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ZnO nanoparticles were synthesized by solid state and hydrolysis methods based on the conventional
precipitation. In situ growth of ZnO nanoparticles were monitored by photoluminescence spectroscopy
(PL). By the help of electron paramagnetic resonance (EPR) technique, detailed analysis of intrinsic defect
structure of ZnO was given with respect to mean particle size. In nanoscale concentration of surface
defects enormously increased and core defects reduced. In addition, blue-shift was observed in PL spectra
at near-band-edge UV region due to e-h recombination. Calculation of band gap energies by the aid of
Brus equation revealed consistent results with the experimental observations.

© 2015 Elsevier B.V. All rights reserved.

Introduction

Current research interest in nano-structured ZnO is motivated
by novel applications as electrode material for dye-sensitized solar
cells [1], light-emitting diodes [2], photoluminescence [3], thermo-
electrics [4], printable electronics [5], varistors [6-8], sensors [8] or
nano-generators [9]. All of these applications exploit the semi-
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conducting properties of ZnO, which is a direct wide band-gap
(3.37 eV) n-type semiconductor, and take advantage of the fact
that desired material properties may be tailored by means of con-
trolling not only the defect structure but also the band-gap energy
by reducing the crystal/particle size or doping. Despite its advan-
tages, the lack of fundamental knowledge about intrinsic defects
and doping ions presents an obstacle to the development of prac-
tical devices which requires p-type conductivity for high perfor-
mance. The difficulty to make reliable p-type ZnO is closely
related to the intrinsic and extrinsic defects such as interstitials,
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vacancies and doping ions, respectively. Although various ZnO
compounds have been extensively investigated by many research-
ers over the last decades, there still exists controversy in various
properties and some issues have even remained unclear. When
the order of dimension is below 7 nm [10] in diameter the quan-
tum size effects start to dominate the material system. Such
nanoparticles have their size related, special characteristics and
are sometimes called quantum dots (QD) [11,12]. The most striking
feature of the nanoparticles is given by their chemical and physical
properties which markedly differ from those of the bulk [13]. Sev-
eral mechanisms exist which cooperate in achieving size effects.
Thus, if the particle size falls short of the wavelength of photons,
electrons and holes are spatially confined and energy levels
become discrete. Furthermore, according to the quantization pre-
scriptions applied to the particle-in-box idea of a solid, the electron-
ic structure changes with particle size in an obvious way. As a
consequence, light emission and absorption undergo pronounced
frequency shifts with decreasing particle size. Promising character-
istics of those materials is explainable by Bohr’s atom model. The
Bohr radius of an exciton (electron-hole pair) in a crystal can be
treated in a similar vein. Excitons have their own material specific
energy and radius and in case when the crystal volume decreases
to nano-dimension then the exciton-radius becomes confined
which is called quantum-size-effect. Due to this confinement the
excitons gain energy thus readily makes a theoretical fundament
to observe a blue-shifted irradiation from such nanomaterials.
The effect of quantum confinement for different particle sizes
was shown in Fig. 1. In particular, ZnO has a Bohr exciton radius
of 2.34 nm [14,15] which shows quantum confinement effects.
Although metal ion doping and compound morphology play a
decisive role to control materials properties, the synthesis method
defines an additional, important role that markedly impacts nature
and amount of intrinsic defects or impurities. In this work, we are
aiming to provide a fundamental understanding of defects in
undoped ZnO that could lead to reliable p-type ZnO. Recently, tran-
sition metal oxides with nanostructures have also attracted consid-
erable interest in many areas of chemistry, physics and materials
science. Compared to other metal oxide nanomaterials, ZnO dis-
plays novel nanostructures such as nano-wires [16], nano-rods
[17], nano-tetrapods [18], nano-fibers [19], nano-walls [20],
nano-tubes [21], nano-belts [22], nano-flowers [23]| and nano-ring-
s/nano-bows [24]. Consequently, ZnO-based nano-architectures
have recently attracted significant attention since they open up
ways for the development of new technological devices [25]. For
such technological applications in semiconductor research, further
improvement can be achieved by developing novel strategies to
adjust the parameters of core-shell nano-materials and to control
defect concentrations. Here, core-shell concept is applied in anoth-
er manner than the two type material nano-architectures which
have been described extensively by semiconductor society e.g., Kli-
mov et al. for ZnSe/CdSe [26,27]. In the context of our research,
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core-shell model of ZnO can be explained as follows: the core con-
tains negatively charged Zn vacancies and the shell is a surface
medium containing high concentrations of defect complexes, in
particular positively charged oxygen vacancies [28-30]. Electron
paramagnetic resonance (EPR) and photoluminescence (PL) spec-
troscopy provide sensitive means to investigate corresponding fea-
tures. In particular, EPR is well suited for understanding the role of
defect centers since it provides a direct method to monitor differ-
ent paramagnetic states of vacancies and paramagnetic metal ions
and, thus, complements other experimental techniques such as PL.
Furthermore, still controversially discussed phenomena, such as
the role of intrinsic defects, the existence of room-temperature fer-
romagnetism [31,32], production of p-type ZnO semiconductors
[33] and non-ohmic behavior of ZnO varistors [34] may be
investigated.

