromator was
calibrated by using the strong plasma lines of the He—
Ne laser. The low excitation power for the laser was
used to avoid local heating of the sample. The slit
width of the monochromator was set to 100um. The

spectral resolution at this slit is about 2cm™?!.

3. Results and discussion

The x-ray diffraction (XRD) pattern of the sam-
ple is shown in Fig.1, which demonstrates that the
sample has a zinc-blende crystal structure. A TEM
image (Fig.2) provides the general morphology of
the as-grown aggregates. The aggregates consist of
polycrystalline ZnSe nanoparticles with diameters of
about 80nm. Many HRTEM micrographs (not shown)
indicate that the polycrystalline nanoparticles were

formed from coagulation of smaller nanocrystal grains

with a characteristic size about 4nm.
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Fig.1. X-ray diffraction pattern of the as-synthesized
samples. Indices of the peaks are specified above the

peaks.

Fig.2. Typical TEM images of the nanoparticles syn-

thesized at 700°C.

Figure 3(a) shows experimental and calculated
Raman spectra of the ZnSe nanoparticles. Raman
spectrum of the bulk crystal was also obtained for
comparison. In the experimental spectra, a frequency-
dependent background of the form C + Dw owing to
fluorescence was subtracted. The parameters C' and
D were obtained by fitting the data away from the
peaks.[14]

In Fig.3(a), we provide the Raman spectra of as-
grown ZnSe nanoparticles and the bulk crystal. Spec-
tral intensity is normalized by the LO phonon peak
intensity for comparison. No obvious peak shift of
nanoparticles from that of bulk material is observed
for both TO and LO phonon modes. Large homoge-

neous spectral broadenings are obvious.
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Fig.3. (a) Raman spectra of the as-grown ZnSe nanocrystal (circles) and bulk material (solid line);
(b) Raman spectra of the as-grown ZnSe sample (circle) and theoretical results of LO mode; (c)
Raman lineshapes for surface modes (dark dots) and Lorentz fitting (solid line); (d) Experimental
(circles) and theoretical (solid line) Raman spectra of the as-grown ZnSe nanocrystals.

From the XRD analysis, as-grown nanoparticles
have almost the same lattice constant as that of bulk
materials. So here we do not consider the effect of the
lattice contraction.

For the bulk material, the phonon eigenstates are
plane waves, therefore the usual g=0 momentum se-
lection rule of the first-order Raman spectrum can be
satisfied.['5] However, when the size of the material
decreases to the nanoscale, momentum conversation
rules will be relaxed and the phonons at ¢ #0 may
have contribution to the Raman spectra. According
to the uncertainty principle of phonon wave vector, !¢
the phonon within the wave vector near 7m/Ry will
have influence on the lineshape of the Raman spectra.
Here we analyse our experimental data in terms of the
macroscopic continuum dielectric model 3! on the ba-
sis of a continuum equation of motion for the relative
displacement of two sublattices of a zinc-blende struc-
ture semiconductor. For nanocrystals with diameter
of about 4nm, the optical vibrations are considered to
be confined to the nanocrystals with a spherical shape
and are assigned an equivalent wave vector!13:17]

Hn
n = 5 1
q Ro ( )

where p, is the nth node of the spherical Bessel func-

tion ji, and Ry is the particle radius.

The dispersion relation of optical phonon for bulk

material we used in our discussion is as follows: (18l
w?(q) = A+ [A% — B(1 —cos(aq))]'/?,  (2)

where A=3.2x10%cm ™2 and B=4.5x108cm™*, a is the
lattice constant of Zinc-blende structure of ZnSe bulk
crystal. Expanding expression (2) in a Taylor series,

we obtain the quadratic negative bulk dispersion:
w?(q) = wio — Biod®, 3)

where wy,o and B, are the bulk LO phonon frequency
and LO phonon dispersion curve bending parameter
estimated from the phonon dispersion relation (2) of
the corresponding bulk material, respectively; the cor-
responding values are 253cm™'and 33.6cm™!'nm, re-
spectively. From Egs.(1) and (3), we have the frequen-

cies 251 and 246cm ™!, for n=1,2 mode, respectively.

The Raman cross-section can be written in the
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following form:[7]

d?o wiwdv?
d2dws mct

[n(w) +1]

x4 —Im) 1641 (4)
~ w—wv—i—iFLo/Z ’

where v is the unit cell volume, i and s correspond

to the incident and scattered light, respectively, n(w)
is the Bose factor, w = w; — wg, I o is the damping
parameter, n enumerates phonon eigenstates and 6,
is a scattering matrix element.

The scattering matrix ©,, describes the non-polar
(via the deformation potential) and polar (via the
Frohlich electric field) scatterings. In our experiments,
the excitation energy (2.33¢V) is below the absorption
edge of nano ZnSe; details of the scattering matrix
©,, calculations can be seen elsewhere.l”:8] For ZnSe
nanocrystals, calculations show that the n=1 mode
has the strongest cross section. The intensity of the
n=2 mode is only 3.5% of the n=1 mode, and the
higher n modes are even much weaker because of the
scattering amplitude cancellations.

