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HRTEM, XPS and XRD characterization of ZnS/PbS nanorods prepared
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Zinc sulfide (ZnS) and zinc sulfide/lead sulfide (ZnS/PbS) nanorods were grown on glass substrates using a thermal evaporation method. The
morphology of the prepared samples has been studied by transmission electron microscopy (TEM), field-emission scanning electron microscopy
(FE-SEM) and Scanning Electron Microscopy (SEM). Both differences and similarities in morphology between the samples have been discovered.
In the ZnS/PbS sample, ZnS nanorods were formed with diameter less than 50 nm and length between 2000 and 3000 nm. The pure ZnS sample
has dense structure and its thickness was about 200 nm. Samples were studied in detail using energy-dispersive X-ray spectroscopy (EDX). The
surface chemical compositions of the samples were confirmed by means of X-ray photoelectron spectroscopy (XPS). The determination of the
crystal structure using the X-ray diffraction revealed that two phases of ZnS, blende and wurtzite, are present in the sample after adding Pb, while
only blende is identified in the pure ZnS sample.
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1. Introduction

ZnS, ZnO, AIN and CNx nanotubes are envisaged to be highly promising for applications in semiconductors,
photo detectors, lasers, solar cells, and -nanogenerators [1]. During the last decade zinc sulfide (ZnS) has been
categorized as one of the most propitious semiconductor materials due to its wide device applications [2-8]. It is
environmentally friendly, cheap and easy to prepare. The potential application of ZnS in solar cell applications is well
established [9]. As is used as a buffer layer, the spectral response of the solar cell is increased. ZnS is a polymorphic
solid, meaning it has the ability to exist in more than one crystal structure. It has a direct wide band gap of 3.2-3.9 eV
at room temperature [10]. It appears as cubic (known zinc blende or sphalerite) or as a hexagonal wurtzite structure
(Fig. 1). The blende form is the most common natural form of ZnS and it is almost identical to the Si unit cell with a
band gap of 3.7 eV.
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FI1G. 1. The cubic unit cell of zinc blende (a) and the hexagonal unit cell of wurtzite (b). Sulfur and
zinc atoms are represented as yellow and gray spheres, respectively
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Several methods have been used to prepare ZnS films by different research groups [11], such as magnetron sput-
tering [12, 13], pulsed laser deposition, chemical bath deposition (CBD) [14], ultrasonic spray pyrolysis [15], electron
gun evaporation [16] and thermal evaporation [12]. The latter is particularly interesting, due to its simplicity and cheap-
ness. Moreover, thermal evaporation process produce polycrystalline material with a predominant cubic phase [12].
ZnS deposition on different substrates, such as silicon, glass, and titanium oxide, have been also extensively discussed
in the literature [17, 18]. It is well established that the substrate plays a crucial role in determining the quality of the
deposited sample. For example, depending on the crystalline quality of the AIN substrate ZnO deposited films show an
epitaxial growth [19,20]. Extensive studies have been reported on ZnS nanostructures doped with different transition
metal ions (such as Co, Mn, Ni, Fe) prepared by different techniques [21-24]. Depending on the type of dopant ion,
the doped materials exhibit different luminescent, electronic and magnetic properties.

In this work, we prepare a ZnS/PbS nanostructures deposited on glass substrates using a vacuum-based simple
thermal evaporation method. Several characterizations techniques were applied to describe their morphology, compo-
sition and structural properties. HRTEM and SEM techniques were applied to investigate the morphology of samples.
The crystallographic properties of the films were studied using X-ray diffraction method. EDX and XPS scans are
used for quantification of Zn, S and Pb in the sample.

2. Experimental methods

ZnS/PbS thin films were prepared on glass substrates using simple thermal evaporation technique. 12 wt% PbS
powder is added to 88 wt% ZnS powder (99.99% purity) in the crucible as source material, under a vacuum of
105 Torr using low speed turbomolecular pump (pumping speed 25000 rpm). The chamber geometry, gas flow
and the gas remaining time enhance the thin film quality [25]. The distance between the ZnS and substrate holder was
about 25 cm; the substrate holder was heated before deposition to 100 °C. Thin film morphology was examined using
scanning SEM, TSCAN Vega\\XMU model, equipped with energy dispersive spectroscopy (EDX) to determine the
chemical composition of the synthesized films. Transmission electron microscopy (TEM) images for ZnS/PbS sample
were also taken to verify the film morphology. The X-ray diffraction (XRD) measurements were carried out on
uncompressed powder inside steel holder by using Bruker, D8 ADVANCE diffractometer with Cu Ko (A = 0.154 nm),
measurements were conducted in the range of 20-80° (26). Phase identification from powder diffraction data was
performed using the QualX peaks identification software [26]. The diffraction data was further analyzed using Rietveld
refinements method as implemented in GSAS-II package [27].

