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Abstract. A systematic study of the morphology evolution of ZnO nanostructures grown by 
physical vapour transport was carried out. The evolution of the shape with the growth time is 
shown to depend on the different gas-phase supersaturation and temperature conditions 
encountered in the crystallization zone of the tube furnace. The observed morphology 
transitions are discussed, and a growth model for ZnO nanostructures is given. 

1.  Introduction 
The synthesis of ZnO at nanoscale has paid a renewed interest during the last decade due to the 
potential applications of this material. Indeed, ZnO nanostructures are viewed as potential candidates 
for application in biomedical nanodevices thanks to the non-toxic and biocompatible character of this 
semiconductor [1,2]. In addition, ZnO nanostructures can be applied in numerous technology devices 
due to the unique combination of physical properties exhibited by this material [1,2]. Nanostructured 
ZnO has been achieved to grow by using several methods involving in most cases the transport of 
precursors in the vapour phase [3,4] and wet chemistry processes [5,6]. Despite the efforts made 
during the last years, the growth mechanisms of ZnO nanostructures and the control of their physical 
properties are no totally understood. Low-cost growth methods have attracted intensive interest due to 
the requirements of the crystal growth technology. Physical vapour transport (PVT) has shown to be 
well-adapted for the growth of nanostructures with good quality and physical properties [4]. Unlike 
other vapour phase methods with industrial character, PVT does not offer an accurate and direct 
control of the richness of gas-phase precursors during the growth process. This aspect makes difficult 
the control of nanostructure properties. Considering that studies on PVT growth mechanisms are still 
needed, we have investigated in this work the role of gas-phase supersaturation. We have also 
emphasized the influence of growth time on the behaviour of the gas-phase supersaturation along the 
crystallization region and their effect on morphological characteristics of ZnO nanostructures.  

2.  Experimental details 
Catalyst-free ZnO nano and microstructures were grown on c-sapphire substrates by physical vapour 
transport method under atmospheric pressure. The experiments were carried out into a horizontal tube 
furnace with two temperature control zones. An argon flow (100l/min) and a mixture of ZnO and 
graphite powder [100:1] were used as carrier gas and material source, respectively. The temperature 
gradient was obtained by setting the temperature of the evaporation zone (material source) at 1015ºC 
while the temperature of the crystallization zone (substrates) was set at 400ºC. The morphology of 
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ZnO nanorods was assessed by using scanning electron microscopy (SEM Jeol 840) and the structural 
properties of the samples were determined by powder X-ray diffraction (BrukerD8Advance). 

3.  Results and discussion 
Several sets of samples were grown by employing different growth times (5, 15, 30 and 60 minutes) 
and using the same temperature gradient as illustrated in Figure 1(a). The analysis of each set of 
samples evidenced substantial changes such as the grown material quantity on the substrates and the 
nanostructures morphology, depending on the position in the crystallization zone. The Figure 1(b) 
shows the typical behaviour of the grown material quantity of our sets of samples as a function of the 
distance along the crystallization zone, measured from the material source. The corresponding graph 
exhibits an asymmetric bell shape with a maximum centred in the zone corresponding to 420-450ºC. 
 

 
Figure 1. (a) Temperature gradient (temperatures of controllers: 
1015ºC (evaporation zone) and 400ºC (crystallization region)). (b) 
Estimation of grown material quantity along crystallization region. 

