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Single crystal ZnO nanowires grown by pulsed laser deposition (PLD) and vapour-liquid-
solid (VLS) technique respectively, were in-situ and ex-situ covered with additional ZnO 
shell layers. Luminescence investigation revealed significant luminescence spectra shift 
from UV to blue emission band of the obtained structures while changing the deposited 
shell layer film thickness. But with no monotone variation with the deposited film 
thicknesses. While the luminescence changes are generally considered as being 
determined by the ratio between core emission lines intensity and shell 'defects' lines 
intensity, the strongest changes in the photoluminescence spectra were obtained in our 
experiments for the nanometer order shell layer thicknesses.  The comparison between 
luminescence results and luminescence studies on 50 nm ZnO nanoparticles clusterization, 
together with HRTEM investigations of the ZnO shell layer suggest that the nanoparticle-
nanowire interface, respectively the coupling between the ZnO single crystal core and 
ZnO nanostructured shell layer, might play a significant role in the luminescence spectra 
changes. 
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 1. Introduction 
 
 Zinc oxide is known as a wide band-gap semiconductor material with a large exciton 
binding energy (60 meV). ZnO nanomaterials are promising candidates for nanoelectronics and 
photonics and an intense interest has been paid to its optical and electronic properties [1-12]. As 
the dimension reduces to the nanometer range, the properties change significantly from the bulk 
material [13-15] generating novel physical features for applications [17, 18]. Particularly the 
luminescence properties are size related features based on quantum confinement effect and 
respectively surface states, and have drawn lots of investigations [18-21]. Nanorods arrays devices 
[22] and even single wire devices became technically possible [23-26] and tuning the optical 
properties of nanowires became an issue of the present research.  
 Starting from single crystal ZnO nanowires grown by pulsed laser deposition (PLD) and 
vapor-liquid-solid (VLS) technique and by using PLD technique for depositing in-situ and ex-situ 
additional ZnO shell layers over the ZnO nanowires, here, we investigate the changes from the 
photoluminescence spectra of the resulting ZnO nanostructure 

                                                            
*Corresponding author: c.porosnicu@yahoo.com 



598 
 
 2. Materials and methods 
 
 We have grown zinc oxide nanowires using a special PLD system with plasma reflection 
(PLD/PR) and respectively VLS growing technique. In figure 1 a generic scheme of the 
experimental setup for this system is given, while more details on the oxide nanowire fabrication 
using PLD/VLS and some plume filtering techniques using such a fabrication method were given 
elsewhere [27-30].  In this experiment we used a picosecond LUMERA Fast laser reaching a 500 
kHz repetition rate and about 1.5 W beam power at 355 nm wavelength. Ablation target was a 
sintered target made from commercially available ZnO nanopowder with 50 nm particle diameter 
and gold droplets were used as liquid catalyst for the VLS process. The substrate was [1120] 
alumina. Ambient pressure was 1 Pa (oxygen) and substrate temperature around 8000 C. For the 
deposition of the ZnO shell layer, the experimental system was the same and deposition condition 
similar, except the temperature which was varying between nanowire growing conditions and 
room temperature. The shell layer was made in some cases 'in-situ' – meaning depositing the shell 
layer just after the fabrication process, without moving the sample or taking the sample out of the 
chamber – and in some cases 'ex-situ' – respectively by removing the sample from the chamber for 
measurements and repositioning the sample for the next shell layer deposition step. The samples 
were investigated using X-ray diffraction (XRD) (Panalytical X’Pert MRD with CuKα (λ = 
0.15918 nm)), scanning electron microscopy (FEI Quanta, E=50 keV), transmission electron 
microscopy (Jeol 2010F operated at 200kV with a point to point resolution of 0.19 nm) and 
photoluminescence (Edinburgh Instruments FS-920D) using a laser excitation with 350 nm 
wavelength.  

