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Raman selection rule for surface optical phonons
in ZnS nanobelts
Chih-Hsiang Ho,a,b Purushothaman Varadhan,a Hsin-Hua Wang,a
Cheng-Ying Chen,a Xiaosheng Fangc and Jr-Hau He*a
We report Raman scattering results for high-quality wurtzite ZnS nanobelts (NBs) grown by chemical vapor
deposition. In the Raman spectrum, the ensembles of ZnS NBs exhibit ﬁrst order phonon modes at 274 cm−1
and 350 cm−1, corresponding to A1/E1 transverse optical and A1/E1 longitudinal optical phonons, in addition
to a strong surface optical (SO) phonon mode at 329 cm−1. The existence of the SO band is conﬁrmed by its
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shift with diﬀerent surrounding dielectric media. Polarization dependent Raman spectra were recorded on a
single ZnS NB and for the ﬁrst time a SO phonon band has been detected on a single nanobelt. Diﬀerent
selection rules for the SO phonon mode are shown from their corresponding E1/A1 phonon modes, and
were attributed to the breaking of anisotropic translational symmetry on the NB surface.

Introduction
Semiconducting nanomaterials provide new opportunities to
exploit distinct properties from their bulk counterparts,
making them potential candidates for near future electronic
and optoelectronic applications.1–3 These distinct properties
not only bring possible breakthroughs in terms of device applications but also possess unique physical phenomena. For
example, their large surface-to-volume ratio and local surface
modulation of nanomaterials, leads to the observation of an
extraordinary phonon mode known as surface optical (SO)
phonon mode, which is not observed for their bulk counterparts.4 Raman scattering, a non-destructive tool often used to
investigate material properties such as composition or strain,
has also been used to detect the SO phonon modes. Raman
scattering has been employed to detect the SO phonon mode
in various semiconductor nanostructures, including ZnS, ZnO,
CdSe, GaP, GaAs and GaN.4–12 However, an essential property
of Raman scattering, the selection rule for the SO phonon
mode, has not been widely observed for the single nanostructures, because of the poor signal to noise ratio and weak
SO band as compared to their corresponding first order bands.
In this paper, we report the selection rule for Raman scattering for SO phonon modes in ZnS nanobelts (NBs) by polarization dependent Raman spectroscopy. The surface phonon
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modes in the Raman spectra were usually observed for an
ensemble of nanostructures. Here, in order to understand the
selection rule, we performed Raman scattering measurements
on a single ZnS NB and successfully observed the SO phonon
mode, which to the best of our knowledge, has never been
seen in previous literature. The selection rule for the SO
phonon mode was then found to be broken by the breaking of
anisotropic translation symmetry on the surface.

Experimental section
The ZnS NBs were grown by a simple chemical vapor deposition method.13 Highly pure ZnS powder (99.999%) and argon
(Ar) gas was used as the source material and carrier gas
respectively. ZnS powder was placed in an alumina boat and
inserted into the center of the quartz tube. A Si wafer with
3 nm Au pre-deposited was placed downstream of the ZnS
source. After purging the tube with Ar at 500 sccm (standard
cubic centimeters per minute), the furnace temperature was
ramped to 1100 °C and kept constant at this temperature for
30 minutes. After growth, the furnace was cooled down with a
continuous flow of Ar.
The structural properties of as-grown ZnS NBs were characterized by X-ray diﬀraction, scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and MicroRaman scattering. Micro-Raman scattering measurements
were performed with backscattering geometry using a Jobin
Yvon T6400 Raman spectrometer with a resolution of
0.3 cm−1. A laser with wavelength of 532 nm was used as an
excitation source and the laser beam was focused through a
microscope with a spot size of about 1 µm in diameter. The
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typical laser power at the surface of the NBs was 4 mW. A
liquid nitrogen cooled charge coupled device was used to
collect the scattered signal dispersed on 1800 grooves per mm
grating. For Raman measurements of a single ZnS NB, the asgrown ZnS NBs on Si were sonicated in alcohol and dispersed
on glass substrates.

