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Abstract 

Highly homogeneous gallium doped ZnO assembled nanostructures comprised by thin 

hexagonal platelets showing a striking preferred orientation along the ab plane have 

been obtained by an ultra-fast and eco-friendly microwave assisted hydrothermal 

synthesis method. Although the incorporation of gallium into the ZnO lattice is found to 

be relatively low, namely ≤ 1 mol.%, the gallium nitrate addition plays a key role in the 

size and morphology of the obtained ZnO nanostructures. The observed morphology is 

attributed to the selective adsorption of the gallium species on the basal planes of ZnO, 

which inhibits the growth along the ± [0001] direction. Additionally, the optical band-

gap and the fluorescence emission are modified upon gallium addition. The observed 

changes in the optical properties are ascribed to both the decreased crystal size and to 

the gallium incorporation into the ZnO structure, which lead to the modification in the 

energy levels.  
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1. Introduction. 

ZnO is a semiconductor material which presents a set of unique physicochemical 

properties, such as piezoelectricity, a direct wide band-gap of 3.37 eV at 298 K and 

large excitation binding energy of 60 meV [1-3]. These properties make ZnO a versatile 

functional material with a wide range of applications such as chemical sensors and 

biosensing, piezoelectric transducers and actuators, catalysts, transparent 

semiconductors and different optoelectronic devices [1-9]. Accordingly, a large number 

of studies put their focus on tuning the physicochemical properties of ZnO to fit the 

requirements of a particular application, this being critical to enhance the performance 

of novel devices. For example, in the particular case of optoelectronic applications it is 

well known that the properties are highly dependent on its impurity level since the 

chemistry of defects plays a key role [3,10,11]. Therefore, initially a very useful way to 

tune the electronic and optical properties in ZnO is through doping. Particularly, 

elements of group III (Al, In, Ga), which have comparatively higher energy states and 

strongly hybridize with conduction band states of oxide semiconductors, can generate 

free electrons when doping ZnO and, consequently, can fill up the conduction band 

levels [11-14]. Among these dopants, Ga3+ is especially attractive due to its relatively 

low cost, its non-toxicity and the high similarity among the ionic radii of Ga3+ (0.61 Å) 

and Zn2+ (0.74 Å) [15]. Thus, gallium-doped ZnO (usually denoted as GZO) is a 

specially promising material suitable for many innovative applications due to its high 

carrier concentration and electrical conductivity [6,7,10,16-21]. But in addition to 

doping, the electronic and optical properties of ZnO depend closely on the 

microstructural characteristics of the material, this including the crystal size, the crystal 

orientation and aspect ratio, the crystalline density, as well as the surface area and 

morphology (how the crystals are stacked) [22]. In this sense, tailoring the morphology 

during the fabrication process represents another fruitful strategy to modulate the ZnO 

properties [1-4,23-27]. This obviously obliges to a precise control over the crystal 

growth habit and several factors should then be considered when devising a specific 

functional (micro)nanostructure. Namely, both the specific experimental conditions and 

the intrinsic crystal structure of ZnO have a decisive influence on the crystallization 

engineering. On one hand würtzite ZnO crystallizes in a hexagonal structure (space 

group C6mc) that can be described as a number of alternating planes stacked along the 

c-axis and composed of tetrahedrally coordinated O2- and Zn2+ ions. The tetrahedral 
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coordination results in a non-centrosymmetric structure with polar surfaces (the 

oppositely charged ions produce positively charged Zn-(0001) and negatively charged 

O-(0001�) surfaces), which originates a normal dipole moment and a spontaneous 

polarization along the c-axis. As a straight consequence, a divergence in energy is 

created with the ±(0001) polar surfaces having a higher surface energy than the 

remainder non-polar prismatic facets. Certainly, these different surface characteristics of 

ZnO will induce anisotropic growth. Under thermodynamic equilibrium conditions, the 

growth along the c-axis is favour respect to the growth in the prismatic directions to 

reduce the surface energy and, hence, the facet with higher surface energy will result 

smaller in area than the lower energy facets [1]. Consequently, large arrays of ZnO 

nanostructures can be grown relatively easy along the c-axis [28-31]. However, as 

mentioned, the experimental conditions of the fabrication procedure can also play a 

decisive role on the crystal development. Clearly, growing ZnO extended 

nanostructures oriented along crystallographic directions other than the expected c-axis 

oriented rods is very appealing and efforts are being conducted in this direction. 

