Chapter 1

ZnS and ZnO Semiconductor
Nanoparticles Doped with Mn?** Ions. Size
Effects Investigated by EPR Spectroscopy

M. Stefan, S.V. Nistor and D. Ghica

Abstract Electron paramagnetic resonance (EPR) spectroscopy has been
extensively employed to investigate the presence, localization, distribution and
interaction with the host crystalline lattice of the paramagnetic point defects
(intrinsic defects and transition metal ions) in semiconductors. The retrieval of such
information for nanostructured semiconductors is considerably more difficult, due to
the high disorder level in such systems, reflected in broad, featureless EPR spectra.
We show here how, with proper adjustments of the EPR experiments and accurate
numerical analysis of the resulting spectra, it was possible to obtain more accurate
information regarding the localization and structure of various Mn>* centers in ZnS
and ZnO semiconductor nanoparticles (NPs). This lead to the observation and
investigation of size related effects such as the presence of the extended lattice defect
assisted incorporation of impurities in small (~3 nm) cubic ZnS NPs, the dominant
size induced lattice disorder observed for ZnO NPs, independent of the synthesis
procedures, or the three steps decomposition of the e-Zn(OH), disordered shell of
ZnS NPs with formation of new oxy-hydrated zinc compounds. These effects can be
used to synthesize semiconductor nanoparticles with controlled size distribution,
doping level and functionalized surfaces for specific technological applications.

1.1 Introduction

Small size (d < 10 nm) II-VI semiconductor nanoparticles (NPs) doped with
transition metal ions (TMIs) have been intensely investigated during the last two
decades in search for superior or even new optical, electrical and magnetic prop-
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erties, associated with the reduced size, for a wide range of technological appli-
cations [1-3]. One of the envisaged goals has been to use size effects to tailor the
material properties. The main size related factors affecting the semiconductor NP
properties are the quantum confinement and the large surface to volume ratio which
could lead to the dominance of surface over the core effects in the physico-chemical
properties. For very small NPs (<3 nm), where more than 30 % of atoms are in the
surface layer, the surface states can strongly influence the core structural properties
as well [4, 5].

Doping with well-chosen impurities is one of the most widely used techniques to
alter the electric and optical properties of a bulk semiconductor. During the last
decade doping with activation ions has been explored extensively as a technique to
further modify the properties of semiconductor nanoparticles [6, 7]. The largest part
of the research efforts was focused on wide band-gap ZnS and ZnO semiconductor
NPs doped with TMIs, due to their exceptional intrinsic physical properties [3,
8—10] and their singular non-toxic character between the II-VI compounds, of
special interest in bio-medical applications [11, 12].

One of the most investigated activating ions is Mn>*, whose presence in the host
semiconductors gives rise to exceptional optical and magnetic properties [8, 9, 13].
Doping II-VI nanostructured semiconductors with Mn®* ions leads to high fluo-
rescence efficiency and magnetic ordering, with potential applications for lumi-
nescent and spintronic devices, respectively [3, 14, 15]. Moreover, large
concentrations of Mn>* ions incorporated at substitutional sites can modify the
lattice parameters as well as the band gap of semiconducting nanomaterials.

The efficient tailoring of the doped nanostructured semiconductor properties for
various applications cannot be achieved without accurate knowledge of the local-
ization, concentration and electronic state properties of the doping Mn** ions. The
method of choice for obtaining such information is the electron paramagnetic
resonance (EPR)/electron spin resonance (ESR) spectroscopy [16, 17]. EPR has
played a key role in the study of point defects in bulk semiconductors for more than
sixty years, as the most powerful tool for defect identification and atomic structure
determination. EPR data can complement the information gained by other structural
methods, being able for instance to provide information about the presence of
minute amounts of different phases/compounds, which are below the ~2 %
detection limit of X-ray diffraction (XRD) and/or have a highly disordered structure
and can be observed but not identified by transmission electron microscopy (TEM).

In the particular case of semiconductor nanoparticles, EPR spectroscopy can
offer accurate information concerning the localization of the activating TMIs in the
volume and on the surface of the nanoparticles, the configuration of their neigh-
boring ligands and the local structural/bonding modifications induced by external
excitations (temperature, radiation). It should be noted that the Mn?* ions are
particularly suitable as sensitive atomic probes in Zn based compounds, as they
have similar charge state and very close ionic radius with the host Zn** cations [18].
They can also be employed as EPR probes with low perturbing effects to observe
the fine changes in the structure and composition of (nano)crystalline II-VI com-
pounds induced by various thermo-chemical treatments [19-24].
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This chapter is focused on the use of EPR to investigate nanostructured ZnS and
ZnO doped with low levels of Mn?* ions, with emphasis on the observed size
related characteristics and properties. The low concentration of these paramagnetic
ions is important for a better resolution of the spectra, allowing more information to
be extracted. The results presented here largely reflect the progress made in the last
few years in our research group from the Center for advanced ESR techniques
(CetRESav: cetresav.infim.ro) in developing methods and software for the accurate
analysis of the EPR spectra of Mn** ions in (nano)crystalline materials with various
degrees of disorder and their use in investigating the local structure of nanosized
ZnS and ZnO. The discourse is structured in two parts, underlying the use of the
developed EPR methods and software for the characterization of defect centers and
for extracting information about the NPs host lattice itself. Thus, in the first part the
determination of the localization of the Mn* ions in small colloidal ZnS and ZnO
NPs is discussed, with special attention paid to the technique used to overcome the
problems associated with the size and disorder of these nanosystems. The second
part presents examples of EPR probing of chemical/structural transformations in
nanostructured semiconductors, such as the preparation of ZnO NPs by thermal
decomposition of Zn based compounds and the crystallization of the resulting
nanostructured ZnO.

1.2 EPR Spectroscopy of Mn>* Ions in (Nano)Crystalline
ZnS and ZnO

EPR consists in the resonant absorption of microwave photons in a sample con-
taining paramagnetic centers/defect centers with unpaired electrons submitted to a
static magnetic field B. An example of paramagnetic centers are the TMIs of
interest, which have unpaired electrons in the inner partially filled shell, giving rise
to a non-zero electron spin angular momentum S and an associated magnetic
moment p, given by:

p=—gps (1.1)

Here g is the gyromagnetic or g-factor and f the Bohr magneton. For weakly
bound electrons g is close to the free electron value g. = 2.0023 and nearly iso-
tropic. The potential energy of the magnetic moment p in the presence of an
external magnetic field B, known as electron Zeeman energy, is described by:

E=-pn-B=fB-g-S (1.2)

In order to illustrate the principle of the magnetic resonance spectroscopy, let us
consider the simple case of a free electron (S = 1/2). In the presence of a magnetic
field the free electron has two energy levels, corresponding to the two magnetic
quantum numbers Mg = + 1/2:
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1
Ey =5 fsB (1.3)

In a typical EPR experiment, the microwave absorption spectrum is obtained by
sweeping the external magnetic field at a fixed microwave frequency, rather than
sweeping the frequency. Commercially available EPR spectrometers are built for
microwave frequencies of 9.4-9.8 GHz (X-band), 34 GHz (Q-band) and 94 GHz
(W-band). For a fixed frequency v, the EPR transition occurs at the magnetic field
value B, where the resonance condition E, — E_ = hv = [igB, is fulfilled, & rep-
resenting the Planck constant.