The XPS experiments were performed using a model VG Scientific 200 spectrometer (UK) equipped with MgKa
radiation (1253 eV) and operated at 23 kV and 13 mA. All binding energy values (in eV) were determined with respect
to the Cls line (284.6 eV).

TEM was performed with a JEM2200FS double aberration-corrected transmission electron microscope (JEOL
Ltd.) which was operating at an acceleration voltage of 200 kV.

3. Results and dissection

The chemical composition of the film deposited on the glass substrate was explored by means of EDX and XPS
techniques. Fig. 2 shows the collected EDX spectrum of the products. Spectrum analysis shows that the film is
composed of Zn, Pb, S and small amount of C and O elements (Table 1). The concentration of S in the sample is
almost equal to the sum of Zn and Pb concentrations (S/(Zn+Pb) = 0.998). The C and O atoms are contaminants from
the atmosphere which are extremely difficult to avoid. Hence, our product is a stoichiometric film. Films with same
stoichiometry were also acquired by different techniques, such as ultrasonic spray pyrolysis [15] and electron beam
evaporation [16].

TABLE 1. Atomic percentage for Zn, Pb, S, O and C elements from EDX analysis

Element | Weight % | Atomic %

CK 1.9 7.4
OK 0.03 0.08
S_K 31.96 46.72
Pb_M 3.25 0.74
Zn K 62.86 45.07

For further investigation of the chemical composition of the product, XPS scan of the sample was performed
(Fig. 3). In order to compensate the surface charging effects C 1s signal (284.6 eV) was used as a reference signal.
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F1G. 2. EDX spectrum for ZnS/PbS nanorods films deposited on glass substrate

XPS curves were fitted (lowest curve in each spectrum) after adjusting to theoretical curves. Detailed spectra for the
Zn2p, S2p, Pb4f, regions and related data are presented in Fig. 4. The results of XPS surface analyses are summarized
in Table 2, which confirm the formation of ZnS and PbS compound and the stoichiometry of the film. Moreover, there
was a strong indication for the presence of traces of, ZnO, PbO, CO and PbSOj3 on the surface of the films due to
preparation and measurement conditions.
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F1G. 3. XPS scans of ZnS/PbS sample on glass substrate

The X-ray diffraction pattern of the pure ZnS sample at room temperature is shown in Fig. 5. The peaks can be
tied to the blende phase of ZnS. A good agreement between observed and calculated spectrums was obtained; typical
wR,, of the fit was ~0.09. For the ZnS/PbS product, the best agreement between observed and calculated pattern could
only be achieved by the presence of the two phases of ZnS (blende and wurtzite) and one phase for PbS, namely galena
(Fig. 6). The phase fraction for each identified phase in the product was fitted simultaneously. Indications from XRD
results show that the ZnS/PbS sample contains more zinc blende (23.42%) than wurtzite (9.53%). The concentration
of the PbS phase is 3.32% and the rest is SiO5. The ratio between the PbS phase and ZnS phases is about 0.1 which
coincide with the XPS results. X-ray line width measurements have shown that the average particle size of ZnS is about
30 nm. The average strain value was found to be negligible for all phases. Such low value of strain is advantageous
because the films have a good adhesion without high stress value. This can be attributed to the thermal evaporation
technique. These results were in agreement with work of Benyahia et al. [11], where thermal evaporation was also
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FI1G. 4. Zn2p, S2p and Pb 4f XPS spectra recorded for the ZnS/PbS sample. Photon energies are 1253 eV

TABLE 2. XPS spectral features table

Name | Peak BE/eV | FWHM/eV | Area (P) CPS/eV | Atomic % | Peak assignment
Cls 284.7 1.0 1174.9 21.4 (C-C) adventitious carbon
Cls A 285.2 1.2 1216.2 22.2 (C-0O-C) adventitious carbon
ClsB 288.4 1.2 127.9 2.3 (O—C=0) adventitious carbon
Ols 531.3 1.4 922.2 6.7 (Organic C=0) chemisorbed oxygen[28,29]
Ols A 532.1 1.8 793.6 5.8 (Organic C-0O) chemisorbed oxygen
Pb4f, 5/2 142.9 1.5 247.8 0.2 Pb in PbS[30, 31]
Pb4f, 7/2 | 138.2-139.6 1.2 13038.4 0.5 Pb in Pb(OH)2/ PbO/PbSO4
Zn2p, 3/2 1022.0 2.0 7296.1 10.6 Zn in ZnS/ ZnO
Zn2p, 312 A 1024.0 1.7 2289.3 33 Zn in ZnS[32, 33]
Zn2p, 1/2 1045.0 2.0 29159 43 Zn in ZnS[34, 35]
Zn2p, 112 A 1047.0 1.9 1408.3 2.1 Zn in ZnS
S2p, 3/2 161.4 1.0 1404.5 14.3 Sulphur in metal sulfide
S2p, 1/2 162.5 0.9 662.9 6.8 Sulphur in S-O/S-C/S-H
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F1G. 5. X-ray diffraction data acquired from pure ZnS sample (blue +) including Rietveld refine-
ments (green line) and background (red line). Vertical dashed lines denote dyj; values associated
with ZnS and SiO; phases
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FI1G. 6. X-ray diffraction data acquired from ZnS/PbS sample (blue +) including Rietveld refine-
ments (green line) and background (red line). Vertical dashed lines denote dyy; values associated
with ZnS (two phases), PbS and SiO, phases. Typical wR,, of the fit is ~0.07
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F1G. 7. SEM images in low (a) and high (b) magnification. FE-SEM in low (c) and high (d) mag-
nification for the ZnS/PbS nanorods grown on glass templates