Nowadays a high degree of crystallographic control can be achieved using film 

deposition techniques like electron-beam evaporation, molecular beam epitaxy, pulsed 

laser deposition and the like [32-35]. All these techniques however involve high energy 

operations in terms of temperature, pressure and sophisticated equipment. Obviously, 

superlative benefits like simplicity, cost efficiency or environmental benevolence can be 

expected if sustainable processes would be used instead and, in this sense, several 

bottom-up solution-based techniques are currently being considered to prepare different 

ZnO based nanostructures. Among the different available strategies, the hydrothermal 

processing approach results particularly interesting because it is a low-energy 

consuming solution-based process which can allow the sustainable fabrication of ZnO 

structures with tailored size, morphology and orientation [31,36-40]. More recent works 

describe the preparation of ZnO structures using an alternative hydrothermal strategy 

based on the adjustment of the exterior reaction environment by the simultaneous 

application of microwave radiation, i.e. a so called microwave-assisted hydrothermal 

(MAH) process [41-46]. Visibly the concurrent use of microwave heating can render 

additional benefits related to energy and time saving, but it may be useful as well to 

avoid “conventional” hydrothermal inconveniences, such as sharp thermal gradients 

throughout the bulk solution, non-uniform reaction conditions and/or slow reaction 
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(crystallization) kinetics [47-49]. Last but not least, in addition to the specific conditions 

of the MAH process (pH, temperature and time, pressure, MW powder) further changes 

in morphology can be addressed from the action of external species, such as capping 

agents, that can act as promoters or inhibitors of the nucleation and growth processes 

[22,37,50]. Generally speaking, these molecules can tailor the surface energy of the 

synthesized nuclei by capping the growth in one or more faces, so making the crystal 

develop only in certain directions and, hence, altering/controlling its morphology [51-

53]. Typically, capping agents are organic molecules (such as surfactants or polymers), 

but it has been recently described that some inorganic species may as well provide a 

new effective way to control the shape and size of the hydrothermally grown ZnO 

particles [37]. These species might have been added to the composition with the 

purpose of doping the nanocrystal lattice. Thus, in such a case the dopants would have a 

double effect on the material: microstructural and functional [37,54]. Therefore, within 

this frame, the present contribution describes the preparation of gallium doped ZnO 

oriented nanostructures by using a microwave-assisted hydrothermal method. Added as 

gallium nitrate to the precursor solution in the autoclave reactor, the effect of this 

dopant on both the morphology and crystallographic orientation of the as-obtained ZnO 

nanostructures (capping agent effect), as well as on their resulting optical properties (net 

incorporation to the wurtzite lattice) is described. 

 

2. Experimental procedures 

Ga-modified ZnO powders with nominal composition Zn1-xGaxO, with x ¼ 0, 0.005, 

0.01 and 0.03 -hereby denoted as ZnO, GZO-0.5%, GZO-1% and GZO-3%- were 

synthesized via a microwave- assisted hydrothermal (MAH) method. First, the 

corresponding stoichiometric amounts of zinc acetate, Zn(CH3CO2)2·2H2O, and gallium 

nitrate, Ga(NO3)3·xH2O, were dissolved in 40 ml of H2O. Then, 10 ml of KOH 1 M 

were added into the intermetallic solution for the co-precipitation of the corresponding 

hydroxides. The nominal Zn1-xGaxO concentration in the final suspension was 0.1 M. 

