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1. Introduction

Semiconductor nanostructures have interesting electro-optic properties due to quantum
confinement of electrons, strong exciton binding energies, and the possibility to tailor the
bandgap and radiative emission rates. An electric field normal to the quantum well, for
example, shifts the absorption edge to lower energies (red-shift) and increases the
refractive index below the absorption edge allowing to control the intensity of a light
beam through electroabsorption. Such nanostructures can be conveniently used for the
direct modulation of light, since they show much larger electro-optic effects than bulk
semiconductors. Moreover, the optical properti es of semiconductor nanostructures can be
controlled by an electric field due to different emission rates from radiative centers in
different charge states.

In the Chapter, the effect of an external electric field on cathodoluminescence from
semiconductor nanocrystals and nanocomposites with different radiative emission rates is
described, giving special emphasis to ZnO nanocrystals in MgO and polymer matrix.

In the next Section we shortly review the preparation of ZnO nanocrystals and
nanocomposites, including a chemical solution deposition (CSD) of core/shell nanocrystals,
as well as their structural and optical properties.

In Section 3 of the chapter, the effect of anexternal electric field on cathodoluminescence
from the nanocrystal/polymer structure will be studied, giving special emphasis to the

doped ZnO nanocrystals in Poly(4,4’- diphenylene diphenylvinylene) (PDPV) matrix and

PBET/ITO structures. Electric field-induced co lor switching of cathodoluminescence from
nanocrystals/polymer is reviewed. The assumed mechanism of electric field-tunable
cathodoluminescence implies the presence of radiative recombination channels, which are
sensitive to the electric field through the band bending at the crystal surface. The
experiments on a reversible quenching of the UV near-band-edge emission under visible
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illumination confirm an appearance of the recombination channel after recharging oxygen-
vacancy states in the surface depletion zone. Ithas been shown that the UV near-band-edge
emission can be modulated at frequencies of hundreds of hertz. Limiting performance
bounds for potential future devices fabricated from nanocrystals with different radiative
emission rates are considered.

2. Structural and optical properties of ZnO (MgO) nanocrystals and
nanocomposites

Zinc oxide is a 1I-VI compound semiconductor with a wide direct band gap of 3.3 eV at
room temperature (RT), which makes it attractive for optoelectronic devices in the near UV
region (Kang et al., 2006; Look, 2001; Ozgir etl. 2005). ZnO has a large exciton binding
energy of about 60 meV, which promises efficient RT exciton emission. The unique physical
and electronic properties of ZnO, such as large bond strength and large damage threshold
for laser irradiation, (Minne et al., 1995; Yamamoto et al., 1999) and its high exciton binding
energy allow to fabricate an excitonic laser operating at room temperature (Bagnall et al.,
1997; Ohtomo et al., 2000; Yu et al., 1997). A lowepumping threshold for laser operation is
expected when exciton-related recombination rather than electron—-hole plasma
recombination occurs. The use of a ZnO-based quantum structure with a higher exciton
binding energy could decrease significantly the current threshold, which is the key point for
current injection laser. The modified density of states in the ZnO-based low-dimensional
guantum structure can confine both excitons and photons, thus achieving high-efficiency
stimulated emission (Sun et al., 2000). The RTcathodoluminescence (CL) spectrum of ZnO
along with the exciton emission band at near 380 nm contains a deep-level defect related
emission band at 500-650 nm. Tk deep-level emission band, as usual, is considered
consisting of the green (500-520 nm), yellow-oange (560— 600 nm), and red (650 nm) bands.
The green emission band is frequently observed and the early studies it was attributed to
copper impurities (Ozgiir et al., 2005). However at present, oxygen vacancies have been
assumed to be the most likely candidate for recombination centers involved in the green
luminescence of ZnO (Cheng et al., 2006; Leiter et al.,, 2001;Studenikin et al., 1998b;
VanDijken et al., 2000a; Vanheusden et al., 1996a1996b). UV (exciton) and visible (defect)
emissions are in competition with each other and it is presumed that th e deep level emission
centers are preferable channels of the electwn-hole recombination. Such behavior of the
luminescence bands gives rise to interesting physical phenomena, which creates an ability to
control the intensity of the UV emission, and could be also of practical relevance. In practice
the dependence of the excitonic band on exterral and internal perturba tions is widely used
to modulate its intensity. The modulations of the excitonic PL by means of acoustic
(Takagaki et al., 2003), terahertz waves (Klik etal., 2005) and visible light (Chen et al. 1996;
Shih H. Y. et al., 2011; Kurbanovet al., 2008a; Kurbanov et al., 2008b ) as well as the excitonic
PL and CL by electrical field (Hagn M., et al., 1995; Panin et al., 2005a; Schmeller et al., 1994;
Zhang S. K., et al., 2001; Zimmermann etal., 1997; Zimmermann et al., 1998; Zimmermann
et al., 1999) were reported. The opportunity to control the characteristics, in particular,
reflectance, of the sample under study by the external periodic perturbations serves as a
basis for the modulation spectroscopy and allow to study electron states and features of the
semiconductor band structure (Aigouy et al., 1997; Motyka et al., 2006; Rowland et al., 1998).
In ZnO nanocrystals the electron paramagnetic-resonance signal assigned to singly ionized
oxygen vacancy (Vo*) was observed to be photosensitive for photon energies down to as low
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as 2.3 eV (Vanheusden et al.1996a, 1996b). Upon illumination, the o+ density was observed
to grow. Moreover, it has been found that the intensity of the green emission in ZnO
powder correlates well with the paramagnetic single-ionized oxygen-vacancy (V ¢*) density.
Nevertheless, the effect of the subband excitaton on emission from ZnO is still unclear and
remains unexplored in spite of the observed correlation between the density of V¢* and the
green emission intensity and the sensitivity of V ¢* to a visible light.

