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Abstract 

Nanocrystalline ZnO films were grown on silicon substrate by hydrothermal synthesis 

at 125 °C, using diethanolamine as additive. A powder containing ZnO spheres, with 

diameters between 100 to 200 nm and formed by aggregation of ZnO nanoparticles, was 

also obtained as a secondary reaction product. The samples were studied by scanning 

electron microscopy, X-ray diffraction and photoluminescence (PL) spectroscopy. The 

effects of the [diethanolamine]/[Zn2+] molar ratio on morphological, structural and 

optical properties were studied, as well as the effect of laser illumination (λ=325 nm) 

and annealing treatment on photoluminescence properties. The film samples exhibited a 

compact columnar structure, with thickness between 180 to 210 nm, which were not 

strongly affected by the diethanolamine concentration. The X-ray diffraction patterns 

from the films evidenced preferred orientation along the c-axis of the ZnO wurzite 

structure; while the nanospheres did not show any preferential crystalline direction. The 

PL spectra from the films showed large initial UV emission and a weak defect band 

centered in the yellow. A PL evolution while the samples were UV illuminated was 

observed. The relaxation of metastable phases (formed during the low temperature 

growth) involving the creation of point defects, is suggested. The predominance of the 
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yellow defect band before and after treatment points at oxygen vacancies as the possible 

point-defect candidate. 

Keywords: ZnO thin films; Hydrothermal synthesis; Photoluminescence; Metastability 

effects; Diethanolamine; Oxygen vacancies; ZnO nanospheres.  

 

1. Introduction 

Nano and microsized wide bandgap semiconductors exhibiting different 

morphologies, such as nanostructured films, nanowires, nanoparticles, nanobelts, 

microspheres and others, have important technological interest in many areas, such as 

electronic, optoelectronic and photovoltaic  applications [1,2]. Among this type of 

materials, ZnO has been extensively studied due to its  bandgap in the UV (3.37 eV at 

room temperature), large exciton binding energy (60 meV) [3,4] and an interesting 

combination of electronic and optical properties that make it suitable for electronic, 

photovoltaics, UV LEDs and UV photodetector applications [5–8]. Some of these 

properties can be tuned by varying the structure morphology (particle size, aspect ratio, 

surface area, shape, which depends on the growth methods and synthesis conditions 

[9,10]. 

Different nanostructured materials have been obtained through a large variety of 

techniques that allow the control and systematic manipulation of their properties. 

Within these, colloidal routes such as the hydrothermal synthesis, chemical bath 

deposition and the sol-gel technique, stand out due to several advantages, including low 

or intermediate synthesis temperatures and excellent control of the fabricated material 

properties [11–14].  

In particular, the hydrothermal route allows ZnO synthesis at lower temperatures 

than those used in sol-gel (wide range of temperature) [15] and much lower than used in 

other techniques, such as chemical vapor deposition or vapor transport with 

carbothermal reduction (> 950 °C) [3,12,16]. These advantages and the fact that it is a 

rapid technique that can produce high quality product with high yields at low costs 

make the hydrothermal synthesis method a very promising candidate for future 

industrial applications.  

Several ZnO morphologies have been reported using hydrothermal synthesis, 

especially nanowires. Growth parameters such as temperature, pressure, pH and 

additives (capping, chelating or stabilizing agents) affect the characteristics of the 

obtained product; however, the growth mechanisms are not completely known [17]. 
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Within the parameters mentioned, the additives play a crucial role, not only because 

they control the pH of the reaction medium or the formation of a stable colloidal phase, 

but also because they act as crystal growth modifiers through the change of the growth 

kinetics for specific crystalline faces [18], which determine different morphologies. One 

of the additives frequently used in hydrothermal synthesis is diethanolamine (DEA), 

which acts as an alkaline source [19]. However, the influence of the 

[diethanolamine]/[Zn2+] molar ratio on the morphological and structural properties of 

ZnO obtained through hydrothermal synthesis has not yet been studied in depth.  