Then, 50 ml of this mixture were poured into a Teflon vessel of 220 ml that was placed 

into a commercial Milestone ETHOS 1 microwave apparatus, operating at 2450 MHz 

and equipped with temperature and pressure sensors that enable a full control of the 

most important reaction parameters. Reactions were carried out at 180 ºC during 15 

min, with heating and cooling slopes of 15 min, the microwave power limited to 250 W 
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and autogenous pressure, which was monitored during the experiments. After reaction, 

the solid product was washed several times with distilled H2O and, subsequently, with 

ethanol. Finally, the powders were dried at 60 ºC during 24 h.  

The chemical composition of the obtained powders was analysed by inductively 

coupled plasma optical emission spectrometry (ICP-OES) on a Thermo Jarrel Ash 

Atomscan 25 spectrometer. The powders were also characterized through X-ray 

diffraction (XRD) on a Bruker D8 Advance diffractometer using Cu Ka1 radiation (λ = 

1.5406 Å). XRD samples were prepared by placing a few drops of a concentrated 

ethanol dispersion of particles onto a single crystal silicon plate. Step-scanned X-ray 

diffraction patterns were collected between 15 and 90º in steps of 0.02º and with a 

counting time of 1.5 s per step. The morphology of the particles was analysed by using 

a cold field emission scanning electron microscope (FESEM, model S-4700 Hitachi). 

UV-vis diffuse reflectance spectroscopy (DRS UV-vis) was carried out on a UV-Vis-

NIR Varian Cary 5000 spectrometer equipped with an integrating sphere. Fluorescence 

spectroscopy measurements were performed on a Varian Cary Eclipse Fluorescence 

spectrophotometer. The measurements were conducted in solid state with an excitation 

wavelength set at 264 nm. 

 

3. Results 

3.1 Chemical composition 

The actual chemical composition of the synthesized powders was analysed by ICP-

OES. For each particular sample, Table 1 compares the expected gallium concentration 

according to the formulated nominal composition (Zn1-xGaxO) with the molar gallium 

concentration as measured by ICP. It is observed that for samples with low gallium 

content in the nominal composition, i.e. x ≤ 0.01, the obtained results are in a very good 

agreement with those expected according to the formulated composition. But, in 

contrast, for samples formulated with x > 0.01 the actual gallium concentration remains 

almost constant. The chemical composition was also analysed by X-ray fluorescence 

and results (not shown here) were in good agreement with those obtained by ICP-OES. 

Accordingly, it seems that only a partial amount of the gallium added to these 

compositions remains in the synthesized material, while the excess of gallium added to 
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the samples with x > 0.01 is being rinsed from the powder during the washing 

processes. Moreover, these results also indicate that under the applied MAH synthesis 

conditions the solid solution limit for the Zn1-xGaxO compound, if existing, should be ≤ 

1 mol %. 

Sample x 

Expected [Ga] 

(Formulated 

composition) (mol.%) 

Actual [Ga] 

(ICP-OES) 

(mol.%) 

ZnO 0 0.00 0.00 

GZO-0.5% 0.005 0.50 0.47 ± 0.01 

GZO-1% 0.01 1.00 0.89 ± 0.01 

GZO-3% 0.03 3.00 1.17 ± 0.01 

 

Table 1. Expected gallium concentration according to the formulated nominal composition and 
real concentration as measured by ICP-OES analyses. 

 

3.2 Crystalline structure and morphology 

The powder X-ray diffractograms of samples with different gallium concentrations are 

depicted in Fig.1. All the observed peaks can be indexed according to the würtzite-type 

structure of ZnO (ICDD No. 00-036-1451); no other diffraction maximum that may 

indicate the presence of different crystalline phase(s) was ever observed. On the other 

hand, the comparison of the patterns belonging to samples with and without gallium 

does not show any significant shift in the position of the ZnO peaks. As a matter of fact, 

the small amount of gallium present in these samples (1 mol % in the best scenario, 