The interpretation of the EPR spectra is done using the spin-Hamiltonian (SH)
formalism. The EPR study of a paramagnetic center involves measuring microwave
(~1-10 cm™") transitions within a small group of states which lies typi-
cally ~10°-10* cm™" below all others. In a formal way, these ground state levels
can be regarded as an isolated set whose properties may be described without
reference to the other levels. We associate an effective spin S,z to the ground state
manifold, resulted from considering the number of levels in the ground manifold as
(28.4+ 1). The SH is the Hamiltonian operator of the effective spin and, as we show
further, it describes the effect of the external magnetic field, hyperfine (hf) and
crystal field interactions on the ground state levels of the paramagnetic centers [16,
17]. The diagonalization of the Hamiltonian matrix yields the eigenvalues and
eigenstates of the ground manifold under all interactions present. The EPR tran-
sitions, responsible for the resonance lines in the microwave spectrum, can be
derived from the obtained eigenvalues. When only the electron Zeeman interaction
is present, the SH is simply:

H=pB g-S (1.4)

which splits the ground level into 25 + 1 energy levels described by the magnetic
quantum numbers Mg==% S, £(S-1) ....

In the case of TMIs containing nuclear isotopes with non-zero nuclear spin /, the
interaction between the associated hyperfine magnetic field with the unpaired
electron magnetic moment is described by an additional so-called hf term S - A - I
in the spin Hamiltonian, where A is the hf interaction/coupling parameter. Thus, the
resulting SH takes the form:

H=pB-g-S+S-A-I (1.5)

The hf interaction splits each electron level in 27 + 1 sublevels corresponding to
the quantum numbers M; =+ I, = (I — 1) ... Its presence is observed in the EPR
spectra as a hf structure, which is illustrated in Fig. 1.1 for the case of a S =1=1/2
spin system. As depicted in Fig. 1.1b, the EPR transitions occur between levels with
the same M, according to the selection rule for allowed magnetic dipole transitions:
AMs = +1, AM; = 0, when the splitting of the energy levels in the magnetic field
B matches the fixed energy of the microwave quanta hvy,. The EPR lines



1 ZnS and ZnO Semiconductor Nanoparticles Doped ... 7

Fig. 1.1 a The energy levels M,
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corresponding to the allowed transitions are represented below, as derivatives of the
absorption lines, which is the most common way to record an EPR signal.

One should also include in the SH the nuclear Zeeman interaction term
—pPygnB - I due to the interaction between the nuclear magnetic moment and the
external magnetic field, where fy is the nuclear magneton and gy is the nuclear
g-factor, a constant depending on the type of nucleus. However, quite often this
interaction is neglected because of its small value compared with the other inter-
action terms in the SH.

The dopant TMIs localized in the crystal lattice host are subjected to an electric
local crystal field produced by the surrounding lattice ions, mainly by the first shell
of neighboring ions. The local crystal field influences the TMIs through the spin-
orbit interaction related with the presence of an electron orbital magnetic moment as
well. In the absence of any neighboring charge compensating defect, the local point
symmetry properties at the substitutional impurity TMI are usually those corre-
sponding to the substituted lattice ion. They are reflected in the symmetry properties
of the EPR spectra recorded when the host single crystal sample is rotated in the
external magnetic field.

The intensity and symmetry of the local crystal field and the nature of the
neighboring lattice ions are reflected in the interaction parameters of the SH. Thus,
for non-cubic crystal fields both g- and A- parameters can be anisotropic, being
described by (pseudo)tensors [16, 17]. Moreover, for electron spin values S > 1, the
interaction with the crystal field is described by adding new terms in the SH, called
zero field splitting (ZFS) terms, according to the local symmetry.

This interaction will be further illustrated in the case of the Mn®* ions with a S
(3d%) ground electron state, electronic spin § = 5/2 and nuclear spin I = 5/2 from the
100 % abundant >>Mn isotopes. The SH for these ions can be written as [25]:
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H=pB-g-S+S-A-T1+Hzp — fiygvB -1 (1.6)

The ZFS term Hyzg is a sum of the Stevens operators, reflecting the local
symmetry at the paramagnetic ion,

Hyrs = BYO) + B303 + B0 + ByOY (1.7)

where m = 1, 2, 3, 4 [16, 26]. For a cubic local symmetry Bg = B% =0and m =4,
with B} = 5BY. For axial symmetry B3 = 0 and the m value specifies whether the
symmetry axis is tetragonal (m = 4) or trigonal (i = 3), while for rhombic or lower
symmetry all ZFS parameters could be non-zero.

The °S ground electron state of the Mn?* ion, which is weakly interacting with
the lattice host, leads to well resolved EPR spectra, with narrow lines over a broad
temperature range, with a characteristic hyperfine structure of 2/ + 1 = 6 component
lines. The interaction with the crystal field determines further splitting of the energy
levels leading to a fine structure of 25 = 5 components. Considering a single crystal
(SC) sample doped with Mn?* ions, the EPR spectrum for a particular orientation of
the static magnetic field with respect to the sample would consist of 2527 + 1) = 30
lines attributed to the allowed AMg = +1, AM; = 0 transitions, whose positions
vary with the orientation of the magnetic field. As an example, the EPR spectrum of
the Mn?" ions in a cubic ZnS (c¢ZnS) single crystal with high crystal lattice per-
fection, doped with 500 ppm Mn [27], is shown in Fig. 1.2a (top). The spectrum,

Fig. 1.2 a X-band EPR
spectra of the Mn?" ions in
cZnS. Top: single crystal (SC)

spectrum measured along
the (001) crystalline axis.
Bottom: spectrum of a

polycrystalline (PC) sample.
b Detailed view of the non-
central transitions of the Mn>* cznS PC

spectrum in the ¢ZnS PC
sample recorded at higher _—J F_J
gain. The positions of the f—"} F—J
forbidden transitions are r_/—} r_
1 +
I