Results and discussion
Fig. 1(a) shows the TEM image of the ZnS NBs dispersed on a
copper grid and Fig. 1(b) shows the SEM image of ZnS NBs dispersed on Si substrates. Grown nanostructures have a belt-like
morphology with typical dimensions of 0.5 µm in width and
50 nm in thickness. The length of the NBs varies up to few
tens of micrometers. Fig. 1(c) shows the high resolution TEM
(HRTEM) image with clearly resolved lattice arrangements,
indicating high crystal quality of the as-grown ZnS NBs. The
inset of Fig. 1(c) shows that the ZnS NBs are grown along the
ˉ00) direction and the inter-planar spacing values are found
(11
ˉ00) and (0001)
to be 3.3 Å and 6.3 Å corresponding to the (11
crystal planes of wurtzite ZnS, which are close to the lattice
constants of bulk wurtzite ZnS.14 Selective area electron diﬀraction (SAED) also shows diﬀraction patterns with sharp fringes,
confirming the high crystal quality of the ZnS NBs.
Wurtzite ZnS belongs to the space group C6v3 with two
formula units per unit cell. As conventional group theory predicts, the wurtzite structure has several phonon modes including A1, E1, E2 and B1. A1 and E1 modes are both Raman and
infrared spectra active, E2 modes are Raman active and B1
modes are optically silent. The A1 phonon mode polarizes
along the c-axis of the wurtzite structure while the E1 mode
polarizes perpendicular to the c-axis.15,16 For wurtzite ZnS, A1
and E1 modes are reported to be nearly overlapped, which
could be attributed to small the anisotropy of inter-atomic
forces in ZnS.17 Other than this, due to the small Bohr radius

Fig. 1 (a) TEM image, (b) cross-sectional SEM image, (c) HRTEM image
and (d) SAED of as-grown ZnS NBs. The scale bar is 0.5 µm for (a) and
(b) and 2 nm for (c) and (d), respectively.
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of ZnS of around 2.5 nm, the phonon confinement eﬀect is
not expected in our ZnS NBs.18
The Raman spectrum collected from an ensemble of ZnS
NBs is shown in Fig. 2. Each of the phonon wavenumbers is
extracted by fitting the spectrum to a Lorentzian line shape.
The peak at 350 cm−1 can be assigned to the E1/A1(LO) mode
and the peak at 274 cm−1 can be assigned to the E1/A1(TO)
mode.5 The broad features at 350–450 cm−1 are related to the
second-order Raman scattering, including combination and
overtone of several ZnS phonon modes. The peak position of
the ZnS bulk phonon modes is close to the reported bulk
values, indicating the excellent crystal quality with strain-free
growth of ZnS NBs.5 The SO phonon modes are observed at
329 cm−1 with a stronger intensity than the corresponding
E1/A1(LO) modes, which has been attributed to the high
surface-to-volume ratio of the ZnS NBs. Note that SO phonon
modes are usually weaker than related bulk modes and appear
as a shoulder band.4,6,19 However, in our case the SO phonon
mode for the ensemble of NBs is stronger than for the LO and
TO modes, encouraging us to investigate the SO phonon band
in a single ZnS NB.
The SO phonon mode originates from the existence of an
interface between materials with diﬀerent dielectric constants
(ε). The essential properties of SO phonon modes are that
their peak position and line shape depends on the dielectric
medium in contact with the surface. SO phonon modes have
to be activated by a symmetry breaking mechanism associated
with the modulation in the surface. It propagates along the
interface and the amplitude decays exponentially into the
bulk.20 At the interface, the translational symmetry is broken
due to surface roughness or geometrical dimension fluctuation made intentionally or unintentionally during the growth
process.4,6,21,22 The translational symmetry breaking gives
additional crystal momentum that allows the transition of
phonon mode away from the center of the Brillouin zone,
which is not allowed in bulk material with perfect crystal symmetry due to momentum conservation. Therefore, nanomaterials with a large surface area provide much stronger SO
phonon signals compared to the bulk phonon mode.