Table 1) can impede its proper identification by XRD. In agreement with the chemical 

analyses, this may again indicate that the incorporation of gallium into the ZnO lattice 

as a stable solid solution, if produced, is very limited. Lastly, some differences were 

observed in the intensity of the ZnO peaks that may be related to differences in the 

aspect ratio of the ZnO crystals and/ or to a different orientation of the particles. The 

crystallite size along the c-axis of samples with different gallium content was estimated 

by using the Scherrer equation on the (002) X-ray diffraction peak. Results yielded to a 

crystallite size of about 310, 180, 110 and 100 nm for the ZnO, GZO-0.5%, GZO-1% 



Journal of Alloys and Compounds 722 (2017) 920-927 
Doi: 10.1016/j.jallcom.2017.06.160 

 

7 
 

and GZO-3%, respectively, pointing out to a decrease in the crystal size as the gallium 

concentration increases. 

 

Fig. 1. Normalized powder XRD of Zn1-xGaxO samples with x = 0, 0.005, 0.01 and 0.03. 

 

The morphology of the different samples was studied by field emission scanning 

electron microscopy (FESEM). For the undoped ZnO composition (Fig. 2 a and b) a 

homogeneous population of micron-sized rods (slightly above 1 mm in length) is 

obtained, with each rod showing characteristic hexagonal dumbbell-like bipod shape. 

As mentioned above, due to the polar structure of ZnO, the growth along the c-axis 

leading to the development of a rod-like morphology is favoured under thermodynamic 

equilibrium and, actually, these conditions can be easily achieved during the 

hydrothermal synthesis. That is to say, the rod-like morphology is quite usual for ZnO 

particles obtained by hydrothermal processes. However, it is worth to mention that the 

experimental conditions here applied further enable the preparation of a product powder 

with a high degree of homogeneity in size and shape. On the other hand, the 
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micrographs of the sample formulated with 0.5 mol % of gallium (GZO-0.5%) show 

that particles constituting the ceramic powder are considerably smaller than that of the 

undoped composition (see Fig. 2c). Regarding the morphology, some clear differences 

can be enumerated too. First, although the particles still draw the standard rod-like 

shape, a relatively lower homogeneity in morphology is now observed: the dumbbell-

like morphology is visibly less frequent and actually some of the bipods have lost their 

symmetrical structure leading to some sort of asymmetrical units. But moreover, higher 

magnification images also indicate that the obtained particles could rather be formed by 

the organized assembly of smaller units. Namely, Fig. 2 d shows that such smaller units 

are actually hexagonal nanoplatelets with an average diameter of 200-300 nm and a 

thickness of just few tens of nanometers. This particular aggregative configuration is 

much clearer observed by FESEM when further increasing the amount of gallium in the 

starting formulation. As seen in Fig. 2 e and f corresponding to the sample with a 

nominal 1 mol % of gallium (GZO-1%), the higher amount of dopant first produces an 

increased size of the particle aggregates, which morphology consist in highly 

homogeneous symmetrical rods that again show a predominant dumbbell-like bipod 

morphology. These rods show a length of around 2 mm and, as mentioned, it is now 

more manifest that they are formed by pilled stacks of hexagonal platelets. These 

platelets are larger too, now reaching an average diameter of ~1 mm which doubles the 

diameter of the platelets in the GZO-0.5% powder, but interestingly, they keep the same 

thickness (just a few tens of nanometers). Finally, samples formulated with a higher 

concentration of gallium, 3 mol %, were also analysed by FESEM. The morphology and 

the size of the particles composing this GZO-3% powder (not shown here) were 

indistinguishable from that of the GZO-1% sample: 2 mm length rod-like aggregates 

composed by individual platelets of 1 mm in diameter and just 20-30 nm in thickness. 

The microstructural similitudes between these two powders can be related to the fact 

that both samples have the same content of gallium, ca. 1 mol %, as indicated in Table 

1. 