MgO (Eq4 = 7.3-7.7 eV) (Roessler & Walker, 1967; dmson, 1954) solved in ZnO can produce a
large band gap MgxZnixO alloy, which is well suitable for quantum structures operating in
the ultraviolet spectral range (Ohtomo et al.,, 1998; Sharma et al., 1999). The radiative
recombination of electron—hole pairs in terms of the quantum confined Stark effect was
observed in ZnO/Mg xZn1xO structures (Makino et al. 2002). According to the phase
diagram of ZnO/MgO binary systems (Ragha van et al., 1991), the thermodynamic solid
solubility of MgO in a ZnO matrix is less than 4 mol%. The crystal structure of ZnO
(hexagonal, a = 3.24 A and ¢ = 5.20 A) is vastlyifferent from that of MgO (cubic, a = 4.24 A

). However, since the ionic radius of Mg 2+ (0.57A) is almost the same as that of Z&+ (0.60 A)
(Shannon, 1976), Zi+ can be replaced by Mg+ in the ZnO matrix. The synthesis of cubic
MgxZn1xO nanocrystals under pressure was reported (Baranov et al., 2005a; Baranov et al.,
2010). Stable cubic MgZn1ixO solid solutions (0.33 < x < 0.68) with continuous band gap up
to 3.74 eV have been synthesized under high pressures andigh temperatures.

2.1 The growth techniques

The growth techniques of NCs are very importan t since they influence their structure, shape
and distribution of nanocrystal sizes, stoichiome try, structure of the surfaces or interfaces,
and their optical properties. Therefore, before studying in the next sections the electric field
induced optical properties of NCs, we want fi rst to briefly look to the chemical growth
techniques, paying special attention to the techniques of self-assembling (Fu et al, 2003; Fu et
al., 2005; Panin et al., 2003b; Panin et al 2004d; Panin et al., 2005c; Panin et al., 2007d;
Kurbanov et al., 2008c) as well as structuraland luminescent properti es of as-grown and
annealed NCs. Nanostructuring by physical techniquebased on lithography and etching
does not usually produce NCs of sizes small enough for the detection of size effects, even if
one uses electron beam techniques. The advantag of these techniques is their compatibility
with microelectronics techniques. However, the drawback top / bottom of lithographic
techniques in their low produc tivity and poor optical quality of structures produced by
etching. The chemical techniquesre the ones most used for the preparation of NCs. We will
mention a few of them which have been used in preparation of ZnO-based composites.

2.1.1 Colloidal synthesis of ZnO nanoparticles

Colloidal synthesis, by the reduction of metal salts in solutions with organic ligands, are
frequently used to produce metal nanoclusters (e.g. gold). As for II-VI semiconductors,
nanoparticles of ZnO, CdSe, CdS, etc. a produced from reagents containing the
nanocrystals constituents. One reager contains the metal ions (e.g. Zr¢*) and the other
provides the oxygen (O2) or the chalcogenide (e.g. S&’). The size of the nanocrystals is
controlled by the temperature of the solutions and the concentrations of the reagents and the
stabilizers. Synthesis of ZnO nanoparticles with sizes of 2—8 nm is fairly detailed, (Baranov
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et al., 2008;Sakohara et al., 1998; Van Dijken et al., 2001; Wong et al., 2001; Meulenkamp,
1998; Pesika et al., 2003; Spanhel & Anderson, 1991; Tokumoto et al., 2003; Hosono et al.,
2004) and the conditions for nanoparticle manufacturing by precipitation of zinc acetate
with alkali from alcoholic solutions are also well studied. In particular, particle growth rate
curves were obtained and the effects of severa factors were determined, such as the water
proportion in the solution, the na ture of the solvent, the starting solution concentration, and
precipitation temperature.

A typical absorption spectrum from suspende d ZnO nanoparticles is shown in Fig 2.1 The
simplest way to estimate the particle size in colloidal ZnO solutions is to determine the
transition position in optical absorption spectra. The absorption onset of ZnO nanocrystals
appears at 337nm, which is bluestifted relative to 382 nm absorption onset of bulk ZnO. The
spectrum shows that these uncapped ZnO nanoparticles were well dispersed in ethanol, and
that the band gap absorption was much more effective compared to the absorption by
surface defect states (Chen et al., 1997).

