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Abstract

The mechanochemical process denoted as mechanically-induced self-sustaining reaction
was successfully applied in obtaining Mn-doped ZnS samples with a Mn content between
0 and 5 mol%. The process consists in milling Zn/Mn/S powder elemental mixtures with
the appropriate stoichiometry, which promotes after approximately 80 min the induction
of a combustion reaction. The doping level was properly adjusted by controlling the
atomic ratio of the starting mixture. A complete characterization of samples was carried
out, including X-ray diffraction, high-resolution transmission electron microscopy,
selected area electron diffraction, energy dispersive X-ray spectroscopy, Raman
spectroscopy, diffuse reflectance UV—Vis spectroscopy and emission and excitation
photoluminescence measurements. A wurtzite structure, in which Mn?* replace Zn?*, was
obtained with a nanometric character. The photoluminescence of samples showed the
characteristic Mn?* 4T1-5A; emission that was highly dependent on the doping level. The
maximum luminescence efficiency through the ZnS excitation was found for a doping
value of 1 mol%. The photoluminescence showed virtually no contribution from the host

emission, which confirmed that samples were properly doped.
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1. INTRODUCTION

The applications of nontoxic ZnS in some fields, such as solar cells, bioimaging,
sensors and optoelectronics, are limited due to the wide-band gap energy (3.6 and 3.8 eV
for the zinc blende and wurtzite structures, respectively). Doping is a successful strategy
to overcome this limitation since it introduces intermediate-energy levels in the band gap
region [1-4]. Therefore, new electronic transitions and de-excitation paths between
excited and ground states are possible and allow obtaining multiple wavelength emissions
in the visible from a single excitation source [5]. Mn?*is a common doping ion that
induces an extra orange luminescence at ~ 580 nm in ZnS under near UV excitation as a
result of the strong interaction between the Mn?* d states and the band states of the ZnS
host [6]. The excited electrons from the conduction band (or the surface states of ZnS)
are transferred to the Mn d levels, through which the radiative de-excitation at ~ 580 nm
occurs via the *T1-8A; transition [7]. The percentage of dopant strongly affects the
photoluminescence emission of ZnS. At increasing Mn concentrations, the orange
luminescence is firstly enhanced, reaching a maximum at a critical dopant concentration,
from which luminescence progressively quenches due to recombination processes.
However, there is a controversy in the literature about the critical dopant concentration
value allowing the maximum luminescence efficiency [8-10], as it is highly dependent on

the synthesis method and the final morphology of Mn-doped ZnS.

Mn-doped ZnS is frequently synthesized by low temperature solution-based
methods (precipitation, microemulsion, sol-gel, hydrothermal, reverse micelle...) [11-
14] or evaporation processes (thermal evaporation, chemical vapor deposition...) [15,16].
These methods have some disadvantageous, such as high chemical complexity, the use
of expensive chemical reagents, the need for prolonged reaction time and/or high pressure

conditions. Moreover, the Mn?* concentration incorporated in ZnS is sometimes lower



than the Mn?* precursor concentration present during the synthesis procedure [17,18].
Combustion synthesis methods, which use the high exothermic character of a reaction to
form the desired product, have also been reported to obtain Mn-doped ZnS [19-24]. These
methods are claimed to be direct, simple, cost-effective, time-saving and suitable for large
scale production [25]. The reactions involved in these methods are exothermic enough to
proceed, once ignited, in a self-sustaining manner, in such a way that the full conversion

can be achieved in a short period of time without any additional external energy input.