 
Fig. 1 Experimental setup 

 
 3. Results  
 
 ZnO nanowires grown with our PLD/VLS experimental system (Fig. 2a) were used as the 
core for the ZnO core-shell investigated structures. An additional ZnO layer was deposited over 
the VLS grown nanowires. Shell layer deposition was done at room temperature (~ 250 C). At the 
room temperature the gold catalyst was solidified and the particle's diffusion over substrate surface 
was reduced, so the growing mechanism was no longer VLS but thin film growing. The resulting 
structure is a core ZnO nanowire covered with a ZnO shell layer. From the morphology point of 
view, the only observable change for a 15 minutes shell layer deposition is a slight increase of the 
wire diameter in the order of a few tens on nanometers.  
 A second ZnO core-shell structure was fabricated starting from the same ZnO nanowires, 
but with the additional layer ZnO layer deposited at variable temperature using an in-situ process. 
Thus, the deposition time was extended with 15 minutes while keeping all parameters constant, 
excepting the substrate temperature which was gradually decreasing down to below 2000 C, in this 
interval. While decreasing the temperature, the dominant growing process gradually changes from 
nanowire growing process to the thin film growing process and wires were covered in-situ with an 
additional ZnO shell layer.  Below 4500 C and using gold catalyst we can consider that gold  
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atalyst solidify and the VLS nanowire growing process actually stops [31-33] in its competition 
with the thin film growing process. Still the resulting morphology looks considerably similar to the 
previous core-shell structure. The wire diameter increase is also in the range of few tens of 
nanometers, as seen in Fig. 2b.  
 

 
Fig. 2 SEM images of a) uncovered ZnO wires, b) core-shell ZnO structures and XRD pattern from core-

shell ZnO structures 
 
 Our X-ray investigations of the uncovered ZnO nanowires and respectively core-shell 
structures could not distinguish significant differences between the diffraction patterns of the three 
samples; therefore, we present in Fig. 2C only the diffraction pattern for the room temperature 
shell layer deposited structure. All the XRD spectra exhibited a predominant [0001] oriented 
structure with no significant changes determined by the presence of the shell layer, at least from 
the long range order crystalline structure approach. The fact that the shell layer does not 
significantly change the [14-15] peak (Fig. 2c), (usually assigned to some droplets from the laser 
ablation process but also with the miss oriented ZnO crystals) suggests that there are no major 
variations in the volume ratio of [0001] grown structures and other orientations. Thus, we can 
assume that the deposited shell layers are predominantly having a [0001] grown orientation 
following the core structure or an amorphous structure.  
 TEM investigation on the ZnO nanowires has shown a single “zincite” structure, a 
wurtzite with hexagonal symmetry, which is typical for ZnO. The growing orientation is [0001] 
and the facing planes are (01-10) family with a relatively smooth surface (Fig. 3a). Particular 
attention was given to the room temperature deposited shell layer, which was expected to cause the 
most important changes of the shell layer (from the VLS grown core structure). HR-TEM 
investigations of the shell layer have shown an amorphous structure in most of the observed areas 
(Fig. 3b). However, there are also areas where a polycrystalline structure has been revealed. As 
can be seen in the power spectrum (FFT) from Fig. 3c inset, there is a clear ring referred to (0002) 
planes of zincite (2.61 nm) so we can say that the shell layer is made of a polycrystalline zincite 
structure in this area. ZnO nanoparticles are also visible in the shell layer of the covered nanowires 
(Fig. 3d). The nanoparticles seem to have a similar structure with the core and they are spread over 
the core surface area. In spite of the fact that these nanoparticles are embedded in polycrystalline 
or amorphous layers of ZnO, the mismatch between their structure and the core's one seems to be, 
predominantly, a low one.  
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Fig. 3. HR-TEM images of: a) uncovered ZnO wires, b) ZnO core-shell structures, c) ZnO particles embedded into 

amorphous shell layer and d) diffraction pattern of polycrystalline 'zincite' shell layer 
 
 

The HR-TEM investigations have shown that the nanoparticles have also a 'zincide' 
structure, same as the nanowires (Fig. 4 lower inset). Even if there might sometimes be slight 
differences in crystal axis orientation between core and shell structures (in the presented case fig. 4 
upper inset is 4.7º) there is predominantly a “good bound” between these structures. We should 
mention the fact that this “bound” should actually be formed from the early stages of the 
nanoparticle growing over the core surface which for a film growing process should correspond to 
the initial 'island grow' stage.  