Nonetheless, since the growth is carried out at low temperature, a key factor to 

keep in mind with hydrothermal routes is the possible presence of 

amorphous/metastable phases or its coexistence with crystalline phases [20,21], in a 

similar way to the reported for some sol-gel derived ZnO films [22,23]. This behavior 

can be understood by considering that the crystallization process implies transitions 

between different metastable phases until the most stable state is reached [21]. Hence, 

the low atomic mobilities and other kinetic limitations associated with the low 

temperature used in the synthesis may lead to an incompletely crystallized atomic 

network at the end of the growth process [20].  Hence, it is expected that there will be a 

slow relaxation of metastable states present in the as-grown material, which may lead to 

changes in the optical properties. Such a relaxation can be accelerated by introducing 

energy to the system. For example, for sol-gel synthetized ZnO films, structural changes 

induced by UV irradiation that resulted in changes in the film’s transmittance have been 

reported [22,23]. Since the relaxation of metastable phases occurs through atomic scale 

rearrangements, formation or annihilation of point defects is expected during this 

process, leading to changes in photoluminescence spectra. UV irradiation induced 

evolution of photoluminescence in different materials, such as porous silicon [24], 

polypyrrole [25] and TiO2 [26], has been reported. For ZnO, the evolution of the 

photoluminescence caused by UV irradiation has been reported to occur at cryogenic 

temperatures [27].   

In this work, we report on the use of DEA as an additive agent and study the role 

of the DEA concentrations on the formation of ZnO thin films on silicon substrates. As 

a secondary reaction product, a white precipitate powder composed by spheres with 

sizes on the order of hundreds of nanometers is obtained. The fact that this synthesis 

routine leads to two separated, distinct types of products represents an interesting 
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industrial potentiality, not only for its double outcome but also for the full exploitation 

of reactants. The samples were studied by x-ray diffraction (XRD), scanning electronic 

microscopy (SEM) and photoluminescence spectroscopy (PL). Since point defects 

present in the ZnO lattice (oxygen and zinc vacancies, interstitial zinc and others) act as 

radiative recombination centers, the PL technique provides a useful overall diagnosis of 

the nature of such defects [11]. The films obtained initially exhibited high UV 

emissions, weak defect emissions in the yellow, and preferential orientation along the c-

axis of wurtzite. However, photoinduced effects were evidenced by the evolution of PL 

spectra at room temperature while samples were UV illuminated. A decrease in the UV 

emission is accompanied by an increase of the defect emission. We propose the 

relaxation of metastable phases (formed during the low temperature growth) involving 

the creation of point defects as the origin of these changes; the PL spectra of the 

annealed samples strengthen this hypothesis.  

 

2. Experimental details 

2.1 Sample preparation 

First, (1 0 0) oriented silicon substrates of ∼1cm×1cm size were cleaned by 

immersion in ethanol and acetone with ultrasonication. Then, ZnO seeds were deposited 

on the Si substrates using an ethanolic solution of zinc acetate dihydrate 

[Zn(CH3COO)2⋅2H2O, Sigma Aldrich] 20 mM. For this purpose, 100 µL of this 

ethanolic solution was dropped on the silicon substrate and spinned at 1500 rpm during 

1 min, then, it was dried at 125 °C for 5 min. This procedure was repeated 6 times; 

finally, the substrates were heated during 4 h at 125 °C to improve the adherence of the 

seeds. 

