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Abstract: The arrangement, structure and formation of nanocrystals depend on the thermal treatment. This work
focuses on the influences of the thermal treatment of manganese-doped zinc sulphide (ZnS:Mn) nanocrystals
on their self-arrangement. A film was prepared by the sol gel method and layered by spin coating after 48 hours
of stirring. We have found that a nanocrystalline layer of good quality can be obtained if a longer annealing
treatment is applied. 
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INTRODUCTION nitrate hexahydrate and manganese acetate were

Recently, several physical and chemical methods Then, thiourea was added to this solution as the source
have  been  used  for   the   fabrication   of  nanocrystals of sulphur. The solution was mixed using a magnetic
[1-20]. The  development  of  good  nanocrystals  with stirrer at 300 rpm. After 48 hours of stirring, a clear and
well-aligned morphology is impacted by many factors transparent sol was obtained. Then, the films were
such as the reactant, concentration, solvent, temperature, prepared by spin coating on glass slide substrates. Two
interactions   between   nanoparticles   and   reaction  time coated thin film samples were heated from room
[1-7, 20-26]. Some studies reported that the thermal temperature to 300°C at 3°C/min and 0.5°C/min ramping
stability of nanocrystalline materials affected the rates. Afterwards, the thin films remained at the peak
formation of nanocrystals. Thus, the study of nanocrystal temperature for 60 minutes before ramping down at the
thermal stability has been an urgent issue from the normal rates. The thin film layers were then inspected
viewpoint of practical applications and theoretical under FE-SEM with 3 kV  electron  energy to determine
research. Here, we developed a convenient sol gel the morphology of the Mn-doped ZnS in the as-delivered
approach assisted by a self-assembly technique for the condition. The FE-SEM micrographs displayed rounded
synthesis  of  ZnS:Mn  nanocrystals.  The  physical particles with a relatively homogeneous and
characteristics of ZnS:Mn such as surface properties was inhomogeneous size distribution.
determined. The prepared nano ZnS: Mn material was
characterized by energy dispersive x-ray (EDX) RESULTS AND DISCUSSION
spectroscopy, UV-Vis spectrometry (Perkin Elmer Lambda
35)  and  field  emission  scanning  electron  microscopy Optical Properties and Morphology of Nanocrystals after
(FE-SEM). the Annealing Process: The optical properties of the

Experimental Part: Mn-doped ZnS nanocrystals were transmittance and absorbance measurements in the range
synthesized by a self-assembly technique through the of 200-1000 nm. Fig. 1 shows the transmission and
sol-gel method. To prepare nanocrystals of ZnS:Mn, zinc absorption  spectra  of nanocrystalline ZnS:Mn thin films.

dissolved in a solution of 2-propanol and distilled water.

ZnS:Mn nanocrystalline thin films were determined from
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Fig. 1: Transmission and absorption spectra for different annealing treatment

Fig. 2: Representative energy dispersive X-ray spectrum for ZnS:Mn nanocrystals with different thermal treatments

The results for both conditions show an optical nanocrystals. In other words, the morphology of the
transmittance over of 88% in the visible region. ZnS has nanocrystals was not well aligned. 
good absorption for light in  the  wavelength  of  range The FESEM image in Fig. 3 demonstrates the
220 nm-350 nm as shown in Fig. 1. In same figure, it  can optimum growth conditions at a relatively low annealing
be seen that the strongest absorption peak of the as- temperature of Mn-doped ZnS nanocrystals. The high
prepared  sample  appears at around 250 nm, which is magnification FESEM images reveals that the product
fairly blue  shifted  from  the  absorption  edge  of  the consists of nano-sized spherical particles with
bulk ZnS (345 nm). This shift is due to the quantum nanocrystals formed in a range of 15-30 nm. The annealing
confinement  effect as  mentioned by Sarkar et al. [29]. temperature affects the configurations of the nanocrystals
The  longer-duration   clearly   has  high  absorption in for  both samples. When the reaction annealing time is
the absorption graph, while it has a lower transmission fast (8 hrs), the crystallization of the product is poor and
percentage in the transmission graph. the particles are not properly aligned, some particles