T T T T T T T T T
9.43 GHz ¢ZnS SC, B || <001>

marked with vertical lines
G .

o

320 330 340 350
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Table 1.1 The SH parameters (g, A, ZFS) of the paramagnetic centers attributed to Mn?* ions in
ZnS with various structures and Zn based compounds

Lattice host/ g A(0*em™Yy | zFS AB,,, (mT)/c(BY) Reference
center 10%em™) (% BY)
¢ZnS single 200225 | —63.88 BY = —0.0444 | 0.097 (X) [27]
cry.stal/substzl; B} = —1.2558
tutional Mn
c¢ZnS NPs/ 2.0022 —63.70 BY=-137 0.31 (X), 0.34 [25]
2+ 0 0
Mn**(I) B = —0.0411 (W)/434%B2, 50 %BY,
Bi=-11549 |50 %Bs
cZnS NPs/ 2.0012 ~80.5 BY = 20-30 0.4 (X, W)/63 %BY [25]
Mn2*(II) for
BY=27x10"*cm™!
cZnS NPs/ 2.0009 —86.8 BY =25-35 1.1 (X, W)/ [25]
Mn?*(III) 53 %BS for
BY=30x10"*cm™!
Mixed poly- 2.0018 —64.9 BS =12.03 [36]
type ZnS By =-0.0411
crystal/trigo- B3 =—1.1549
nal PN
Crystalline &- 2.0010 —87.0 B = 23-200 0.8 (Q)/41 %BY for [22]
Zn(OH)/sub- BY=70x10"*cm™
stitutional
Mn2+

The individual linewidth (AB,,) for a specific microwave frequency band and the broadening parameter o(By’)
are also given

consisting of the 30 allowed transitions, was measured along the {001) crystalline
axis, for which the hyperfine and fine structure are best resolved. By measuring the
variation of the EPR spectra in three mutually perpendicular planes, one can
accurately determine the SH parameters. From these parameters a wealth of
information about the Mn" centers, such as the local symmetry, structure and type
of ligands can be obtained. In the case of the Mn>* impurity ions in the cZnS single
crystals the symmetry properties of the spectrum and the resulting SH parameters
(Table 1.1) showed that the Mn>* ions substituted for the Zn>* ions in nodes with
cubic Ty symmetry [27].

If the measured sample is in a powder form, the information that can be obtained
from the EPR spectrum of the Mn?* ions is considerably reduced due to the spatial
averaging over all crystalline directions. In Fig. 1.2a the bottom EPR spectrum was
recorded on a polycrystalline (PC) cubic ZnS sample consisting of micrometer sized
crystallites, with a similar 500 ppm manganese doping level [25]. Due to the spatial
averaging over all crystalline directions, only the six central hyperfine lines
Mg : —1/2 — +1/2, AM; = 0) of the Mn?* ions, which exhibit a very small
anisotropy, are still visible. The non-central lines (Ms:+1/2 < +3/2,
+3/2 < £5/2, AM; = 0) can barely be distinguished from the noise level, due to
line broadening induced by both higher anisotropy and lattice strains. Figure 1.2b
depicts a spectrum recorded on the same polycrystalline sample, at very high gain,
where the fine structure becomes visible.
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It should be mentioned that for large enough ZFS parameters, especially in non-
cubic crystal fields, the so called hyperfine forbidden transitions, determined by the
selection rules AMg = +1,AM; = +1, with a considerably lower intensity I,
compared to the intensity /, of the allowed transitions, can be more easily observed
in the EPR spectra. For the substitutional Mn?" centers with cubic symmetry in the
¢ZnS SC Iy is very small, cancelling completely along the (001) crystalline axis
[27]. However, as the positions of the ten central forbidden hyperfine transitions
(Mg : —1/2 < +1/2, AM; = +£1) are highly isotropic, their summed intensities in
the ¢ZnS PC spectrum are comparable with the intensities of the non-central
allowed transitions (Fig. 1.2b).

In nanocrystalline powders the EPR spectra of the Mn** ions are further com-
plicated by the increased lattice disorder induced by the surface [4] and wider size
distribution, which results in large fluctuations of the local crystal fields, reflected in
broader lines and associated loss of resolution. Moreover, there are often contri-
butions from several Mn>* centers with partially overlapping lines, due to the
localization of the Mn>* ions at various sites, in the core and on the surface of the
nanoparticles. For such systems the determination of the SH parameters becomes
even more difficult. An example is the case of Mn?* doped cZnS NPs, one of the
most EPR investigated II-VI nano-semiconductor, for which a rather large number
of paramagnetic centers attributed to isolated Mn** ions with different SH param-
eter values and local symmetry were reported in the 1995-2006 decade (see the
review of Bhattacharyya et al. [18]). As discussed in [25], especially for the Mn?*
jons substituting the Zn>* cations, it is very likely that in many cases we are not
dealing with actually different centers, but with different SH parameters reported for
the same centers. Such a situation could result from a lower accuracy in the
determination of the SH parameters, due to both too low resolution of the inves-
tigated EPR spectra and not sufficiently accurate analysis.

In order to overcome these problems we have developed an accurate analysis
procedure based on the lineshape simulation and fitting of the multifrequency EPR
spectra [25]. The advantage of measuring the EPR spectra of a sample at two
different frequencies is that (1) it is possible to better separate the lines from various
paramagnetic centers and (2) the effect of the different SH terms on the EPR
transitions position and intensity varies with the measuring frequency.

Figure 1.3 displays the higher resolution EPR spectra of Mn”* centers in a
powder sample of cZnS nanoparticles self-assembled into a mesoporous structure
[28] measured in two microwave frequency bands, namely W (top) and X (bottom).
The spectra are attributed to two centers called Mn?*(I) and Mn>*(IID), the first one
consisting of substitutional Mn?* ions in the core of the cZnS NPs and the second
one, sensitive to the thermal history of the sample, consisting of Mn** ions local-
ized in the surface layer / shell of the nanoparticles [25, 29, 30]. One can see that at
very high frequency, in the W-band, the lines of the two centers are much better
separated, due to the relative shift of the gravity centers of their spectra. This allows
a better resolution in the reading of their transition fields and, therefore, in the
determination of their SH parameters.
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Fig. 1.3 High (W-band) and Magnetic field (mT)
low (X-band) frequency EPR 3330 3340 3350 3360 3370 3380 3390
spectra of the Mn™" ions in —TT— 717
¢ZnS nanoparticles. The dot Mn2+(lll) 94.17 GHz
line marks the center of the