Samples were synthesized with different [DEA]/[Zn2+] molar ratios (XDZ), using 

distilled water, DEA (Ziccarelli) and zinc acetate dihydrate as the Zn2+ precursor (50 

mM, aqueous solution) in a 25 mL stainless steel autoclave with Polytetrafluoroethylene 

(PTFE) vessels. The silicon substrates with the ZnO seeds were immersed upside down 

in a vertical inclined position into the PTFE vessels, which contained, added in this 

order, 1.5 mL Zn2+ precursor solution, DEA in the required quantities to obtain mixtures 

with XDZ =14, 28, 42, 56 or 70 and water (until completing 12.5 mL, i.e 50% of 

autoclaves capacity). Then, the autoclaves were closed and heated for 4 h at 125 °C and, 

they were cooled down to room temperature. Finally, the samples were washed with 

water and dried at 125 °C in air for 1 h. Each one of the white precipitates formed were 
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washed with distilled water and redispersed in ethanol; the precipitates were drop casted 

on silicon substrates and dried at 125 °C for ethanol evaporation. 

 

2.2 Sample characterization 

The sample morphology and particle sizes were studied by SEM using a Carl-Zeiss 

model Supra 55-VP and a Zeiss Supra 40 field emission microscope. Mean grain sizes 

and sample thicknesses were determined by analyzing SEM images using ImageJ open 

source software. Surface grains were identified and their size measured on SEM images; 

mean sizes and corresponding standard deviations were calculated and then the output 

data were rounded up in consistency with the expected accuracy of the SEM instrument. 

 The crystalline structure of selected samples was studied by XRD using a SIEMENS 

D5000 diffractometer with Cu Kα radiation source (1.54056 Å). The patterns were 

recorded in the 30-80° diffraction angle range. PL spectra were recorded using a 

backscattering geometry with a He-Cd laser set at a wavelength of 325 nm (15 mW) as 

the excitation source; the light emitted by the sample was focalized on a CCD 

spectrometer with two biconvex lenses. A filter was placed at the entrance of the 

spectrometer to eliminate scattered laser radiation.  

 

3. Results 

3.1 Morphology and crystalline structure 

As a consequence of the hydrothermal synthesis reaction, two different products 

were obtained: (i) a thin film grown on the silicon substrate and (ii) a white precipitate 

powder. In Figures 1a-d, SEM micrographs of the ZnO thin films for the different XDZ 

are shown. The films obtained exhibit a compact nanocrystalline structure showing an 

increment of grain size from ~ 49 nm for XDZ = 28 to ~ 100 nm for the highest XDZ 

value; these results are summarized in Table 1. High thickness uniformity is evidenced 

by the cross-sectional views shown in Figures 1(e-i). In addition, these micrographs 

reveal the formation of a double layer structure, which is more evident in the films 

grown using XDZ values of 28 and 70. As it is observed, the bottom layer is composed 

by particles in the nanoscale and the top layer follows a columnar-type growth.  
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Fig. 1 SEM micrographs of ZnO thin films grown varying XDZ. (a-d) top view, the scale 

bar is of 500 nm; (e-i) cross-sectional view, the scale bar is of 200 nm. 
 

In Fig. 2 the SEM micrographs corresponding to samples extracted from the 

white precipitated powder (second product of hydrothermal synthesis) and casted on 

silicon sustrates are shown. These images reveal that the powders are  composed of 

quasi-spherical particles with diameters in the range of hundreds of nanometers, but 

with a large size dispersion. The average particle sizes for the different samples are  

plotted as a function of XDZ in Fig. 2(f), with  bars indicating the corresponding 

standard deviations. It is clear that the variation of XDZ does not significantly affect the 

average particle size. In addition, observations at higher magnification (insets of Figures 

2a-e) reveal that these particles have a structure in the nanoscale. Apparently, they 

areaggregates of many ZnO nanoparticles, as has been previously reported for 

solvothermal synthesis [28,29]. However, in our case, when XDZ is increased, their 

surfaces become smoother (see insets in Figures 2a-e). 
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Fig. 2 SEM micrographs of ZnO white precipitated powder with different XDZ, a) XDZ = 
14, b) XDZ = 28, c) XDZ = 42, d) XDZ = 56, e) XDZ = 70. The images were taken with 50 

KX of magnification, the scale bar is of 500 nm. (f) Microsphere size obtained from 
SEM micrographs. 

