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nthesis, longitudinal optical
phonon–plasmon coupling and electronic
structure of Al doped ZnS nanorods†

U. P. Gawai,a U. P. Deshpandeb and B. N. Dole*a

First principles density functional theory (DFT) calculations were employed to study the structural and

electronic properties of pure and Al doped ZnS nanorods. The wurtzite-type pure and Al doped ZnS

nanorods were synthesized via a hydrothermal method at 175 �C using ethylenediamine as a solvent and

complexing ligand. The TEM results reveal that the diameter of the nanorods decreases from 12 to

15 nm with increasing Al doping. It was observed from the UV-Vis spectra of the samples that the energy

band gap decreases with Al content. In the Fourier transform infrared (FT-IR) spectra, a noticed splitting

of the ZnS peak at 633 cm�1 into three peaks at 489, 613 and 744 cm�1 for the Al doped ZnS nanorods

indicates that the Al atom can be partially substituted in the zinc as Al–S–Zn. The atomic concentrations

obtained from XPS and EDS are consistent, with XPS demonstrating the successful doping of Al into ZnS.

From the XPS, it was observed that the binding energy (BE) values were shifted toward the lower BE side

for increasing aluminium content. Raman spectra were obtained for the pure and Al doped ZnS

nanorods which exhibit first-order phonon modes at 344.26 and 346.78 for the A1/E1 longitudinal optical

phonons, and the bands at 251.14 and 250 cm�1 reveal longitudinal optical phonon–plasmon coupled

(LOPC) modes. It was observed that the acceptor level hybridization in Al doped ZnS nanorods occurs

due to the overlap of the Al 3s and S 3p states. It was confirmed from XPS and DOS that sulphur

vacancies were created due to the doping of Al into the ZnS lattice. It was observed from the band

structure of the Al doped ZnS nanorods that the CB and VB bands were almost overlapped in the

Brillouin zone at the G-point.
Introduction

In recent years, semiconductor nanostructured materials have
attracted great interest attributable to their unique properties
which are different from those of bulk materials. At the present
time nanoscale semiconductors of group II–VI have received
great attention due to their important nonlinear optical proper-
ties, luminescence properties, quantum connement effects, and
other important physical and chemical properties. ZnS has two
types of structure: hexagonal1 and cubic2 which show wide band
gaps of 3.77 eV and 3.72 eV with an exciton binding energy of 40
meV. ZnS has been used for the fabrication of cathode ray tube
(CRT) and eld emission display (FED) phosphors,3,4 electrolu-
minescent devices, light emitting diodes (LEDs),5 infrared (IR)
windows,6 Field Effect Transistors (FETs),7 and sensors.8,9
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In the last two decades, much attention has converged on the
synthesis of one-dimensional (1D) nanostructured materials,
such as nanorods,10,11 nanowires,12,13 nanoribbons,14 and
nanotubes.15 These have been synthesized by various tech-
niques such as the chemical co-precipitation method,10 hydro-
thermal method,16–20 thermal evaporation method,21 pulsed
laser deposition,22 electrochemical deposition,23 molecular
beam epitaxy (MBE),24 microwave assisted techniques,25 chem-
ical vapor deposition26 etc. This interest is due to their unique
properties and applications, which were superior to those of
their bulk counterparts. There are various effective methods
which have been achieved to develop techniques for the prep-
aration of nanostructures. Recently, metal suldes have attrac-
ted more attention in photocatalysis and antimicrobial activity
due to their suitable band gap, catalytic function and toxic
nature. Among them ZnS is less toxic and has shown much
promise in research activities because of its wide potential
applications in nonlinear optical devices, light emitting diodes
(LEDs), and solar cells. However, the ZnS nanomaterial is also
applicable in photocatalytic reduction because of its electron–
hole pair generation capability by photoexcitation without any
co-agents. Cubic sphalerite ZnS structures can be obtained
under mild conditions and are more stable at room
This journal is © The Royal Society of Chemistry 2017
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temperature. Hexagonal ZnS structures are obtained at very
high temperatures but at low temperature, very few reports are
available in the literature.26