 

 
 

Fig. 4. HR-TEM images of ZnO core-shell structure with a 4.70 mismatch between the 
nanoparticle and core crystal structure orientations in the lower inset and a perfect match 

between core and shell structures in the upper inset 
 
 
 In terms of luminescence spectra the changes induced by the additional ZnO shell layer 
are rather significant. While exciting the ZnO structures with a 350 nm laser beam, the 
luminescence main peak changes from about 375 nm corresponding to the uncovered nanowires to 
420-433 nm for the covered structures (Fig. 5). It is also interesting to mention that the 
luminescence response of room temperature covered structure is still in the same blue band and 
rather similar with the variable temperature shell layer structure spectra, excepting that the 
luminescence band tends to be slightly broader.  
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Fig. 5 Photoluminescence spectra of covered and uncovered ZnO nanowires 

 
 

  In order to understand the transition between the core and core-shell luminescence 
spectra, we analyze the PL of the ZnO nanowire structures while we deposit over the ZnO core, 
'ex-situ', additional layers of ZnO. The deposition time of the shell layers was gradually increased 
from 1 to 8 minutes while recording the luminescence spectra after each step. The measurements 
presented in Figure 6a were made on the same sample consequently covered with thicker and 
thicker shell layers. From the luminescence curves (normalized to the maximal intensities), we see 
that while deposited layer becomes thicker, the blue band relative intensity peaks gradually 
increase and the core structures UV peak decreases. There is no wavelength tuning into this 
process. There is only a decrease of the 375 nm luminescence peak and a blue emission band (420 
- 433 nm) increase.   
 

 
Fig. 6 Thickness dependence of the ZnO core-shell structure's photoluminescence: a) normalized spectra (to maximal 
value) for different shell layer thicknesses, b) ratio between intensities of blue and UV emissions and c) non-normalized 

spectra for thin additional ZnO layers 
 
 
 A plot of the ratio between 433 nm and 375 nm peak amplitude is showing a quasi-linear 
variation with the deposition time, respectively the shell layer (average) thickness (Fig. 6b). Still, 
there is one layer thickness which does not fit to the main trend. The apart spectrum corresponds to 
a very thin shell layer. The thickness of the shell layer is estimated for this sample below 1 nm. By 
further comparing the non-normalized PL spectra lines for no-shell, 1, 2 and 4 minute deposited 
shell layer (Fig. 6c), we could notice that there is actually no significant change of the 375 nm 
peak corresponding to the luminescence of the ZnO nanowires in this early stages of the shell 
formation but rather a non-monotone variation of the 420 nm and 433 nm emission peaks 
intensities. The decrease of the nanowire UV emission (375 nm) becomes evident for later stages, 
corresponding to thicker shell layers (> 5 nm).  
 
