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Abstract

Zinc Sulfide (ZnS) thin film has attracted increasing attention due to their
potential applications in the new generation of nano-electronics and optoe-
lectronics devices. The physical and chemical properties of ZnS have out-
standing quality for different applications. Moreover, ZnS doped with various
elements are creating a new era for both academic research and industrial ap-
plications. So, the optical properties of modified ZnS thin film will help us to
find a suitable doping element for convenient deposition which may enhance
the conductance and transmitting properties of the film. This review work
has been carried out to explore the four-modification elements that constitute
Cu, Ni, Co & Fe as descending order of atomic number corresponding to Zn,
along with some potential applications considering the recent research work
with other doping elements too such as Al, C, Pt etc. For example, FE, FET,
Catalytic, Solar cell, Electroluminescence, Fuel cell, different sensors (Chemi-
cal sensors, Biosensors, Humidity sensors, light sensors, UV light sensors)
and nanogenerators use Zn$ thin film.
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1. Introduction

Nanomaterials and nanostructures play the important role to increase the device
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functionalities of nanoscience in the fields of energy sources, environments, and
health [1]. Nanomaterials are increasingly gaining the attention of not only the
scientific community but also the public due to their unique properties, which
lead to new and exciting applications [2] [3] [4]. For the last few years the inves-
tigation has been focused on the preparation and characterization of II-VI sem-
iconductor nanoparticles for applications in biological field as molecular probes
or bio labels [5] and also have attracted much attention in photo and electrolu-
minescence properties because of their size-dependent (which is tunable) and
have promising optoelectronic applications [6]. Among these families, a non-
toxic semiconductor zinc sulfide (ZnS) is one of the most important and typical
crystalline phosphors for both applications and basic research. In particular,
doped-ZnS phosphors have been investigated extensively, because ZnS, a good
host material, is an important versatile and luminescent material with a wide
band gap (3.6 eV). The optical properties of various ZnS doped nanocrystals and
the potential applications of these luminescent materials have been reported by
different groups [7]. ZnS nanoparticles in their doped and co-doped form with
transition and inner transition metals have received much attention as a class of
particularly luminescent materials. Different metal ions such as Cu, Ni, Co, Fe,
Mn, Pb, Co, Cd, Eu, and Sm etc. doped with ZnS have been studied by many re-
searchers because of their extensive photoluminescence (PL) properties [8].
Generally, ZnS doped with these metal ions provides new opportunities as
full-color luminescence in the UV-visible region which used for various applica-
tions as well as research purposes. Now as traditionally shown remarkable fun-
damental properties versatility, it has a promise for novel diverse applications,
including light-emitting diodes (LEDs), electroluminescence, flat panel displays,
infrared windows, sensors, lasers, and biodevices, etc. Its atomic structure and
chemical properties are comparable to more popular and widely known ZnO.
However, certain properties pertaining to ZnS are unique and advantageous
compared to ZnO. To name a few, ZnS has a larger bandgap of 3.68 eV and 3.91
eV for cubic zincblende (ZB) and hexagonal wurtzite (WZ) ZnS, respectively,
than ZnO (3.4 eV) and therefore it is more suitable for visible-blind ultraviolet
(UV)-light based devices such as sensors/photodetectors [9]. On the other hand,
ZnS is traditionally the most suitable candidate for electroluminescence devices
[10].

Beside this, ZnS is considered one of the best materials for the CIGS solar cells
among possible alternative buffer layers. In comparison with CdS, the advantag-
es of ZnS$ include its non-toxic and environmentally safe handling as well as its
ability to provide better lattice matching to CIGS absorbers having energy band
gaps in the range of 1.3 to 1.5 eV compared with CdS and having a wider energy
band gap compared with CdS, which transmits even higher energy photons and
increases the light absorption in the absorber layer [11]. Recently, ZnS scintilla-
tion detectors have even been used in the potential detection of dark electric
matter objects (DAEMONS) [12]. These objects can catalyze the fusion of light
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nuclei, suggesting new ways for solving the problem of deficiency of solar neu-
trinos and of solar energetic as a whole. The specific aim of this review work is to
find novel potential applications of ZnS and also to compare the properties of
ZnS doping with various elements. This review article contains four doping ele-
ments for ZnS thin film Cu, Ni, Co & Fe as descending order of atomic number
matching with Zn’s atomic number along with possible comparisons among
them. Moreover, potential applications of ZnS are also added based on

above-doing elements as well as other elements.

2. Doping with Different Elements
2.1. Cu (Atomic No-29) Doped ZnS Thin Films

Cu is an important impurity in II-VI compounds. Even though it has bad corro-
sion resistance but doped with other elements or compound, it improved excel-
lent corrosion resistance and applicable various potential applications [13]. For
example, Cu-doped ZnS thin films were prepared using a wet chemical route
and dip-coating process [14]. The study was made with a formula of Zn,_ Cu,S
for (0 < x < 0.2) where x is the copper doping ratio into ZnS. It was found that
the XRD peaks were (111), (220) and (311) intense peak in (111) with increasing
concentration where pure polycrystalline ZnS phase with cubic structure was
preferred orientation along (111) plane Figure 1. The XRD pattern shows that
when the Cu doping ratio was increased, the (111) peak becomes stronger and
no significant change in diffraction angles with a noticeable increment in the in-
tensity especially for high doping ratio of 10% and 20% Cu. This may be attri-
buted to the closer ionic radius of Zn** (0.74 A) and Cu** (0.73 A).

From SEM the average Grain size is estimated as 60 - 100 nm. The EDS spec-
trum of the films showed that the thin films contained Zn, Cu, Si, O and S ele-
ments without any impurity Figure 1(b). The presence of Si and O elements are
expected due to the use of a glass substrate. Figure 2 shows that Eg gradually
decreased from 3.60 to 3.32 eV with increasing Cu dopant content is very attrac-
tive for LED, Solar cells and detector applications because the light emission and
absorption region of the optical spectrum can be controlled by doping level. The
average crystallite size of the prepared films varied between 13 and 21 nm de-
pending on the Cu doping ratio as seen in Table 1. It was observed that when
Cu doping ratio is much more than 5% (10 and 20 at%), the intensity of the
(111) peak surprisingly increased and the crystalline quality greatly improved.
Table 1 shows bandgap, crystallite size and film thickness values for varies dop-
ing ratio.