Fig. 2 Raman spectrum from an ensemble of ZnS NBs on Si substrate.
The peak at 520 cm−1 is attributed to Si.
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According to the dielectric continuum model, the dispersion relation of the phonon mode at the interface will be
changed due to the diﬀerent εs of the surrounding
materials.5,23 As a result, the wavenumber for the SO phonon
mode (ωSO) changes with the ε of the surrounding materials.
To confirm the existence of the SO phonon mode in the
ZnS NBs, we compared the Raman spectra of samples
immersed in air (ε = 1) and alcohol (ε = 1.86). As shown in
Fig. 3a, ωSO blue-shifts from 329 cm−1 to 326 cm−1 when
immersed in alcohol while the bulk mode E1/A1(LO) remains
the same at 351 cm−1. This result validates the assignment of
the SO phonon mode at 329 cm−1, demonstrating the surfacerelated characteristics of the SO phonon mode.
To further understand how the surface phonon mode is
aﬀected by the surrounding material, we employed the calculation describing the dispersion relation of SO phonon mode
in ZnS NBs as an extreme case of a rectangular quantum
wire.23 Note that the calculation neglects the potential function describing the optical phonon mode at the corner and
assumes the potential function is separable. By utilizing the
electrostatic boundary condition, the dispersion relation of SO
phonon is derived as below:
εðωÞ  tanhðqi Li =2Þ þ εs ¼ 0;

ð1Þ

εðωÞ  cothðqi Li =2Þ þ εs ¼ 0;

ð2Þ

Fig. 3 (a) Raman spectra measured in the surrounding material with
diﬀerent dielectric constants (air and alcohol); (b) calculated SO phonon
dispersion relation in air and alcohol. qiLi is (the phonon wavevector) ×
(the feature size of the ZnS NBs).
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where ε(ω) and εs are the dielectric constant of ZnS NBs and
the surrounding material, respectively, ω is the related phonon
wavenumber, qi is the phonon wavevector and Li is the feature
size of the ZnS NBs. eqn (1) is the symmetric (S) mode and
eqn (2) is the antisymmetric (AS) mode. By combining together
the dielectric function and the Lyddane–Sachs–Tellar relation,
we obtained the following dispersion relations of the SO
phonon mode:5

ωSO 2 ðqÞs ¼ ωLO 2 


ε1  ðε0 tanhðqi Li =2Þ þ εs Þ
;
ε0  ðε1 tanhðqi Li =2Þ þ εs Þ


ωSO 2 ðqÞAS ¼ ωLO 2 


ε1  ðε0 cothðqi Li =2Þ þ εs Þ
;
ε0  ðε1 cothðqi Li =2Þ þ εs Þ

ð3Þ

ð4Þ

where ε0 and ε∞ are low and high frequency values of ε(ω).
Based on these equations, we have calculated the dispersion
relation of the SO phonon mode of ZnS NBs in air and alcohol
as shown in Fig. 3b. In alcohol, the dispersion relation shifts
to lower frequency at the region of higher crystal momentum
and remains unchanged at the zone center of the Brillouin
zone. The corresponding experimental ωSO (Fig. 3a) in alcohol
and air are labeled by the horizontal arrow and are found to
intersect with the S mode branch, indicating SO phonon is in
transverse mode. In accordance with the calculated dispersion
relation, ωSO is observed to shift to lower frequencies while the
slight diﬀerence in wavevector qi is attributed to the diﬀerent
spot that the Raman spectra was collected. It is also worth
mentioning that for SO phonon in transverse mode with a
given wavevector qi, a larger feature size Li, which denotes the
direction SO phonon vibrates, leads to a higher ωSO.
To gain insight into the selection rule for the SO phonon
mode of ZnS nanostructures, we measured the polarizationdependent Raman spectrum of a single ZnS NB and the experimental setup is schematically shown in Fig. 4a. The polarization of incident light was varied from x to z direction while
only the scattered light polarized in the z direction was collected. More specifically, the light configuration was changed
from Y(X,Z)- to Y(Z,Z)-. The angle θ is defined as the angle
between the x axis and the scattering polarization is changed
from 0° to 90°. Polarization-dependent Raman spectra with
four diﬀerent angles are shown in Fig. 4b. The intensities of
LO and SO phonon modes increase as the incident laser
polarization changes from the x direction to the z direction.
The intensity ratio ISO/ILO as a function of θ is found to
increase from 0.35 to 0.68 as θ changes from 0° to 90°
(Fig. 4c). The peculiar diﬀerence in ISO/ILO with θ indicates that
SO and LO phonon have diﬀerent selection rules, which is not
expected because the SO phonon mode originates from exactly
the same atomic vibration as LO phonon modes even as
θ changes. The selection rule that describes the polarization
dependency of Raman scattering shows that the intensity of
Raman scattering can be expressed as:
2