Fig. 2.1. Optical absorption spectra of colloidal ZnO particles prepared in ethanol. In the
inset, the same data in other coodinates. (Baranov et al., 2008)

The inset in Fig. 2.1 illustrates the experimental data in the (A1)2 — h1 coordinates. The
existence of a linear segment on the h1)2versus h1 curve verifies the existence of a direct
electron transition which defined the particle adsorption edge. Extrapolation of this segment

to axis h1 gave a value of 3.6 eV for the band gap of suspended ZnO nanoparticles.
Compared to the band gap of micron-sized ZnO (Ey = 3.3 eV), the band gap of ZnO
nanoparticles was increased by the quantum canfinement effect. The method which we used

is to equate Ey with the wavelength at which the absorp tion is 50% of that at the excitonic
peak (or shoulder), so called Iy>. To convert measured values of Iy, into particle size an

expression (1) can be used:

1240/ Iy, =a+ b/ D2-¢ D (1)

where Iy in nm, diameter D in A and the values a= 3.556,b =799.9, andc = 22.64, which
gives a good description of the experimentally found size dependence for 25 < D < 65 A
(Meulenkamp, 1998). The mean particle size céculated using expression 1 was ~3.0 nm.
Comparison of the data derived from the absorption spectra with TEM data and theoretical

calculations demonstrates good convergence.

ZnO nanopatrticles synthesized from aqueous solution (Kurbanov et al., 2007a; Wang et al.,
2005) and deposited on a substrate show usudly the larger size (100-1000 nm) and cone-
shape (Fig. 2.2 (a)).
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Fig. 2.2. Typical SEM images of ZnO nanocrystals(a) as-prepared and (b) annealed in air at
500 °C. The inset shows the specklike defed revealed after annealing at higher
magnification. (Kurbanov, et al., 2009a)

As-prepared ZnO nanocrystals display a strong UV luminescence accompanied with a weak
yellow—orange emission at around 565 nm. With increasing the excitation power a violet PL
band at ~400 nm starts to appear and it dominates over the UV near-band-gap emission at
high excitation power. While the UV-PL band intensity displays saturation behavior, the

violet band intensity grows superlinearly. Th e violet luminescence most likely arises from
defects associated with zinc vacancy or zinc vacancy related complexes.

WL

Fig. 2.3. Normalized (a) CL and (b) PL spectra of ZnO nanoparticles: (black) as- prepared
and (red) after annealing in air at 500 °C for 1h. (Kurbanov et al., 2009b)

Figs. 2.3 (a) and (b) show the normalized room temperature CL and PL spectra of the ZnO
nanoparticles before and after annealing in air at 500°C for 1h, respectively. The annealing
resulted in a strong increase in intensity of the green band centered at 505 and 520 nm in the
CL and PL spectra, respectively. This band beeame dominant emission band in the visible
region. The decrease in intensity of the violet band at ~400 nm after annealing is clearly
observed in the spectra obtained at the high laser power excitation (80 mW) (Fig. 2.3 (b)).
The UV emission from nanocrystals is ascribed to near-band- edge luminescence of ZnO.
The variation of the UV peak energy as a function of temperature described by the Varshni
equation also confirms this statement (Kurbanov et al.,, 2009b). Because the ZnO
nanocrystals were prepared without intentiona | doping, the violet, green and yellow—orange
emissions are attributed to native defect centers and their complexes. Namely, the yellow—
orange emission band around 560-580 nm fromthe as-prepared ZnO nanocrystals has been
assigned to oxygen interstitial related defects. The green band peaked at 505-520 nm
appearing after the high-temperature annealing and being dominant in the visible emission
is attributed to oxygen vacancy related centers. The observed differences in the green band
positions in CL and PL spectra could be attributed to specific features of photon and
electron beam excitation, particularly, to a different penetration depth of photons and
electrons. The first principles investigations show that under oxygen-rich conditions t he zinc
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vacancy and oxygen interstitials are the dominant defect types and they have low formation
enthalpies than other defects (Erhart et al., 2006; Kohan et al., 2000). Based on these
calculations, it is reasonable to suggest thatthe violet emission from ZnO nanocrystals
grown in thermal equilibrium conditions is or iginated from Zn vacancy related defects or
their complexes. Moreover, as was mentioned above, in most cases the violet emission band
is accompanied with the yellow—orange band, attributed to oxygen interstitials (Kumar et
al., 2006; Hua et al., 2007; Jeong et al., 2008/u et al., 2001; Zhao et al., 2005;). The first
principles studies predict that for Zn vacancy, the transition level (0 /-1) lies at ~0.45 eV
(Kohan et al., 2000) or ~0.3 eV (Erhart et a] 2006) above the valencédand and the transition
level (-1/-2) is located at ~0.8 eV (Kohan etal., 2000) or 0.7eV (Erhart et al., 2006) above the
valence band. Thus a transition between the conduction band and the single charged Zn
vacancy acceptor level would give rise to luminescence at 405 nm (3.06 eV), in reasonable
agreement with the predicted transition energy.