In Optical Analysis, the films were grown with 0 and 3 at% Cu doping had a
good average optical transmittance over 70% in the visible range. The transmit-
tance, however, was slightly reduced as the Cu content increased probably due to
the free hole absorption effect. The increased absorption by Cu dopant is a proof
of the increased film thickness. The optical absorbance also increased with in-
creasing film thickness and Cu-doping ratio. This could be explained by the fact
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Figure 1. (a) XRD patterns of the Zn,_ Cu,S (x = 0.00, 0.01, 0.03, 0.05, 0.1 and 0.2) thin films; (b) EDS spectra of the Zn,_ Cu,S (x
=0.00, 0.01,0.03, 0.05, 0.1 and 0.2) thin films.
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Figure 2. (ahv)* dependence on the incident photon energy hv for the Zn,_ Cu,S (x = 0.00,
0.01, 0.03, 0.05, 0.1 and 0.2) thin films.

Table 1. Cu doping ratio effect of ZnS in bandgap and crystallite size.

Cu concentration (%) Bandgap (eV)  Crystallite size (nm) Film Thickness (nm)

x=0.00 3.60 13 400
x=0.01 3.55 12 415
x=0.03 3.49 9 435
x=0.05 3.47 11 500
x=0.1 3.35 21 610
x=0.2 3.32 20 750
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that in thicker films more atoms are present in the film and thus, more states
will be available for the photons to be absorbed. The refractive index (n) de-
creases with increasing Cu content and film thickness Figure 3(a), whereas the
extinction coefficient (k) increases with increased Cu content and film thickness
Figure 3(b) by increasing the wavelength, n decreases while k increases.

In electrical analysis, the resistivity (p > 10° Q cm) of the undoped and doped
ZnS (0%, 1%, 3% and 5% Cu) associated with the grain boundary effects of the
polycrystalline nature of the films. And the resistivity decreased 5.61 x 10° to
4.72 x 10’ Q cm in Cu-doping level from 10% to 20%. This could be due to the
fact that the increased Cu dopant results in new doping levels in the band gap of
the host [14]. The poor crystalline quality of the films that consist of a few atom-
ic layers of disordered atoms causes defects because of incomplete atomic bond-
ing. The origin of the decreasing resistivity in highly Cu doped (10 & 20 at%)
films can be contributed to the improved crystalline quality of the films. It can
be concluded that the observed results for the produced Cu doped ZnS thin films

will find a wide application in the optoelectronic devices.

Cu Doped ZnS Thin Film with Effective Surfactants

ZnS nanoparticle with varying initial doping concentration (0.25% - 1.25%) of
Cu® was synthesized through a chemical precipitation method. To promote a
confined and stable growth ZnS:Cu** nanoparticles, the capping molecules tri-
octylphosphine oxide (TOPO), Sodium hexametaphosphate (SHMP) and po-
lyethylene glycol (PEG) were used in the reaction process.

The sample exhibited absorption peaks at approximately 280 nm (4.43 eV),
296 nm (4.2 eV) and 310 nm (4.0 eV) for TOPO, SHMP and PEG-Capped ZnS:Cu**
nanoparticles respectively in Figure 4. The absorption peaks of the surfac-
tant-capped particles were significantly blue-shifted compared to the uncapped
particles and bulk ZnS which might be due to the reduction of particle size. This
large blue shift could be attributed to the combined effect of the optical transition
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Figure 3. Wavelength depended refractive index (a) and extinction coefficient; (b) for the Zn,_ Cu,S (x = 0.00, 0.01, 0.03, 0.05, 0.1
and 0.2) thin films.
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Figure 4. UV-visible absorption spectra of undoped ZnS, uncapped
and surfactant capped ZnS:Cu** nanoparticles.

to the excitonic state of the ZnS:Cu®* nanoparticles. Figure 5 shows the XRD
patterns of the undoped Cu** (0.25 - 1.25) % dopant ZnS and surfactant (TOPO,
SHMP and PEG) capped ZnS:Cu** (0.5%) samples. The XRD pattern reveals that
the particles exhibited pure cubic crystal structure. The estimated size of the un-
capped and surfactant capped nanoparticles was 3.2 - 5.3 nm.

TEM images of uncapped ZnS show that the resulting particles were uniform-
ly spherical shaped particles with a narrow size distribution. However, the par-
ticles were aggregated due to the absence of capping agent. The surfactant
capped particles Figures 6(b)-(d) were highly monodispersed and very small,
which necessitates the use of capping agents for the synthesis of homogenous
nanoparticles. Notably, the ZnS:Cu** passivated with TOPO Figure 6(b) were
well dispersed with smaller sizes than the other surfactant capped particles. This
shows that the TOPO molecules not only control the particle growth ZnS:Cu®*
but also reduce the particle size in an aqueous medium which may be due to the
presence of the three hydrocarbon chains in TOPO molecules, resulting in a lo-
cal trigonal symmetry and a large permanent dipole moment of the phospho-
rus-oxygen band. TOPO acts as a solvent as well as a surfactant and the resulting
isolated particles were small.

Figure 7(a) shows the room temperature photoluminescence spectra of the
undoped and different concentrations (0.25% - 1.25%) of Cu**-doped ZnS na-
noparticles. When Cu®" ions were doped into the ZnS nanoparticles, more defect
states were introduced. Therefore, it is reasonable that the PL intensity is en-
hanced for the doped samples compared to the undoped samples. The broad and
asymmetric emission of the doped samples may be due to uncontrolled particle

growth caused by the absence of the capping agent. Figure 7(b) shows that the
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emission peaks of the Cu’*-doped samples. Here with the increasing Cu®" con-
centration from 0.75% to 1.00%, the blue emission peak position is systematical-
ly shifted and converted to a single green emission (from 472 through 485, 497
to 500 nm) peak. Further increasing the doping concentration from shifts the
peak position to a longer wavelength with quenched intensity. Thus, it can be

concluded that the t, energy level of Cu*" ions are farther from the valence band

7nS:Cu (0.50%)
SHMP

7nS:Cu (0.50%)
PEG

Intensity (a.u.)

ZnS:Cu (1.25%)

ZnS:Cu (0.50%)

ZnS:Cu (0.25%)

Y T T

0 20 30 40 50 60 70
Position (20)

Figure 5. X-ray diffraction patterns of ZnS, uncapped and
surfactant-capped ZnS:Cu®" nanoparticles.