Combustion synthesis methods differ, among other aspects, in how ignition is
induced and the nature of the self-sustained driven reaction. For example, in solution
combustion synthesis (SCS), which is carried in an aqueous solution, the heat release
during the process comes mainly from the oxidation of an organic fuel and not from the
formation reaction of the intended product [19,26]. This contrasts with self-propagating
high-temperature synthesis (SHS), a solid state process in which the own formation
reaction of the product is the source of the heat release during the process [20-24,27].
Note that ZnS formation from elemental Zn/S mixtures is highly exothermic (AH? = —205
kJ/mol) [28], with an adiabatic temperature (Taq) of 2173 K [21] that fulfills the empirical
criterion (Tad > 1800 K) [29] for the occurrence of combustion processes. Moreover, it
has been shown in the bibliography that it is also possible to ignite a combustion reaction
by applying mechanical energy (for example, by ball milling) to highly exothermic
reactant mixtures [30]. In these cases, the mechanochemical process that induces a
combustion process is referred to as a mechanically induced self-sustaining reaction
(MSR). In this sense, ZnS has already been obtained by MSR from Zn/S mixtures [31-
34]. Therefore, it would also be possible to synthesize Mn-doped ZnS by this same
procedure, since the introduction of small amounts of Mn in the reactant mixture would

not change ostensibly the exothermic character of the process.



Few reports can be found in the bibliography dealing with the synthesis of Mn-
doped ZnS by ball milling methods [35-38]. In [35] and [36] Mn-doped ZnS samples
were obtained by milling Zn, S and Mn powders. The authors did not observe a
combustion process and obtained a zinc blende major phase after several hours of milling.
Tolia et al [37] synthesized by a mechanochemical method doped sulfide samples from
zinc acetate, manganese acetate and sodium sulfide. Finally, Hamaguchi et al [38],
starting from commercial microsized ZnS:Mn?*, obtained ZnS:Mn?* nanoparticles by ball
milling in a solvent medium. Nevertheless, in this work, a comminution process and not
a mechanochemical one was carried out, since no chemical changes were induced during
milling, but only a reduction of the particle size. Considering this background, the aim of
the present work was to study, first, the ability of the MSR process to obtain Mn-doped
ZnS from elemental mixtures and, second, to investigate the structure, microstructure and
photoluminescence properties of such-as obtained samples as a function of the doping

level.

2. EXPERIMENTAL PROCEDURE

Zinc powder (99% pure, < 325 mesh, Strem Chemicals), sulfur powder (99.5%
pure, < 325 mesh, Alfa Aesar), manganese powder (99.3% pure, < 325 mesh, Alfa Aesar)
and high-purity argon gas (H20 and Oz < 3 ppm, Linde) were used in this work for the
synthesis of Mn-doped ZnS by an MSR process using a planetary ball mill (Micro Mill
Pulverisette 7, Fritsch). All of the milling experiments were conducted under an Ar
atmosphere (6 bar) using 3 g of Mn/Zn/S elemental mixtures with different Mn doping
level (0, 0.5, 1, 1.5, 2, 3, 4 and 5 mol%). Six AISI 420C stainless steel balls (d = 15 mm
and m = 13.7 g), a 60 mL tempered steel vial (inner diameter = 45 mm) and a rotational

speed of the supporting disk of 400 rpm were employed. The occurrence of an MSR
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process could be detected during milling, since the vial with a special lid was continuously
connected to the gas cylinder by a rotating union (model 1005-163-038, Deublin) and a
semi-rigid polyamide tube (Legris), and the Ar pressure was monitored by a pressure
transducer (AKS, Danfoss) connected to a paperless recorder (Ecograph T RSG35,
Endress + Hauser). At ignition, the heat released by the exothermic reaction of the Mn-
doped ZnS formation provokes an instantaneous increase in the total pressure of the
system that resulted in the appearance of a sharp peak in the pressure-time record. The
critical milling time necessary to induce ignition is called the ignition time (tig) and
depends on the milling conditions. For all samples, milling was stopped 10 min after the
detection of ignition in the pressure-time record, which occurred approximately after 80

min of milling (Figure 1).
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Figure 1. Plot of the pressure-time record during the MSR process corresponding to the formation
of Mn (3 mol%)-doped ZnS sample, from which tig can be properly determined.