In polar semiconductors, the collective oscillations of charge
carriers (plasmas) are coupled with longitudinal optical (LO)
phonons via the Coulomb interaction. The exploited coupling
between longitudinal optical phonons–plasmons in polar
semiconductors and the electronic parameters of the material
can be extracted via Raman spectroscopy. In polar semi-
conductors, the long-range electrostatic coulombic force
mediates the coupling of LO phonons and the plasmons, which
results in the formation of two hybrid excitations of the longi-
tudinal optical phonon–plasmon (LOPC) modes.27 Nevertheless
the frequencies of the LOPC modes follow the well-known
dispersion relation in an isotropic polar crystal, which has
been established for uniaxial crystals like wurtzite ZnO.27

Because of interest in the electronic properties of ordered
semiconductors, computational quantum chemical methods
such as density functional theory (DFT) have been developed.
DFT is one of the most successful approaches to calculate the
(ground state) properties of many-electron systems from rst
principles. DFT was used to collect information from chemistry
and physics for the calculation of the electronic structure of
atoms and molecules, and it has also been very popular in
computational solid-state physics. The exchange–correlation
potential describes the effects of the Pauli principle and the
Coulomb potential beyond the pure electrostatic interaction of
the electrons. A common approximation is the so-called local
density approximation (LDA) which locally substitutes the
exchange–correlation energy density of an inhomogeneous
system by that of an electron gas evaluated at the local density.
LDA fails in situations where the density undergoes rapid
changes such as in molecules. An improvement to this can be
made by considering the gradient of the electron density, the so-
called Generalized Gradient Approximation (GGA).28,29

The ZnS band structure can be modulated with certain
efforts to meet special characteristics or functions through the
doping of different elements: semiconducting materials for the
reduction of the band gap and improvements in the electronic
structure through the creation of vacancies. These changes help
to enhance the response to visible light and the photocatalytic
activity.44,57

In this work, we carefully investigate the structural and
electronic properties of pure and Al doped ZnS nanorods using
experimental techniques as well as rst-principles calculations.
Also we have investigated the longitudinal optical phonon–
plasmon coupled modes from a Raman study of as-synthesized
samples. Highly crystalline pure and Al doped ZnS nanorods
were synthesized via a hydrothermal method at a temperature
of 175 �C. The TEM study candidly demonstrates that the
samples exhibit a nanorod morphology.

Experimental details
Preparation of samples

A hydrothermal method was used to synthesize the pure and Al
doped ZnS nanorods. In a typical synthesis process a 100 ml
This journal is © The Royal Society of Chemistry 2017
Teon-lined stainless steel autoclave was used. All of the
chemicals were of analytical grade and were used without any
further purication. The reaction was carried out as appropriate
amounts of zinc nitrate (1 � x mmol), aluminium nitrate (x ¼
0.00, 0.04 mmol) and thiourea (2 mmol) were dissolved in 75 ml
deionized (DI) water and ethylenediamine (1 : 1 ratio) solution.
Then two solutions of the same amount were prepared, these
solutions were stirred for 20 min using magnetic stirrer at room
temperature and these dispersed solutions were transferred in
two autoclaves separately. Then these autoclaves were sealed
and kept in a furnace at a temperature of 175 �C for 8 hours, and
then allowed to cool naturally. Then the obtained product was
centrifuged, washed with ethanol and DI water and then
ltered. This nal product was dried in a vacuum for 2 hours at
60 �C.

Characterization of samples

As synthesized samples were characterized using different
characterization techniques. XRD patterns were recorded using
a Bruker AXS D8 Advance powder diffractometer (CuKa1 X-ray
tube). Fourier transform infrared (FTIR) transmittance spectra
were obtained with a Bruker Vertex 70 spectrometer. UV-Vis
absorption spectra were acquired using a Perkin Elmer
lambda-950 UV-Vis spectrophotometer. Electron Spectroscopy
for Chemical Analysis (ESCA) was performed using an X-ray
photon energy of Al Ka: 1486.61 eV, 13 kV, and 300 W from
SPECS Surface Nano Analysis GmbH, Germany. Transmission
electron microscopy (TEM) measurements were undertaken at
an accelerating voltage of 200 kV and selected-area electron
diffraction (SAED) patterns were acquired with a Tecnai G2 20 at
an acceleration voltage at 200 kV. The energy dispersive spectra
(EDS) were collected using a JEOL JSM-6360 SEM.

