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Abstract

:

In this paper we report a low cost, simple, electrochemical method for large-area growth of single crystal ZnO nanorods. The method utilizes a metallic zinc foil as the source of the necessary zinc ions for ZnO growth on indium-doped tin oxide (ITO) glass slides. The method is thoroughly discussed and investigated varying all the parameters involved. The resulting ZnO nanorods are highly oriented along c-axis and densely packed, while their length and diameter can be tuned by varying the growth parameters. Two different types of seed layers on the ITO glass slides are tested. A seed layer made by spin coating of ZnO nanoparticles results in a twofold increase of the ZnO nanorod surface density as compared with a ZnO thin film seed layer by physical vapor deposition. Additionally, the effect of oxygen supply during electrodeposition was investigated as a crucial regulatory parameter not only for the geometrical and topological characteristics of the ZnO nano-arrays but for their physical properties as well.
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1. Introduction


Among the transparent oxides, ZnO stands of great importance. It is a wide and direct bandgap (Eg = 3.23–3.42 eV), II–VI semiconductor, with relatively large exciton binding energy (about 60 meV) at room temperature and high electron mobility [1]. The aforementioned -among others- properties are the reason of a plethora of applications concerning ZnO. Solar cells, photocatalytic cells, sensors and optoelectronics are only few of these fields. [2,3,4,5,6] There are several techniques used for zinc oxide growth with prime desiderata the high quality and the low cost [7]. Electrodeposition is a promising candidate method which attempts to fulfil the previously cited needs. The main advantage of electrodeposition in general is its simplicity, while, varying at will the electrochemical parameters affects the structural as well as the physical properties of the resultant ZnO layers [8,9,10,11,12]. To the best of our knowledge, the established electrodeposition methods utilize zinc salts as the source of the required zinc ions for the growth of ZnO nanostructures, as well as other salts for supporting electrolytes [9,13,14,15,16]. The use of chloride or nitrate salts may result in intentional [14,15] or unintentional [16] incorporation of anions impurities such as Cl- in the ZnO structure affecting ZnO growth and electronic properties.



In this work a very simple, fast, low temperature, low equipment cost and time expense, electrodeposition method for growing ZnO nanorods is presented. Its simplicity originates from the use of only two electrodes as compared to the commonly reported three electrode electrodeposition methods, while it does not require salts for supporting electrolyte or any pH adjustment [9,13,14,15,16]. The combination of a zinc metallic foil used as counter-electrode and aqueous formamide solution employed as electrolyte provides the necessary zinc for the growth of ZnO, whereas no additional metal cations or chloride/nitrate anions are present that may lead to the incorporation of undesirable impurities in the ZnO crystal [14,15,16]. The proposed electrodeposition method is about ten times faster than previously reported chemical bath ones utilizing formamide solutions [17], being comparable with the established three electrode methods employing zinc salts [9]. The resulting ZnO rods are homogeneously grown, highly oriented and densely packed while their diameter is controllable. The method has been tested on indium-doped tin oxide (ITO) coated glass substrates utilizing two different seed layers: (i) a thin ZnO film prepared by Electron-Beam Physical Vapor Deposition (EBPVD), (procedure A) and (ii) a thin film made by spin-coating of ZnO nanoparticles (procedure B). Furthermore, the morphology and properties of the ZnO nanorods was investigated changing the oxygen concentration in the electrodeposition bath solution, while using a spin-coating seed layer (procedure C).




2. Materials and Methods


2.1. Materials and Cleaning Procedure


Indium-doped tin oxide ITO sputtered glasses (5–15 Ω/□ at room temperature), purchased from Delta Technologies Ltd., Loveland, CO, USA, were used as substrates after thorough cleaning. This step was crucial for the subsequent ZnO layers adherence to the substrate and homogeneity. At first, the glasses were sonicated within a 2% v/v solution of alkaline liquid concentrate (Hellmanex III) in de-ionized water (DI water) for 30 min and after that meticulously rinsed with DI water. Next, the glasses were ultrasonically cleaned in acetone and IPA, for 10 min each, rinsing with DI water in-between. Finally, the substrates were cleaned with a solution of 3% HCl acid and 1% HNO3 acid, rinsed with DI water and dried under nitrogen gas flow.