A postgrown annealing treatment significantly improved the UV emis sion efficiency and
resulted in the clear appearance of a low temperature emission band around 3.31 eV (so-called
A-line). Spatially and wavelength resolved CL measurements revealed a spotlike distribution
of the A-line emission on a nanocrystal surface with a strong correlation between the emission
around 3.31 eV and the specklike defects that appeared on the nanocrystal surface after
annealing. At low temperatures, bound excito n emissions from ZnO nanocrystals are the
dominant radiative recombination channels. The energy range between 3.375 and 3.367 eV is
normally assigned to ionized donor bound excitons, while the neutral donor bound excitons
are positioned between 3.366 and 3.36 eV. The free exciton emission is usually observed at
3.377 eV. According to the conventional classification for the bulk ZnO crystals, the lines
situated at lower energies, between 3.33 and 3.3V, are attributed to the two-electron satellite
(TES) recombination of the donor bound excitons (Kang et al., 2006; Meyer et al., 2004; Teke et
al., 2004). However, in recent years many research groups reported on an observation of a
strong emission line in the TES region the so cdled A-line. The position of the A-line varies
from 3.31 to 3.333 eV depending on the growing methods of ZnO. The A-line’s intensity is
strongly enhanced in ZnO powders when comp ared to bulk ZnO (Fallert et al., 2007). The
origin of the A-line emission is currently under discussion. Possible assignments of the A-line
include: neutral excitons bound to nitrogen im purities (Look et al., 2002; Yang et al., 2006),
donor-acceptor pair recombination (Zhang et al., 2003), free-to neutral- acceptor transitions
(Cao et al., 2007), two-electron transition of exciton bound to neutral donor (Studenikin et al.,
2000), the first longitudinal optical (LO) phonon replica of free excitons (Hirai et al., 2008) or
excitons bound to surface or structural defects ( Fallert et al., 2007; Fonoberov et al., 2006; He et
al., 2007; Meyer et al., 2004; Teke et al., 2004). Recently, on a basis of cathodoluminescence
measurements, it was suggested that this line iscomposed of two overlapped bands related to
point defects and the first LO phonon replica of the free exciton (Mass et al., 2008).

Wavelength resolved CL images as well as spatially resolved CL spectra from ZnO
nanocrystals show a direct correlation between the A-line emission at 3.311 eV and the
annealing induced specklike defects (Kurbanov et al., 2009a). The specklike defects appear
on all faces of the annealed nanocrystals and lead to a spotlike distribution of the emission.
Figure 2.3 (b) shows a SEM image of the annaled ZnO nanocrystals. The annealing of the
nanocrystals leads to the formation of specklike defects on their surface, which appear as
dark spots and are not observed on the as-prepared nanocrystal faces.
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Fig. 2.4. (Left) Spatially resolved CL (a, b)and integral CL(c) and PL (d) spectra at 90 K.
Spatially resolved CL measurements were performed on ZnO nanocrystal face: specklike
defect region (a) and defect-free region (b);(Right) Wavelength resolved CL images of the
ZnO nanocrystal face obtained at 90 K for (g 3.358 eV (DX-line) and (b) 3.313 eV (A-line)
energies as well as a SE image of the ZnO nanocrystal facwith specklike defects (c).

The spatially resolved CL spectra, as well as,the integral PL and CL spectra obtained from a
large number of ZnO nanocrystals at 90 K are preented in Fig. 2.4. It can be seen that in
contrast to the PL spectrum the DX and A-lines in the integral CL spectrum are not well
resolved; whereas, the A-LO line at around 3.24 eV appears clearly [Fig. 2.4, curve (c)] The
spatially resolved CL spectrum from the nanocrystal surface region without specklike
defects peaks at 3.35 eV, it is broadened and diplays no A-LO line [Fig 2.4, curve (b)]. A
spectral maximum of the CL spectrum from th e specklike defect region is redshifted and
located at 3.34 eV [Fig. 2.4 (a).] Moreover, itshows the pronounced A-LO peak at around
3.24 eV. Obviously, the A and A-LO lines appear only in the CL spectra collected locally
from the regions with the specklike defects, or a large number of nanocrystals with the
specklike defects. Fig. 2.5 shove the wavelength resolved CL images taken at the DX (3.358
eV) and A-line (3.311 eV) energies at 90 KThe CL image monitored at the bound exciton
energy exhibits an uniform distribution and no extraordinary features are observed [Fig. 2.4
(a)]. In contrast, the emission detected at tre A-line energy is spotlike and localized [Fig. 2.4
(b)]. The distribution of the spots coincide with position of the sp ecklike defects in the
secondary electron image [Fig. 2.4 (¢)].