DFT computational details

The rst principle calculations were performed on the basis of
density functional theory using the Vienna Ab initio Simulation
Package (VASP). The Perdew–Burke–Ernzerhof28,29 (PBE) imple-
mentation of the generalized gradient approximation (GGA) was
used as the exchange–correlation functional together with the
projector-augmented wave (PAW) potential for description of
the interactions of the core electrons. The kinetic energy for the
cutoff of the plane-wave basis set was set to 500 eV. A 2 � 2 � 2
G-centred k-point mesh generated from the Monkhorst–Pack
scheme was utilized for all calculations and integrations over
the Brillouin zones of the ZnS and Al doped ZnS nanorods,
providing a spacing of 0.02 �A�1. The relaxation convergence of
energy was taken as 1.0 � 10�5 eV. The same set of k-points was
used in the calculation of the density of states (DOS). The DOS
of each system was modelled from the fully geometry optimized
state. The hexagonal structure for the pure and Al doped ZnS
nanorods was constructed on the basis of supercells containing
32 atoms. Using an experimental nding we have modelled the
wurtzite-type morphology for pure and Al doped ZnS nanorods
along the [0001] direction. A Methfessel–Paxton smearing
method and normal algorithm (blocked Davidson) was used for
all calculations with a smearing width of 0.15 eV.
RSC Adv., 2017, 7, 12382–12390 | 12383
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Fig. 2 Magnified plot of Fig. 1 showing a shift in the (002) peak position
towards the lower angle side.
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Results and discussion
X-ray diffraction study

The XRD patterns of the pure and Al doped ZnS nanorods can
be seen in Fig. 1. All the diffraction peaks can be readily indexed
to the hexagonal wurtzite phase structure, which are consistent
with the standard card (JCPDS no. 36-1450). The X-ray diffrac-
tion patterns were recorded by using CuKa1 radiation with l ¼
1.5406 �A. No secondary phases were observed in the as-
synthesized samples. It is possible to predict the growth direc-
tion from the comparison of the full width at half maximum
(FWHM) of different XRD peaks. Here the (002) diffraction peak
intensity is very high and narrower in width than the other
peaks which suggests a preferential growth direction along the
c-axis, which is further demonstrated below by our TEM study.
Also the typical (002) diffraction peak shied towards the lower
angle, as shown in Fig. 2. This shi towards a lower angle was
believed to result from the incorporation of Al ions into the ZnS
lattice and due to variation in the lattice constant which can be
attributed to the non-uniform substitution of Al3+ ions into the
zinc ion site as the radius of the Al3+ ion (67.5 pm) is smaller
than that of the Zn2+ ion (75 pm). The lattice constants ‘a’
increased and ‘c’ decreased with Al content. A variation in the
lattice parameters indicates that a number of Al atoms have
been successfully incorporated into the Al doped ZnS host,
which is consistent with the relations of Vegard’s law, as
summarized in Table 1. Furthermore, an abnormal increase of
the lattice constant ‘a’ of the Al doped ZnS sample can be
regarded as the surface tension induced by its typical
morphology. As explained earlier, due to the smaller size of the
Al3+ ions compared to that of the Zn2+ ions, incorporation of Al
atoms into ZnS leads to a slight change in the lattice constants
of ZnS, resulting in an enhancement in the micro-strain for the
Fig. 1 XRD patterns of the pure and Al doped ZnS nanorods evincing
their hexagonal structures.