The band structure of ZnO has been discussed over several dec-
ades, and there are still contradictions that prevent a unique band
diagram. Contradictory defect assignments were given in different
experimental and theoretical studies from the literature [35-37].
The contradicting assignments can be partly solved by analytical
EPR in the framework of a core-shell model [29,30], which we have
introduced in our previous works. Indeed, there are two main kinds
of EPR signals in ZnO nano-materials. One originates from bulk
defects and the other from surface defects. Due to their different
environment each intrinsic defect center exhibits a specific g-factor
in EPR spectra. In this model, the EPR signals at around g ~ 1.96
and around g ~ 2.00 are directly assigned to the core and the shell
[38], respectively.

Bulk defects in ZnO can be identified according to a characteris-
tic finger-print type EPR resonance at around g~ 1.96. It is
extremely difficult to resolve its g-anisotropy by standard cw-
EPR at X- and Q-band microwave frequencies. The bulk defects
are located at the hexagonal core of ZnO; thus they carry typical
intrinsic properties of it. However, the real origin of the signal with
a g-factor at around 1.96 is still unclear. This EPR signal is in gen-
eral assigned to shallow donors [39,40] owing to a singly ionized
oxygen vacancy defect (Vo) center [41-43]. However, it is some-
times also attributed to unpaired electrons trapped on oxygen
vacancies [42], to shallow donor centers such as ionized impurity
atoms in the crystal lattice of ZnO [44,45], or to free carriers in
the conduction band [46]. In contrast to common conviction [47],
there are reports supposing that the EPR signal at g ~ 1.96 may
be due to one electron being weakly bound to ionized impurity
atoms [48]. This implies that the electron from a shallow donor
level is not completely delocalized into the conduction band but
stays weakly bound to the original atoms, and behaves much like
an electron in a hydrogen-like atom with a large Bohr exciton
radius [48]. The irradiation with UV-light is expected to produce
excitations and, once bound, the excitation would give rise to a
paramagnetic signal at g ~ 1.96 suggesting that the signal is not
related to oxygen vacancies [48].
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Fig. 1. Energy states of particles for different diameters (bulk, nanoparticles (NP), QD, molecule, atom) and the quantum confinement effects on their energy band gap. It is
clearly distinguishable that QD have higher energy band gap energy and more discrete energy levels. VB: valance band, CB: conduction band.
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The amount of surface-related defects enormously increases
due to the increasing surface-to-volume ratio by size reduction
to the nano-dimension. Since the surface of ZnO is an undefined
structure, the defects in this region possess an electronic environ-
ment, which is difficult to describe and assign by EPR. In general,
surface defects are detectable by EPR in a g range between 1.99
and 2.00. These defect centers indeed form defect complexes con-
sisting of magnetically inequivalent anisotropic, axial or isotropic
EPR signals. To resolve such overlapped or highly anisotropic sig-
nals is an extremely difficult issue. In the literature, various origins
for the g ~ 1.99-2.00 signal have been pointed out. Zinc intersti-
tials, negatively charged Zn vacancies, singly positively charged
oxygen vacancies [49] or an unpaired electron trapped on an oxy-
gen vacancy site [48] were reported. In some reports, the EPR spec-
trum of singly positively charged oxygen vacancies (sometimes
called F*-centers) is observed at a g-factor of ~1.99 only in irradi-
ated ZnO samples under or after illumination and stable up to 400-
450 °C annealing [58]. In very rare cases this signal has been
assigned to Pb>* deep donor impurities, with an Pb3" isotropic
EPR spectrum that has weak axial symmetry of the g-tensor around
the c-axis with g, =2.0133 and g, = 2.0135 [50]. Other contradic-
tory assignments for the 1.99-2.00 signal, such as di- or tri-vacan-
cy centers, shallow H donor, zinc vacancy related center, hole on an
oxygen ion are summarized in an EPR-related review [51] and
below in Table 1.

