Programma CNR 
- Short Term Mobility 2008 -
Relazione Scientifica 

dell’attività svolta su 

Synthesis and luminescence properties of oxide-based nanostructures

The University of Western Ontario, Department of Chemistry,  London (Canada)
20 giugno – 19  agosto 2008

Lidia Armelao 

Dipartimento di Progettazione Molecolare, Istituto di Scienze e Tecnologie Molecolari

During the stage at the Department of Chemistry, The University of Western Ontario, the research activity has been mostly focused on the study of size- and shape-dependent luminescence responses from ZnO(Tb) nanostructures in both energy and time domain, using X-ray excited optical luminescence (XEOL and TR-XEOL).

Zinc oxide

The interest in size- and shape-dependent optical properties of nanostructured semiconductors have recently triggered a number of ongoing studies on ZnO1-10 which among others is considered an innovative material for future optoelectronic devices.11-17 It is also well known that by single and multi-lanthanide ion doping the luminescent properties can be tailored towards emissions at selected wavelengths and a wide colour variation for light-emitting applications can be obtained. Due to a wide band-gap of 3.37 eV at room temperature and particular optical properties, ZnO is a promising photoactive material for short-wavelength light-emitting devices (blue lasers) and is suitable as a host matrix for optically active impurities such as rare-earth ions.11,18-26 The optical properties of pure and doped ZnO nanostructures strongly depend on the dopant, the intrinsic defect concentration and crystallinity. Closely related to this are the growth mode and the characteristic length, which is responsible for confinement effects. As a consequence, this has stimulated several preparation methodologies for ZnO-based nanomaterials, like thermal evaporation,27-32 chemical vapour deposition,33 sol-gel34 and solution-phase,35 from which a large variety of ZnO nanostructures, such as nanorods,27,35,36 nanotubes,28,33,37 nanobelts,29 nanocombs,30 nanorings, nanosprings,31 nanopropellers,32 nanosheets,38 and tetrapods-like nanostructures39,40 have been realized so far. Much attention has been paid to the quasi-free excitonic states, which become sensitive to confinement once the dilatation of the exciton Bohr radius is comparable to the particle size. The critical particle size where confinement in ZnO becomes important is ≤ 5 nm.41 At bigger particle size confinement effects quickly lose importance, but surface effects may still be significant.42 Moreover, in systems exhibiting nanostructural orientation, optical absorption and emission anisotropy are to be expected due to inherent asymmetry factors. As a result, optical emission from nanostructures can be quite different from bulk emission. For example, a nearly perfect ZnO nanocrystal emits only weakly in the green. Both morphology and size dependence are important in the case of ZnO which can assume a broad variety of nanostructures, depending on synthesis conditions.1
It has been proven that element selective X-ray excited optical luminescence (XEOL) from different sample morphologies is a suitable method to study phenomenological opto-electronic and structural correlations. XEOL bares the essentials for studying advanced nanostructured materials like element specificity, good quantum efficiency, and an easy approach to time resolution. By tuning the photon energy to selected absorption edges like, e.g., the L-edges of Zn or the K-edge of oxygen, one can monitor element specific optical emission. 

Typical XEOL features of ZnO exhibit the band-gap transition (~3.25eV) and defect related transitions, often referred to as green band (~2.5eV) and yellow band (~2.0eV). The UV band has excitonic nature,43 whereas the green band originates from shallow trapped electrons and deep trapped holes due to oxygen vacancies or interstitial zinc ions, which may appear together as a double-peak structure in the luminescence spectrum. The yellow tail towards long wavelengths is attributed to oxygen interstitials.42-44 Optical transitions from these defects are sensitive to nanostructures and show confinement effects.44 In nanostructured materials defect-related effects may gain importance when single ionised oxygen vacancies near the surface region significantly contribute to luminescence.45 The dynamics of these luminescence bands are subject of broad interest, as they are one of the clues for better understanding of the underlying mechanics of advanced light-emitting materials. 
The complex mechanism of XEOL involves the decay of super-excited states, but it is generally recognized that the radiative de-excitation channel in the optical region results from the effective coupling of the super-excited state with the luminescence chromophore, producing electron-hole pairs that recombine radiatively.46,47 Conventional approaches to study luminescence dynamics include time-resolved and temperature-dependent spectroscopy using lasers or lamps as excitation sources. Light pulses from third generation synchrotrons48,49 have sub nanosecond duration and a repetition rate of hundreds of nanoseconds (in single bunch mode), which makes them suitable to study a broad range of life times involved in luminescence (nanoseconds to milliseconds). In particular, we have measured the time structure of the luminescence decay from ZnO nanosystems excited by X-ray pulses and time gated XEOL, counting photons coming through a selected time window.49 

Experimental

Synthesis. ZnO(Tb) nanostructures were synthesized following a previously reported procedure.1 An alumina boat containing the source precursors was placed at the middle of the high-temperature zone of a quartz tube, mounted inside a horizontal tube furnace. ZnO(Tb) samples were prepared by evaporating a mixture of Zn and TbCl3 6H2O (Tb/Zn = 0.1 at.) powder. A silicon wafer substrate was placed at a position downstream of the carrier gas (Ar), which was introduced at one end of the quartz tube at a flow rate of 100 sccm (standard cubic centimetres per minute). The other end of the tube was open to air. The temperature of the furnace was increased to 550°C and kept for 60 min. After deposition the nanostructures on the Si substrate appear as grey or white shaded areas. The deposited nanostructures, which depend on position and dopant, are selected and cut from the sample after subsequent morphology analysis. 
Structural characterization. The morphology and microstructure of the as-synthesized samples were characterized by Scanning Electron Microscopy (SEM, LEO 1540XB) and X-ray Diffraction (XRD, Rigaku, Co K radiation,  = 0.1792 nm). 