12384 | RSC Adv., 2017, 7, 12382–12390
Al doped ZnS nanorods. Lattice parameters obtained from XRD
data and chemical compositions from XPS and EDS are
summarized in the Table 1. The c/a ratio suggests a hexagonal
closed packed structure. It is known that when the bonding
character is more ionic then the c/a ratio moves towards the
ideal values. In our case c/a ratio values are well matched to the
ideal value of 1.6333. The u-parameter arises from the c-axis
cation displacement which is caused by deviation of the anion
position from its ideal value of 0.375, in our case it is found that
the values are in agreement with ideal values.30a Further the
strains in the nanorods were calculated from the XRD data
using the Stokes–Wilson relation (1), which shows that the
micro-strain was increased with Al content.30a

3 ¼ bhkl

4 tan q
(1)

where 3 is strain in the samples and bhkl is the full width at half
maximum at angle 2q on the XRD patterns of samples.

UV-visible absorption spectroscopy

The UV-Vis absorbance spectra of the pure and doped ZnS
nanorods were recorded using wavelengths from 200 to 800 nm
as shown in Fig. 3. The absorbance peaks were observed at 368
and 371 nm for the pure and Al doped ZnS nanorods respec-
tively. A red shi was observed at the absorption edge to the
smaller wavelength side, due to the exchange interaction
between the d electrons of the aluminum ions and the s and p
electrons of the host electron band. It is well known that ZnS
has a direct band gap therefore, the value of n is 1/2 as the
transition from the valence band to conduction band is direct.
The energy band gap was calculated using the Tauc equation30b

(2).

ahn ¼ A(hn � Eg)
1/2 (2)

where a is the absorption coefficient, hn is the photon energy, A
is a band edge sharpness constant and Eg is the energy band gap
of the sample. It is found to be 3.51 and 3.43 eV for pure and Al
doped ZnS nanorods. The pure and Al doped ZnS samples show
red shis comparable to bulk ZnS (3.77).1 Here, the band gap
decreases as the aluminum doping content increases.
This journal is © The Royal Society of Chemistry 2017
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Table 1 The lattice parameters from the XRD data, nanorod diameter from the TEM data, and atomic% (at%) of elements from the XPS and EDS
data for the pure and Al doped ZnS nanorods

Samples (x)

Lattice
constants

Volume of unit
cell (Å)

X-ray density
(g m�3) c/a ratio u-Parameter Strain

TEM diameter
(nm)

XPS (at%) EDS (at%)

a (Å) c (Å) Zn Al S Zn Al S

0.00 3.7869 6.2088 77.109 4.1984 1.639 0.3735 0.00162 12 50.7 0.00 49.2 50.34 0.00 49.66
0.04 3.7904 6.2025 77.206 4.10379 1.637 0.3740 0.00169 15 49.58 2.01 46.07 51.41 2.22 46.37

Fig. 3 UV-Vis absorbance spectra of pure and Al doped ZnS nanorods,
inset shows the corresponding Tauc plot for the evaluation of the
energy band gap.

Fig. 4 Transmittance FTIR spectra of the pure and Al doped ZnS
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FT-IR study

The FT-IR spectra for the as-synthesized samples are shown in
Fig. 4. The sharp and strong peaks show that the samples were
highly crystalline in nature. The crystallinity was increased with
the doping of Al. The characteristic ZnS vibration peaks can be
seen at 400–650 cm�1 as shown in Fig. 4.30b–32 The strong and
narrow peak at 489 cm�1 corresponds to a weak S–S stretching
vibration observed for the Al doped ZnS nanorods. A broad peak
at 3350 cm�1 was not found for either sample; this peak is
assigned to O–H stretching which can result from small quan-
tities of absorbed water (H2O) in the samples, meaning that the
samples here are moisture free. The peaks in the FT-IR spectra
of the pure and Al doped ZnS nanorods at 633 and 613 cm�1 can
be assigned to the d(C]S) functional group of thiourea,
whereas the peaks at 1050 to 1143 cm�1 are attributed to the
stretching mode of n(C]S) for thiourea and the formation of
microstructures in the samples.33,34 The bands at 1565 to 1646
cm�1 are due to the –C]O stretching mode arising from the
adsorption of atmospheric CO2 on the surface of the
samples.35–37 The presence of sulfur vacancies in our Al doped
ZnS samples conrmed by the results of our FT-IR studies also
implies the high emission intensity of electron transfer from
the sulfur vacancies to the zinc vacancies. It is noticed that the
FT-IR spectrum of the 4% Al doped ZnS nanorods shows similar
This journal is © The Royal Society of Chemistry 2017
peaks with respect to that of the pure ZnS nanorods and in
addition to that some noticeable new peaks at 489, 613 and 744
cm�1 may be due to the emergence of a resonance interaction
due to the differences in the vibrational modes of the zinc and
aluminium sulde ions. This indicates that the Al3+ ions can be
partially substituted between the zinc ions as Al–S–Zn, which
may be responsible for the splitting of the original ZnS peak at
633 cm�1 into three new peaks, i.e., 489, 613 and 744 cm�1. It
was conrmed from the band structure (Fig. 8(a and c))that the
distance between the valence band and conduction bands was
altered due to the partial substitution of Al ions by Zn ions. The
band values are in good agreement with the reported
literature.31–37
XPS study