2.1.2 ZnO nanorods

Numerous techniques have recently been developed to synthesize quasi-1D ZnO
nanostructures, (Baranov et al. 2004; Liu et al., 2004; Xia et al., 2003; Yang et al., 2002; Yao et
al., 2002; Yin et al., 2004; Wang et al., 200&Zhang et al., 2003) including growth with or
without catalysts by a vapour—liquid— solid epitaxial (VLS) mechanism (Yang et al., 2002;
Yao et al.,, 2002; Wang et al., 2004), microwave plasma growth (Zhang et al., 2003) and
solution methods (Liu et al., 2004; Yin et al.,2004). An important issue in the fabrication of
nanostructures is the control of the shape and size of nanomaterials, both of which affect
their optical and electrical properties. ZnO nanorods grown from a NaCl (NaCl-Li ,COg) salt
mixture were described by (Baranov et al., 2005b; Baranov et al. 2004). The salt composition
and the size of the Zn-containing precursor particles play a key role in the synthesis and
define their size and properties.
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Fig. 2.5. (Left) HRSEM images of ZnO nanorods grown from the NaCl-Li,COs salt mixture
at 700° C for 1 h and (Right) TEM images of ZrO nanorods grown from the NaCl mixture at
700° C for 1 h. Insets—selected area of electron diffraction and the ZnO atom-scale

resolution image (HRTEM).

Figures 2.5 show HRSEM and TEM images of ZnO nanorods synthesized from the Nad—

LioCOg3 salt mixture as well as their selected area diffraction analysis. The presence 6
LioCOs3 allows to decrease the diameters of ZnO nanorods. The product prepared at 600° C
for 3 h consists of quite uniform nanorods with diameters ranging from 8 to 40 nm and of

length from 200 to 500 nm. As the temperature increased to 800° C, the diameters of the
nanorods increased drastically and ranged from 200 to 500 nm. The results indicate that
individual nanorods are single crystalline and possess the wurtzite structure (see the inset

in figure 2.5, right).

3.27 eV b 3.25eV

CL Intensity, a.u.
CL Intensity, a.u.

360 4(I10 560 660 7(|JO 360 4(IJO 560 660
Wavelength, nm Wavelength, nm

Fig. 2.6. (a) CL spectra taken at room temperature ¥ = 15 kV) from ZnO nanorods grown

from (a) the NaCl mixture at 500° C (dash—dot line) and 700° C (solid line), (b) the NaCl—

Li,COs salt mixture at 700° C (solid line) (the dashed lines are Gaussian multi-fit

approximations) (Baranov et al., 2005b).

The CL spectra for the ZnO nanorods are shown in figure 2.6. Two peaks at around 3.25 eV
and 2.5 eV and a high-energy shoulder at aound 3.65 eV are observed. The high-energy
bands 3.65 eV and 3.25 eV correspond to the n&r band-gap emission (NBE) of small and
large rods, respectively. The high energy shoulder in the spectrum indicates some
dispersion of small size rods. Strong quantum confinement effect could be attributed to the
real size limitation by an potential barrier fo rmed due to the charge surface states or the
exciton dead layer (Pekar, 1958; Combescot etl., 2001), which increases with nanocrystal
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size (Fonoberov et al., 2004). The UV shift of PL from nanocrystals which are large in
comparison with the exciton Bohr radius in ZnO (~1 nm (Fonober ov et al., 2004; Gill et al.,
2002)) has been reported. The UV NBE shift ofabout 40 meV was observed for surprisingly
large (24 nm) ZnO nanocrystals (Hur et al., 2005).

2.1.3 CVD grown ZnO nanorods and tetrapods

Chemical vapor deposition (CVD) and vapor tran sport (VT) techniques are widely used for
the growth of nanorods and tetrapods. The effect of growth conditions on their morphology,
size and properties has been well studied (Lyapina et al., 2008) and high efficient light
emitting diodes based on ZnO nanorods were reported (Lee et al., 2011).

Fig. 2.7. SEM micrographs of ZnO nanorodsand tetrapods grown on Si substrates.

Figure 2.7 shows typical ZnO nanostructures grown on a Si substrate. The supersaturation
of the zinc vapor plays a key role in determining the morphology of the structures. The

nanorods have a hexagonal shape and its size ca be well controlled by the zinc vapor. The
tetrapods are not bonded to the substrate surfag, which implies that they were formed in

the gas phase. The lower layer consists of smh tetrapods with legs ~ 2—3 pm in length and ~

350 nm in diameter. In the upper layer, the tetrapods have elongated legs on the order of
5um in length, with a diameter of 650 nm at th e junction and 100 nm at the tip. The rods of
the tetrapods have long whiskers, up to 10 um in length, with a sharp transition from a leg

thickness of 500 to 80—100 nm.

CL intensity

' {505 n

383 nm)

| | 1 L
300 450 GO0 750
Wavelength, nm

Fig. 2.8. CL spectra of tetrapods grown in (1) oxygen-deficient and (2) oxygen-enriched
conditions (Lyapina et al., 2008).
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Figure 2.8 shows the RT CL spectra of tetrapds obtained in different conditions. The UV
peak at 383 nm is due to free excitons. The geen band centered at 505 nm is markedly
stronger. The intensity ratio between the UV and green emissions is lager in the samples
obtained at the highest oxygen flow rate and reduced zinc vapor concentration.