Optical properties of ZnO can be studied extensively by PL spec-
troscopy [37,61,62]. Numerous publications related to PL, both in
the UV region and in the visible spectral range, can be found in
the literature (refer Table 2). The origin and the mechanism under-
lying the luminescence centers is not really understood [37,62-65],
and is frequently attributed to defect centers without compelling
evidence (cf. Table 2). Thus, the nature of the blue (BL) [66], green
(GL) [42,43,67], orange-red (ORL) [68], yellow (YL) [69] and red
luminescence (RL) [70] bands remains controversial. In undoped
ZnO, the GL band peak usually dominates the defect-related part
of the PL spectrum [37,61], which was attributed to oxygen vacan-
cies [71], zinc vacancies [72] and surface defects [29]. It is impor-
tant to note here that the spectral position and the intensity of
the defect-related emission band strongly depends on the synthe-
sis of the material [73]. This is because the origin and also the con-
centration of intrinsic defects are in close relation with the
synthesis procedure. Therefore, special emphasis should be given
when comparing the PL of ZnO samples synthesized by different
preparation methods.

In Table 2, possible origins for the visible band emission were
summarized. Our previous PL results confirmed that the visible
emission band is closely related to surface defects [28,29] and
are also consistent with EPR results. However, in case of QD [96]
and ZnO varistors [8], the UV and visible emission bands become
more complicated and are still under discussion. In QD, due to
the quantum-confinement effect, red or blue shifts might occur
in PL emission lines [97]. Whereas in ZnO varistors, due to the
effect of metal oxide additives, one may expect a obvious band
gap increase or decrease, which might also affect the position of
emission lines in PL [90].

Table 1

Experimental
Synthesis of ZnO

Here, we specify two different preparation recipes called solid-
state reaction and hydrolysis, which are based on the conventional
precipitation. By introducing two different chemical routes we are
aiming to investigate the effect of synthesis conditions on the
defect structure of ZnO. The main advantages of these two meth-
ods are as follows: (i) reproducible way of preparation, (ii) cheap
and eco-friendly and (iii) enables to adjust the mean particle size
i.e., by annealing.

Solid state (SS) reaction

In this method following chemicals were used with the highest
purity: zinc sulfate (ZnSO,4, Aldrich, purity 99%) and sodium
hydroxide (NaOH (Roth, purity 99%)). NaOH and ZnSO, were
grounded in a mortar with the molar ratio of 2:1 at room tem-
perature (RT) for 30 min. After that, the solid mud was washed
by millipore water. Afterwards the suspension was washed several
times. The powder was dried 2 h at 80 °C in oven. Various sizes of
ZnO nanoparticles were obtained by annealing the precursor at dif-
ferent temperatures (AT) ranging from 300 °C up to 600 °C. The
annealing process was done as follows: RT (heating rate 8.3 °C/
min) — AT (2 h) — free cooling to RT. Finally, the product was
grounded.

The chemical equation in SS reaction is as follows:

ZnS04 + 2NaOH — ZnO + Na,S04 + H,0 (1)

Hydrolysis (Hyd) reaction

Hydrolysis with NaOH (HydNa): Here, precursors were synthe-
sized by using the following chemicals with the highest purity:
zinc acetate (Zn(OAc),, Aldrich, purity 99.9%), sodium hydroxide
(NaOH (Roth, purity 99%)) and ethanol (Analar Normapur, purity
99.99%). Two solutions with 0.1 M Zn(OAc), and 0.55 M NaOH in
ethanol were prepared separately. To increase the solubility of
both chemicals in ethanol warm water bath at 60 °C were used.
The precursors were left to cool down to RT and then the NaOH
solution was dropwisely added into the stirred zinc solution. In
this step the particle growth starts immediately and the particle
size can be controlled by the reaction time. Due to the Ostwald
ripening [98] it is a natural expectation that the longer the time
is the larger the particle size reaches. Moreover, one may enhance
the reaction rate by increasing the reaction temperature. To extract
the ZnO yield from the solution we centrifuged it at 2500g. After
ZnO yield were obtained it was subsequently washed four times
with ethanol and dried under vacuum. The product was annealed
as follows: RT (heating rate 8.3 °C/min) — 600 °C (2 h) — free cool-
ing to RT. Finally, product was grounded by mortar. The chemical
equation in HydNa reaction is as follows:

Zn(0Ac), + 2NaOH — ZnO + 2NaOAc + H,0 )

Hydrolysis with LiOH (HydLi): The synthesis is exactly the same as
HydNa route however in this method instead of NaOH highly pure

Various defect assignments of two distinct EPR signals at g ~ 1.96 and g ~ 2.0 for different ZnO systems.

g- System
Factor

Paramagnetic center

g~1.96 Powder [43,49,52], single crystal
[41,46,53-55], bulk crystal [56]

g~2 Single crystal [58], powder [45,48,59],
microcrystal [60]

Shallow donor states [49,52,53], singly ionized V¢ [43,48,52,57], Vz, [41], distortion of the crystal lattice [46],
impurities [48], delocalized donors [54], H-related shallow donor [55,56]

Vzn [45,58], 07 formation on the surface [52,60], Vo [48,59,60]
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Table 2

ZnO luminescence data from literature. Recently reported lines emitted from ZnO and the proposed defect(s) causing the emission and

their energies.
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emission energy (eV) origin or transition mechanism
uv 3.34[74], 3.27 [75], Vza [74], donor-bound excitonic (DBE) emission (D’X)
3.34[76],3.36 [77, 78], | [76, 78], electron-hole recombination [77], free exciton
3.26 [79], 3.31 [80], recombination [79] [3, 82], free-to-bound transition [80],
3.28 [81] surface-bound ionized acceptor-exciton complexes [83],
donor-acceptor  pair transition [81], exciton-exciton
collision process [82]
Violet 2.98 [84] Zn; [85], H-related defect complexes [86], electron
transition from a shallow donor level of Zn; to the top level
385-430 nm of valence band [84], lattice defects [82]
2.8 [79],3.06 [3],2.9 Vo [79, 82, 88] Vz, [3, 79], Zn; [3, 82, 88], blue shift of
[3],2.82[87],2.77 [84] | green emission from surface Vo due to quantum
confinement [89], O; [89], surface defects [84, 88]
Green 2.36 [43], 2.34 [90], singly ionized Vg [43, 75, 78, 88, 91], Zn; [3, 76, 88, 90],
2.48 [75], 2.28 [77], Vo [92] [61, 75] [67, 79], Vz, [61, 92-94], donor acceptor
495-570 nm | ; 3¢ [67],2.5[79],2.43 | pairs [61], surface localized states [77], antisite defects
[78],2.5[91] (Ozy) [67, 94], transition between singly ionized Vi and a
photoexcited hole [3]
Yellow 2.17[90], 2.21 [93],2.2 | O; or other defect complexes [3, 90], Vo [3, 93], doubly
[91], 2.13 [3], 2.14 ionized Vg [91], transition from shallow donor to a deep
S70-590 nm | 1371 2,19 [94] acceptor-Vz, [94]
2.07 [93], 1.97 [81] 0O; [85, 93, 94], excess local oxygen [81]
1.95[78], 1.99 [71] radiative transition between singly and doubly ionized Vz,
[78], Zn; [85], Oi[71]
Visible Between: deep level defects [85] or vacancies [76, 93], point defects
broad [95], surface bonded hydroxides [95], donor-acceptor
emission 1.95-2.98 complexes [95], electron-hole recombination of Vo [83]
IR 1.64 [92], 1.68 [81] Radiative recombination of shallowly traped electrons with
deeply trapped holes at O; [92],

lithium hydroxide monohydrate (LiOH-H,O (Aldrich, purity
99.99%)) was used. The chemical equation in HydLi reaction is as
follows:

Zn(0Ac), + 2LiOH - H,0 — ZnO + 2LiOAc + 3H,0 3)

From the above mentioned synthesis routes following samples
were obtained and assigned which are listed in Table 3.

Characterization methods

To check crystallinity, stoichiometry and the purity of the
nanoparticles, X-ray diffraction (XRD) was applied with a STOE
IPDS2 powder diffractometer equipped with a Cu Ko radiation

Table 3
Assignments of the obtained ZnO particles by various methods and their expected
particle dimension.