Mn>*(I) spectrum l l l l
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Unlike the EPR spectrum of the Mn?* ions in polycrystalline and single crystal
cZnS, the intensity of the ten central forbidden hyperfine transitions in the low fre-
quency EPR spectrum of the substitutional Mn**(I) centers in ¢ZnS nanoparticles is
significant (Fig. 1.3, bottom spectrum). As will be further shown, the presence of these
transitions indicates a lowering of the local symmetry at the Mn>* ions from cubic to at
least axial, modeled by the addition of second order contributions to the ZFS term in
the SH [29]. One can see that in the high frequency spectrum (Fig. 1.3, top spectrum)
the forbidden hyperfine transitions of the Mn>*(I) centers are not visible anymore,
due to the fact that the relative intensity of the forbidden transitions with respect to

the allowed transitions I/I, is proportional to (Bg / gﬁB)2 [16]. The positions of the
allowed and forbidden transitions are also influenced by the axial ZFS term in the
second [~ (B9)*/(gfB)] and third [ ~A(B%)*/(gfB)*, ~ABY/(gfB)*] approxi-
mations, according to the perturbation theory, thus affecting the relative intensities of
the powder lines [25]. This frequency / field dependence of the transition intensities
and positions shows that most information about the ZF'S parameters can be retrieved
from the low frequency spectra, where their influence is the strongest. On the other
hand, when B} < gfB (e.g. BY <20 x 10~* cm™' for 94 GHz), the high frequency
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spectra allow a very accurate determination of the g and A parameters, which for Mn>*
in the bulk II-VI semiconductors are isotropic [31].

An important feature of the EPR spectra of Mn®* in small NPs is the strong line
broadening which practically wipes out the non-central allowed transitions. The
broadening effects are due to the presence of random strains, electrical fields and
other perturbations from the extended lattice defects in the crystal lattice, resulting
in a variation in the local crystal field at the paramagnetic ions, both in magnitude
and orientation. The line broadening is reproduced in the lineshape simulation of
the experimental spectra by including Gaussian distributions of the ZFS parameter
B’ values, the broadening parameters being represented by the standard deviations
of the ZFS parameter values ¢ (B”). In order to facilitate data comparison, ¢ (B!')
values are further given as percentage of the corresponding B} values.

When performing a lineshape simulation, besides the EPR parameters, the peak-
to-peak linewidth AB,, in the absence of the strain induced broadening effects is
also specified. The EPR linewidth is due to the finite life-time of the spin states,
which is determined by the dissipation of energy via the thermal vibrations of the
lattice (spin-lattice relaxation), and to magnetic dipolar and exchange interactions
between the paramagnetic centers present in the sample (spin-spin relaxation).
Unresolved hf structures from the interaction with the nuclei of the neighboring
ions can also contribute to the anisotropic line broadening. EPR spectra with nar-
rower lines and, consequently, with better resolution, can thus be obtained for lower
dopant concentrations and at lower measuring temperatures, where the spin-lattice
relaxation time increases.

1.2.1 Multifrequency Lineshape Simulation Procedure
for the Determination of the Mn** SH Parameters
in Nanocrystals

As stated in the previous section, we have developed a two steps analysis procedure
for the accurate determination of the SH parameters of the EPR spectra of Mn**
ions in nanocrystalline materials. The procedure [25] requires EPR spectra recorded
at both low and high microwave frequencies, usually in the X- and Q/W-bands,
respectively. It is based on the lineshape simulation and fitting of the EPR spectra,
including the hyperfine forbidden transitions and line broadening effects. In the first
step one determines the g- and hf A- parameters from the high frequency spectrum.
In the second step, with these two parameters fixed, one determines the ZFS
parameters by lineshape simulation and fitting of the low frequency spectrum, as
described in [25]. We employed for the lineshape simulations the EasySpin v. 4.0
software [32], which we extended for very large broadening parameters with the
weighted summation procedure outlined in [33].



1 ZnS and ZnO Semiconductor Nanoparticles Doped ... 13

The multifrequency analysis procedure presented above was first employed for
the accurate determination of the SH parameter values of the Mn** centers in cZnS
nanoparticles self-assembled in a mesoporous structure, exhibiting very narrow
EPR lines, of 0.4 mT at room temperature (RT), the smallest value reported until
then for these systems [28, 29]. In the following sections this procedure will be
employed for the analysis of the EPR spectra of Mn** in two samples consisting of
newly prepared colloidal cZnS and ZnO nanoparticles, respectively, doped with
low concentrations of Mn* ions in order to diminish the line broadening induced
by magnetic dipolar interactions.

1.2.2 Localization of the Mn®* Ions in Colloidal cZnS
Nanoparticles

The investigated cZnS nanocrystalline sample was synthesized by co-precipitation
in a surfactant-assisted liquid-liquid reaction, following the procedures reported in
[28, 34]. Thus, 0.1 % mol manganese acetate [Mn(CH3;—COO),-4H,0] was added
to the solution of zinc acetate [Zn(CH3COO),-2H,0], being further mixed for
15 min and afterwards co-precipitated with sodium sulfide [Na,S-9H,O] in the
presence of the Tween 20 surfactant, at optimum pH = 8. The reaction took place
under argon gas to diminish any unwanted reaction with the atmospheric oxygen
and carbon dioxide. In the post synthesis steps the precipitate was filtered, washed
with bi-distilled water and methanol, and dried at 50 °C for 24 h. The resulting
powder consisted of cZnS nanoparticles, self-assembled in a mesoporous structure.
The X-ray diffractogram of the ZnS nanoparticles sample is displayed in Fig. 1.4.

The restrictive effect of the self-assembling on the growth of the individual
nanoparticles resulted in a tighter size distribution centered on 2 nm and improved
nanoparticles crystal lattice quality, in agreement with the results of XRD

Fig. 1.4 X-ray
diffractograms of the colloidal
Mn** doped ¢ZnS and ZnO
nanoparticles (220) (311)

: .(;1;). —

(101) nano ¢ZnS; d=2 nm
(002)
(100)

(102) (110) (103)

o

nano .ZnO; d= 3.0 nm
30 40 50 60
20 (degrees)




14 M. Stefan et al.

investigations which have shown that the surface induced degree of disorder
decreases for aggregated nanocrystals [4]. This was reflected in derivative peak-to-
peak linewidths of less than 0.4 mT for the X-band EPR lines. The EPR spectra of
this sample, recorded at low and high frequency, are those displayed in Fig. 1.3.