used for ZnS deposition and blende structure was obtained. The blende structure was also obtained in our previous
work, where deposition was performed using electron gun techniques [16]. The identified PbS phase, galena, has also
a cubic structure. Galena is a natural mineral of Pb, it is most abundant sulfide minerals and mostly associate with
blende and calcite minerals. Therefore, the presence of the Zn blende and Pb galena together in the same thin film is
not surprising. It worth mentioning that, unlike previously reported work on the growth of wurtzite ZnS nanorods [36],
no phase transformation from zinc blende to wurtzite ZnS has been observed in the present product. It is clear in fact
that the addition of increased amounts of lead to the compound (ZnS) of the amphoteric element (Zn) will generally
result in a greater ionic character of the chemical bond between the “cation” and “anion”. It is well known, that blende
(ZB) is a lattice with a less ionic bond. While, wurtzite (WZ) with a more ionic bond [37], therefore the high bond
polarity favors the wurtzite structure instead of zinc-blende structure and the appearance of a wurtzite structure in our
sample is in full agreement with the known general chemical concepts. A number of authors have recognized the effect
of growth parameters such as substrate temperature and the ratio of dopant atoms on phase formation. For example,
Karan et al. reported about the reversible phase transformation of platelet-shaped ZnS nanostructures between e (WZ)
and (ZB) phases by reversible insertion/ejection of dopant Mn(II) ions induced by a thermocyclic process [38].Joyce
et al. showed that simply by tailoring the basic growth parameters of temperature and V-III ratio, pure ZB and pure
WZ III-V nanowires can be obtained [39]. Amico and coworker investigated doping effects, as induced by Al and Cu,
on promoting different ZnS phases using first principles simulations [40].

SEM is a versatile tool to investigate the surface topography and features of nanostructured materials. Moreover,
it is useful to determine the growth mode of deposited films. Fig. 7(a,b) shows the SEM plane-view images of the
ZnS/PbS sample in two different magnifications. It is clear that the template substrate covered with ZnS nanorods.
This confirms the growth as nanorods for ZnS deposited on glass substrate. FESEM (Fig. 7(c,d)) scan shows similar
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FI1G. 8. (a and b) TEM morphology image of the synthesized ZnS/PbS nanorods. (¢) TEM image
of an individual nanorod. (d) HRTEM image of one selected nanorod

images for the surface morphology of the sample. The growth mechanism for the ZnS nanorods can be explained as
following: the PbS evaporated initially because of the temperature milting (evaporation temperature of PbS is lower
than of ZnS), and it formed monolayer or nucleation layer. Moreover, the growth of objects is enhanced as large lead
atoms acting as dopants markedly accelerate the diffusion processes.

For further investigation of the film morphology, TEM and HRTEM characterization of the sample were per-
formed. Although the TEM has many advantages over SEM, it has also some drawback and limitations. For example,
sample preparation is much more difficult than SEM and results from TEM scan are dependent on the quality and
cleanliness of the sample. Fig. 8 gives a TEM morphology image of the sample in low and high magnifications.
Fig. 8(c) shows the TEM image of an individual nanorod, revealing the flat and smooth surface with uniform diam-
eters of the nanorod. The mean value of nanorod is varying between 180 and 200 nm. Fig. 8(d) shows the HRTEM
image of one nanorod in the lattice fringes.

4. Conclusions

In summary, we prepared ZnS/PbS nanorods deposited on substrate of glass using thermal evaporation technique.
SEM and TEM images are used for exploring morphology of the films. They confirm the formation of nanorods with a
mean diameter 200 nm. Chemical composition of the product was investigated by mean of EDX and XPS. it confirms
the stoichiometry of the film. XRD pattern analysis indicates the presence of two phase from ZnS (blende and wurzite)
and one phase from PbS (galena).
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