Sample assignment Synthesis method Particle dimension

SS600 and SS300 SS Bulk and nano
Hyd1-600 HydNa Bulk

Hyd2-2 HydNa Nano or QD
HydLi2 HydLi Nano or QD

source at a wavelength of /=0.154 nm. Samples were measured
by Debye-Scherrer geometry. The morphology and further struc-
tural characterization ZnO particles were carried out using trans-
mission electron microscopy (TEM) by using Carl Zeiss LEO 912
Omega instrument at acceleration voltage of 120 kV. TEM samples
were prepared by evaporating a dilute suspension of ZnO particles
on a carbon-coated copper grid. Photoluminescence (PL) spectra
were recorded with a PerkinElmer LS 55 fluorescence spectrometer
with 325 nm excitation and 5 nm excitation and emission slit
width. A pulsed Xe lamp was used as excitation source. To remove
spurious emission, a UG 5 filter was used. X-band (9.86 GHz) EPR
measurements were performed with Bruker EMX spectrometer
using a rectangular TE102 (X-band) resonator. The magnetic field
was read using an NMR gaussmeter (ER 035M, Bruker); as a stan-
dard magnetic-field marker, polycrystalline DPPH with g=2.0036
was used for the accurate determination of the resonance magnet-
ic-field values.

Results and discussion

For the characterization of ZnO particles mainly XRD and TEM
methods were used to determine the crystal structure and the
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Fig. 2. TEM and XRD measurements of SS300 and SS600 samples synthesized by SS reaction and annealed at 300 and 600 °C, respectively. XRD diffraction pattern indicates
formation of pure ZnO nanoparticles. Inset shows line broadening after normalization in XRD pattern in SS300 sample which indicates smaller particle size.
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Fig. 3. (a) X-band EPR spectra for the micron- (bulk) and nano-size undoped ZnO at RT [38]. (b) Defect concentrations obtained from X-band EPR at 70 K for micron- and
nano-sized ZnO, respectively both for the dark state and under UV light illumination [5]. The concentrations were determined from the bulk defects signal at g ~ 1.96 (cf. the

EPR spectra inset) [5]. (c) PL spectra of micron- (bulk) and nano-size undoped ZnO [28].
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Fig. 4. Monitoring quantum size effects by EPR spectra. With the aid of different
chemical routes (SS, HydNa, HydLi) EPR spectra show drastic changes from bulk to
nano-size samples. The additional EPR peak at g~ 2 (refer Fig. 3a) indicates
nanosize crystal formation [38].

particle size. In Fig. 2 XRD and TEM results for SS synthesized ZnO
samples were given and TEM results indicates 25-30 nm mean
particle size for annealing temperature of 300°C and 100-
150 nm for 600 °C. XRD results also revealed pure diffraction pat-
tern of ZnO and the expected broadening for nanosized samples.
In our previous EPR and PL works on ZnO material it has been
introduced the core-shell model [29,30] and partly solved the
defect assignment issue by designating the EPR signal at g ~ 1.96
to the defects on the core whereas signal at g ~ 2.0 to the defects
on the surface. Correspondingly, UV-recombination emission peak
around 380 nm and in PL visible band emission peak around 500-
600 nm region in PL were correlated to the core and surface
defects, respectively. Fig 3a and c shows the size effects in EPR
and PL spectra due to core-shell model. On the other hand, the
photosensitive features of core defect signal (EPR: g~ 1.96, PL:

Table 4

Spin concentration in various ZnO samples obtained via spin counting procedure. The
defect concentration on the core decreases by reducing the size whereas it increases
on surface. Unit is spins/mg.

Core Shell
Hyd2-2 9.74 x 10" -
SS600 4.36 x 10 6.88 x 10"
Hyd1-600 1.66 x 10'* 8.59 x 10"
HydLi2 - 1.52 x 10
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Fig. 5. (a) Band-gap energy calculation by the aid of Brus equation (Eq. (4)). (b) In-situ particle growth and band-gap measurement by in-situ PL measurement. (¢) PL

spectrum of ZnO QD synthesized by HydNa at 0 min.

Table 5
Summary of in-situ growth values of ZnO QDs.