 

The sizes of the particles that grew within the precursor solution are lower that 

the reported values for microparticles synthetized by solvothermal technique using 

ethanolamine family as the additive agent [28–30]. For the specific case of synthesis at 

150°C using a one-to-one ethanolamine to [Zn2+] molar ratio and ethanol as a solvent, a 

size of 3-4 µm was reported [29]. 
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Table I. Film thickness, mean film grain size and mean submicrosphere diameter for 

various ZnO products obtained from hydrothermal synthesis experiments for different 

XDZ. 

XDZ Film thickness (nm) 
Mean film grain size 

and standard deviation 

(nm) 

Mean submicrosphere 

diameter and standard 

deviation (nm) (µm) 
14 - - 150 ± 120 

 28 230 50 ± 20 

 

 

 

170 ± 130 
42 170 60 ± 30 100 ± 60 
56 180 80 ± 30 130 ± 100 
70 230 100 ± 50 160 ± 150 

 

In Fig. 3, the XRD patterns from the thin films obtained with XDZ = 14 and 70 

and the submicrospheres obtained with XDZ = 56 and 70, are shown. In both cases, the 

XRD data are compared with a pattern from a standard ZnO polycrystalline powder 

sample (in black). As it is evident, the thin films grew with a polycrystalline structure 

with preferential orientation normal to the (002) plane, corresponding to the c-axis of 

wurtzite. Secondary peaks, corresponding to (101) and (102) planes, are also observed; 

however the (002) and (101) diffraction peaks are broad and overlap into a merged 

peak, whose intensity increases (suggesting increased crystallinity) with increasing XDZ. 

In contrast, the submicrospheres do not show any texture and their patterns are similar 

to that from the ZnO standard sample. 
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Fig. 3 X-ray diffraction patterns for selected samples, a) films with XDZ = 14 and 70, b) 

submicrospheres powder with XDZ = 56 and 70. In both cases, the XRD data are 
compared with a pattern from a standard polycrystalline ZnO sample (in black). 

 

Two kinds of effects could  contribute to the diffraction peak broadening, i.e 

those due to i) crystallite size , and ii) lattice strain [31].  The relation of crystallite size 

and the peak broadening can be estimated with the well-known Scherrer’s 

equation: 𝐷𝐷 = 𝐾𝐾𝐾𝐾/𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽, where D is the crystallite size, K is a shape factor (~0.9), λ is 

the X-ray wavelength, β is the diffraction peak FWHM and θ is the Bragg angle [14]. 

Assuming crystallite size effects only, one would obtain D ~5 nm for the ZnO films and 

D ~ 35 nm for the submicrospheres. Furthermore, for a crystallite size of ~5 nm, a 

relatively large blueshift of the UV emission band in the PL spectra would be expected 

[4], placing the band maximum in the 365-369 nm range [32,33]. As shown in the next 

subsection, the UV PL band maximum wavelength position is 376 nm.  

Taking the above into account, we believe the broadening and the overlapping of the 

diffraction peaks from the films occur mainly due to the presence of non-uniform strain 

that  could result from both compressive and tensile stresses in different regions [34,35]. 

Since the diffraction patterns for the films are noisy, it is not possible to refine the data 

accurately under the pattern matching mode of FullProf software. However, there 

apparently exist contributions from both the (002) and the (101) crystalline planes, 

which may indicate that the strain appears not only along the perpendicular direction to 

the substrate, but also along parallel directions. It is possible that the origin of the non-

Page 9 of 21 AUTHOR SUBMITTED MANUSCRIPT - MRX-109502.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



10 
 

uniform strain in these films stems from the double layer formation observed in the 

cross section SEM images in Figures 1e-i. 

In the case of the submicrospheres, the lattice parameters were found using the 

FullProf software in the pattern matching mode (Le Bail refinement) [36]. For the 

sample synthetized with XDZ = 56, the a and c parameters values were 3.2533 and 

5.2129 Å, respectively, which are slightly shorter than the corresponding values 

determined for the sample synthetized with XDZ = 70 (3.2543 and 5.2137 Å). In 

addition, the lattice parameters for both analyzed samples were longer than the values 

typically reported in the literature for ZnO (3.2475 – 3.2501 Å and 5.2038 - 5.2075 Å, 

respectively  [37,38]). 