The chemical states of the Zn2+, S2� and Al3+ in the samples
were investigated using XPS. The XPS analysis of samples was
performed in the range of 0–1250 eV and the survey spectrum is
shown Fig. 5(a). It conrms that Zn, S and Al were present in the
synthesized samples. No contaminant species were detected
within the sensitivity range of the technique. The binding-
energy data have been standardized to an energy scale that
assumes adventitious carbon C 1s at 284.6 eV. The BE for pure
ZnS was observed for Zn 2p1/2 and Zn 2p3/2 at 1043.76 and
1020.73 eV respectively, while for Al doped ZnS the binding
nanorods.

RSC Adv., 2017, 7, 12382–12390 | 12385
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Fig. 5 (a) Survey, (b) Zn 2p, (c) S 2s, (d) Zn 3d, (e) Zn 3p, (f) S 2p and (g)
Al 2s spectra of the pure and Al doped ZnS nanorods.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

2/
20

/2
02

5 
9:

28
:2

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
energy values were obtained for Zn 2p1/2 and Zn 2p3/2 at 1043.67
and 1020.62 eV respectively. Due to the doping effect the
binding energy values shied gradually to a lower energy. This
is also attributed to the presence of some S vacancies.44 From
the spectra of Zn 2p in Fig. 5(b), spin–orbit splitting of Zn 2p3/2
and Zn 2p1/2 was found at 23.03, 23.05 eV for pure and Al doped
ZnS which suggests the existence of Zn2+.38,39 From Fig. 5(c), for
the S 2p peak it was observed that there was overlapping of the
spin–orbit doublets. The binding energies of S 2p for the as-
synthesized samples are centered at 160.71 and 160.82 eV
which are characteristic values of metal sulde (S2�) species.40–42

The appearance of all the binding energy values for Zn 2p and S
2p are in accordance with previously reported studies.40–42 In
Fig. 5(g) the binding energy appears for Al 2s at 177.65 eV
12386 | RSC Adv., 2017, 7, 12382–12390
corresponding to the +3 oxidation state of Al. The BE values of
the pure and 4% Al doped ZnS nanorods for the Zn 3d spectra
were found to be 9.027 and 9.3015 eV and for the S 2s spectra
were detected as 160.71 and 160.82 eV respectively. Also, the
spectra of Zn 3p was found to contain BE values for Zn 3p3/2 at
87.65 and 87.78 and Zn 3p1/2 at 90.28 and 90.32 eV for pure and
Al doped ZnS nanorods.43 The detailed elemental compositions
were extracted from the XPS and it was found that the at% for S
was 49.2 and 46.07; at% for Zn was 50.7 and 49.58 and at% for
Al was 0.00 and 2.01 for the pure and Al doped ZnS nanorods
respectively.
Morphological investigation