XRD patterns of samples were obtained on a X'Pert Pro MPD diffractometer
(PANalytical) equipped with a 6/0 goniometer, a graphite-diffracted beam

monochromator and a solid-state detector (X'Cellerator). The diffraction patterns were
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acquired using Cu Ko radiation over a 20-range of 10° to 140° with a step size of 0.033°
and a counting time of 800 s/step. Silicon powder (Standard Reference Material 640c,
NIST) was used for calibration of the diffraction line positions. The quantification of
phases detected in the XRD patterns was performed by means of the Rietveld method
using the FULLPROF program. Background points, zero point, scale factor, pseudo-
Voigt parameters of the peak shape and cell parameters were refined. The following
reference diffraction patterns from the PDF-4 + database of the International Centre for
Diffraction Data (ICDD) were used as the initial model: ZnS (F-43m, a =b = ¢ = 5.4060
A; 05-0566) and ZnS (P6smc, a = b = 3.8210, ¢ = 6.2573 A; 36-1450). The transmission
electron microscopy (TEM) and high resolution (HRTEM) images, electron diffraction
patterns (EDP) and energy dispersive X-ray (EDX) spectra, from powder samples
dispersed in ethanol and deposited onto a carbon coated copper grid, were taken on a 200
kV JEOL-2100-PLUS microscope equipped with a LaBg filament (point resolution = 0.25
nm). The HR micrograph analysis, lattice spacing, fast Fourier transform (FFT) and phase
interpretation were done with the Gatan Digital Micrograph software (Gatan Inc.) and the

Java version of the electron microscope software (JEM).

Raman spectroscopy was performed using a dispersive Horiba Jobin Yvon HR800
confocal Raman Microscope (HORIBA) equipped with a charge-coupled device (CCD)
detector at a laser excitation wavelength of 780 nm (red laser). The spectral resolution
was 4 cm™ L. The laser beam was focused on the powder samples with a confocal objective
of 100x. The diffuse reflectance UV—-Vis spectroscopy (DRS) was performed using a
Cary 300 spectrophotometer from 200 to 800 nm. Band gap (Eg) energy was calculated
from the corresponding Kubelka—Munk functions, F(Ro0), which are proportional to the
absorption of radiation, by plotting (F(Reo) x hv)¥2 against hv. The emission and

excitation photoluminescence spectra (PL and PLE) of samples were measured using a



FLS1000 photoluminescence spectrometer (Edinburgh Instruments) with a 450 W ozone
free xenon arc lamp that covers a range of 230-1000 nm and equipped with a solid sample
holder with inserts for measurement of powder samples. This arrangement allows not
only keeping an approximately constant amount of sample, but also preserving the

geometry for reproducible luminescence measurements.

3. RESULTS AND DISCUSSION

Figure 2 shows the XRD patterns of the Mn-doped ZnS samples with different
doping levels obtained by MSR from the Zn/Mn/S mixtures. XRD patterns show that Mn-
doped ZnS samples were obtained with the wurtzite structure, although the presence of a
small amount of starting Zn and S, which can be eliminated by prolonging milling longer
after ignition, was also observed. Note that most reports in the literature refer to doped
samples with the zinc blende structure. Papers related to the wurtzite structure are less
frequent, and the stabilization of this high-temperature phase is mainly correlated with
the formation of special elongated morphologies [8,15,16,39-41]. However, in our case,
the wurtzite phase was obtained due to the high temperatures reached during the MSR
process. Wurtzite has also been observed in samples obtained by other combustion

synthesis processes [20,23,24].