So, at this point the FESEM microstructural characterization evidences that the gallium 

addition primarily has a strong effect on the morphology of the obtained particles and it 

greatly modifies the aspect ratio of the hexagonal ZnO crystals that constitute the 

observed nanostructures, as illustrated in Fig. 3. While in the absence of gallium a 

distinctive rod-like structure is produced with a much larger length (or thickness) than 
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width (diameter), the presence of a small amount of gallium provokes a drastic 

reversion in the aspect ratio and the crystal shape evolves to a platelet-like structure 

which is now larger in diameter than in thickness. 

 

Fig. 2. FESEM images of ZnO (a and b), GZO-0.5% (c and d) and GZO-1% (e and f) powders. 
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Moreover, further gallium additions (≥ 1 mol. %) lead to platelets with even bigger 

diameters while the thickness remains almost constant. It is worth to note that, although 

the reaction conditions under the MAH synthesis (especially, MW power) can influence 

the size and the aspect ratio of the ZnO particles [44], the obtained structures typically 

show a rod-like morphology with larger height than width. In contrast, the changes in 

the aspect ratio of the hexagonal crystals here observed upon the addition of gallium are 

much more noteworthy. 

 

Fig. 3. Schematic illustration of the variation of the aspect ratio of the hexagonal ZnO crystal 
units that comprise the observed nanostructures as a function of the gallium concentration. 

 

3.3 Optical and photoluminescence properties.  

First, UV-vis spectroscopy was carried out to investigate the light absorption behavior 

of materials and calculate the band-gap values. Fig. 4 shows the optical absorption 

spectra of ZnO and GZO compositions. As it can be observed from the figure, the 

absorption of the GZO-0.5% sample is blue shifted with respect to the pure ZnO, higher 

band-gap, but when the percentage of Ga is increased over 1%, the absorption peak is 

red shifted compared with the pure ZnO, i.e. a decrease in the band-gap value. The inset 

of Fig. 4 shows the Tauc-plot from which the band-gap values were calculated (Table 

2). While the pure ZnO shows a value of 3.23 eV, the GZO-0.5% composition presents 

a higher value (3.28 eV). When the percentage of gallium reaches the 1%, the band-gap 
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values stabilize and are close to 3.19 eV, due to the fact that all these samples have a 

similar concentration of gallium as indicated by the chemical analysis. These results 

suggest that the chromatic shift is mainly due to the incorporation of gallium into the 

ZnO lattice, which produces a decrease in the band-gap values. The band-gap is also 

affected by the size and morphology of the particles [55], which can explain the higher 

band-gap values of GZO-0.5% with respect to the pure ZnO. The GZO-0.5% 

composition presents a low concentration of gallium and, although the Ga3+-doping 

decreases the band-gap, this effect is not strong enough to compensate the increasing of 

the band-gap produced by the reduction of the size of the particles and their change of 

morphology. 

 

Fig. 4. UV-Vis spectra of samples with different gallium nitrate additions. The inset shows 
the Tauc-plot from which the band gap values were calculated. 

 

Sample Eg (eV) 

ZnO 3.23 

ZG005 3.28 

ZG01 3.20 

ZG03 3.18 

 

Table 2. Band-gap values calculated from the UV-Vis spectra. 
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To investigate the fluorescence emission behavior of the GZO samples fluorescence 

spectroscopy was performed. In Fig. 5 the emission spectra (λexc = 264 nm) for all the 

compositions show 9 emission peaks at 361 nm, 394 nm, 416 nm, 433 nm, 441 nm, 446 

nm, 460 nm, 484 nm and 493 nm. As shown in Fig. 5, the increasing of gallium content 

into ZnO results in a modification of the relative intensity of the peaks at 394 nm, 416 

nm, 433 nm and 493 nm, with respect to the peak at 484 nm. The intermediate levels 

within the band gap region determine the emission features and are generated by the 

produced defects. Physics and chemistry of defect formation and variation of defect 

concentration in ZnO are very complex [16].  

 

Fig. 5. Fluorescence emission spectra of samples with different gallium concentration. (λexc = 
264 nm). 