Figure 2  shows  the elemental concentration of the agglomerate to a great extent. The interstitials space is
samples, confirming the composition of Mn-doped ZnS. also not completely filled. On the hand, at the longer
The EDX analysis shows high intensity peaks assigned annealing time (41 hrs), the Mn-doped ZnS nanocrystals
to elemental zinc (Zn), sulphur (S) and manganese (Mn) are clearly well aligned. The annealing temperature
characteristics lines. The atomic percentages were found duration is an important factor for the morphological
to be 67.55 %, 28.50 % and-, 3.95 % (0.5°C/min) and evolution of the structures. The shorter annealing
65.33%, 26.84% and-, 7.83% (3.0°C/min) respectively. In duration does not favor uniform nanocrystals.
Fig. 2a, the atomic percentage of silicon (as a  substrate) Furthermore, the product obtained with the shorter
is  high  compared to that in Fig. 2b because the surface duration is the aggregation of inhomogeneous
on the substrate was not fully filled with ZnS:Mn nanocrystals as shown in Fig. 3a and 3b. 
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Fig. 3: (a) High and (b) low magnification FESEM images of the ZnS:Mn nanocrystals generated with the shorter
annealing duration (c) FESEM image for the longer annealing duration (d) cross sectional surface for the longer
annealing duration.

In contrast, the sample synthesized at a longer (rotational and vibrational kinetic energy). Under high
duration is composed of relatively uniform nanocrystals temperature, the nanocrystals had more motion due to the
with diameters of several nanometers. With short high energy. The movement was random and not a static
annealing  times,  the  crystallization process is expected vibration as in the first step. At the initial stage, atoms
to  be  fast,  which is critical for the control of the were held close to each other and vibrated, but they
reduction kinetics. Therefore the size of the nanoparticles stayed in close proximity. However, in this stage, the
can be expected to be inhomogeneous. Hence, it is kinetic energy of the atoms was greater and thus they
difficult to form a layer with good nanocrystals were much further apart and more free of each other.
arrangement. For the sample with longer duration During cooling time, the energy decreased. In this stage,
annealing however, the crystallization process is slow and only reorientation of random atoms or the atomic
fully under control, so the results are more uniform and arrangement of ZnS:Mn nanocrystals might occur in the
more homogeneous. system. The ZnS:Mn nanocrystals attached side-by-side

The  thin film  layer  is clearly defined as shown in to self assemble. A schematic illustration of the
Fig. 3d. The intense thermal treatment with longer development of self-assembled ZnS:Mn nanocrystals is
annealing time improves the reaction efficiency and shown in Fig. 4.
crystallinity. Therefore, the amount of thermal energy
received  by  the  nanocrystals  is  sufficiently high for Kinetics and Potential Energy of Nanocrystalline
atomic re-ordering or agglomeration effects. Based on the ZnS:Mn the During Annealing Process: Nanocrystal
mechanism of crystallization, the kinetics of the transition arrangements within a drop of dilute ZnS:Mn
and chemical reactions are related to the annealing nanocrystals on glass slides formed spontaneously after
temperature, which is recognized as a primary factor for spin coating process. However, the actual arrangement
the promotion of crystallization. resulted from the heat treatment process. In the thermal

In this work, the formation and self-assembly of Mn- process, the formation of alignments can be modelled as
doped ZnS nanocrystals mainly occurred via three steps. a gas system. The motion of the nanocrystals can be
At the initial stage, ZnS:Mn was formed, leading to the controlled by the total energy in the system, which is the
formation of many primary nanocrystals. The sum of the kinetic and potential energies. Hence, a general
nanocrystals had a low kinetic energy due to translational total energy, E(T) dependence on temperature during the
kinetic energy and the internal energy of each particle process can be obtained by:
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Fig. 4: Schematic illustration of the mechanism of formation of the Mn doped ZnS nanocrystals