2.1.4 ZnO/MgO nanocrystals and nanocomposites

The techniques for growing nanocrystals inside a matrix are very developed, partly as a
consequence of the industrial production of color filters and photochromic glasses based on
copper halides, such as CuCl, CuBr, Cul, etc. Nanocrystals of II-VI compounds (ZnO, CdS,
CdSe, ZnSe, etc.), starting from supersaturated viscous solutions, are also frequently
incorporated in glass matrices for applications in optical filters due to the ease in controlling
the dot size. ZnO/MgO composites can be prepared by using aqueous solution and
methanol solution techniques (Panin et al., 2004c; Panin et al., 2005b). Fig. 2.9 (Left) shows
SEM images of the ZnO/MgO particles prepar ed by these techniques. The sizes of the
individual ZnO and MgO patrticles prepared fr om the aqueous solution are approximately
100 and 500 nm, respectively, while the size of the particlesprepared from the methanol
solution is about 10 nm.

T . T 4 T

2

&

-
. "l.

CATHODOLUMINESCENCE INTENSITY (arh. uniis)

WAVELENGTH (nm)

Fig. 2.9. (Left) Scanning eéctron microscopy images of ZnO/MgO nanoparticles prepared
by using (a) aqueous solution and (b) methanol solution techniques. (Right) RT CL spectra
of the ZnO/MgO particles annealed in (a) N 2 and (b) O, atmospheres.

(right panel) shows CL spectra of the large-size ZnO/MgO patrticles annealed in an oxygen
or nitrogen environments. Annealing in oxygen environment inhibits the green
luminescence and enhances tle near-band-gap emission.
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2.1.5 ZnO/MgO core-shell nanocrystals

ZnO/MgO core-shell nanocrystals were synthesized by chemical solution deposition (CSD)
technique using a colloidal zinc oxide solution and alcoholic solution of magnesium acetate
as described in (Baranov et al., 2008).

Mgty
W

1 3 an  d45 5 55 - B 10 :0m Mo &=
10, deg —_— AR

Fig. 2.10. XRD patterns from powdered nanoparticles of (@) ZnO annealed at 400° C and b),
(), and (d) ZnO/MgO composites, annealed at 400, 500 and 600° C, respectively. (Right) (a)
TEM micrograph and (b) electron diffraction pattern of the ZnO/MgO nanocomposite
annealed at 500° C.

X-ray powder diffraction and electron diffraction show that, although the synthesis
temperature was rather low, nanoparticles have a crystal structure. The XRD pattern of
ZnO sample (Fig. 2.10, curve (a)) consistent wih the hexagonal phase of ZnO crystals; the
unit cell parameters insignificantly differ from literature data: a= 3.249 A andc = 5.206 A.
The coherence length for zinc oxide determined from diffraction pea k broadening agrees
well with the particle size derived by digiti zing TEM micrographs (Fig. 2.10, (image) (a))
and is within 5 T 12 nm. X-ray powder diffraction and TEM data for samples annealed at
400, 500, and 600Y indicate that the optimal temperature range for ZnO/MgO composite
manufacturing is 400-500°C. The X-ray diffraction patterns contain both peaks associated
with the cubic MgO structure (with Miller indices 111 and 200) and those associated with
zinc oxide (wurtzite; indices 100, 002,101, 102, and 110) (Fig. 2.10, curvels and c¢). These
peaks are considerably broadened, but there is no anisotropy in directions 100 and 002;
that is, particles have near-spherical shapeswhich are also seen in TEM micrographs (Fig.
2.10, image (a)). The ZnO coherence length (crystallite size) in the cormosite with MgO
varies as a function of synthesis parameters more widely than for pure zinc oxide;
crystallite sizes range from 8 to 14 nm. The unit cell parameters calculated for MgO and
ZnO phases almost coincide with the literature values; this means that, there is no
noticeable interaction between magnesium and zinc oxides with solid solution formation
at the low annealing temperatures. It confirms also by the electron diffraction pattern for
the nanocomposite annealed at 500°C which congins both indices attributed to the cubic
MgO structure ([220], [200]) and those associaed with wurtzite zinc oxide ([100], [002],
[101], and [110]) (Fig. 2.10, image (b)). A different situation is observed for samples
annealed at 600°C (Fig. 2.10, curveal) or higher temperatures. In this case, wurtzite phases
vanish and there are only peaks of newly formed solid solution Mg 1.xZnxO; the init cell
parameters of the cubic phase increase systematically, which corresponds to a partid
substitution of zinc ions (with a larg er ionic radius) for magnesium ions.
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Fig. 2.11. Cathodoluminescence spectra othe ZnO/MgO nanocomposites annealed at ( a)
400, (b) 500, () 600, and (d) 700° C (Baranov et al., 2008).

Cathodoluminescence spectra of annealed sampls are shown in figure 2.11. The spectra of
the samples annealed at 400 and 500°C sbw two peaks at 376 and 512 nm which are
attributed to the free exciton luminescence and the oxygen-vacancy-related green emission
from ZnO nanoparticles. The strong blue shift of the excitonic luminescence could be due to
the quantum confinement effect in ZnO nanocr ystals. The relationship between nanocrystal
size and band gap can be obtained using anumber of models (Efros & Rosen, 2000;
Andersen et al., 2002; Hyberstsen, 1994). The effective mass model for spherical particles
with a Coulomb interaction term (Brus, 1984; Brus, 1986) where the band gap E*[eV] can be
approximated by Eq. 2 (Pesika et al., 2003):