Figure 6. TEM micrographs of uncapped (a) TOPO-, (b) SHMP-,
(c) and PEG-, (d) capped ZnS:Cu*" nanoparticles.
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Figure 7. (a) PL spectra of undoped and various concentrations of Cu** (0.25% - 1.25%) doped ZnS nanoparticles; (b) peak

position versus concentration.

with increasing concentrations of Cu®*. Figure 8 shows that in the capped par-
ticles, the PL intensity is increased nearly 4 - 6 fold compared to the uncapped
particles owing to an increase in radiative recombination efficiency based on
passivation of the surfaces from broken surface bonds, adsorbed moisture and
oxides. Compared to the PL emissions (capped particle), the TOPO-capped
ZnS:Cu* intensity is higher than the other surfactant-capped particles. This
could be a unique characteristic of TOPO (which acts as the solvent as well as
the capping agent). Moreover, the TOPO has a strong dipole moment from
phosphorus-oxygen, which allows this compound to bind to metal ions. Because
the TOPO molecules are completely covered on the ZnS:Cu®* surface, the surface
defect is completely eliminated and the crystallinity is improved. Thus, it is con-
cluded that the TOPO surfactant plays a vital role in the reduction of particle
size and also the improvement of crystal quality, resulting in a narrow and en-
hanced PL emission. Moreover, as the increased PL intensity indicates the par-
ticle grows with a homogenous size distribution. Hence the results suggest the
potential applications of the surfactant-capped ZnS:Cu*" nanoparticles in optoe-
lectronic devices and nanoscale fluorescent probes for biological and medical

applications [15].

2.2. Ni (Atomic No-28) Doped ZnS Thin Films

Pulsed laser deposition (PLD) was utilized to prepare Ni (2.5% and 5%) doped
ZnS thin film at TS of 400°C on silicon (Si) and quartz substrates. The film is
composed of well crystalline grain and grain looks quite uniform in Figure 9.
The bandgap of the pristine and irradiated film is found to be 3.57 eV and 3.49
eV for 2.5% and 5% Ni-doped ZnS thin films, respectively. These values are less
as compared to those of bulk ZnS, indicating the existence of more defect states
in the bandgap. These defect states arise probably from the hybridization of host
ZnS sp molecular orbitals with d orbitals of Ni substituted on Zn tetrahedral
sites. These defect states lead to the tailing in the absorption at lower energy than
the bandgap of the material. The tailing in absorption spectra makes it difficult

to a precise determination of bandgap materials but allowing the possibility to
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determine the contribution of defect states. Optical absorption, XRD and TEM
measurements indicate that Ni ions substituted to Zn on tetrahedral sites in
these samples. XRD peaks assigned to the (100), (002), (110), and (112) lattice
planes of the wurtzite (WZ) structure of ZnS and the crystallite size is found to
be around 32 nm. The films containing 2.5% Ni are ferromagnetic up to 300 K

and the magnetism of unpaired spins decreases at 5% Ni content [16]. Figure 10
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Figure 8. PL spectra of TOPO-, SHMP- and PEG-capped ZnS:Cu** (0.5%) nanoparticles.

Figure 9. (a) Plane-section TEM images of 5% Ni-doped ZnS thin film deposited at TS of
400°C; (b) corresponding electron diffraction pattern of the film.
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Figure 10. (a) and (b) show the hysteresis curves of magnetization (M) as a function of magnetic field (H) of 2.5%
Ni-doped ZnS thin film irradiated at a fluence of 1 x 10" ions/cm” and 1 x 10" ions/cm?, respectively.
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shows that the magnetization decreases due to ion irradiation at both fluences.
The decrease of magnetization due to ion irradiation could be explained based
on the critical size of crystallites or change in density of structural defects.
Therefore, structure disorder plays a major rule in the exchange coupling of the

orbitals.

2.3.Co (Atomic No-27) Doped ZnS Thin Films

Co-doped nanocrystalline ZnS thin films on glass substrates carried out by CBD
method [17]. TEM/HRTEM/SAED analysis confirmed the deposition of the po-
lycrystalline cubic phase of ZnS. XRD peaks along (111), (220) and (311) lattice
planes correspond to the standard pattern of cubic ZnS. The Crystallite size has
an average value of 12 nm. Value of lattice parameter “a” after doping is found
to be smaller (5.382 to 5.306 A) than that of pure ZnS (5.406 A). The presence of
cobalt in ZnS was confirmed by EDX analysis. The atomic ratios of cobalt ex-
tracted through EDX analysis were found to be 3.129247, 6.245236, 9.366940 and
12.53188 at%. From HRTEM image the crystalline nature of the ZnCoS thin
films and inter planner spacing d 0.30 A is confirmed. The average value of band
gap was found to be 3.6 eV. A slight increment in the value of band energy is
observed with increasing cobalt concentration as shown in Figure 11. This in-
crement might be due to the structural modification after cobalt doping and oc-
currence of quantum confinement phenomenon.

The transmittance observed is in the range of 60% - 80% in the visible region.
The transmittance decreased slightly with increasing cobalt concentration that
might be due to increase in crystallinity densification and surface roughness of
the film. Noticeable point observed that all the films are highly transparent in
the visible region of the optical spectrum where the peak transmittance noted
80% of this film. Figure 12 shows that PL spectra of thin films excited at 340 nm
show two emission band at 380 nm and 510 nm. The emission at the 380 nm re-
sult from the transition of an electron from shallow states near conduction band
to the sulfur vacancies presents near the valance band in ZnS lattice. The lumi-
nescence centers of cobalt ions are formed when cobalt is incorporated into the
ZnS host lattice. Since Co*" is a sensitized agent and hence its presence in the
host lattice would enhance the radiative recombination processes with the in-
crease in doping concentration, the luminescence centers substantially increase
which are then responsible for significant increase in PL intensity of green emis-
sion at 510 nm. This observation reveals that cobalt ions substituted the zinc
ions even at a higher doping concentration of 12 at% rather than staying at the
surface or at interstitial positions.