The careful examination of Figure 2 also evidenced a shift of the XRD peaks
towards lower angle values as the Mn content increased, which was more clearly visible
for samples with a higher Mn doping level. This shift was clear evidence that Mn ions
were effectively incorporated into the ZnS structure during the synthesis by the MSR
process. The lattice parameters determined from the Rietveld method for the wurtzite

phase are shown in Table 1 and it was confirmed the trend of the unit cell volume increase



with the Mn content. The cell parameters for the sample without Mn were in agreement

with those corresponding to the 36-1450 ZnS reference pattern from ICDD.
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Figure 2. (a) XRD patterns of the different Zn/Mn/S mixtures after the MSR process (milling time
= tig + 10 min) that show the formation of Mn-doped ZnS samples. (b) XRD patterns of the same
samples in the 26.5°-27.4° 20 region where the (100) reflection of the wurtzite phase is observed.
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Representative microstructural results obtained for Zng.esMno.02S (2 mol%) and
Zno.95sMnoosS (5 mol%) samples using TEM-related techniques are shown in Figures 3
and 4, respectively. Similar results were obtained for the complete set of samples. TEM
images show the same type of morphology in Figures 3a and 4a. The ring-ED patterns
(Figures 3b and 4b) obtained in both samples were the evidence of a nanocrystalline
character and indicated that the particles observed by TEM, which are forming
agglomerates, are in fact constituted by nanocrystalline domains, as evidenced in the
HRTEM micrographs (Figures 3c and 4c). Such crystalline nanodomains present a size
between 5 and 20 nm; note in Figure 3c that in the HRTEM micrograph with dimension

of 20 x 20 nm, at least 4 nanodomains with different orientations can be observed.



However, in the HRTEM image presented in Figure 4c with similar dimensions (20 x 20
nm), only one nanocrystallite was found. The (h, k, 1) planes corresponding to the rings
(marked in the EDP, Figures 3b and 4b) were indexed and belong to the wurtzite structure

(hexagonal 2H, space group P63mc). Two oriented nanodomains along the [0 0 1]+ and

Figure 3. Microstructural characterization (TEM, EDP, HRTEM and EDX) of Zng.gsMno.o2S
sample (2 mol%) obtained by MSR. A small nanodomain oriented along the [0 O 1].n zone axis
is white marked and the corresponding FFT and simulated EDP are inset in the HRTEM image.
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Figure 4. Microstructural characterization (TEM, EDP, HRTEM and EDX) of ZnggsMngosS
sample (5 mol%) obtained by MSR. A small nanodomain oriented along the [2 1 1],n zOne axis
is white marked and the corresponding FFT and simulated EDP are inset in the HRTEM image.

[2 1 1]o1 zone axes (white marked in Figures 3c and 4c) and their corresponding FFT are
presented as insets in the HRTEM micrographs (Figures 3c and 4c). Some stacking faults
are observed in Figure 3c (marked with a white arrow), which can be generated due to

the rapid crystal growth characterizing combustion processes. Although most of the
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oriented nanodomains found belonged to the wurtzite structure, few nanodomains with

the zinc blende structure (cubic, space group F-43m) were also observed.

The chemical analysis of the samples was carried out by semiquantitative EDX
measurements. Representative spectra of Zno.9esMno2S (2 mol%) and Zno.gsMno.osS (5
mol%) samples are depicted in Figures 3d and 4d, respectively, where the presence of
Mn, Zn and S is confirmed. The average values obtained for the Mn content in different
areas of samples are included in Table 1. Considering the semiquantitative nature of EDX
analysis, a good agreement between the nominal and final doping contents was observed,
which contrasts with the larger differences normally observed in other solution-based
synthetic routes [17,18]. However, a large standard deviation was obtained, suggesting

some chemical heterogeneity between the particles.

TABLE 1. Lattice parameters of the wurtzite structure, the nominal and calculated
by EDX Mn doping level and band gap energy (Eg) of the Mn-doped ZnS samples
obtained by MSR.

nominal Mn lattice parameters Mn doping
doping by EDX Eg (eV)
(mol%) a(A) c () [|volume (A% (mol%)
0 3.8176 6.2503 78.89 0 3.77
0.5 3.8195 6.2522 78.99 0.84+0.34 3.83
1 3.8191 6.2520 78.97 1.30+0.28 3.81
15 3.8199 6.2534 79.02 1.41+0.52 3.78
2 3.8196 6.2526 79.00 1.84+0.62 3.82
3 3.8211 6.2540 79.08 3.12+1.24 3.82
4 3.8229 6.2565 79.19 3.42+1.34 3.78
5 3.8243 6.2584 79.27 5.74+2.78 3.79