 
Crystal growth fundamentals emphasize the primordial importance of parameters such as 

supersaturation of precursors and surface energies of crystal facets because they tend to govern the 
morphological development of crystals [7,8]. Regarding nanostructures it was previously reported that 
the final morphology is governed by the competition between the processes of adsorption and 
incorporation of atoms on the different crystal surfaces under a particular supersaturation conditions 
[9]. It is commonly admitted that the anisotropic growth is favourable under low supersaturation 
conditions [10] while some studies carried out on whiskers growth have shown that rich 
supersaturation conditions favour the lateral growth of the structures [11]. Indeed Ye et al. [9] have 
particularly studied the behaviour of gas-phase supersaturation of precursors along the crystallization 
region during a growth process using a CVD system. These authors showed that gas-phase 
supersaturation exhibits a decreasing behaviour along the crystallization region when the growth is 
made without carrier-gas flow, while it exhibits a curving behaviour with an asymmetric bell shape 
when a carrier-gas flow is used. According to our results, the behaviour of the grown material quantity 
on our samples seems to be well-correlated with the above described behaviour of gas-phase 
supersaturation using a carrier-gas flow. Therefore, and similarly to the procedure done by these 
authors [9], we have divided the crystallization region into 4 different zones regarding their gas-
supersaturation level associated to a grown material quantity: zone I, low supersaturation (480-500°C); 
zone II, high supersaturation (420-480°C); zone III, intermediate gas-phase supersaturation (380-
400°C) and zone IV, low gas-phase supersaturation (300-370°C), as shown in Figure 1(b). 

The typical morphology characteristics of the samples grown into zones II, III and IV, with 
different growth times (5, 15, 30 and 60 minutes) are shown in Figure 2. Samples grown into zone I 
(polyhedrons structures) are not shown here due to the very low material quantity found on these 
samples. The SEM images reveal three principal features: (i) nanopolyhedrons with well-defined 
hexagonal facets are synthetized into all crystallization zones during the early growth stages (5 
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minutes); (ii) depending on the crystallization zone, these nanopolyhedrons exhibit different 
morphological evolution as the growth time is increased: zone II, nanopolyhedrons evolve to a rough 
layer composed by coalesced polyhedrons (Figures 2(c), (f), (i), (l)); zone III, nanopolyhedrons to 
isolated micropolyhedrons (figures 2(b), (e), (h), (k)) and zone IV, nanopolyhedrons to needles 
(Figures 2(a), (d), (g), (j)); (iii) the number of structures/area seems to be constant as the growth time 
is increased. The last observation suggests that, under our conditions, the nucleation process is not 
continuous during the growth, i.e. once a number of seeds have been nucleated during the early growth 
stage, the subsequent atoms will tend to be incorporated into different crystal planes of the nucleated 
seeds instead of creating new ones on the substrate surface. The morphology evolution will depend on 
the temperature and supersaturation conditions. In our case, the morphological transitions agree with 
what is usually admitted, i.e. isolated polyhedrons with well-defined hexagonal crystal facets are 
obtained under intermediate gas-phase supersaturation conditions, while under low gas-phase 
supersaturation conditions our structures develop into needles (IV zone). 
 

 
Figure 2. SEM images of the samples grown into the three zones, II (420-500 
C), III (380-400ºC) and IV (300-370ºC) with different growth times: (a-c) 
5min, (d-f) 15 min, (g-i) 30min and (j-l) 60min. 

 
Otherwise, SEM images of zone II samples show that polyhedrons exhibit a faster lateral growth as 

time growth is increased. As it was mentioned, previous studies have shown that high supersaturation 
conditions favour the lateral growth of the structures [11]. This aspect can explain the morphology 
transition exhibited by our samples in this zone, i.e. polyhedrons to a rough layer. Under high gas-
phase supersaturation, the lateral growth (“m” and “a” planes) of our ZnO polyhedrons is enhanced, 
thus favouring the coalescence of the structures and the subsequent development of a rough layer. 
Moreover, higher magnification SEM images of needles structures (zone IV) show that they tend to 
develop from some pyramidal or basal plane of a polyhedron structure previously synthetized, Figure 
3(a). Into the BCF (Burton, Cabrera and Frank) theory [7] and the studies developed by Sears [8], a 
screw dislocation is proposed to be at the origin of the whisker growth. However, reported studies 
have associated the anisotropic growth of ZnO nanostructures to another kind of crystal defect, such as 
stacking faults [12] or twin planes [13]. Recently, Perillat et al. have focused on the growth of ZnO 
nanorods grow by MOCVD [14]. These authors suggest an inversion domain boundary (IDB) to be at 
the origin of the nanorod growth. The IDBs could come from the segregation of aluminium impurities; 
nevertheless the occurrence of such a polarity inversion is still to be fully understood. In our study, the 
same kind of mechanism could explain the development of needles, emerging from the polyhedrons. 
According to our experimental results, a growth model which summarizes the morphology evolutions 
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observed for our ZnO nanostructures, can be drawn when the growth time is increased, depending on 
the gas-phase supersaturation conditions in each crystallization zone, Figure 3. 