In a lattice host with cubic symmetry the Mn>* ions, with similar valence state
and very close size to the host cations, would be expected to substitute the Zn>* ions
in tetrahedrally coordinated sites with cubic symmetry and give EPR spectra
described by a SH containing only the fourth order (cubic) ZFS terms. Indeed, as
shown in the previous section, in bulk c¢ZnS$ single crystals only such Mn?* centers
with cubic symmetry could be observed [27]. However, a careful analysis of the
EPR spectra of the substitutional Mn?* centers in small ¢ZnS NPs (the Mn**(I)
centers) has shown that the Mn>* ions are localized at sites with lower symmetry,
reflected in the necessity to add second-order ZFS terms to the SH in order to
describe the observed spectra [29]. As shown in [25], the only ZFS term found to
exhibit a notable influence on the Mn>* EPR spectrum in cZnS NPs is the BS axial
term, which can be determined with the procedure outlined in the previous section.

The SH parameters of the two Mn** centers observed in the mesoporous cZnS
sample, determined with this procedure, are given in Table 1.1. Figure 1.5 displays
the experimental and simulated spectra at low and high frequency.

The SH parameters of the Mn?*(I) centers are very close to those reported earlier
for substitutional Mn>* ions at trigonally distorted cation sites in highly defective
cZnS single crystals (called PN centers) (see Table 1.1), distortion attributed to a
neighboring stacking defect [35, 36]. This result leads to the conclusion that the
Mn2+(I) centers exhibit a similar structure with the PN centers, i.e. the Mn>* ions
are localized in the core of the cZnS NPs at Zn”* cation sites situated next to an
extended lattice defect, which is responsible for the local axial distortion of the
otherwise cubic crystal field [29]. It should be mentioned that no trace of substi-
tutional Mn?* centers with cubic symmetry could be found in the recorded EPR
spectra, showing that the Mn** ions enter the cZnS NPs lattice only in the neigh-
borhood of an extended defect. Therefore, we proposed that the incorporation of the
Mn?* impurity ions in the very small ¢ZnS NPs (quantum dots) prepared at low
temperatures, by colloidal synthesis, took place by an extended lattice defects
assisted (ELDA) mechanism [29, 37]. According to the ELDA mechanism of
incorporation, during the growth process the impurities are stabilized at the surface
of the growing nanoparticles by the dislocations resulting from the emerging
extended lattice defects, being incorporated in the nanoparticles core during their
further growth. The validity of this model of incorporation and the preferential
localization of the Mn** ions in the core of the cZnS NPs was supported by the high
resolution transmission electron microscopy observation of stacking faults and
twins in more than 30 % of the investigated cZnS NPs. Moreover, the ELDA
mechanism of incorporation can explain independent observations of high doping
levels in small cZnS NPs grown at temperatures below 300 °C, which could not be
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Fig. 1.5 Experimental (exp, solid black line) and simulated (sim, red line) EPR spectra of Mn>* in
small ¢ZnS nanoparticles at low (X-band) and high (W-band) frequency. The simulated spectra are
the sum of the calculated spectra of the individual centers displayed below

explained by the regular trapped-dopant based mechanism that requires larger, well
faceted NPs [6, 38].

The Mn2+(HI) centers, also observed in the investigated ¢ZnS:Mn”** NPs
(Fig. 1.5), exhibit SH parameters (Table 1.1) different from those of the MnZ* ()
center and of the substitutional Mn>* ions in the c¢ZnS single crystal lattice [27].
Because no forbidden transitions could be observed for these centers due to the
overlap with the more intense lines of the Mn>*(I) centers, only a range of values
could be determined for the Bg parameter instead of an accurate value. The Mn2+(HI)
centers were initially attributed to Mn?* ions localized in a surface layer of the cZnS
nanoparticles with neighboring H,O molecules [30]. This structural identification
was based on their thermal decomposition in air at T > 110 °C, resulting in other
Mn?*(I) centers with smaller hyperfine splitting (Table 1.1). Later EPR investiga-
tions, using traces of substitutional Mn>* ions as local paramagnetic probes, have
shown that the crystalline £-Zn(OH), with orthorhombic symmetry decomposes in
the same temperature range into nanocrystalline ZnO [22], as will be detailed in the
next section. Considering the very close SH parameters (Table 1.1) of the MnZ*(I1I)
centers in ¢ZnS NPs and of the substitutional Mn>" ions in crystalline e-Zn(OH),, it
was proposed that the cZnS nanoparticles prepared at high pH values were covered
by a shell of disordered ¢-Zn(OH), containing Mn?* ions as Mn2+(III) centers [39].
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1.2.3 Localization of the Mn?* Ions in Colloidal ZnO
Nanoparticles

The ZnO NPs investigated by EPR were prepared by adding 0.02 M [Mn(CH3—
C00),.4H,0] to 15 ml of 0.19 M Zn(NOs3), solution. The resulting solution was
co-precipitated at pH = 9 with 10 ml 2.4 M NaOH and left for 2 h to mature at 50
°C. In the post synthesis steps the precipitate was centrifuged, washed with bi-
distilled water and absolute ethanol and dried for 6 h at 50 °C. According to the
XRD pattern from Fig. 1.4, the resulting material consisted of single wurtzite phase
nanocrystalline ZnO with 30 nm average crystallites size.

The recorded EPR spectrum (Fig. 1.6) can be deconvoluted in two spectra,
belonging to different Mn>* centers present in the ZnO NPs. Their SH parameter
values are very close to those of the Mn®* in ZnO single crystals (Table 1.2), the
main difference between the two centers being the different o(B3) broadening
parameter values. The two centers were identified as Mn>* ions substituting the host
lattice Zn** cations in the well crystallized ZnO NPs (the so-called Mn**-c centers,

Table 1.2 The SH parameters (g, A, ZFS) of the paramagnetic centers attributed to Mn** in
nanostructured and single crystal ZnO

Lattice host/center g A(10*cem™) ZFS AB, (mT)/ Reference
(10 em™) | o(BY) (%B)
ZnO NPs /Mn**-c 20012 | =74 |BY = 80.1 0.15 (X, Q/ | [21]
12.3 %B3
Disordered ZnO/Mn**-d | 20012 | -73.5 |BY| = 80.1 0.15 (X, Q/ |[21]
43 %B3
ZnO single crystal / 20012 | =73.4 B3 =75 —/3%BY [41]
substitutional Mn?* |BS| = 0.0306

The individual linewidth (AB;,) for a specific microwave frequency band and the broadening parameter

o(By") are also given
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Fig. 1.7 a Simulated Q-band EPR spectra (partial view) of Mn** ions in nanocrystalline ZnO for
different broadening parameter values. b The broadening parameter o(B3) versus the powder
linewidth AB for the Mg : —1/2 < +1/2, M; = -1/2 transition

with the smaller o(B9)) and Mn>* ions localized in a small amount of disordered
ZnO phase (the so-called Mn>*-d centers, with the very large G(Bg)) [21]. The
smaller value of the hyperfine parameter of the Mn”**-d centers compared to
the Mn*-c centers was explained by the lower average coordination number of the
Mn?* ions [40] due to the disorder.