Figure 5 displays the Raman spectra in the 100-400 cm™ range of samples with
nominal dopant levels of 0, 2 and 5 mol%. The Raman spectrum of the ZnS sample is
characteristic of the wurtzite structure and similar to others reported in the literature for

this same structure [42,43]. It is dominated by strong first-order unresolved longitudinal
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optical (LO) modes (A1 and E1 symmetry) located at ~ 343 cm, although broad features
in the 125-250 cm™ range are also observed, which are associated with different second-
order acoustic modes [44,45]. The absence of the transverse optical (TO) modes around
280 cm™ is due to the use of a red laser excitation line and it is the result of destructive
interference phenomena [43]. The strong LO mode and the absence of surface optical
(SO) modes observed for the undoped ZnS sample confirm a good crystalline quality. In
Mn-doped samples, new bands that grow with the Mn content are observed in Figure 5
(marked with arrows). It has already been reported that when Mn is substituted for Zn
within the ZnS lattice, even at low concentration, three additional Raman bands appear
between the TO and LO modes of ZnS [46,47]. Therefore, Raman characterization also

confirms the effective doping of Mn in ZnS through the MSR process.
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Figure 5. Raman spectra of the Mn-doped ZnS samples obtained by MSR from different Zn/Mn/S
mixtures.

Figure 6 shows the DRS spectra of the different Mn-doped ZnS samples in the
200-800 nm range. The differences between the spectra are small, since the Mn content

in all the samples was low (a doping level) and the DRS spectra are dominated by the
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behavior of the ZnS host. The E4 values determined for the different samples were similar,
within a narrow energy range of 3.77-3.83 eV, which agree with the expected value for
ZnS with wurtzite structure [48]. However, noticeable differences were found when the

photoluminescence properties are considered.
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Figure 6. DRS spectra of the Mn-doped ZnS samples obtained by MSR from different Zn/Mn/S
mixtures.

Figure 7 shows the PL spectra of the Mn-doped ZnS samples recorded at the
excitation wavelength of 337 nm, in which an intense emission at 587 nm corresponding
to the Mn?* 4T1-°A; d-d transition is observed. The Mn?* emission clearly dominates the
different spectra, which show practically no contribution from the ZnS host. In the
undoped sample, only the characteristic ZnS emission, with a significantly lower
intensity, was observed. Note that this emission is red-shifted (lower energy) with respect
to the theoretical band gap emission. The broad asymmetric emission band of the undoped
sample, which can be decomposed at least into three contributions at ~ 416, 437 and 465
nm, is the result of the presence of different excited surface and defect states in the sample

[1,49]. Figure 8 shows the PLE spectra of the Mn-doped ZnS samples monitored at 587
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nm, which is characterized by the presence of a strong peak at ~ 349 nm that corresponds
to the excitation of the ZnS host. The presence of the Mn emission in the doped samples,
its induction through the ZnS host excitation and its high intensity with respect to the ZnS
emission, which is practically suppressed, confirmed that Mn was successfully
incorporated into the ZnS wurtzite structure (Mn?* substitutes for Zn?*) during the MSR
process, facilitating an efficient energy transfer from the excited ZnS host to the Mn

electronic d levels.
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Figure 7. PL emission spectra of the Mn-doped ZnS samples obtained by MSR measured under
the excitation wavelength of 337 nm.