Ferromagnetism in Co-doped ZnS is confirmed by DFT (Discrete Fourier
Transform) calculations. The coercivity is observed to be invariable with cobalt
concentrations of 6 - 12 at% having a value of 293 Oe. The hysteresis loop of the
sample with 3% of cobalt is to be saturated, for the applied field of 9 kOe. Fur-

ther increase in cobalt concentration, showed a systematic increase in the value
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Figure 11. Band gap and transmission plots of cobalt doped
ZnS thin films at different cobalt concentrations.
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Figure 12. PL spectra of cobalt doped ZnS thin films at
different cobalt concentrations.

of saturation magnetization. This systematic increment in magnetization may be
due to the introduction of ferromagnetic ordering with increasing cobalt con-
centration in ZnS thin films. The retentivity for 6 at% concentration of cobalt is
9.33 x 107* emu and is observed to increase for 9 and 12 at% of cobalt concentra-
tion to 1.08 x 10~ emu [18]. The magnetic analysis reveals the presence of room
temperature ferromagnetism in all samples. All of these results indicate that
these films might have potential applications in advance optoelectronics and
spintronics.

2.4.Fe (Atomic No-26) Doped ZnS Thin Films

Fe-doped (Fe = 1%, 5% and 10%) ZnS nanoparticles, synthesized via low tem-
perature chemical route [18]. The average crystallite size has been found ~10
nm. The TEM images indicated the average particle size as ~9 nm in case un-

doped and doped samples with spherical symmetry. The HRTEM images give
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atomic spacing as 0.19 nm for undoped ZnS nanoparticles which accords well
with the d-spacing value of (110) plane in XRD spectra standard ZnS. The cor-
responding atomic spacing in case of 10% Fe-doped ZnS. EDS spectra give ob-
served amount of Fe in 1%, 5% and 10% Fe-doped ZnS is 0.73%, 4.05% and
7.40% respectively. It indicates that the observed amount is less as compared to
the actual doped amount. It may be attributed to extensive washing of samples
leading to a decrease in the observed percentage of doped Fe.

In Figure 13 XRD peaks are corresponding to the (100), (002), (101), (110),
(103) and (112) planes, which correspond to the hexagonal crystal structure.
XRD peaks indicate the nanometer regime of undoped and Fe doped ZnS nano-
particles. The intensity of the peaks is reduced as the doping concentration is in-
creased which indicates the deterioration of the structural quality of ZnS with Fe
doping. From Table 2 it is clear that, as the Fe concentration is increased, the
lattice parameter is slightly decreased which indicates that the Fe doped ZnS lat-
tice is under compressive strain due to smaller radii of Fe** ions as compared to
Zn** ions. The estimated crystallite size is 10.38 nm which accords well with
TEM size. The band gap 3.86, 3.91, 3.94 and 3.98 eV for Fe (0%, 1%, 5%, 10%)
concentration respectively.

The UV-vis spectra of undoped and Fe-doped nanoparticles have been rec-
orded 290 nm and 450 nm as shown in Figure 14. Table 3 shows that the ab-
sorption edge is blue shifted in the Fe doped ZnS nanoparticles as compared to
the undoped counterpart. It may be due to the size of Fe** ions as compared to
the Zn** ions. As the Fe concentration in ZnS matrix is increased the absorption
edge is further blue-shifted as compared to the which may be attributed to fact
that the doped Fe ions are forming new energy levels in the ZnS energy band.
The PL emission spectra exhibit a peak at 422 nm corresponding to the blue
emission shown in Figure 15 which may be attributed to radiative recombina-
tion between Sulphur vacancies related donor energy levels and purity phase of
host ZnS material. It has been observed that the PL intensity of resultant ZnS
nano structure is decreasing with the increasing Fe concentration which indi-
cates that Fe’* ions are acting as quenching centers. In the Fe doped ZnS, the
electron can occupy a tetrahedral cationic site and it may be captured by the Fe**
ions in *T, level from which it may decay to °A, level by a normal recombination
process, leading to the decrease in PL intensity. The M-H curve in Figure 16
shows that the magnetic behavior induced in the Fe-doped ZnS nanoparticles
with well-resolved hysteresis loops whereas undoped ZnS nanoparticles indicate a
diamagnetic type behavior. At 5% Fe concentration a weak ferromagnetic or pa-
ramagnetic has been observed. All of these findings indicate that the Fe-doped ZnS
nanoparticles can have future applications in solar cells, biomarkers, band gap en-

gineering devices, lasers and nanoelectromechanical systems (NEMS) [18].

2.5. Comparison of Doped ZnS Thin Films

The properties of doped ZnS are varied with different doping element. And
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these phenomena can be easily manifested by comparing their properties in dif-
ferent articles for varies approaches of synthesis. But considerably, in all proper-
ties bandgap, crystallite size and crystal structure are comparable due to only
these properties are mostly available in articles. And other properties testing was

depended on the basic property of dopant element.
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Figure 13. XRD patterns of undoped and Fe-doped ZnS nanoparticles.
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Figure 14. UV-Vis. spectra of undoped and Fe-doped ZnS nanoparticles.

450
422 nm
400 —=—10% Fe:ZnS
—o—5% Fe:ZnS
350 —4—1% Fe:ZnS
—v—Undoped Zn§|

Intensity (a.u.)

T T T T T T T

T 1
325 350 375 400 425 450 475 500 525 550
Wavelength (nm)

Figure 15. PL spectra of undoped and Fe-doped nanoparticles.
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Figure 16. M-H curves of Fe-doped nanoparticles [inset magnified M-H curves].

Table 2. Variation of lattice parameters with Fe concentration in ZnS nanoparticles along
(002) plane.

Fe concentration (%) Peak position d-spacing (A) Lattice constants
x=0.00 28.34 3.18 a=3.84,c=6.25
x=0.01 28.38 3.14 a=3.81,c=6.23
x =0.05 28.47 3.11 a=3.77,c=6.19

x=0.1 28.50 3.09 a=3.75c=6.14

Table 3. Variation of band gap with Fe concentration.

Fe concentration (%) Absorption edge (nm) Band gap (eV)
x =0.00 321 3.86
x=0.01 317 391
x=0.05 314 3.94

x=0.1 311 3.98

Table 4 represented such a comparison where band gap measure for 5% con-
centration of doping element. Doped ZnS may have either cubic or hexagonal
structure as zincblende (ZB) or wurtzite (WZ), which depends on its synthesis
conditions such as synthesis temperature, precursor type and concentration. It is
obvious from above table that Crystallite sizes are nearly equal for different types
of doped but for Ni, the changes occur might be due to deposition method
which is pulsed layer deposition method (PLD). In the case of Fe-doped ZnS
nanoparticles, crystallite size is small, but band gap is large which may be attri-
buted to the small size of Fe*" ions as compared to Zn>' ions and formation of
new energy levels in the ZnS [18]. Comparing all of the above modification it
can be concluded that Cu doped ZnS thin film constitutes best for crystallite size
that upholds 11 nm and also for band gap that is about 3.47 eV. The reason is that,

if the crystallite size is small the grains will be more compact and dense in the film.
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Table 4. Comparison of (Cu, Ni, Co, Fe) doping in ZnS$ for some properties.