One can see in Fig. 1.6 that the difference in the broadening parameter value
results in very different patterns for the simulated spectra of the Mn**-c and Mn**-d
centers. The evolution of the simulated EPR spectra pattern of Mn** in ZnO with
increasing broadening parameter (Fig. 1.7a) gives a helpful tip for the analysis and
interpretation of the spectra [23]. For clarity reasons, in Fig. 1.7a only a portion of
each spectrum, consisting of the three lower field lines from the central sextet and
two non-central lines, was represented. According to the spectrum simulations the
non-central lines disappear very fast, for broadening parameters of less than 10 %
BY. The central transitions are also strongly affected by the broadening. If we define
the powder linewidth AB as the separation between the extreme (maximum and
minimum) peaks corresponding to one of the central transitions (Fig. 1.7a), one can
see that AB decreases as the broadening parameter increases (Fig. 1.7b). The var-
iation is stronger for broadening parameters between 15 and 50 % BY. For even
larger broadening parameters the variation is insignificant. Still, the variation dis-
played in Fig. 1.7b allows one to evaluate the broadening parameter in the
experimental spectrum of a ZnO:Mn** sample from a simple measurement of the
separation between two points in the spectrum, without needing to perform a
laborious simulation.
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Another very important property was recently derived from the observation of
the Mn?** EPR spectra in ZnO nanoparticles prepared by different methods. Thus,
Stefan et al. [23] observed that the broadening parameter of the Mn* spectra in the
ZnO nanoparticles is correlated with the crystallite average size d, determined by
XRD, according to an empirically determined exponential decay: o(BY) ~ exp(—d/
8), where 8 is a constant. This relationship does not depend on the preparation
conditions of the ZnO nanoparticles, showing that the main contribution to the local
strain in the nanoparticles is size related, or, more accurately, influenced by the
surface to volume ratio. The relationship is assumed to be valid in the form given in
the paper (with 8 ~ 18 nm) for ZnO nanoparticles which are not covered by a
surface layer of another compound. The presence of such ligands on the nano-
particles surface could have an important ordering effect on the nanoparticles
structure [5]. In case that such a layer exists, the relationship should still hold for
larger nanoparticles (>20 nm), where the surface layer is not expected to affect the
structural properties of the nanoparticles core. For smaller ZnO nanoparticles
forming the core in a core/shell structure, the o(BY) = f(d) relationship should be
verified. As o(B9) can be evaluated directly from the EPR spectrum, once the
o(BY) = f(d) relationship is established for a particular ZnO core/shell system, it
follows that the ZnO nanoparticles average size can be determined from the powder
linewidth of the Mn** EPR spectra.

As previously shown, EPR was used not only to determine the localization and
ground state properties of the Mn>* impurity ions in the semiconductor ZnS and
ZnO nanoparticles, but also to observe and identify size related effects. Thus, in the
case of cubic ZnS, for small (<3 nm) nanoparticles prepared at temperatures below
300 °C, the doping with activating Mn** ions was found to take place through the
ELDA mechanism rather than through the expected diffusion mechanism which
needs larger NPs with well-defined facets. It is expected that this is a general
property of the II-VI cubic semiconductor nanoparticles. However, it still needs to
be tested for other host lattice/impurity ions systems.

In the case of the ZnO nanoparticles, a very important property is that the main
contribution to the lattice disorder is size related, independent of the synthesis
conditions of the nanoparticles. A survey of the recent literature shows that this
seems to be a general feature of the nanoparticles, as a correlation between the EPR
lines broadening parameter and the nanoparticle size has been also observed for
other host lattice/impurity ions systems such as PbTiO3/C1r3+ [42], ZnO/Fe** [43]
and LaF5/Gd>* [44)].

It should be also noted that the observation of the Mn>*(Ill) centers in cZnS
nanoparticles and of the Mn**-d centers in nanostructured ZnO shows that indeed,
as previously mentioned, it is possible to detect with EPR the presence of minute
amounts of different compounds and to identify them even if they are in a disor-
dered phase. Moreover, as will be further shown, it is possible to evidence the
peculiar thermal decomposition behavior of the &-Zn(OH), as a nanostructured
disordered shell covering the cZnS NPs, different from the bulk compound.
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1.3 Probing Structural/Chemical Transformations
in (Nano)Crystalline Materials with EPR of Low
Concentration Levels of Mn>* Impurities

EPR spectroscopy using low concentrations of Mn®* ions as local paramagnetic
probes can offer a wealth of information about the thermally induced chemical and/
or structural transformation of the host nanomaterials. Such investigations are based
on the pulse annealing EPR experiments [45]. In these experiments the investigated
samples are pulse annealed for short equal periods of time at temperatures which are
increased in constant steps. After each annealing step the sample is cooled down to
the measuring temperature (RT, or even a lower one where the observed Mn**
centers are thermally stable) and its EPR spectrum is recorded. By such a proce-
dure, firstly employed for investigating the transformation kinetics of the color
centers in alkali halides [46—48], one obtains a set of EPR spectra reflecting in a
‘frozen sequence” the temperature induced transformations (production and decay)
of the paramagnetic centers contained in the investigated sample and further on, one
obtains information about the composition and/or structure of the surrounding
nanomaterial.

1.3.1 Thermal Decomposition of Zn Based Compounds
into Nanostructured ZnO Probed with EPR

ZnO is an attractive material for a broad range of applications and there is an
important amount of research dedicated to finding more efficient methods for
producing functionalized nanoparticles with controlled size, morphology and,
especially, doped with controlled amounts of TMIs. A promising method for
obtaining ZnO nanoparticles with controlled doping levels consists in the thermal
decomposition of Zn based compounds which can be more easily doped with TMIs
[49-51]. However, the thermally induced transformation of these compounds into
ZnO and the further growth of the ZnO nanoparticles should be carefully monitored
in order to establish the optimal conditions for obtaining ZnO nanoparticles with the
required structural properties.

EPR was recently used to obtain detailed information about the structural changes
taking place in two Zn-based precursor compounds during thermo-chemical treat-
ments and to monitor their decomposition into nanostructured ZnO [21, 22].

