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Optical properties of hexagonal and cubic ZnS nanoribbons are studied by using valence electron energy loss
spectroscopy (VEELS) and ab initio band structure calculations. The peaks in VEELS are assigned to interband
transitions by comparing the interband transition strengths with the calculated densities of states. The optical
properties are deduced from the experimental VEELS, and the theoretical calculations give consistent results.
This combination of experimental and theoretical approaches provides a comprehensive understanding of the

optical properties of polytype ZnS.
PACS: 61.46. +w, 61. 72. Nn, 68. 03. Hj

Zinc sulfide (ZnS) has attracted extraordinary at-
tention for its importance in scientific research and
wide-ranging industrial, biomedical, and electronic
applications.[!! Two phases, hexagonal and cubic, are
observed in ZnS nanostructures. The main difference
between the hexagonal wurtzite phase and cubic zinc
blende phase is in the stacking orders.! Their total
energies are very close,l?! while the two phases possess
different properties.l! The basic properties of mate-
rials, such as optical, electrical and physical behav-
iors, are very important to realize the applications of
the polytype ZnS nanostructures. Transmission elec-
tron microscopy (TEM) and electron energy-loss spec-
troscopy (EELS) are appropriate techniques to inves-
tigate the optical properties of nanomaterials on ac-
count of the high spatial resolution.®) Ab initio calcu-
lations, on the other hand, allow deep insight into the
experimental results. In this Letter, we employ both
valence electron energy loss spectroscopy (VEELS)
and first-principle calculations to investigate the op-
tical properties of hexagonal and cubic ZnS nanorib-
bons. The results obtained from VEELS and theoret-
ical calculations are consistent.

The specimens studied for VEELS were ZnS
nanoribbons synthesized by the thermal evaporation
process.l%] A Philips CM200 field emission gun (FEG)
TEM and a Tecnai F20 FEG TEM at 200 kV are used
to perform the experiments. Three kinds of nanos-
tructures appear in the studied ZnS specimens, as
shown in Fig. 1(a). The selected area electron diffrac-
tion (SAED) pattern taken from specimen 1 is shown
in the inset in Fig. 1(b), which can be indexed with the
[2110]wurtzite Zns zone axis. For specimen 2, the cubic
7ZnS structure with [011] zone axis was observed in the
SAED pattern (see the inset in Fig. 1(c)). The SAED

pattern taken from a long strip-shaped region in the
specimen 3 is shown in the inset in Fig. 1(d). Hexag-
onal and cubic structures are found to coexist. The
orientation relations of the two phases are [2110]||[011]
and (0001)[|(111). The two phases coexist by shar-
ing the same (0001) or (111) plane. Figures 1(b)
and 1(c) show the high-resolution TEM (HRTEM)
patterns corresponding to the specimen 1 and 2 in
Fig. 1(a). The hexagonal and cubic structures are con-
firmed, respectively. Figure 1(d) shows the HRTEM
of the strip-shaped region for specimen 3, in which
hexagonal/cubic mixture structures and plane defects
can be observed.
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Fig. 1. (a) Low magnified TEM image of the ZnS nanorib-
bons. Three kinds of nanoribbons are observed, named as
specimens 1, 2 and 3, respectively. HRTEM images of
specimens 1 (b), 2 (c) and 3 (d), respectively. The corre-
sponding SAED patterns are shown in the insets.
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Fig. 2. (a) Loss functions to hexagonal and cubic ZnS

nanoribbons, respectively. (b) The corresponding nega-
tive second-order differentiations.
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Fig. 3. Band structures of ZnS and the corresponding in-
terband transitions (a) for hexagonal structure and (b) for
cubic structure.

Our VEELS experiments were performed at zero
momentum transfer with an energy resolution of about
0.75eV. The energy dispersion was 0.05eV /pixel and
the collection semi-angle was about 2mrad. All
of the spectra were calibrated using the zero loss
peak position. The typical loss functions for the
hexagonal and cubic ZnS nanoribbons are shown in
Fig.2(a). To obtain the loss functions, plural scat-
tering was first removed from the raw spectra using
the conventional Fourier-log deconvolution method!”
and then the Kramers—Kronig analysis involved in the
Cherenkov effects was performed.[8! The zero loss peak
was removed using the method proposed by us.[?1%
Figure 2(b) shows the negative second-order differen-
tiations of the loss functions, which gives a clearer
view of the positions of the peaks. The spectra for
the two phases are quite similar in their general struc-
ture. They consist of a set of low-lying shoulders at
energy loss less than 10eV (labeled as a, b), a small
peak at about 11.7eV (labeled as c), a shoulder at
about 15eV (labeled as d), a dominant peak at about
18eV (labeled as e) and another shoulder at about

21eV (labeled as f). The major peak e is assigned to
the bulk plasma oscillation and the peak c is ascribed
to the surface plasmon. The peaks a, b, d and f are as-
sociated with interband transitions.['") The main dif-
ference between the VEELS of these two phases is the
energy positions of the peaks, especially for the c, d
and e peaks. The positions of plasmon peak ¢ and
e are affected by the difference of the unit cell vol-
umes and the difference of band gap between hexag-
onal and cubic phases. Due to the similarity of elec-
tronic structures between the two phases (see Fig. 4),
the peaks corresponding to interband transitions are
located nearly at the same positions.
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Fig. 4. DOS for hexagonal and cubic ZnS, respectively.