Property Cu-Doped Ni-doped Co-Doped Fe-Doped
Atomic no 29 28 27 26
Band Gap 3.47 eV 3.49eV 3.6eV 3.94eV
Crystallite Size 11 nm 32 nm 12 nm 10.38 nm
Structure Zincblende (ZB) Wurtzite (WZ) Zincblende (ZB) Wurtzite (WZ)
Structure type Cubic Hexagonal Cubic Hexagonal

The porosity between the grain will be small and one can easily get a uniform,
dense and homogeneous surface which is one of the important precursors for
the deposition of the thin film. Moreover, some similarities are also found ob-
serving these modified ZnS thin film. The transmittance of Cu, Co, Fe doped
thin film reduces as the content of these element increases probably due to the
free hole absorption effect. Therefore, absorption increases with the rising dop-
ing concentration which could be explained on the fact that in the thicker film
more atoms are present in the film and thus more states will be available for the
photon to be absorbed. On the other hand, the effects of surfactants ZnS:Cu®*
surface was also has been observed. The effective surfactants used here are
TOPO, SHMP, PEG. Comparing among different properties of surfactants and
without surfactants films it was observed that TOPO surfactants help to reduce
the particle size significantly than SHMP and PEG. It also eliminates defects and

improves the crystal quality.

3. Potential Applications of ZnS

Zinc Sulfide has numerous applications. Among them consideration is used as
recent progress on the improvement of the properties of ZnS$ for finding novel
potential applications are included below. Such applications are various ZnS
nanostructures as field emitters, field effect transistors (FETSs), catalyzers, Fuel
cell, Electroluminescence devices, Solar cells, UV-light and chemical sensors,

humidity and gas sensors, biosensor and nanogenerators etc.

3.1. Field Emission (FE)

Field-emission (FE) (also known as electron field-emission) is an emission of
electron-induced by external electromagnetic fields. FE can take place from solid
and liquid surfaces, or individual atoms into a vacuum or open air, or result
from the promotion of electrons from the valence to the conduction band in
semiconductors.

Figure 17(a) shows a graphic diagram of the FE phenomena [10]. Generally, a
rod-like metal probe is used as an anode and the emitted objects serve as a ca-
thode. This process involves the extraction of electrons from a solid by tunneling
through the surface potential barrier. The emitters can have different tip geome-

tries such as 1) round tip, 2) blunt tip and 3) conical tip, as manifested in Figure

DOI: 10.4236/msa.2018.99055

765 Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.99055

A. M. Shakil et al.

17(b). FE phenomena mostly studied at room temperature and are barely tem-
perature dependent. The determining factors for the emission current could be
the work function of the emitting materials, the local electric field, the distance
between a sample and the anode, and the tip geometry, the work function of an
emitter surface plays a primary role in the emission current. Table 5 lists the
work functions of some important inorganic semiconductors and metals.

A mixture of commercial ZnS powders and C nanopowders and S powders
was adopted as precursors instead of the previously used pure ZnS powders or
Nanopowders [19] [20]. The evaporation and agglomeration rates were signifi-
cantly decreased in this case compared with previous experiments. During the
formation of ultrafine ZnS nanobelts, first, the ZnS powders and C nanopowders
undergo a reaction: 2ZnS + C = 2Zn + CS,, to gradually produce a Zn vapor. The
Zn vapor reacts with S vapor to form nanobelts at a relatively moderate temper-
ature (1000°C). Superfluous C gas is also transferred to the relatively low-tem-
perature zone and absorbs on the as-grown ZnS nanobelts, blocking the belt
width. This leads to ultrafine ZnS nanobelt formation. Figure 18 shows SEM

images of the as-grown nanobelts [21].

(b)

(ii) (iif)

Figure 17. (a) A graphic diagram of field emission phenomenon, presenting the emission
that arises from the tip of an emitter; (b) The emitters can have different tip geometry
such as (i) round tip, (ii) blunt tip and (iii) conical tip, and so on [14].

Figure 18. (a) and (b) Low-magnification and high-magnification SEM images, showing
a uniform thick-ness and width of the structures over the entire length [21].
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Table 5. The work function @ of some important inorganic semiconductors, C nanotubes and metals.

Semiconductors and

ZnO
C nanotubes "
Work function (eV) 53
Metals Au
Work function (eV) 5.1

C nanotubes AIN WO, SiC Si GaN GaAs Cds ZnS
5 3.7 5.7 4.0 3.6 4.1 4.77 4.2 7.0

Ag Al w Sn Cu Fe Mo Cd Zn

4.26 4.28 4.5 4.42 4.65 4.5 4.37 4.07 4.3

As reviewed pure ZnS is not the best candidate for FE but a mixture of com-
mercial ZnS powders and C powders and S powders which is known as ultrafine
ZnS is successful as field emitters. These developed methods are not only facile
to enhance the FE properties of ZnS nanostructure but also, they are general to
develop other inorganic semiconducting nanostructures into potential field

emitters.

3.2. Field Effect Transistors (FETs)

Zn$S/Si0O, core/shell nanocables are synthesized by a vapor-liquid-solid growth
method to fabricate a FETs nanodevice. This device immersed in the liquid for
biological and chemical sensing, by monitoring the electrical conductance dur-
ing protein or chemical additions. Figure 19 shows the schematic of the sensor.
Protein, such as bovine serum albumin (BSA) has a strong affinity to silica sur-
face, which makes it possible to utilize the charged BSA as a gate. The nanoca-
ble-based transistor was immersed in a PB solution with bovine serum albumin
BSA 0.0005 g/L and its electrical conductance was decreased while proteins were
added. The conductance was decreased upon stepwise exposure to BSA (0.0005
to 0.005 g/L), strongly suggesting that adsorption of BSA on the surface of the
nanocable is responsible for the observed conductance change which used for
real-time BSA protein detection.

Since the nanocable is n-type, so the conductance of the device decreases
when BSA is added to it. The conductance of the device, on the other hand, was

found to increase when a positively charged protein was added [22].