 

3.2 Photoluminescence 

The optical properties of the ZnO samples were studied by PL spectroscopy. The 

spectra show a peak in the UV due to near-edge excitonic transitions with maximum at 

376 nm , and a broad band in the visible (centered at ∼570 nm) due to transitions 

involving defect states within the bandgap. However, the spectra were observed to 

evolve while the samples were continuously excited with the laser radiation (3.81 eV). 

This is shown in Fig. 4; while the emission band in the visible increased, the UV 

emission decreased. 

In Fig. 5, both the UV and the visible integrated intensities are shown as 

functions of the excitation time. It is clearly seen that the UV emission reaches a 

saturation value in a shorter period of time than the visible emission for low XDZ; for 

XDZ = 28 and 42 the visible band intensity does not even reach saturation during the 

experiment.   
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Fig. 4. Evolution of the photoluminescence spectrum as function of the excitation time 

for the sample grown with XDZ of 28. The legend indicates the excitation times at which 
each spectrum was acquired. 

 

 
Fig. 5. Integrated UV and visible emission band intensities as functions of the excitation 

time. 
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It is interesting to note that the emission band in the visible is centered in the 

yellow (λ ~ 570 nm) at all excitation times. Similar emission in the yellow has been 

observed from ZnO samples grown by wet-chemical routes, in contrast to samples 

grown by physical routes, like vapor transport, where green band centered at λ ~ 530 

nm is usually observed. In turn, the UV emission is peaked at ~376 nm (~3.30 eV). In 

order to compare PL spectra from different samples grown with different XDZ, spectra 

were acquired with identical laser irradiation intensity during 1500 s each. The results 

are shown in Fig 6. Note that, while this excitation time is sufficient for the saturation of 

the UV band intensity from all samples, saturation of the visible emission is not 

achieved for XDZ ≤ 42.  As clear from Fig. 6b, the UV emission increases with 

increasing XDZ. 

 
Fig. 6. (a) Photoluminescence spectra from films synthetized with different XDZ, and (b) 

saturation integrated UV PL intensity as a function of XDZ. 
 
4. Discussion 

DEA molecules combine the properties of amines, which act as weak base and 

alcohol, with two hydroxyl groups. Therefore, DEA is able to carry out reactions 

common to both groups. To properly understand and explain this synthesis process, it is 

reasonable to consider the crystal growth phenomena within two zones: i) a near 

substrate region where heterogeneous growth processes occur and the film growth is 

controlled, and ii) a zone away from the substrate, where homogeneous growth 

processes occur and the formation of submicrospheres is observed. Both the ZnO film 

and the submicrospheres growths involve complex and multiple stages; the DEA fulfills 

multiple functions during the ZnO synthesis by hydrothermal routes, including 

presumably: 

i) Reaction stabilization through the formation of a stable colloidal media by the 

chelation of Zn2+ ions (via amine-Zn ligand) and the polymerization of  DEA – Zn – O  
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–  Zn  –  DEA chains (in a similar way to sol formation in the sol-gel growth technique 

[14,39]).  

ii) Providing a growth medium at basic pH to ensure the formation of metastable 

species that act as intermediate ZnO precursors, as is the case of zinc hydroxides. 

iii) Morphology control by coordinating and modifying the growth rates of specific 

crystallographic faces. Indeed, for additives from the ethanolamine family, as is the case 

of DEA, the inhibition of the growth along the c-axis has been reported, explaining why 

large aspect ratio nanostructures such as ZnO nanowires are not obtained for this 

reagent family, with the spherical shape being the preferred morphology [30,40].  

iv) Nanoparticle agglomeration facilitation. In a first stage, ZnO nanoparticles are 

formed and their morphology is defined by the surface coordinated DEA (point iii); 

these DEA molecules can act as bridges between nanoparticles, agglomerating them and 

consequently forming the observed submicrospheres [29,40].  