 

As reported by Saha et al. [16], most of the vacant tetrahedral and octahedral lattice 

sites of the relatively open crystal structure of ZnO favour both intrinsic and extrinsic 

interstitial defects. Different types of defects in ZnO nanocrystals create some localized 

donor states like shallow trap states near the conduction band and acceptor states or 

deep trap states near the valence band. In this, sense doping with Ga3+ influences the 

intrinsic defect states of ZnO significantly. Experimentally and theoretically it is found 

that Ga3+ induces VZn in ZnO crystals due to self-charge compensation [56]. Moreover, 

Ga3+ can also occupy both substitutional (GaZn) and interstitial sites (Gai) of the ZnO 

lattice [57]. Furthermore, for larger Ga3+ concentrations, vacancy complexes such as 
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GaZn–VZn and GaZn–Oi can be formed due to strong Coulomb interaction; these 

complexes would affect mainly deep acceptor states. Thus, a large variety of defect 

levels control the emission bands in the visible region due to multiple transitions 

depending on available states of each defect level. In our case, the modification of the 

relative intensity of the fluorescence emission peaks is similar in all the doped samples 

independently of the gallium percentage. It is known that the optical properties of GZO 

possess nontrivial dependence on the doping concentration, especially when doped as 

close to the solid-solubility limit as possible [20]. Nevertheless, the observed change in 

the energy levels upon gallium addition indicates that a certain amount of gallium is 

being incorporated into the ZnO structure. 

 

4. Discussion 

To understand the morphological development produced with increasing gallium 

additions, it should be taken into account that all the species presented in the reaction 

media, such as the employed base or the counter-ions of the zinc and the dopant(s) 

precursors, might affect the crystalline morphology during the synthesis [58-62]. In our 

case, the simplicity of the described MAH procedures may enable an easier 

understanding of the role of each specie on the morphology of the obtained ZnO-based 

nanostructures. Namely, the only additives employed are those arising from the KOH 

base -which was kept identical for all the samples with different gallium content- and 

the corresponding acetates and nitrates from the Zn2+ and Ga3+ precursors, respectively -

which ratio varies as a function of the formulated composition. And, the fact is that the 

effect of both acetates and nitrates anions has been has been widely studied for undoped 

ZnO. On one hand, in the presence of acetates the formation of layered basic zinc 

acetate (LBZA) usually determine the typical layered crystallization morphologies, e.g. 

flakes, needles or thin elongated plates [63]. On the other hand, the excess of nitrates 

usually enhances the formation of well crystallized ZnO rods of large sizes [64]. In our 

experiments it is observed that the formation of platelets is favour as the ratio among 

acetates and nitrates coming from the Zn2+ and Ga3+ precursors increases. This suggests 

that the excess of nitrates may influence the axial growth of the nanoplatelets, while the 

growth inhibition along the c-axis shall be related to the Ga3+ ions. 
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As mentioned in the introduction, certain species, so-called capping agents, can tailor 

the morphology of hydrothermally synthesized particles by selectively absorbing on 

certain surfaces and, hence, capping the growth in the corresponding crystallographic 

directions [51,52]. The microstructural evidences described in the previous section 

indicate that the gallium species must be mainly located at the external surfaces of the 

ZnO crystals, where they play a decisive capping role that controls their growth and 

morphological development. In fact, it is well known that when doping semiconductor 

nanocrystals with well-defined facets, the initial adsorption of impurities on certain 

nanocrystal faces is critical for a successful incorporation of the dopant into the lattice 

[65]. The changes in the optical response of the MAH synthesized samples upon 

gallium addition evidence that a certain amount of dopant is actually being incorporated 

into the ZnO lattice, although in agreement with the chemical analyses and the XRD 

(indicating that the cell parameters barely vary with increasing gallium additions) the 

incorporation of gallium is very limited, i.e. ≤ 1 mol.%, and a stable solid solution is far 

to be produced. Thus, due to the low solid solution limit the dopant tends to segregate 

and, hence, preferentially locates close to the nanocrystals surface. In fact, this kind of 

behaviour is very common for different semiconductor materials doped with donors in 

which, once the system reaches the solid solution limit which is indeed very low, the 

dopant tends to segregate and, eventually, inhibits the crystal growth [66-68]. 