Fig. 5: R is the radius, r is the distance from both centres Fig. 6 and Fig. 7. Specifically, if the nanocrystals are in the
of the nanocrystals and l is the distance between static position, the system has potential energy as in the
nanocrystals. first stage. The kinetic energy is less than 250 x 10 J

(1) temperature. When the system is heated, the nanocrystals

where KE(T) is the kinetic energy and PE(T) is the into kinetic energy. The nanocrystals increase their speed
potential energy. The kinetic energy form can be written as they move into the potential ‘well’, reaching maximum
as Eq. 2: kinetic energy when they reach the minimum of the

(2) potential (near T = 300°C). The nanocrystals then stretch

where the equation is equal to the kinetic energy of the again until it equals its initial value. During this cooling
electron, (1/2)mnVth 2 (30). Here, kB is the Boltzmann time, the nanocrystal motion decreases and at the same
constant, T is the temperature in Kelvin, Vth is the thermal time, the nanocrystals experience stronger attraction due
velocity and mn is the electron effective mass. The to screening of the van der Waals force between them.
potential energy is derived from van der Waals attraction Fig. 8 shows the kinetic and potential energies during the
[27]. Normally, this force has three different types: annealing process, these energies mirror each other
Keesom interactions, Debye interactions and London because their sum, the total energy, should remain
interactions [28]. In this case, however, the Keesom constant.
interaction is considered because it occurs between To further investigate the effect of temperature
molecules with permanent dipoles. ZnS:Mn nanocrystals ramping rate with time, we consider the kinetic energy
have permanent dipole forces in the covalent bond, dependence on time as:
resulting in the sharing of a pair of electrons. The Keesom
interaction is expressed as follows: (4)

(3) for the initial stage. In the final stage, kinetic energy

Here r is the distance from the centres of both
nanocrystals, µ is the dipole moment of each molecule and
å is the dielectric constants. Fig. 5 shows the schematic
representation of two nanocrystals labeled with the
parameters.

Based on Eq. 2 and Eq. 3, the kinetic and potential
energy dependences on the temperature  are  plotted in

-23

because of the thermal energy in the system at room

are free to move and this potential energy is converted

past the equilibrium position and the energy increases

becomes:
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Fig. 6: The kinetic and potential energy dependence on Fig. 7: The kinetic and potential energy dependence on
temperature for the first stage. temperature for the final stage.

Fig. 8: The kinetic and potential energy during the annealing process

Fig. 9: The kinetic energy for the first stage with different temperature ramping rate effects.

Fig. 10: The kinetic energy for the final stage with different temperature ramping rate effects.
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(5) 3. Kuenle, M., S. Janz, O. Eibl, C. Berthold, V. Presser

where t is the time, T is the temperature and n is the
temperature ramping rate. Graphs with different
temperature ramping rates (n = 5°C/min, 3°C/min,
0.5°C/min and 0.3°C/min) are plotted in Fig. 9 and Fig. 10.
In  both  of  the  graphs, when the temperature ramping
rate  is  lower,  a  longer  duration  is  required  to  reach
300°C   and   then   cool   down    to     room    temperature.
Hence, nanocrystal arrangement can be better when a
lower temperature ramping rate is applied due to the
crystallization process in stage 3, in which the process is
fully under control during slow ramping in contrast to the
lack of control observed with faster ramping. A similar
result can be obtained for the potential energy
dependence on time by using different temperature
ramping rates.

CONCLUSIONS

In this work, the effects of thermal treatment during
the formation of a Mn-doped ZnS nanocrystal system
were studied as a determinant factor in the self-assembly
mechanism after deposition. It was shown in a standard
synthesis procedure that depending on the heating
temperature duration, it is possible to achieve well-
organized arrays or agglomerates. The quality increases
with increasing duration at slow ramping rate. Thus, the
longer annealing time was found to be sufficient to
produce ZnS:Mn nanoparticles thin film layers of good
quality using the sol gel method through the self
assembly fabrication technique. 
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