3.3. Catalytic Activities

ZnS is a direct wide-gap semiconductor with remarkable chemical stability
against oxidation and hydrolysis and these properties are retained when the par-
ticle size steps down to just a few nanometers. Therefore, nanoparticles of ZnS
are interesting entities as a catalyst in environmental protection through the re-
moval of organic and toxic water pollutants. ZnS nano-materials have been used
for the photocatalytic degradation of organic pollutants such as dyes, p-nitrophenol,
and halogenated benzene derivatives in wastewater treatment [23]. Photoreduc-
tion of CO, to formic acid is more efficient in the presence of Na,S. The catalytic
activity commences due to the post photoexcitation high reductive potential of

electrons in ZnS (-1.75 V relative to a standard hydrogen electrode). The holes

DOI: 10.4236/msa.2018.99055

767 Materials Sciences and Applications


https://doi.org/10.4236/msa.2018.99055

A. M. Shakil et al.

have an oxidative potential of about +1.85 V. It was found that the reduction
never happened either in the dark or under the irradiation in the absence of ZnS
suspensions [10]. These studies revealed that ZnS nanostructures are good pho-
tocatalysts due to rapid generation of electron-hole pairs by photo-excitation

and highly negative reduction potentials of excited electrons.

3.4. Fuel Cell

ZnS nanoparticles had catalytic activity for the decomposition of ethanol, a po-
tentially abundant fuel for mobile electricity generation since it could be fabri-
cated by fermentation from a broad range of organic materials [24]. Electrocata-
lytic conversion of ethanol in the presence of O, to form H,0O and CO, involves
the transfer of 12 electrons per molecule of ethanol and proceeds via two inter-
mediates, acetaldehyde and acetic acid. The free enthalpies of combustion asso-

ciated with the individual species are described below:

C,H,0H+0.50, — CH,CHO+H,0 190.5kJ - mol™*
CH,CHO+0.50, — CH,COOH ~ 268.3kJ -mol ™'
CH,COOH +20, — 2CO, +2H,0  849.8kJ-mol ™!
C,H,0H+30, —> 2CO, +3H,0  1308.6kJ-mol

Comparison of these values with that of ZnS shows that ZnS should always be
stable in the presence of ethanol against oxidation or reduction and therefore it
could be a stable catalyst against ethanol oxidation. It is also important to cap
ZnS nanostructures with small ligands in order to facilitate electron transfer
across the surface.

In this setup of Figure 20, oxidation of ethanol took place only in the presence
of ZnS particles. Electrodes without ZnS particles generated no current. Re-
peated ethanol addition increased the flowing current stepwise. A pure carbon
electrode also led to a sharp current peak (adsorption of ethanol), but not to
continuous decomposition, while with an ITO blank electrode, these effects were
much smaller [24]. This work establishes the usability of ZnS nanoparticles as
electro catalysts for direct conversion of ethanol into fuel cells. Such catalysts are
the need of the hour since ethanol can be made from a broad variety of organic

materials by fermentation.

3.5. Nanogenerator

Nanogenerators use piezoelectric properties to converted nanoscale mechanical
energy into electrical energy. ZnO-ZnS heterojunction nanowire arrays were
synthesized by a thermal evaporation process with the presence of residual oxy-
gen. Figure 21(a) shows the ZnO-ZnS nanowire arrays and a three-dimensional
voltage output image after an AFM scan across a heterostructure of ZnO-ZnS
nanowire arrays with an area of 30 x 30 pum”. Almost all the heterostructure na-
nowire arrays are uniform and grow vertically on the substrate. Piezoelectric

responses of the heterostructure ZnO-Zn$ nanowire arrays were examined using
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AFM in contact mode with a conducting Pt-coated Si tip each peak represents an
electric voltage/current that is generated by deflecting the corresponding nano-
wire, and output voltages are around 6 mV. Moreover, the voltage outputs of
heterostructure ZnO-ZnS nanowire arrays mainly result from the interaction
between W-ZnO and the Pt tip as ZnO is at the top part of the heterostructure
ZnO-ZnS nanowire arrays [25] [26].

4 B AT
B e

Isolation layer

-

Time Time

Conductance
Conductance

Figure 19. Schematic diagram of a FETs device acting as a sensor; the binding of BSA
with a net negative charge is expected to yield a decrease in the conductance [22].

ST EtOH/KNO,

Figure 20. Schematic of an ethanol fuel cell using ZnS nanoparticles as a catalyst and a
FeCl,/FeCl, counter electrode [24].

Figure 21. (a) ZnO-ZnS nanowire arrays were grown vertically on a buffer layer, and (b)
its three-dimensional vol tage output image received after an AFM scan across a
heterostructure ZnO-ZnS nanowire arrays with an area of 30 x 30 um?” [26].
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3.6. Electroluminescence

Amongst various useful properties of ZnS, EL deserves a special mention, be-
cause ZnS is considered to be one of the best semiconducting functional mate-
rials for EL devices. EL is a phenomenon in which a material emits light in re-
sponse to an electric current passed through it. This is one of the few instances
in which a direct conversion of electric energy into visible light takes place
without the generation of heat (incandescence), chemical reaction (chemilumi-
nescence), or a mechanical action (mechanoluminescence). It was observed that
if ZnS slightly doped with Cu suspended in an insulator and an intense alternat-
ing electric field was applied with capacitor like electrodes, visible light was
emitted. The reason is when a sufficiently high voltage is applied across the elec-
trodes, electrons that are trapped at between the interfaces layers are injected
into the conduction band where they are accelerated by the field and may create
excitation at the luminescent dopant centers by impact excitation and ionization
mechanisms. This has led to a surge in research activities of EL properties of
ZnS, which were mostly undertaken on single-crystals and powder samples [10].
The light output of thin-film electroluminescent displays has been very reliable,

with little loss after tens of thousands of hours of operation.