So here we just used n=1,2 mode and damping
parameter It,o=16cm™!, to fit the LO mode of ex-
perimental data. In Fig.3(b) the theoretical line ob-
tained is shown as the solid line. The peak position of
the theoretical result (251cm™!) has a little discrep-
ancy with the experimental data (253cm~!), which
is almost the same as the peak of the bulk material.
The discrepancy may come from existence of grains
with diameters larger than 4nm, which can be demon-
strated by our HRTEM result. In order to compare
the lineshape with the experimental result, we shift
the theoretical spectra such that the theoretical peak
coincides with the experimental one. There is good
agreement in spectral features between experimental
and theoretical lineshapes of the LO mode.

The results demonstrated that the theoretical
lineshapes are almost Lorentzian and the broadening
is homogeneous. In order to compare our discussion
with others about nanocrystal of II-VI compounds,
we also analyse our Raman spectra with another phe-
nomenological model, which is proposed by Richter et
al"1 and has been used by most experimentalists. A
Gaussian spatial correlation function exp(—2r2?/R32)
has been used to account for g-vector relaxation re-

lated to the size effect.
[11]

Then the Raman intensity

I(w) can be written as

exp(-*RY/N) o

Teye | o=wloE+ (rEt @

(5)

where w(q) is the phonon dispersion curve described
by Eq.(2), I' is the homogeneous broadening of
nanoparticles here used in our calculation and its value
is 14cm~1! instead of the natural width (6cm~1!) of
bulk material used by others."'8]. In Fig.3(b), the

theoretical result is shown as the dashed line.

The theoretical spectra calculated by the two
modes almost coincide and both give good reproduc-
tion of lineshape of LO phonon mode. From Egs.(2)
and (3), we can learn that the bulk LO phonon dis-
persion curve of ZnSe is relatively flat near k=0 (SLo
is rather small). Although the relaxation of the ¢=0
selection rule has contribution to the lineshape, it
does not play the main role in the large homogeneous
broadening and asymmetry of Raman spectra. That
is why we use 14cm™! instead of 6cm™! as the value
of I' when we calculated the lineshape of Raman spec-
tra. Large homogeneous broadening of Raman spec-
tra seems to be a common characteristic for quantum
dots of nanomaterials with small diameters in the 11—
VI group.[712:17] The reduced dimensions of nanocrys-
tals decrease the mean free path of phonons and the
phonons confined in the nanocrystals frequently col-
lide and relax at the interface. Lattice distortion and
structure defects are the common features of most
nanostructured materials which also result in short-
ening of the lifetime of phonons and contribute to the
large homogeneous broadening.['?! So some authors
just analysed LO modes of quantum dots with a mean
diameter of 2.6nm by a Lorentz function and gave

good reproduction of their experimental spectra./12:19]

For the TO mode, the discussion is similar to that
of the LO mode, so here we just use a Lorentz func-
tion with the peak at 207cm ™! and width of 9ecm ™! to
fit the TO mode. But when we investigate the region
with a frequency about 230cm ™!, a large discrepancy
still exists. Figure 3(c) shows the difference between
the experimental spectrum and the overall TO and LO
theoretical lineshape. Here we designate it as surface

modes.

From the theoretical point of view, some surface
modes should be Raman active. In order to give a
qualitative analysis, here we consider a sphere of ra-
dius Ry. If the number of surface modes is propor-
tional to %Rﬁ, the number of LO modes will be pro-

4 3
portional to %. The ratio is 3/Ry. So for bulk ma-

T
terial the surface modes are very few compared with

bulk modes, and they could not be observed. But for
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small nanocrystals, especially when ionic microcrys-
tal size is smaller than the wavelength of the incident
light in the crystal, surface modes can be observed.[?"!
For bulk materials the frequencies of surface
modes are given by!!3]
W = Wy eol + (1 + e
(2l + 1)ex

where €9 and e, are the semiconductor static and

) (l:1:2:3:"')5 (6)

high-frequency dielectric constants, ! is the order
of the spherical harmonics. For [=1 the so-called

2 2
wf o+ 2w . .
ZLO ~ TTTO g derived. Us-

Frohlich frequency wi =
ing the ZnSe parameters,?! we obtain for the low-
est (I=1) and highest (I — oo) modes wp=223cm~?
and wgy__=231cm~!. As the size of the material de-
creases, the surface phonon frequency will be blue shift

(12] 5o the Frohlich frequency for a fi-

and broadening,
nite Ry lies above wy and below wr,o.8! The shoul-
der between the TO and LO peak are due to scat-
tering from Frohlich mode and all the other surface

modes.[10]

Because of the weaker intensity here we just
use one Lorentz function to describe the effect of sur-
face modes in Fig.3(c) and the spectrum shown by
dark dots is the difference between the experimental

spectrum and fitting result by MCDM. Figure 3(d)

gives the result when we consider all factors discussed
above. Its theoretical fit (solid line) is a sum of the
contributions of the confined LO modes and surface
modes, which shows that our model gives a good re-
production of the Raman spectra of ZnSe nanoparti-
cles.

4. Conclusion

In summary, because of the small dispersion of
optical phonons near g=0, asymmetric broadening of
the longitudinal mode caused by relaxation of the ¢g=0
selection rule is rather small. The observed lineshape
of LO mode is indicative of homogeneous broaden-
ing. The broadening originates from the boundary re-
laxation of phonons at the interface between different
quantum dots. For small nanocrystals surface modes
with lower frequency than the LO mode can be ob-
served, and they give the main contribution to the

asymmetry broadening of Raman spectra.
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