Due to the fact that no significant thickness variation was observed between the 

obtained samples (see Table I), it is reasonable to assume that, at least in the range of 

XDZ values studied in this work, the DEA concentration does not affect the axial film 

growth rate (i.e. in the c-axis direction), but it does affect the transversal growth rate, as 

indicated by the grain diameter increase observed by SEM (Table I). In the spherical 

particles case, the role of DEA as an agglomerating agent of nanoparticles is evident, at 

least for the low XDZ values; for higher values its contribution does not seem so clear. 

For the case of film growth, the DEA does have a nanoparticle agglomeration agent role 

only in the first stages, as indicated by the growth of a nanoparticulate layer (Figures 

1e-i). Nevertheless, after few nanometers growth, a compact columnar film is formed, 

thus indicating that the role of DEA changes at late stages. It is also clear from the 

crystallographic orientations deduced from the XRD experiments that the formation 

mechanisms for films and submicrospheres are different.  

Taking into consideration the high DEA concentrations (XDZ >> 1) used in our 

experiments, we believe the dominant roles of DEA during growth of our samples are i) 

and ii) (i.e. reaction stabilization and providing a basic medium that favor Zn hydroxide 

formation as an intermediate Zn precursor). In our experiments, the XDZ value was 

increased by keeping the Zn acetate concentration constant while increasing the DEA 

concentration. Although more studies would be needed to determine the film growth 

mechanism, it is clear that the growth rate (~ 0.7 nm/min, nearly constant with 

increasing XDZ ; see Table I) was mainly limited by the amount of Zn atoms in the 
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precursor solution (also constant) and that the Zn hydroxide concentration was 

saturated. The main effect of increasing the DEA concentration was to produce films 

with increasing grain size (Table I), which indicates that the DEA molecules had an 

influence on the lateral growth of the ZnO columns that occurred during the second 

stage of the growth. It is possible that the DEA acted as a nucleation inhibitor for the 

columnar growth by providing steric limitations. A reduced number of sites available 

for ZnO nucleation probably enabled the growth of the wider ZnO grains observed in 

the SEM images.  

Regarding the photoluminescence spectra and their evolution with laser 

illumination, two possible mechanisms can be considered: i) desorption of molecular 

species bounded to the ZnO surface, ii) laser induced crystallization with the generation 

of point defects within the ZnO lattice. As to desorption of surface absorbed species 

(water, oxygen, hydroxyl species, among others), it has been reported that electron-

beam irradiation and thermal treatment in air induce the desorption of water or hydroxyl 

groups from ZnO samples synthetized by wet chemical routes, improving UV 

emission  [41,42]. Similarly, it has been reported that oxygen desorption enhances the 

UV emission in ZnO [43,44]. In our case, the reduction of the UV emission and 

increment of visible emission observed in Figure 6a allow us to rule out a mechanism 

related to desorption of surface species to explain the PL spectra evolution under laser 

radiation. On the other hand, taking into account that the visible emission is increased at 

the expense of the UV emission, it is probable that the dominant mechanism for PL 

evolution is related to the creation of point defects, basically because the electrons on 

the conduction band find new recombination channels (via additional luminescent point 

defects) while the competing near band edge recombination rate is reduced. Such 

formation of point defects could occur through the relaxation of metastable disordered 

crystalline phases present in the as-grown samples that result from the low atomic 

mobilities at the low temperatures involved in the hydrothermal growth process [22]. 

Indeed, the XRD patterns in Fig. 3 show that the as-grown films are poor in crystallinity 

while they exhibit relatively low defect PL (Figures 4, 5 and 6). This indicates that 

highly disordered metastable phases with relatively low point defect densities (i.e. lower 

than the equilibrium defect density) may have formed during the growth process. 