Moreover, Figure 7 also shows a strong dependence of PL intensity on the dopant
content. The maximum PL intensity at 587 nm was reached for a nominal dopant level of
1 mol%, from which a decrease in the luminescence efficiency was observed by
increasing the Mn content. This optimum Mn content must be the maximum
concentration that allows the presence of a major amount of isolated Mn?* jons in the host
structure, since the efficiency is lost due to concentration quenching as a consequence of

Mn-Mn interactions between neighboring Mn ions [50]. This optimum doping level found
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Is in agreement with other works dealing with samples obtained by solution chemical
routes and in which the actual doping level was determined by analytical techniques
[17,18]. Note that in our case the Mn-doped ZnS samples present the wurtzite structure,
but any difference was observed with respect to results found in the literature for doped

samples with the zinc blende structure.
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Figure 8. PLE excitation spectra of the Mn-doped ZnS samples obtained by MSR
recorded for the 587 nm emission band.

The results found in the bibliography on Mn-doped ZnS obtained by combustion
synthesis processes were somewhat contradictory when compared with our results. In
[19], the characteristic Mn?* emission was not observed, probably due to the high doping
level employed (30 and 50 mol%). However, this emission was observed in [20,23],
although the synthesis method only could incorporate 1 wt.% of Mn?* into the ZnS crystal
lattice, despite using a larger Mn content in the reaction mixture. In [22], the maximum
intensity of the photoluminescence at ~ 585 nm was observed in specimens with Mn
contents of 0.5 mol%. Finally, in [24], Mn-doped ZnS samples with a nominal Mn content

of 1 wt.% were obtained, which presented the Mn?* emission, but the PL spectra showed
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a non-negligible contribution of the ZnS host, probably because the actual Mn content

incorporated into the ZnS structure was lower.

On the other hand, optimal Mn contents greater than 1 mol% have been reported
in doped samples obtained by solid-state synthesis methods. For example, in Mn-doped
ZnS obtained by annealing a mixture of ZnS and Mn at 800°C in a sealed vessel, a
maximum luminescence was found for a 3 mol% Mn content [51]. Wang et al [52]
prepared Mn-doped ZnS from ZnS and MnCOz mixtures annealed at 1100°C and found
an optimal Mn?* doping concentration of 1-2 at.%. A similar optimal Mn content of 3
mol% has been reported for Mn-doped ZnS obtained from ZnS and MnO mixtures at
1100°C [53]. However, Wang et al [54], in Mn-doped ZnS synthesized from zinc acetate,
manganese acetate and thioacetamide mixtures annealed at low temperature (100-300°C),
observed no quenching phenomena and an emission intensity that increased

proportionally with the doping concentration in the 1-5% range studied.

Finally, if the results of the present work are compared with those of other works
dealing with milling processes, important differences were also found. For example, in
[35,36], the PL measurements performed in Mn-doped ZnS samples obtained by milling
Zn, Mn and S did not evidence the characteristic emission at ~ 580 nm, which infers that
the samples were not properly doped. In [37], any luminescence measurement was shown
and in [38], the comminution of commercial microsized ZnS:Mn?* samples induced only

a slight improvement in PL spectra.

4. CONCLUSIONS

The ability of the mechanically-induced self-sustaining reaction (MSR) process to

obtain Mn-doped ZnS samples was demonstrated. This synthetic method, which is simple
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and allows the scaling up, permits an adequate control of the Mn doping level by adjusting
the starting Zn/Mn/S atomic ratio of the elemental mixture subjected to milling. A
wurtzite structure was obtained as a result of the high exothermic character of the
formation reaction that induced a combustion process. The microstructural
characterization showed that wurtzite particles were composed of misoriented
nanocrystalline domains. The band gap of doped samples was practically constant in the
range 3.77-3.83 eV, independently of Mn content. Photoluminescence measurements
showed the characteristic 587 nm emission corresponding to the Mn?* *T;-°A; d-d
transition. A strong dependence of the intensity of this emission on the doping level was
found. The maximum emission was observed for a nominal doping level of 1 mol%, from
which a quenching phenomenon was observed. The fact that the Mn emission was
effectively induced through the ZnS host excitation and the suppression of the host
emission confirmed that Mn?* substitutes for Zn?* in the wurtzite structure. The effective

Mn doping was also confirmed by Raman spectroscopy.
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