Transmission electron microscopy (TEM) was employed to
investigate the structural morphology of the pure and Al doped
ZnS samples. TEM images of the samples are shown in Fig. 6(a–
d). The TEMmicrographs show that the nanorods have uniform
diameters. The average diameters for the pure and Al doped ZnS
nanorods were found to be 12 nm and 15 nm, respectively, with
lengths in the range of tens of nanometers. It was explicitly
observed that the diameters of the nanorods were increased
with increasing Al content. The selected area electron diffrac-
tion (SAED) patterns are depicted in Fig. 6(e and f). The SAED
patterns in Fig. 6(e and f) of the samples show concentric rings
which demonstrates the polycrystalline nature of the hexagonal
structure. Furthermore, the chemical compositions of the pure
and Al doped ZnS nanorods were observed from EDS spectra as
follows: at% of Zn¼ 50.34 and 51.41, at% of S¼ 49.66 and 46.37
and at% of Al ¼ 0.00 and 2.22 for the pure and Al doped ZnS
nanorods respectively.
Raman study

Raman shi measurements of the as-synthesized samples were
carried out using a red helium–neon (He–Ne) laser with an
excitation laser wavelength of 633 nm to study the effects of
aluminium substitution in the ZnS nanorods. The room-
temperature Raman spectra for the as-synthesized nanorods
are shown in Fig. 7. It is known that the wurtzite structure of
ZnS belongs to the symmetric space group C4

6n (P63mc) in the
primitive cell. The zone-centre optical phonon can be classied
as the following irreducible representation,

Gopt ¼ A1 + E1 + 2E2 + 2B1 (3)

where the A1 and E1 modes are polar modes and are both
Raman and infrared active, the E2 modes are nonpolar and
Raman active and the B1 modes are silent modes. The A1 and E1
symmetry splits into two components viz. transverse optical
(TO) and longitudinal optical (LO), and both of them are highly
isotropic, A1(TO) ¼ E1(TO) and A1(LO) ¼ E1(LO), which is
a characteristic feature of the wurtzite ZnS. The previously re-
ported values were compared with our experimental values and
are given in Table 2.

The longitudinal optical (LO) peaks have been reported to
centre at around 350 cm�1 for both the hexagonal and cubic
structures of ZnS, and correspond to zone-center (G point of the
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ra28180j


Fig. 6 The different magnified TEM images (a) and (b) for pure and (c)
and (d) for Al doped ZnS nanorods, (e), (f) and (g), (h) are SAED and EDS
patterns of the corresponding pure and Al doped ZnS nanorods,
respectively.

Fig. 7 Room-temperature Raman spectra of pure and 4% Al doped
ZnS nanorods, which evince the first-order LO phonon modes. The
genuine feature spectral line observed at �251 cm�1 for LOPC mode.
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Brillouin zone) phonons.45 Herein, the LO peak was observed at
344.26 cm�1 for the pure ZnS nanorods and 346.78 cm�1 for the
4% Al doped ZnS nanorods. This corroborates that the as
synthesized nanorods exhibit a peak shi towards low energy as
compared to the Raman spectrum of bulk hexagonal ZnS of LO
at 352 cm�1.45,46 The peaks at 251.14 and 250 are due to the polar
nature of the wurtzite nanorods. Kumar et al.50 reported
coupling between the longitudinal phonons and the charge
density modes, namely the L+ and L� modes. As the charge
carrier concentration in the semiconductor increases, the
frequency of the L+ mode increases from the bulk LO mode
frequency and the frequency of the L�mode increases from zero
to the mode frequency.50 Hence the peaks at 251.14 and 250
cm�1 observed in the present samples can be tentatively
attributed to the LO phonon–plasmon coupled (LOPC) L�

mode.50,53 It may be due to the formation of a small portion of
the intermediate state due to the incomplete conversion during
the synthesis process.54,55 It can be seen from Fig. 7 that the LO
This journal is © The Royal Society of Chemistry 2017
mode is more altered while the peak position of the LOPCmode
has shied to lower frequencies with increasing aluminium
content. Another reason for the red-shi is that the introduc-
tion of host lattice defects such as sulfur and zinc vacancies is
due to doping of Al ions into the ZnS lattice. From the DFT
calculations, the total density of states shows that sulfur
vacancies were created, as the metal ions were doped into the
ZnS lattice. In addition, second-order Raman scattering was
seen in the range of 350–450 cm�1. This second-order scattering
consists of a longitudinal optical + transverse acoustic (LO + TA)
phonon mode at �422.47 and 421 cm�1 for the pure and Al
doped ZnS nanorods. It is similar to the 2LA phonon response.
Multi-phonon responses in the range of 350–450 cm�1 are
hardly seen because of the strong plasmon background uctu-
ations in polar semiconducting systems, resulting in two
different LOPC modes. It was also observed that the Raman
intensity decreases with Al doping in ZnS sites.45–52
Density functional theory