E*=Egbuk+[( ¢ S)/2er 2[(1/m emo)+(1/m nmo)]-1.8e/4 S Agrfe (2

where Egbuk=3.3 eV is the ZnO bulk band gap, r is the particle radius, me=0.26 is the
effective mass of the electrons, m=0.59 is the effective mass of the holes, mis the free
electron mass, AB.5 is relative permittivity of ZnO, s the permittivity of the free space, g
is Plank’s constant divided by 2 S and e is the charge of the electron. The size of the ZnO
particles estimated from Eqg. 2 was 8 nm that well agreed with TEM and X-ray diffraction
data for the nanocomposites studied. The rdative intensity of the green luminescence
increases with an increase of annealing tempeature (Fig. 2.11, curve b). This behavior of
luminescence could arise from an increase in density of single-ionized oxygen vacancies
after annealing as a result of an increase ofthe electron concentration in the ZnO particles.
The spectra of the samples annealed at 600 an@00°C are shown in figure 2.11 (c, d). For the
sample annealed at 600°C, edge luminescences not observed but several peaks in green,
yellow and red spectral regions are appeared. After annealing at 700°C, a peak in the deep
UV region (at 307 nm) appears, confirming the formation of a solid Mg 1-ZnxO solution, for
which the UV shift of edge luminescence is characteristic. The peaks at around 600 and 700
nm can be attributed to Mg- or oxygen-related defects in the solid solution which together
with oxygen vacancy defects reduces transparency of the nanocomposite in the visible
range. The hexagonal ZnO (core) and cubic MgO (shell) phases in ZnO/MgO
nanocomposites are thermally stable and high transparent up to 500°C. The annealing at
temperatures 600 -700°C led to Mg doping and formation of the Mg1ZnxO solid solution
with the radiative defect centers, emitted in green, yellow and red spectral regions.
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The luminescent properties of nanocomposite consisting of ZnO nanotetrapods (NT) and
MgO particles were also investigated. The nanocomposites were prepared from ZnO
tetrapods (300-5000 nm in length and 20-500nm in diameter) grown by CVD method
(Lyapina et al., 2008) and capped by MgO nanarticles (3-50 nm) which were obtained by
thermolysis of jellylike product containing mixture of magnesium acetate and sodium
hydroxide alcohol solution (Baranov et al., 2008). The nanocomposite was annealed at 500°C
in air. The low temperature annealing wa s used to prevent the diffusion of Zn 2+ cations to
MgO lattice and vice versa Mg2+ cations to ZnO lattice and keep the cubic MgO and
hexagonal ZnO structures (Baranov etal., 2008; Panin et al., 2005b).

PL Intensity, arb. units
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Fig. 2.12. The normalized PL spectra of (2 ZnO nanotetrapods (solid line) and (b) ZnO
nanotetrapods covered by MgO (dot line).

Fig. 2.12 shows PL spectra of ZnO tetrapodsand the tetrapods capped with MgO particles.
The annealed tetrapods demonstrate high intensity of the green luminescence attributed to
the oxygen-vacancy-related defects. The tetrapods annealed with capping MgO
nanoparticles show however the suppressed green emission and the relatively-enhanced
excitonic luminescence (Fig. 2.12, curve (b)). Tcestudy the electronic and optical properties of
the samples on nano-scale through the lensdetector (TLD) and CL measurements were
carried out (Ryu et al., 2002; Panin et al., 2003a)Figure 2.13 (a) shows an HRSEM image of
the tetrapod and (b) profiles of CL intensity an d the TLD signal obtained from the structure
by scanning an electron beam along the A-Bline. The enhanced TLD signal indicates the
electron depletion of a ZnO surface with format ion of the space charge region. The intensity
of CL from the depletion zone is suppressed significantly (about 25 %).

LD wipel it GL IAaenaity jarD. unis)

.- R
Fig. 2.13. (a) An HRSEM image of the nanotérapod structure and (b) profiles of the CL
intensity and the TLD signal from the struct ure obtained by an electron beam scanning
(along the A-B line in (a)).

The green luminescence from ZnO nanocrystalsare generally explained by the formation of
single ionized oxygen vacancies (Vanheusden etal., 1996b). The mechanism of the observed
suppression of the green luminescence from the nanocomposite structure could be
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explained by the electron depletion of ZnO nanocrystals due to the band bending on the
interface between ZnO and MgO capping agent. In the part of this depletion region where
the Fermi level Er passes below the \¢* /V ¢*+ energy level, all oxygen vacancies are in the
nonradiative V ¢*+ state and the green luminescence fom the nanocrystals is suppressed
(Panin et al., 2008). In case of uncapped tetrapod the electron density is relatively high and
the green emissionfrom such samples is well appeared.