Reaction time  Emission Band-gap Calculated particle
(min) wavelength (nm) energy (eV) size (nm)

0 337 3.68 5.6
500 377 3.29 104

emission ~380 nm), e.g., enhancement after UV-light [99] (see also
Fig. 3b), support that this signal can also safely be attributed to the
electrons in conduction-band states, since UV-light can promote
electrons into these states [36]. Fig. 3b shows the defect concentra-
tion in ZnO both for micron- and nano-sized samples after applying
well known spin counting procedure [30,100]. It is clearly seen that
nano-size samples have more defect centers than the micron-size.
The defect concentrations were almost doubled under illumination
with UV light. Independent from the origin of the defect center this
result shows that by light excitation one can induce more intrinsic
defects. The reason for that is the defects are stacking faults in the
crystal lattice, e.g., vacancies, which represent additional electronic
meta stable states. So by excitation those defect states would be
populated and become EPR active.

In Fig. 4, strong size effects can be observed by EPR spec-
troscopy. By reducing the particle size the core signal (~360 mT)
of bulk defects reduces and finally disappears, whereas the surface
defect’s signal becomes dominant. The quantitative values of the
spin concentration have been summarized in Table 4 which are
calculated by spin counting process [101]. In HydLi2 sample only
the g~ 2.0 defect signal left and this could be not only the
paramagnetic surface defects but also it could be Li related defect
centers [102,103]. To establish a relation between the EPR and PL
results, the core-shell model for nanocrystalline ZnO is introduced
previously [28-30]. By decreasing the particle size, the interior
core becomes negatively charged due to an increase of V, defects.
V,, at Zn sites has spin quantum number S=1/2 and therefore it
reveals a typical single EPR line at g ~ 1.96. However, one could
also attribute the same signal of bulk ZnO to the oxygen vacancies
which are positively charged. According to our EPR and PL results,
the core-shell model supports the negative charging of core and
positive charging of the shell. This is mainly due to the decrease
of the EPR signal at g ~ 1.96 and increase of defect related PL signal
upon decreasing the crystal (core) size. Clearly, more oxygen

vacancies are formed on the surface than in the core. The oxygen
vacancies formed on the surface can trap either one (V) or two
electrons (Vo) upon irradiation or excitation of the crystal with
high-energy electrons or neutrons.

One of the alternative ways of controlling the particle size is
doing in-situ PL measurements and monitoring the band-gap
change simultaneously during the measurement by time. This
enables us to relate the band gap variations to the particle size var-
iation by well-known Brus equation which involves the particle
size dependent photon excitation energy to determine the particle
size:

hznz(i 1, 1.786¢2
2R? 'm;  m;’  4megeR

E¢(R) = Eg(R — o0) + 4)
where m; is the effective mass of the electron (0.19m,), m; is the
effective mass of the hole (0.8my), R is the radius of the particle,
&, is the dielectric constant of ZnO, and & is the permittivity of free
space. The in-situ precipitation (HydNa) reaction was carried out in
a cooled (0 °C) quartz cuvette in PL instrument with the excitation
wavelength of 270 nm. In Fig. 5a Eq. (4) is plotted with respect to
particle diameter versus band-gap energy which is schematically
presented in Fig. 1. The electron-hole recombination energy, given
in Fig 5b is decreasing with the growth time which supports the
theoretical model of Brus, where the band-gap strongly increases
with smaller particles. For a better understanding the PL spectrum
of HydNa sample at 0 min were given in Fig. 5¢ and the growth val-
ues for 0 and 500 min were summarized in Table 5.

Conclusions

In this work, different synthesis methods namely, solid state
and hydrolysis, were introduced for the production of ZnO and var-
ious particle sizes were obtained. Numerous ways of controlling
particle sizes were given and by the aid of Brus equation one can
estimate particle size from the energy-band gap energy calcula-
tion. Accordingly, by the help of in-situ PL measurements it is pos-
sible to observe the changes in the band-gap energy
experimentally which gives correlation between EPR transitions
and optical excitations. The estimation of particle size from Brus
equation (Eq. (4)) can be enhanced by theoretical optimizations
which needs advanced quantum mechanical approximation
[104]. Samples synthesized by HydLi route showed characteristic
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features to the direction of QD research and it will be discussed in
future works. Overall, these results strongly suggest the intercon-
nection between defects, synthesis route and particle size and
experimental verification of quantum confinement. We believe
that such an investigation will provide deep insight into the pro-
duction of p-type conductivity, which is for a long time a dream
achievement for undoped ZnO material.
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