To assure the accuracy of our computational method, we have
performed a series of calculations for cell optimization. The
structural optimization was rst performed for the wurtzite
structure of the pure and Al doped ZnS nanorods with the lattice
parameters a ¼ 3.8497 and c ¼ 6.3139 �A aer optimization,
which are in good agreement with XRD results for pure ZnS as
a ¼ 3.7869 and c ¼ 6.2088 Å and for Al doped ZnS as a ¼ 3.7904,
c ¼ 6.2025 Å. Fig. 8(a and c) illustrates the band structure of the
pure and Al doped ZnS nanorods within the GGA-PBE approx-
imation. The Brillouin zone integrations are carried out along
the F, G, B, G, G high symmetry path for the pure and Al doped
ZnS as shown in Fig. 8(a and c). Supercells of pure and Al doped
ZnS nanorods are given in the ESI Fig. S1.† The electronic
RSC Adv., 2017, 7, 12382–12390 | 12387
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Table 2 Assignment of Raman modes of ZnS nanorods in air at room temperature. Frequency given in cm�1

Assignment

In this work

ReportedPure ZnS Al doped ZnS

LA Not observed Not observed 110 (ref. 50)
2TA Not observed Not observed 139,54 176 (ref. 54)
LA Not observed Not observed 216,51 217,47,48 219 (ref. 47)
LOPC 251.14 250 258 (ref. 49)
A1/E1(TO) Not observed Not observed 269,51 272,44 273,48 276 (ref. 47)
E2(TO) Not observed Not observed 282,51 284 (ref. 44)
A1/E1(LO) 344.26 346.78 346.4,51 349.6 (ref. 44)

350,44,47 351,48 352 (ref. 45)
SO Not observed Not observed 332.9,44 335 (ref. 51)
LO + TA 422.47 421 418,44 422 (ref. 51)
TO + TA 386.6 (ref. 44)
2TO Not observed Not observed 615,51 617 (ref. 47)
TO + LA Not observed Not observed 633,51 642 (ref. 47)
2LO Not observed Not observed 668,51 673 (ref. 47)
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properties of the wurtzite pure and Al doped ZnS nanorods were
investigated and the ZnS nanorods were found to be direct band
gap semiconductors. The energy band gap was estimated to be
2.35 eV at the high symmetry G-point in the Brillouin zone for
pure ZnS. Lashgari et al.59 reported that for 3D wurtzite-ZnS, the
bandgap is 2.14 eV and 2D wurtzite-ZnS has a band gap of
2.77 eV at the PBE-GGA level of theory, also Meng et al.60 re-
ported that bulk W-ZnS has a band gap of 2.09 eV, and our
Fig. 8 (a) and (c) Plots of the band structure, and (b) and (d) plots of tota
structure, (b) for hexagonal Zns, 32 atoms per 2� 2� 2 supercell without
one S vacancy (# indicates the S vacancy).

12388 | RSC Adv., 2017, 7, 12382–12390
obtained optical gaps are comparable with these results. At the
zero position in the band structures of the compounds in
Fig. 8(a) and (c) is the Fermi energy level (Ef). From Fig. 8(c) for
Al doped ZnS, the calculated band gap values decreased
compared to those in Fig. 8(a) (pure ZnS) due to the some levels
passing through the Ef. This indicates that Al doped in ZnS acts
as an acceptor impurity. Comparing the energy band gap from
the TDOS of 2.5 eV for the pure and 0.7 eV for Al doped ZnS
l density of states of pure and Al doped ZnS nanorods of the hexagonal
S vacancies, (d) for Al doped ZnS, 32 atoms per 2� 2� 2 supercell with