Accordingly, a plausible mechanism explaining the morphological development for the 

MAH synthesized GZO nanostructures can be suggested as follows and it is depicted in 

Fig. 6. In the undoped ZnO samples the formation of rod-like structures is attributed to 

the intrinsic polar structure of wurtzite ZnO, as explained above. However, when 

gallium nitrate is added to the composition, it selectively adsorbs onto the ± (0001) 

polar surfaces of the ZnO nanocrystal nuclei. This obviously impedes the adsorption of 

new (ZnO) growing units on those faces, i.e, blocks the diffusion processes along that 

direction and, consequently, the crystalline growth along the c-axis is inhibited. Then, 

further crystal enlargement could only occur by means of growing along the ab plane 

(along the prismatic directions of ZnO), this leading to the formation of platelets instead 

of rods. It is important to mention that the differences in the size and aspect ratio when 

the gallium concentration increases from 0.5 to 1 mol % can be related with the 

competition among the formation of new crystallization nuclei and the growth along the 

ab plane once the fast crystallization along the c-axis is blocked. It seems that in the 
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presence of a low gallium nitrate concentration (i.e. 0.5 mol %) the nucleation prevails, 

while in the presence of higher gallium nitrate additions the crystal growth becomes 

more predominant -which is also influenced by the excess of nitrates presented in the 

reaction media-, this resulting in larger platelets with higher aspect ratio. But the fact is 

that the formation of the platelets would eventually lead to a thermodynamically 

unfavourable situation: in the platelet morphology the facets with the higher surface 

energy (the polar ones) are predominant, that is to say, they are more exposed to the 

medium. So, initially the resulting crystals will show an unstable high surface energy. 

And obviously, the higher the aspect ratio of the platelet, the higher will be the surface 

energy and the instability of the obtained powder. To overcome this scenario the 

hexagonal platelets tend to assemble parallel to each other due to the long range 

electrostatic interactions among the polar (0001) planes. The result is the formation of 

the observed nanostructured aggregates showing a rod-like morphology but composed 

of parallel stacked platelets with a thickness of just a few tens of nanometers. It is 

known that during the MAH processes the microwave electrical field can assist in the 

oriented attachment of crystals with high dipole moments [69]. Thus, in our case it is 

likely that the microwave radiation also aids in the self-assembling of the platelets in 

parallel to their major dimension (basal plane). 

 

Fig. 6. Proposed mechanism for the crystallization and assembly of the ZnO-based particles 
with and without gallium addition. 
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5. Conclusions 

Undoped and gallium-doped ZnO powders have been synthesized by a sustainable 

microwave-assisted hydrothermal method. The chemical analyses and the X-ray 

diffractograms indicate that the Zn1-xGaxO solid solution limit under these synthesis 

conditions is relatively low, i.e. ≤ 1 mol %. Even though, the addition of such small 

amount of gallium plays a key role in the crystal development by capping the growth 

along the c-axis. This leads to the formation of complex morphologies consisting in thin 

hexagonal platelets with highly exposed polar surfaces that eventually self-assemble 

parallel to each other to again produce a rod-like superstructure. Moreover, the optical 

properties can also be tuned with the addition of gallium, something which is ascribed 

to the observed changes in morphology as well as to a partial incorporation of gallium 

into the ZnO lattice. First, a decrease in the optical bandgap respect to the undoped 

material is achieved for gallium concentrations of 0.5 mol% whereas higher gallium 

concentrations produce a decrease of the band-gap values. On the other hand, the 

fluorescence emission is also modified upon gallium doping leading to a change in the 

relative intensity, which endures for higher amounts of dopant. 
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