3.7. Humidity Sensors

Humidity sensor technologies enable to widespread application in electronic
control systems are becoming ever more important. A little attention has been
paid to humidity sensors based on metal chalcogenides. Recently, the applica-
tions of the ZnS:Al NWs as high-sensitive humidity sensors has been investi-
gated [27]. This shows that when the RH value is beneath 50%, the resistance of
the ZnS:Al NW slightly increases with increasing RH value, while further in-
crease of the RH value resulted in an obvious decrease of the resistance. To in-
terpret the resistance increase at RH < 50%, a surface charge transfer model is
proposed: due to the chemical adsorption of water molecules, OH- ions are like-
ly formed on the ZnS:Al NW surface by capturing free electrons from the
NWbulk [28]. The surface negative charges make the NW surface energy bands
bending upwards, hence the holes will accumulate near the surface. A portion of
the electrons in NW is compensated by the excess holes, and as a result, the NW
resistance increases. Both electrical transfer measurements performed at 30%
and 70% RHs show pronounced n-type conduction except the slight increase in
the leakage current (IGS), indicating that the physical adsorption instead of the
chemical adsorption dominates the conduction and finally contributes to the
decrease of the resistance at higher humidity. Besides this, the humidity sensing
capability and electrical resistance of ZnS nanowires at different relative humid-
ity conditions have been investigated at room temperature [29]. Figure 22(a) is
the schematic diagram of the resistance measurement of ZnS nanowires. When
the RH percentage increases, a very small decreasing change was observed in the

resistance value up to 55% RH. After this value, the resistance of ZnS nanowires
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decreases rapidly with exhibiting nearly linear behavior, as shown in Figure
22(b). The sensitivity increases about 1000 times from 33% - 100% RH depend-
ing on decreasing the resistance of ZnS nanowires. Also, ZnS nanowires have a
porous surface, provide more surfaces for adsorption, resulting in enhanced sen-
sitivity. This indicates ZnS nanowires have a great potential for humidity sensing

applications at room temperature [30].

3.8. Solar Cell

ZnS nanostructure is being intensely used in the novel solar cell such as
dye-sensitized solar cells (DSSCs), quantum dot-sensitized solar cells (QDSCs),
Cu (In, Ga) Se, (CIGS)-based thin film solar cells or organic-inorganic hybrid
solar cells. Generally, ZnS nanostructure may be used as photoanode in DSSC,
but the cell efficiency is too low that constitutes less than 1%. For increasing the
efficiency of ZnO/ZnS core-shell, it was proposed that the ZnS layer on the ZnO
nanowires suppressed the recombination of injected electrons at anode/electrolyte
interface by reducing defect site.

One of the most promising thin film solar cells with high world rank efficien-
cy is Cu (In, Ga) Se, (CIGS)-based thin film solar cells. As presented in Figure
23. The device structure of CIGS solar cell is quite complex which consist of a
multilayer of metal, semiconductor, and alloy layer. Typically, CdS has been ap-
plied as a buffer layer between the absorber and front contact layer for CIGS so-
lar cells. Because of the incompatibility deposition method and environmental
unfriendly of Cadmium is a matter of concern in large-scale solar cell produc-
tion. On the other hand, ZnS Buffer layer can be fabricated by a various deposi-
tion method. By using a CBD-ZnS buffer layer, the conversion efficiency of
18.1% for Cd-free CIGS thin film solar cells has achieved which controlled by
O/S atomic ratio to minimize the conduction band offset at ZnS/CIGS interface
and bulk recombination of those wide-gap alloys [31].
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Figure 22. (a) The schematic diagram of resistance measurement of ZnS nanowires under varying relative
humidity from 33% - 100%; (b) The variation in resistance and sensitivity of ZnS nanowires depending on
varying relative humidity [29].
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Figure 23. Configuration of a typical CIGS solar cell.

3.9. Chemical Sensors

Nanowires and nanoparticles are small in size where a few chemical molecules
give a sufficient amount of change in electrical and optical properties for sensing
application. As an optoelectronic semiconductor, ZnS has chemical sensing ap-
plication. Compound semiconductor/insulator (ZnS/silica) core/shell nano-
cables have been synthesized using vapor-liquid-solid growth and used them to
fabricate single nanowire-based FETs. After chemical modification, amine- and
oxide-functionalized nanocables exhibit linear pH dependent conductance. The
conductance of the ZnS/silica nanocable-based FET was modulated by an ap-
plied gate, and the surface of the silica shell was modified with 3-aminopropyl-
triethoxysilane (APTES) to provide a surface that could undergo protonation
and deprotonation. The changes in the surface charge could chemically gate the
nanocable-based transistors. The concept of a pH Nanosensor is illustrated in
Figure 24(a). Measurements of the conductance as a function of time and pH
demonstrate that the conductance increases in steps in accord with the pH val-
ues, as shown in Figure 24(b). In Figure 24(c) a representative curve of the
conductance as a function of pH suggests that a modified ZnS/silica nanocable
can be functionalized as a nanoscale pH sensor since its pH dependence is linear
[22].

The proposed mechanism for pH sensing is described as follows. Covalently
linking APTES to the oxide surface of nanocable results in a surface terminating
in both -NH, and -SiOH groups Figure 24(b), which have different dissociation
constants, pKa. At a high pH value, -SiOH is deprotonated to -SiO- on the sur-
face of the silica shell and acts as a negative gate, which depletes electron carriers
in the n-type ZnS core and decreases the conductance. At low pH, the -NH,
group is protonated to -NH’" and acts as a positive gate, which correspondingly
causes an increase in conductance. The observed linear response can be attri-
buted to an approximately linear change in the total surface charge density due

to the combined acid and base behavior of both surface groups.

3.10. Biosensors

Biosensor is a device for the detection of an analyte that combines a biological

component with a physicochemical detector component. ZnS nanomaterials
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with a spin coating method fabricated into Nafion /uricase /ZnS/ITO electrodes
which have been successfully applied for electrochemical and photoelectro-
chemical UA (uric Acid detection in aqueous solution. The ZnS urchin-like na-
nostructures based electrochemical biosensor showed the highest sensitivity of
76.12 pA-cm>mM™' with wide linear detection ranges from 0.01 mM to 1.7
mM also meets the requirements for diagnosis in the clinic. Using irradiation
of 300 nm UV, its sensitivity of detecting UA is increased 5 times, reaching
413.98 pA-cm™>mM™', which is higher than that of most electrochemical bio-
sensors. However, the linear range is decreased to 0.01 - 0.54 mM, which is to
be improved in future work. These results provide a simple and efficient ap-
proach to fabricate ZnS based electrochemical and photoelectrochemical bio-
sensors [32].