 

 
Figure 3. (a) and (b) SEM images of needles structures; (c) proposed model of 
the morphology development of ZnO structures, as the growth time increases 
under different gas-phase supersaturation of precursors. 

4.  Summary and conclusions 
Several ZnO structures were grown at low temperature range by varying the growth time using a well 
selected value of the carrier gas flow and temperature gradient. The study carried out has allowed 
correlating the morphology transitions observed in our ZnO structures with the level of gas-phase 
supersaturation along the crystallization zone. The results show that: (i) under low supersaturation 
conditions, the anisotropic growth is more favourable. The needle shape structures tend to develop 
from the basal o pyramidal facets of a nanopolyhedron synthesized during the early growth stages; (ii) 
under high supersaturation conditions, rough layers tend to be formed, due to the coalescence of 
polyhedrons. This latter case can be explained by the enhanced lateral growth of the polyhedrons. 

Acknowledgments 
The authors acknowledge the SCSIE–University Valencia for providing the FESEM facilities and the 
financial support from the MINECO under project TEC2011-28076-C02-01/02, and the Generalitat 
Valenciana under projects Prometeo/2011-035 and ISIC/2012/008. 

References 
[1]   Wang Z L 2009 Materials Science and Engineering R 64 33 
[2]   Özgür Ü, Alivov Ya I, Liu C, Teke A, Reshchikov M A, Doğan S, Avrutin V, Cho S-J and Morkoç H 

2005 J Appl Phys 98 041301 
[3]   Wang L, Zhanga X, Zhao S, Zhou G, Zhou T Y and Qi J 2005 Appl Phys Lett 86 024108 
[4]   Montenegro D N, Agouram S, Martínez-Tomás M C, Llorens C, Reig C and Muñoz-Sanjosé V 2010 

Physics Procedia 8 121 
[5]   Ling B, Wang Y, Sun X W, Dong Z L and Yang N X 2011 IEEE J Selected Topics in Quantum 

Electronics 17 801 
[6]   Xu F, Lu Y, Xie Y and Liu Y 2010 J Solid State Electrochem 14 63 
[7]   Burton W K, Cabrera N and Frank F C 1951 Philosophical Transactions of the Royal Society of London 

Series A Mathematical and Physical Sciences 243 299 
[8]   Sears G W 1955 Acta Metall 3 361 
[9]   Ye C, Fang X, Hao Y, Teng X and Zhang L 2005 J Phys Chem B 109 19758 
[10]   Cao G Z and Wang Y 2011 Nanostructures and nanomaterials synthesis, properties and applications 2nd 

ed (Singapore: World scientific publishing) 
[11]   Ruth V and Hirth J P 1964 J Chem Phys 41 3139 
[12]   Ming N B J 1992 Synth Cryst 21 217 
[13]   Takeuchi S, Iwanaga H and Fujii M 1994 Philos Mag A 69 1125 
[14]   Perillat-Merceroz G, Thierry R, Jouneau P H, Ferret P and Feuillet G 2012 Nanotechnology 23 125702 

IMRMPT2015 IOP Publishing
Journal of Physics: Conference Series 687 (2016) 012027 doi:10.1088/1742-6596/687/1/012027

4