3. Tuneable luminescence from nanocrystals and composites
3.1 ZnO Nanocrystals capped by Rh6G

ZnO-based polymer and molecular composites have demonstrated the attractive optical and
mechanical properties. In particular, it is found that capping of ZnO nanocrystals with
polymer, organic dye, etc. can effectively passivate the surface defects and decrease the
surface-related visible emission (Borgohain et al., 1998; Du etal., 2006; Harada et al., 2003;
Tong et al., 2004; Yang et al., 2001). The remarkdé increase of the near-band-edge emission
to the visible emission intensity ratio (N BE/VB) in ZnO nanocrystals coated with
Rhodamine 6G (Rh6G) organic dye was reported by (Kurbanov et al., 2007b). These results
show that capping with Rh6G leads not only to passivation of the ZnO nanocrystals surface
but also to formation of dye monomers mostly, due to advanced surface of ZnO
nanocrystals.
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ft) and PL (Rght) spectra for ZnO nanocrystals impregnated
with the various Rh6G concentration solutions: (Left) (a) uncapped, (b) 106mol%, (c) 105
mol%, (d) 104 mol% and (e) 103 mol% and (Right) (a) uncapped, (b) 104 mol%, (c) 103 mol%
and (d) 102 mol%. The spectra were normalized to (a) UV and (b) visible emission bands.
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Fig. 3.1. RT normalized CL (Le

Fig. 3.1 shows the RT CL and PL spectra ofZnO nanocrystals impregnated with Rh6G
solution of various concentrations. Both the CL and the PL spectra of the uncapped
nanocrystals show two emission peaks — the sharp peak at 382 nm and a broad peak at
~510-530 nm. The luminescence at 382 nm is attributed to the near-band-edge emission (free
exciton) and the broad emission peak at 510530 nm is contributed to deep level defects,
probably ionized charge states of oxygen vacancies (Studenikin et al., 1998b; VanDijken et
al., 2000a; Van Dijken et al., 2001; Vanheusdeet al., 1996a, 1996b). After capping with dye
the emission spectra of ZnO nanocrystals display a new band at 560-570 nm. Its intensity
increases with increasing dye cancentration and it can be attributed to Rh6G luminescence.
Moreover, at high dye concentrations a second band at 625 nm, which is also related to dye
molecules, appears (Fig. 3.1 (right panel) d). However, the visible emission intensity around
510 nm decreases with increasing dye concentation and at higher dye concentrations, the
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emission arisen from Rh6G becomes dominantover the visible luminescence of ZnO. The
capping gave rise to increasing the intensity ratio of the UV emission to the visible emission
of the ZnO nanocrystals. After capping, the (N BE/VB) intensity ratio for the CL spectrum
increases from 1.96 to 3, and that for the PL spectrum increase from 1.22 to 3.6.
Improvement of the (NBE/VB) intensity ratio indicates that dangling bonds and defect
states in the surface layer of ZnO nanocrystds are significantly passivated by dye. The
visible luminescence of ZnO nanocrystals located around 510-520 nm {green” emission) is
affected by the surface (Matsumoto et al, 2002; Norberg & Gamelin, 2005; Ramakrishna &
Ghosh, 2003; Shalish et al. 2004; VanDijken eal., 2000a; Van Dijken et al., 2001). A direct
relationship between the size and the excitonic emission intensity in ZnO crystals in the 40—
2500 nm size range was reported (Matsumoto etal., 2002; Shalish et al. 2004; Van Dijken et
al., 2001). Moreover the *“greeri’ emission intensity was reported to display a direct
correlation with surface hydroxide concentrat ions (Liu et al., 1992; Norberg & Gamelin,
2005; Van Dijken et al., 2000b). On the other handit has been found that surface OH groups
can form H-bridges with dye molecules through their OH groups and/or nitrogen (Ying et
al., 1993; Wood & Rabinovich, 1989). The evaporation of the residual ethanol solvent is
accompanied with the increased interaction between dyes and hydroxides. Statistically
neighboring molecules are bonded to the hydroxide groups, resulting in stabilization of dye
molecules at the ZnO surface. The obtained reslts indicate that Rh6G molecules present as
monomers at ZnO nanocrystals at lower dye concentrations. Fig. 3.2 shows PL spectra for
the ethanol solutions containing Rh6G of 105, 104, and 103 mol%. The Rh6G solutions
display only one PL band at ~560 nm resulting from monomers (Innocenzi et al., 1996). With
increasing the dye concentration, this band exhibits redshift, which is attributed to
formation of dimers and increasing their amou nt (Bojarski, 2002; Innocenzi et al., 1996). The
aggregate formation process is clearly displayed in the PL spectrum of the dye deposited
onto a flat quartz glass surface (Fig. 3.2 (curved)). The PL spectrum contains peaks near 665,
625 and 530 nm. Using the results(Bojarski, 2002) we assume that the PL bands at 625 and
665 nm are formed due to dimer and aggregate enissions. The broad PL peak at 530 nm is
related to the emission of the quartz glass. PL of organic dye on a quartz glass surface
undergoes a strong quenching effect owing to strong aggregation and as a result, the dye
emission intensity on the quartz glass surface is many orders of magnitude less then that in
the ethanol solutions as well ason the ZnO nanocrystal surface.
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Fig. 3.2. Normalized PL spectra of Rh6G in ethanol solution for the different concentrations:
(a) 105 mol%, (b) 104mol%, (c) 103 mol% and (d) Rh6G deposited onto a flat quartz glass
surface (Kurbanov et al., 2007b).
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