To determine the origins of the interband transi-
tions, first-principle calculations were performed on
the hexagonal and cubic ZnS, respectively. The ul-
trasoft pseudopotential was expanded within a plane
wave basis set and the basis functions were trun-
cated at the cut-off energy of 330eV. Integrations
in the Brillouin zone were performed using special
K-points generated with a 6 x 6 x 6 mesh parame-
ters grid. Exchange and correlation effects were de-
scribed by Perdew—Burke-Ernzerhof in the general-
ized gradient approximation (GGA). The calculated
band gap was lower than experimental results due
to the underestimation of the LDA method, so the
scissors operator method was adopted and the con-
duction bands were shifted upward to get consis-
tent results with the measured results. As shown in
Fig. 3, the band structures are in good agreement with
those in the literature.'2=1%! Partial densities of state
(PDOS) calculations are based on the Mulliken pop-
ulation analysis.'®! The results are shown in Fig.4,
from which the interband transitions corresponding to
the peaks in VEELS can be derived (see Table 1). The
peaks located at lower energy can also be assigned to
interband transitions at symmetry points in the Bril-
louin zone. In comparison, the results presented in op-
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tical spectrum studies ['2=14 are listed in Table 1 and
indexed in the energy band (Fig.3). Because of the
poor energy resolution of EELS, we observed broad
structure which should be the superposition of inter-
band transitions observed in optical spectrum studies.
Table 1. Correspondence of interband transition energies be-
tween experiment and theory. For comparison, the assignments

in optical spectrum studies!2=14] to the interband transition
at symmetry points in the BZ are also listed.

Transition hep ZnS(eV) assignment fcc ZnS (eV) assignment

a 6.6 S3p-Zn3s (I's to I's, M2 to M; and K3 to Ko[13:14])
6.6 S3p-Zn3s (L3 to L1; X5 to X3[12])

9.3 S3p-Zn3s (I's to ['¢'%) 9.3 S3p-Zn 3s (L3 to Lz[14)
11.7 surface plasmon 11.9 surface plasmon

15.9 Zn 3d—S 3p 15.6 Zn 3d—S 3p

17.8 plasmon 17.5 plasmon

21.0 S3s—Zn 3p 21.0 S3s—Zn 3p

- 0O 0 T

(a) ZnS HCP experimental results (b) ZnS HCP theoretical results
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Fig. 5. Optical properties of hexagonal ZnS: (a) experi-
mental results, (b) theoretical results.

In Figs.5 and 6, the experimental optical proper-
ties are obtained from VEELS by the Kramers—Kronig
transformation and the corresponding theoretical cal-
culated results are shown for hexagonal and cubic
7ZnS, respectively. Theoretically, the smearing used is
0.7eV and it agrees with the experimental resolution.
The consistency between the experimental and the-
oretical results is satisfactory for both the hexagonal
and cubic phases. For the complex dielectric function,
€1 is near to unity while the value of €5 is very small
in the high energy edge. The complex index of refrac-
tion (n +ik): n is the index of refraction and k is the
extinction coefficient. Reflectivity R can be measured
by vacuum ultraviolet (VUV) spectroscopy directly.
Compared with other techniques, EELS significantly
extends the energy range and is a useful technique for
analysis of the dielectric properties on a microstruc-
tural level. Our results give some references to the
thorough understanding of the optical properties of
ZnS.

a) ZnS FCC experimental results (b) ZnS FCC theoretical results
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Fig. 6. Optical properties of cubic ZnS: (a) experimental
results, (b) theoretical results.

In conclusion, the electronic structure and optical
properties of hexagonal and cubic ZnS nanoribbons
have been investigated by VEELS and first princi-
ple calculations systematically. The peaks appearing
in VEELS are assigned to interband transitions and
the symmetry points of the Brillouin zone. The opti-
cal properties are obtained from experimental VEELS
and ab initio calculations, which give consistent re-
sults. The combining of experimental and theoreti-
cal approaches gives a comprehensive understanding
of the optical properties of polytype ZnS.
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