This journal is © The Royal Society of Chemistry 2017
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nanorods are shown in Fig. 8(b and d). It reveals that the band
gap decreases aer reporting Al, also at the side of the top of the
valence band there are redundant carrier cavity pairs that
induced an acceptor band near the Ef.57 Our results from the
band structure of ZnS nanorods are in accordance with the
results obtained theoretically by Yeh et al.,56 but experimental
UV-Vis band gap values were found to be greater than both of
the theoretical values in both cases. There are very few reports
on Al doped ZnS samples found elsewhere, therefore we ob-
tained very interesting and novel results using DFT calculations.
It is well known that the effect of the surface on the physical
properties is very important on the nanoscale. The band gap
predication from DFT calculations always exists as the result of
the well-known limitation for the determination of accurate
energy band properties of materials.51 To study the effect of Al
on the ZnS lattice, rst-principles calculations on the electronic
properties of the wurtzite nanorods were performed. The DOS
plots for Al doped ZnS, shown in Fig. 8(d), reveal the presence or
creation of an S vacancy in 32 atoms per 2 � 2 � 2 supercell of
the hexagonal structure. The presence of S vacancy states, which
cause visible light absorption,44 may also be helpful in
increasing the photocatalytic activity. The narrow band gap and
the acceptor states in the band gap are very benecial for
improving the visible-light absorption and photocatalysis.57

The total density of states (TDOS) of the pure and Al doped
ZnS nanorods is shown in Fig. 8(a and c). Doping with Al
introduces additional states from the Al 3s and 3p states. It was
also observed from the band structure of the Al doped ZnS
nanorods that the conduction band (CB) and the valence band
(VB) are almost overlapped in the Brillouin zone at the G-point.
The Al-related states are well hybridized with the CB and do not
extend below the CBM. It was explicitly corroborated that the 3s
state contributes more to the TDOS at the CB as compared to 3p
states and the same trend was followed for Zn.58

Conclusions

Pure and Al doped ZnS nanorods were synthesized through
a hydrothermal method at low temperature (175 �C). The
samples have hexagonal closed packed structures. The energy
band gap of the pure and Al doped ZnS nanorods shows more
red shi as compared to the bulk ZnS band gap. The atomic
compositions obtained from XPS and EDS are consistent. XPS
revealed the successful doping of Al3+ into the ZnS lattice. The
energy band gap was decreased with Al content. From the XPS, it
was observed that the binding energy (BE) values were shied
towards the lower BE side for increasing aluminium content
and this supports the formation of sulphur vacancies. It was
conrmed that chemical species of pure and Al doped ZnS
nanorods were detected from FTIR spectra. It has been observed
from TEM image analysis that the morphology of the samples
are nanorod-like structures. SAED patterns evidence that the as-
synthesized samples persist in a hexagonal structure, as evi-
denced further by TEM and XRD. The Raman spectra obtained
from pure and Al doped ZnS nanorods exhibit rst-order
phonon modes at 344.26 and 346.78 cm�1 corresponding to
A1/E1 longitudinal optical phonons and themodes at 251.14 and
This journal is © The Royal Society of Chemistry 2017
250 cm�1 reveal the presence of LO phonon–plasmon coupled
(LOPC) modes. It was also conrmed by the LOPC mode that
wurtzite ZnS has a polar nature. From DFT calculations, we
know that the Al acts as an acceptor impurity, with a narrow
band gap, which are very benecial for improving the visible-
light absorption and photocatalytic properties. From DFT, the
calculated band gap of the Al doped ZnS nanorods is much
smaller than that of the pure ZnS nanorods. It was observed
from the band structure of the Al doped ZnS nanorods that the
CB and VB approximately overlap at the G-point in the Brillouin
zone. It was observed that the acceptor level hybridization in the
Al doped ZnS nanorods occurs due to the overlapping of the Al
3s and S 3p states. In the analysis of the electronic structures, an
acceptor band is induced because of doping of Al into the ZnS
nanorods. The Al acts as an acceptor impurity, has a narrow
band gap, and facilitates the creation of sulphur vacancies in
the nanorods.
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