!


I / !
es  R  !
ei 

ð5Þ
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calculated results as shown in Fig. 3b, that the SO phonon
modes are in transverse mode. Moreover, the feature size Lx of
the A1(TO) mode is several μm larger than the feature size Lz of
the E1(TO) mode, which is around 500 nm. Therefore, according to the calculated dispersion relation in Fig. 3c, the SO
phonon mode related to the A1(TO) vibration mode would have
a larger qiLi that leads to a higher ωSO as compared to the SO
phonon mode related to E1(TO), which is in agreement with
the variation of ωSO as shown in Fig. 4c.

Conclusions

Fig. 4 (a) Schematic illustration of the polarization dependent Raman
measurement. (b) Polarization dependent Raman spectra measured
from a single ZnS NB with diﬀerent angles. (c) Angular dependency of
ILO/ISO and ωSO. Single ZnS NB with diﬀerent angles. (c) Angular dependency of ILO/ISO and ωSO.

ei are the polarization vectors
where I is the intensity, !
es and !
!
of scattering light and incident light, respectively, and R is
the Raman tensor. The Raman tensor of two vibration modes,
A1 and E1 modes, of LO phonon can be expressed as15
2
3
0 0 c
E1 ðxÞ¼4 0 0 0 5
ð6Þ
c 0 0
2

a
A1 ðzÞ ¼4 0
0

0
a
0

3

0
05
b

ð7Þ

where a, b, and c are constants related to electric polarizability.
ei ¼ cos θx̂ þ sin θẑ, where
In this case, we have !
es ¼ ẑ and !
x̂ and ẑ are the unit vectors along the x-axis and z-axis, respectively, as shown in Fig. 4a. The total intensity of the LO phonon
mode (ILO) can be derived as
I LO ¼ I A1 þ I E1 ¼ b 2 sin2 θ þ c 2 cos2 θ ¼ y0 þ a0 sin2 θ;
where y0 and a0 are constants. As light configuration varies
from Y(X,Z)- to Y(Z,Z)-, the allowed phonon mode is changed
from E1 to A1 while the total intensity varies with sin2 θ,
explaining the change of ILO with θ. However, the SO phonon
mode having the same vibration modes doesn’t have the same
selection rule so that ISO becomes much stronger for Y(Z,Z)than ILO, indicating the A1 vibration mode is amplified for the
SO phonon. During the growth of NBs, growth condition in
local regime continuously changes over time, inducing periodic surface roughness in the NB. As a result, surface roughening-induced translation symmetry breaking mostly occurs in
the growth direction, which is the x-axis in our case.4–6,21,22
Accordingly, we suggest that SO phonon modes are dominated
by the phonon mode propagating along the x-axis, which is
A1(TO) in this case. This inference is in accordance with our

This journal is © The Royal Society of Chemistry 2016

Wurtzite ZnS NBs with high crystalline quality were grown by
the chemical vapor deposition. From Raman scattering
measurements, we have observed a strong SO phonon mode in
the ZnS NBs. The phonon wavenumber ωSO is found to blueshifted as the dielectric constant of surrounding material
increases, confirming the presence of the SO phonon mode,
which is in accordance with the calculation. Based on the
polarization dependent Raman spectrum of a single ZnS NB,
the selection rule of SO phonon is broken. The A1(TO) related
SO phonon mode was found to dominate over the E1 related
SO phonon mode, which has been attributed to the anisotropy
in breaking the translational symmetry arising from nanostructure growth.
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