One of the investigated precursors was crystalline e-Zn(OH), with orthorhombic
structure prepared by liquid-liquid reaction, containing trace amounts (<0.1 ppm) of
unintentional Mn** impurity ions. From EPR pulse annealing experiments in air it
was determined that e-Zn(OH), decomposes into ZnO nanoparticles in the 110-140
°C temperature range [22]. Figure 1.8 displays the EPR spectra measured at three
different moments of the &-Zn(OH), to ZnO thermally induced transformation.
They correspond to the starting, as grown (AG) crystalline &-Zn(OH),, the
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coexistence of the &-Zn(OH), and ZnO phases at an intermediate temperature
(Tann = 120 °C) in the transformation range and the resulting ZnO nanocrystallites
of 53 nm average diameter, as determined from XRD measurements (T,,, = 140
°C). The simulations of the EPR spectra of the Mn?** jons in the &-Zn(OH), and ZnO
pure phases are also provided, in order to help in the identification of the two
compounds. In this investigation the Mn>* ions are used as local atomic probes,
their EPR spectra reflecting the temperature induced changes in the structure and/or
composition of the host lattice.

The other investigated precursor of the nanostructured ZnO consisted of com-
mercial grade hydrozincite (abbreviated ZCB), or zinc carbonate basic
[Zns5(CO;5),(OH)e], from Alfa Aesar, which was found to transform into ZnO by
thermal decomposition in the temperature ranges of 225-255 °C in air and 175-235
°C in vacuum, respectively [21]. The starting material contained less than 200 ppm
of unintentional Mn** impurities, localized as the substitutional centers Mn**(A)
and Mn?*(B) in octahedrally and tetrahedrally coordinated Zn>" sites, respectively,
of ZCB. As in the case of €-Zn(OH),, three EPR spectra are displayed in Fig. 1.9,
measured before (AG), during (245 °C) and after the transformation (275 °C), as
well as the simulations of the EPR spectra of the Mn** ions in the ZCB and ZnO
pure phases. In this case the resulting nanostructured ZnO consisted of a mixture
of disordered phase and crystalline nanoparticles, containing the corresponding
(Mn2+-d) and (Mn2+—c) centers. The formation of the nanostructured ZnO was
found to be a two steps process, in which the disordered ZnO, initially produced by
the thermal decomposition of ZCB, further transforms into nanocrystalline ZnO.

The nanoparticles were found to be consistently smaller at the same annealing
temperature for the sample annealed in vacuum compared to the sample annealed in
air. The formation of a disordered nanostructured ZnO in the first stage of the
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Fig. 1.9 Thermally induced decomposition /transformation of ZCB into nanostructured ZnO
reflected in changes in the Q-band EPR spectra at RT of probing substitutional Mn>* ions during a
pulse annealing experiment. The simulated EPR spectra (dot lines) of the Mn* ions in the ZCB
and ZnO pure phases are also included (Based on Fig. 1.4a from [21]. Reprinted with permission
from Cryst. Growth Des. 11, 5030 (2011). Copyright 2011 American Chemical Society.)

thermal decomposition of the ZCB has been attributed to the violent expulsion of
the CO, and H,O gases, which breaks the ZCB crystal lattice bonds. The eruptive-
like thermal decomposition process of nanocrystalline ZCB could be slowed down
and directly observed in a transmission electron microscope, in which the ZCB
target was cooled down with liquid nitrogen and locally heated by the microscope
electron beam [52].

Changes in the composition and structure of the precursor material and the
resulting nanostructured ZnO could be observed in the EPR spectra of both e-Zn(OH),
and ZCB precursors. The thermo-chemical conditions of the structural/chemical
transformations were accurately established for both compounds, which is very
important for the synthesis of ZnO nanoparticles with controlled size and size dis-
tribution. The SH parameters determined from the EPR spectra of the substitutional
Mn?* ions in the two precursors will further serve as reference data for the identifi-
cation of these compounds in other systems, as they tend to be formed quite often as a
result of corrosion/interaction of the nanostructured ZnS or ZnO with the surrounding
atmosphere. Moreover, the presence of the substitutional Mn** impurity ions in
comparable concentrations in the precursors and resulting nanostructured ZnO
demonstrates that doping the precursors with required amounts of activating impu-
rities and transforming them in nanosized ZnO can be a workable possibility to obtain
nanosized ZnO with a high impurity ions content, ions which are otherwise strongly
segregated during the direct synthesis.
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1.3.2 The Mechanism of ZnO Nanocrystallization
Determined by EPR

In order to prepare ZnO nanoparticles with controlled size and size distribution, it is
important to know the optimum growth conditions, and therefore the growth
mechanism. Detailed information about the nanocrystallization process of the ZnO
resulting from the thermal decomposition in air of ZCB was acquired by EPR, using
the empirical relationship determined between the line broadening parameter c(B3)
and the average crystallite size d of the nanoparticles [23]. From the isothermal
variation of d versus the annealing duration at several temperatures it was con-
cluded that, at lower temperatures (<400 °C), the nanoparticles growth took place
by a structural relaxation mechanism [53], consisting in the rearrangement of the
atoms at interfaces, driven by the reduction of the surface induced strain. The
activation energy for this process was determined to be 23 kJ/mol. At higher
temperatures the atom diffusion at interfaces became active as well, with activation
energy of 79 kJ/mol. This signals a change in the growth mechanism at higher
temperatures and for longer annealing durations, from structural relaxation to dif-
fusion based growth.

Additional information was obtained by using the ability of EPR to observe and
distinguish both the disordered and nanocrystalline phases of ZnO [23]. By double
integration of the EPR spectrum of a Mn>* center one can obtain the concentration
of the respective center in a sample. As the Mn®*-d and Mn>*-c centers are uni-
formly distributed in the total ZnO volume, the evolution of their concentrations
during various thermal treatments reflects the evolution of the corresponding ZnO
phases. The relative concentration of the Mn**-c centers, f., is thus proportional
with the crystallized fraction of ZnO (ZnO nanoparticles) from the total ZnO
volume.

Figure 1.10 displays the evolution of f. versus the average crystallite size d for
samples submitted to different thermal treatments, namely pulse annealing at var-
ious temperatures for equal durations and isothermal annealing at 300, 400 and 500
°C, respectively, for different durations. As one can see in the figure, the nano-
particles growth process takes place in two stages, independent of the annealing
algorithm. During the first stage the crystallized fraction grows sharply with the size
increase, until it reaches a value of about 75 % of the total ZnO at temperatures of
less than 400 °C. This stage corresponds to the low temperature growth by structural
relaxation. From Fig. 1.10 it is obvious that for nanoparticles isothermally annealed
at 300 °C only the first growth stage is active, while for the pulse annealed sample
the contribution of the second stage begins at an annealing temperature larger than
350 °C. For the samples isothermally annealed at 400 °C and 500 °C the second
growth stage is active from the beginning of the treatment.