A detection method of DNA hybridization based on labeling with ZnS QD
tracers has been developed with electrochemical-stripping measurements of the
nanoparticles. A DNA sensing mechanism was developed by the measurement
of I-V and FET transfer characteristics [33]. The ZnS/SWNTs FET was formed
by using the highly doped silicon substrate as a back gate and is schematically
represented in Figure 25(a). The properties compared to two SWNT device with
and without ZnS nanocrystals. The comparison did not do any significant
change in current resistance because of no hybridization due mismatch of
nc-ssDNA sequence with the probe ss-DNA. Moreover, Figure 25(b) shows a
calibration curve where the ZnS/SWNT-ssDNA device exhibited about 2.5-fold
increase in sensitivity of 0.16 per-decade PM c-ssDNA over SWNT ssDNA de-
vice showing a sensitivity of 0.06 per decade pM c-ssDNA. This significant in-
crease in sensitivity toward c-ssDNA hybridization may be attributed to an in-
creased loading of NH,-ssDNA probe over ZnS nanocrystals due to their large
surface to volume ratio and a subsequent transfer of negative charge electrons to
SWNT upon hybridization with c-ssDNA [33].

3.11. Gas Sensor

ZnS has rarely been used as gas sensors because of its low carrier density and ir-
reversible reaction with oxygen which can be removed by using ultraviolet (UV)
illumination. The illumination enhances the modulation of conductance by ab-
sorbed oxygen. ZnS nanobelts have fabricated using a thermal evaporation and
the response of ZnS nanobelts to different oxygen pressures without or with UV
illumination was measured. The current increased from 0.21 to 1.71 nA within
0.4 s and then at a relatively slow rate to 2.30 nA in 2.65 s. When the light was
turned off, the current recovered to the original dark level within 0.2 s. The rea-
son is when a ZnS nanobelt is exposed to UV illumination, the carrier density
increases because of the electron-hole pair generation. The chemisorbed oxygen
ions combined with the photoexcited holes. This result in desorption of oxygen
species on the surface of ZnS nanobelt. Both processes enhance the conductance

of the belt. In a logarithmic scale, the dark level conductance of ZnS nanobelt
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varied slightly from 9.8 x 107" to 1.08 x 107" S without UV illumination and
decreased from 1.13 x 107" to 0.13 x 107'° S as the oxygen pressure increased
from 3 x 107 to 1 x 10° Pa under UV illumination. From the above results, the
conductance of the ZnS nanobelt is roughly proportional to the logarithm of the
oxygen pressure, which indicates that these nanobelts can be promising oxygen

sensors [34].
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Figure 24. (a) Schematic illustrating a nanocable-based sensor for pH detection. The
APTES-modified ZnS/silica nanocable changes in the surface charge state with pH due to
-NH, and -SiOH groups; (b) Real-time detection of the proposed mechanism for pH
sensing is described as follows. Covalently linking APTES to the oxide surface of a
conductance for an APTE modified nanocable; (c) The plot of the conductance versus
pH; the points are experimental data, and the solid line is a linear fit through the
experimental data [22].
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Figure 25. (a) Schematic cross-section of the ZnS/SWNT FET device. (b) Calibration curve
of (a) ZnS/SWNT-ssDNA and (b) SWNT-ssDNA sensor for complimentary DNA (c-ssDNA)
[32].
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3.12. UV Light Sensor

Ultraviolet ray (UV) is the electromagnetic radiation of 10 - 400 nm wavelength
with energy ranges from 3 eV to 124 eV. ZnS provides UV detectors that would
particularly well serve within the UV-A (320 - 400 nm) band. The high spectral
selectivity combined with the high photosensitivity implies the bright prospects
of using the ZnS nanobelts as “visible-blind” UV photodetectors in many areas
[35]. The direct bandgap makes ZnS a promising material for fabricating optoe-
lectronic devices. In Figure 26 typical SEM images show that the nanobelts can
grow up to a millimeter in length. TEM observation reveals that ZnS nanostruc-
ture has the belt-like geometry and transparency. The typical width of nanobelts
is in the range of 200 nm to 1 um were also observed. All of these phenomena
indicate that the individual & multiple ZnS nanostructure can be used as “visi-
ble-blind” UV light photodetector with high sensitivity, selectivity and fast time

response.

@ ()

Figure 26. (a) An optical micrograph of an individual ZnS nanobelt-based UV sensor

array composed of individual structures. (b) and (c) A schematic illustration of an
individual ZnS nanobelt configured as a photodetector and a representative SEM image
of a single-crystalline ZnS nanobelt device.

4. Conclusions

In this review work, as a doping element Cu shows the lowest bandgap that is
3.47 eV and its crystallite size is also suitable which constitutes 11 nm for 5%
concentration. Small crystallite size produces uniform, dense and homogenous
surface which is one of the most important requirements for the deposition of
the ultrathin film. On the other hand, all of the doping elements show that
transmittance decreased with increasing concentration because of higher ab-
sorption. But in the range of transmission 60% - 80% which could be used in
various applications of Zn$ such as sensors. Moreover ZnS:Cu** with effective
surfactants such as TOPO, SHMP, PEG shows that it helps to reduce crystal size
and eliminate defects. Among the surfactants the TOPO molecules are com-
pletely covered the ZnS:Cu** surface and crystallinity is improved. This result
indicates the potential applications of the surfactant-capped ZnS:Cu** nano-
particles in nanoscale fluorescent probes for biological and medical applica-
tions. Ultrafine ZnS is a mixture of commercial ZnS powder, while C powder

and S powder are successful as a field emitter. Catalytic activities give helps CO,
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reduction with ZnS suspension. As a buffer layer in CIGS solar cell, ZnS is more
efficient then CdS which upholds 18.1% of efficiency. The conductance of ZnS
nanobelts as a function of oxygen pressure in logarithmic scale utilized as a gas
sensor. Zn$S/silica FET's were used for biological sensing and fuel cells are used
for mobile electricity generation. ZnS nanowires have a great potential for na-
nogenerator as well as humidity sensing applications. It is also considered as the
most suitable candidates for EL devices.

From our understanding of above study is not a complete outcome for ZnS
rather than some partially interpretation of ZnS as recent analysis. Therefore, for
a complete report on ZnS study needed a wide variety of comparison by taking
most possible elements doping on ZnS. Which demands more precise experi-
mental data and finding them from numerous article is a challenging criterion.
However more work on turning the ZnS conductivity, bandgap, surface, and
optical properties in a more controllable way can give those precise data. And
this will facilitate the most conceivable development of applications for sensors,
FET, LEDs, Solar cell and other optoelectronic devices based on ZnS nanostruc-
tures. Eventually, for technological applications of Zn§ thin film synthesis, posi-
tioning and interconnection of these building blocks are needed for the direct
integration. Also, a reliable post-assembly process of nanostructures is necessary

to implement them in a well-established manufacturing process.
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