 4. Discussions 
 
 The modification of ZnO luminescence spectra is generally considered as being related to 
the changes in the ZnO structure [34,35]. In our case, the changes in the luminescence spectra 
should be related to the additional ZnO deposited layer and respectively shell layer 'defects'. 
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During the additional ZnO deposition process the decrease of the temperature affects not only the 
VLS growing process but the crystalline structure and morphology of the additional layers as well. 
With the decrease of temperature, ZnO growing structure should also change from good 
crystallinity with fewer defects at higher temperatures [36-38] to polycrystalline or even 
amorphous structure for lower temperatures [39-41].  
 The UV peak (375 nm) is explained in literature with the ZnO structure's two electron 
[42,43]  or free exciton [44,45] transitions and more recently with the stacking faults [21, 46] and 
physically associated with the core nanowires. Lower energy peaks (420, 433 and 467 nm) are 
partially assigned [47-49] still under discussion but assumed to belong to defects in the crystal 
structures. In our case should be associated with the presence of the shell layer. However, the 433 
nm luminescence peak, which is actually the strongest of the covered structure spectra, could also 
be obtained from the 50 nm crystalline ZnO nanoparticles (also used for the target sinterization). 
ZnO nanoparticles were simply sonicated in water for 5 minutes (1mg/10 cc) and we obtained a 
similar dominant luminescence peak at 433 nm. But, if the solution is centrifuged in order to 
deposit the 'dense' clusters, the blue emission is no longer the dominant peak and the resulted 
emission nears significantly to the ZnO core emission band (Fig. 7a). Furthermore, the centrifuged 
sample luminescence spectra are independent on centrifugation acceleration (Fig. 7b). Since, on 
one side, the centrifugation speed proved to control the cluster size [50] but, on the other side, has 
no relevance for this spectrum, the 433 nm peak would probably not be related with the 
nanoparticle size (since the nanoparticles from the solution should roughly have same size of about 
50 nm), but rather associated with the presence of very big and 'dense' clusters. Thus, the 
nanoparticle's clusterization should probably be somehow associated with the main blue 
luminescence peak line from 433 nm.  
 The obtained luminescence results have shown that while the intensity of the core 
associated peaks tends to gradually decrease with the shell layer thickness, the shell layer 
associated peaks is rather having a discontinuous variation, particularly at the incipient stages of 
the shell layer formation.  
One possible interpretation of the non-uniform variation of the blue emission could be related to 
the shell nanoparticles growing in the early stages of the layer formation. By taking into 
consideration the non uniform plume penetration between wires because of the substrate 
morphology (Fig. 1), the cluster presence in laser plume and the low deposition temperature 
(~250C) which drastically reduce the particle diffusion over the sample surface, we have to assume 
an “island grow” (non-continuous) morphology of the shell layer covered at low temperatures. 
Some previous studies proved absorption spectra movement toward UV with the nanoparticle size 
decreasing [7], so the structures formed on the core surface could play an important role in 
changing the luminescence spectra of the structure. Thus, the initial small nanoparticles should 
have a more efficient absorption and respectively emission while at later stages, the layer thickness 
would be the controlling factor of the UV absorption. This might be in agreement with the 
433nm/375nm intensity variation/oscillations at early stage of the shell layer formation. However, 
the changes in the shell nanoparticle size are not observable in the emission spectra so the 
particle's average size is not changing significantly during shell layer thickness growing process or 
the change in their average size is not an issue for the emission process which make this 
assumption as 'questionable'. 
 Another possibility is to speculate that if the bound between ZnO nanoparticles is indeed 
associated with the blue (433 nm) peak in the water solution luminescence response, the good 
particle-core bound might also be responsible on the 433 nm emission from the ZnO 
nanostructures. In this case, this emission line should be characteristic to the nanoparticle-
nanowire / nanoparticle-nanoparticle interface (bound) rather than the core or the shell 
independently. In this case, the diminishing of the UV peak would be related only with the 
amorphous/polycrystalline layer absorption, which is in no direct relation with the presence of the 
emitting nanoparticles over the core surface, while the emitting lines should correspond to the 
deposited/grown particles but also to the nanoparticle-nanowire interface (bounding) area. This 
could explain why the blue line emission is not directly linked with the film thickness (particularly 
the 433 nm peak) while the decrease of the UV emission is only depending on the shell layer 
thickness increase through the absorption processes. 
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 5. Conclusions 
 
 In conclusion, using PLD/VLS growing technique, the photoluminescence of the core-
shell ZnO nanostructures could be significantly shifted from UV to blue 420-433 nm emission 
band, only by using ZnO shell layer with thicknesses within nanometer range. The change in the 
luminescence spectra is understood as a balance between core emission and shell nanoparticle 
emission. While the core emission would decrease with the increase of the thickness of the 
polycrystalline/amorphous shell layer due to the absorption processes, the blue emission would 
depend on the presence and possible good bound between the ZnO nanoparticles and the single 
crystal ZnO core structure. For a ZnO shell layer with the thickness below 1 nm, both UV and blue 
band peaks could be obtained, enlarging the emission spectra and potentially enhancing the 
structure global photoluminescence efficiency.  
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