The second stage is characterized by a very small variation in the crystallized
fraction for a considerable increase of the crystallites size. The larger nanoparticles
seem to grow at the expense of the smaller ones, a process driven by the reduction
of the total grain boundary energy. Indeed, the evolution of the intercrystalline
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Fig. 1.10 The experimental volume fraction of the ZnO nanoparticles (f.) and the calculated
volume fractions of the intercrystalline components (f,;, + f;; = fic) versus the average crystallite size
(Based on Fig. 1.9 from [23]. Reprinted with permission from Cryst. Growth Des. 13, 1350
(2013). Copyright 2013 American Chemical Society.)

region f;., assumed to consist of the grain boundaries between two nanoparticles
and the triple junctions at the contact of three nanoparticles, supports this mecha-
nism. In Fig. 1.10 the evolution of the intercrystalline component volume fractions

with the average crystallite size d of the nanoparticles takes place according to the
relationships [54]:

d—A)?
ficzl—%

3A(d — A)? 1.8
f(‘gbzlf% (1.8)
ﬁj:ﬁc_fgb

Here A is the grain boundary width with a generally accepted value of 1 nm. One
can see that at the onset of the second stage the triple junction fraction f;; is almost
zero and the grain boundary fraction f,,, decreases to a third of its maximum value.
The nanoparticles are in an increased contact which facilitates the transfer of atoms
from the smaller ones to the larger ones.

It is clear from these results that a considerable growth can be achieved for the
ZnO nanoparticles by annealing at quite low temperatures (up to 300 °C) [21],
therefore without risking phase segregation or the formation of new compounds,
which could affect the intended properties. Also, at these temperatures where the
first growth regime is active, a narrower size distribution is expected, while at
higher temperatures, where the diffusion is activated and the larger nanoparticles
grow at the expense of the smaller ones, the size distribution is expected to broaden
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considerably. Previous TEM investigations confirm this result. Thus, it was found
that the ZnO sample pulse annealed in air up to 300 °C consists of nanoparticles of
8-15 nm in size [21], while in the sample annealed up to 625 °C the size range is
from 15 to 85 nm. These results can be used to fine-tune the synthesis conditions by
changing the annealing temperature, duration and atmosphere composition in order
to obtain ZnO nanoparticles with controlled average size and size distribution.

1.3.3 The Thermal Decomposition of the e-Zn(OH), Shell
of ¢cZnS NPs with a Core-Shell Structure

The thermal decomposition of the e-Zn(OH), shell of the cZnS NPs with a core-
shell structure, reflected in the decay of the Mn2+(III) centers into Mn2+(II) centers,
as mentioned in Sect. 1.2.2, lead to a puzzling result. Namely, the SH parameters of
the Mn**(Il) centers, expected to consist of substitutional Mn*" ions localized in a
disordered ZnO shell, did not correspond to the expected SH parameters. Indeed,
the hf splitting parameter A = —80.5 x 10™* cm™! for the Mn>*(Il) surface centers
(Table 1.1) is much larger compared to the expected A = =74 x 10™* cm™
parameter for the Mn”* ions in nanocrystalline ZnO (Table 1.2). The answer to this
puzzling result was found from a recent detailed investigation by pulse annealing
EPR experiments on cZnS NPs with and without a e-Zn(OH), shell, doped with low
concentrations of Mn** jons [24]. From the analysis of the resulting data it was
concluded that the thermal decomposition in air of the nanosized, disordered &-Zn
(OH), shell is different from the one step thermal decomposition around 120 °C of
the bulk crystalline €-Zn(OH),. Thus, it was found that the thermal decomposition
of the &-Zn(OH), nanosized shell into nanocrystalline ZnO is a three steps process,
which takes place over the 80-450 °C temperature range. It also involves the
formation of two new zinc oxyhydrate compounds, Zn,O(OH), and Zn,O3(OH),,
at the intermediate temperatures of above 80 °C and 250 °C, respectively, in air,
which have not been observed in bulk crystalline state so far. In such circumstances,
the decay of the Mn”*(III) into Mn>*(Il) centers corresponds to the partial dehy-
dration of only two of the four nearest neighboring pairs of hydroxyl groups tet-
rahedrally coordinating the substitutional Mn>* cation in the &-Zn(OH), shell.

1.4 Conclusions

We have shown in this chapter how EPR can be used to both determine the
localization of the Mn** ions present in low concentrations in Zn based semicon-
ductor nanoparticles and gather information about the structural properties of the
host lattice using the paramagnetic impurity as an atomic probe. With proper
adjustments of the EPR experiments and accurate numerical analysis of the
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resulting spectra it was possible to obtain accurate SH parameters for the various
Mn>* centers involved which, further on, provided a wealth of information about
the local structure, as well as the structural and chemical transformations of the host
nanoparticles.

The size specific properties, which we have evidenced, have important reper-
cussions for the envisaged applications of the semiconductor nanoparticles. The
presence of a local axial crystal field acting on the core localized Mn?* activating
ions should be taken into consideration when evaluating the optical properties of the
nanoparticles, of interest in many technological applications. Thus, the associated
changes in the local crystal field symmetry and intensity are expected to affect the
resulting optical spectra [55, 56]. The extended lattice defect assisted incorporation
of impurities in small cubic ZnS nanoparticles affects the final concentration of
Mn?* impurities in the nanoparticles core. At higher concentration levels the pre-
dominant localization of the impurities near the extended defects could be favorable
for their aggregation in specific lattice planes of cZnS parallel to the extended
defects, with consequences for the magnetic properties. The proposed extended
lattice defects assisted (ELDA) mechanism of incorporation seems to be also active
in the first stage growth of other cubic II-VI nanocrystals. This is a subject which
remains to be investigated. The observed correlation between the lattice disorder
and the average crystallite size of the ZnO nanoparticles is important for material
properties related to optical and electronic processes.

Probing the structural and chemical changes undergone by the Zn-based com-
pounds has also a considerable application interest, as it allows the fine tuning of
the synthesis algorithms in order to obtain semiconductor nanoparticles with con-
trolled doping levels, size, size distribution and structure. As demonstrated by our
examples, EPR is a worthy tool in this endeavor, as it provides a ready feedback not
only about the localization of the dopants, but also about the structure, particle size
and phases present in the nanostructures resulted from a specific thermo-chemical
treatment, with an accuracy level that is not always available with other regularly
employed structural methods, such as XRD or TEM.
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