Hence, the equilibration of these metastable phases by annealing or illumination would 

lead to a more ordered structure and an increase in the point defect density.  Even 

though it is not possible to state without a doubt the microscopic origin of the PL 
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evolution and the type of defects created, oxygen vacancies can be considered as 

possible candidates. This is mainly due to the fact that the visible emission is centered at 

the yellow, which has been associated with transitions involving oxygen vacancies 

[14,16]. In addition, the oxygen vacancy has lower formation energy than other point 

defects [45].  

Since we have observed this effect occurring in samples fabricated by 

hydrothermal synthesis and not in ZnO samples grown by high temperature methods, 

we believe it is related to structural metastable configurations that result from the low 

temperature involved in the growth. To check the thermal stability of the effect, we 

carried out an annealing treatment of one of the samples (XDZ = 42) at 900 °C for 1 hour 

in air. Then, the sample was submitted to the regular UV excitation for the PL 

measurement. Fig. 7 shows the results together with those obtained for the unannealed 

reference sample. It is clear from Figures 7a-d (integrated UV and visible intensities as 

functions of the excitation time) that the annealing treatment leads to the stabilization of 

the PL spectrum under UV irradiation, since the PL intensities vary by less than 2% for 

the annealed sample as compared to ∼30% variation for the as-grown (unnanealed) 

sample. 

 
Fig 7. PL evolution of sample with XDZ = 42 after annealing at 900 °C in air. (a,b) 
integrated emission intensity from the as grown sample, (c,d) integrated emission 

intensity from the sample annealed at 900 °C for 1 h. (e) PL spectra for the as-grown 
(black) and annealed (red) samples. 

 

In addition, as shown in Fig. 7e, the annealing treatment leads to a reduction of 

the UV emission intensity and an increase in the defect yellow band emission. The 

emission of this yellow band from the as-grown samples and its subsequent increase 

with annealing or laser illumination at the expense of the UV emission strongly suggest 

that the the ZnO film samples grown by the low-temperature hydrothermal synthesis are 
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in a metastable state characterized by a lower than equilibrium defect density, which 

increases towards its higher, equilibrium value by thermal annealing or by laser 

irradiation. Clearly, new experiments characterizing this metastability relaxation 

mechanism and kinetics, including the concomitant photoinduced creation of (probably 

vacancy) defects are called for. 

 

5. Conclusions 

ZnO thin films on Si substrates were fabricated through a sub-critical 

hydrothermal technique using DEA as additive. A powder formed by ZnO 

submicrospheres were obtained as a byproduct. The effect of varying the [DEA]/[Zn2+] 

molar ratio (XDZ) on the structural and optical properties of the thin films was studied. 

The following main conclusions can be drawn:   

1) The thin films have a bilayer structure. A thin nanoparticulate layer 

grows first, which is followed by a thicker columnar structure.  

2) A photoinduced change of the PL spectra from the ZnO films was 

observed. A decrease in the UV emission is accompanied by an 

increase of the defect emission induced by both, UV laser illumination 

and annealing treatment at 900ºC. The relaxation of metastable phases 

(formed during the low temperature growth) involving the creation of 

point defects, is suggested. The predominance of the yellow defect 

band before and after treatment points at oxygen vacancies as the 

possible point-defect candidate. 

3) The high UV emission from these thin film samples positions them as 

excellent candidates for optical and optoelectronic devices; however 

their metastability and the stabilization of their emission 

characteristics need further studies. 

4) The overall film thickness remains nearly constant, while its mean 

grain size increases, with increasing XDZ. The XRD experiments 

evidence poor crystallinity with preferential growth direction along the 

c-axis of wurtzite. The observed peak broadening in the diffraction 

pattern gives evidence for the presence of non-uniform strain.  

5) The ZnO powders composed by submicrospheres obtained as the 

synthesis byproduct exhibits a polycrystalline structure with no 
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preferential orientation. The average particle size does not change with 

the increase of XDZ, however, their surfaces become smoother. 
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