XANES and optical XANES. Experiments were performed at the spherical grating monochromator (SGM) beamline (Zn L3-edge, O K-edge) of the Canadian Light Source (CLS, University of Saskatchewan).

Optical properties. Luminescence from Tb-doped ZnO nanosystems were studied by X-ray excited optical luminescence (XEOL) and time resolved X-ray excited optical luminescence (TR-XEOL). XEOL spectra were scanned with a JY optical monochromator. The optical detector was a Hamamatsu R943-02 photomultiplier (PMT) with 2 ns rise time. TR-XEOL experiments were performed at the SGM beam-line (O K-edge) at CLS using single bunch mode (60 ps pulse width, 570 ns repetition, 10-15 mA ring current).

Results 
Due to the temperature gradient along the substrate ZnO(Tb) samples exhibit a variety of morphologies from micro crystals to nano-needles, all in ZnO wurtzite structure. Moreover, diffraction peaks from other phases such as terbium oxides were not detected, thus suggesting a high dispersion of the guest species in the host oxide matrix. As estimated by XPS, the dopant amount is probably less than 1at.% on the sample surface. Two different regions (denoted “bulk” and “nano”) were selected, based on SEM images (Figure 1). In the “nano” region we see needles of nanosized diameter which are completely absent in the “bulk” region. 
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Figure 1: SEM images of two different regions of the slab, the “bulk” and the “nano” region (see text).

Optical spectra from “bulk” and “nano” regions, excited at the O K-edge, are shown in Figure 2. Note that the spectra are normalized to the total optical yield (branching ratio). 
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Figure 2: Optical emission from the “nano” and bulk region of the ZnO(Tb) sample.

In the “bulk” spectrum, we observe a dominant contribution from defect related transitions (peak centered at ~500nm) and a sharp contribution from near band-gap emission (~390nm); this spectrum is typical of bulk samples.51 In contrast, emission from the “nano” region shows a dominant bandgap contribution, and a defect related double peak at 508 nm (green) and 667 nm (red). Note that the red peak at 667 nm is completely absent in the “bulk” spectrum. The origin of the green emission has been attributed to defects. It is associated with the tunnelling of the surface-trapped hole back into the particle, and recombining with an electron in an oxygen vacancy.52 In fact, fitting Gaussians to the bulk spectrum reveals that the dominant green defect peak includes two peaks, centered at 492 nm (blue) and 525 nm (green). Note that these two peaks can appear as distinct optical emissions by hard X-ray excitation.50 A remarkable difference in optical decay dynamics in the “nano” sample, compared to the “bulk” counterpart, reflects in the band-gap transition lifetime of ~400 ps in the “nano” versus ~2 ns in the “bulk” region (Figure 3). Additional features in the decay curve, prior to t = 0, are due to bunch impurities in the storage ring. We attribute this significant difference to “quantum confinement” of secondary processes in the needles where the track of thermalization of the electrons and holes are significantly cut short, leading to a faster decay in the “nano” region (cf. also53).
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Figure 3:  Lifetime of the optical band gap transition from different regions of the sample, excited at the O K-edge (530eV).
Remarkably, the difference in lifetime is probably even bigger in case of the green defect emission. The green emission from the “nano” region showed a lifetime in the order of ~100 ns, whereas the green emission from the “bulk” region (>μs) could not be resolved within the 570ns time gap of the storage ring (single bunch fill). Defects are vacancies or interstitials in the regular lattice, which can act as a trap for electrons or holes. At the surface, where the lattice is truncated, defects form differently compared to bulk material, due to reduction in coordination and degradation at long range. We can study defect related optical emission by tuning the excitation energy to the absorption edges of selected elements. 
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Figure 4:  Optical emission from “nano” region, with the excitation energy ramped over the Zn L3-edge. The total electron yield (TEY) is shown in the inset.

Above the Zn L3-edge, we observe a significant increase in the branching ratio of the band gap emission at the expense of the green and yellow defect emissions, which are more intense with excitation just below the edge (Figure 4). 
At the O K-edge we observe a similar trend, in the sense that the relative peak intensity of band gap and green defect evolve in opposite directions: the band gap transition gains, whereas the green defect is suppressed above the O K-edge (Figure 5).
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Figure 5:  Optical emission from the “nano” part, with the excitation energy ramped over the O K-edge. The total electron yield (TEY) is shown in the inset.

In contrast to the “nano” results, no changes are observed in the “bulk” region; neither at the Zn L3-edge, nor at the O K-edge.

Conclusion

These results suggest as a phenomenological optical-structural correlation in nano-sized light emitting materials exists in terms of crystallinity, defects and quantum confinement. The optical emission from the “nano” region compared to the “bulk” region of ZnO(Tb) shows a noticeable change (Figure 2), revealing an additional emission band centered at ~670 nm. The study of optical decay dynamics shows a general tendency towards faster decay in systems with nanostructure morphology. Element and excitation channel specific excitation below and above the edge reveals sensitivity of the band gap and the green defect transition, whereas the red defect transition, which appears in the “nano” region only, shows little effect. The red defect transition is likely related to surface effects and the presence of the dopant. These notions are under further investigation and more effort is in progress to better understand the role of lanthanide dopants in these light emitting materials. 
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