Zinc foils (99.9% Sigma-Aldrich, St. Louis, MO, USA) were used after been carefully cleaned with acetone and absolute ethanol.



Finally, analytical grade formamide (Sigma Aldrich, St. Louis, MO, USA) was used to prepare aqueous solutions with DI water.




2.2. Preparation of ZnO Seed Layers


2.2.1. EBPVD


ZnO pellets, initially made by cold pressing of ZnO powder (99.9995% Alfa Aesar, Ward Hill, MA, USA), were used as target material in a high vacuum chamber (10−4 Pa base pressure), equipped with 2 electron guns. ZnO thin films of 50 nm thickness were deposited by e-beam evaporation on the ITO/glass substrates at room temperature. The deposition rate varied from 1.2 nm/s to 1.5 nm/s, as monitored by a calibrated quartz crystal microbalance. Next, the seeded substrates were annealed at 300 °C for 15 min in air.




2.2.2. ZnO Nanoparticles (NPs)


ZnO nanoparticles were synthesized according to Haase et al. [18] and with the combination of other, similar to the previous [19], methods. In particular, 2.95 gr zinc acetate dehydrated, and 1.48 gr KOH (0.5 M) were dissolved in 125 mL and 65 mL of methanol, respectively. The first solution was heated to 60 °C under vigorous stirring and then the potassium hydroxide solution was gradually added within 15 min. The resulting solution was vigorously stirred for 2 h at 60 °C. Next, the solution was left to sit without heating or stirring for another two hours. Subsequently, the supernatant liquid was removed from the precipitated nanoparticles, 50 mL of methanol was added, and the solution was centrifuged. Finally, 5 mL of chloroform and 25 mL of methanol was added to the residuum nanoparticles. The final solution of the nanoparticles was used to spin-coat the ITO glasses with a thin film of ZnO nanoparticles. Lastly, the substrates were annealed for 15 min at 300 °C in air to improve cohesion of the ZnO thin film on the ITO glasses.





2.3. Electrochemical Growth of ZnO Nanorods (NRs)


The electrolyte was a formamide aqueous solution of various concentrations (Table 1) containing Zn complexes, which was created by immersing a cleaned zinc foil in an aqueous solution formamide for 18 h. The ZnO seeded substrate was used as the working electrode while a cleaned zinc foil was used as the counter electrode. The 1.25 cm × 3.50 cm electrodes were positioned at a distance of 2.5 cm, facing each other. A constant voltage of 0.3 V, with respect to the Zn foil, was applied to the working electrode by a Metrohm Autolab PGSTAT204 potentiostat. The electrolyte temperature was kept constant at 65 °C ± 1 °C in a bath. The solution was steered, and the current was monitored throughout the electrodeposition. Growth times could be varied from a few minutes to few hours, depending on the desirable dimensions of the ZnO formed. After growth, the samples were rinsed in distilled water and ethanol, and finally dried by nitrogen gas flow.




2.4. Characterization


The morphology of the resulting nanostructures was determined by scanning electron microscopy (SEM) using an FEI Inspect microscope, operating at a voltage of 25 kV. Transmission Electron Microscopy (TEM) was undertaken utilizing an FEI CM20 microscope operating at 200 kV. TEM specimens of the grown nanostructures were prepared by scraping off the substrates and placing them on carbon support copper TEM grids. In order to examine the ZnO nanoparticles 5 μL of the final solution were drop-casted on the same type of TEM grids followed by evaporation at ambient conditions. Powder X-ray diffraction (XRD) spectra, with 2θ range 25–80°, were acquired with a SIEMENS D500 Bragg Brentano diffractometer, using Cu Kα radiation (λ = 0.15418 nm), step-size 0.03° and measuring time 2 s/step. Photoluminescence (PL) measurements were carried out using a Horiba Jobin-Yvon iHR320 Spectrometer with a He–Cd laser (325 nm) as the excitation source. UV-Visible (UV-Vis) absorption measurements were obtained with a Shimadzu, UV2100 UV-VIS split-beam spectrophotometer in a wavelength range of 250 nm to 900 nm, employing an ITO glass-slide as reference.





3. Results and Discussion


Several experiments have been carried out in order to investigate thoroughly the role of each one of the parameters involved in the growth process. As mentioned in the introduction, three procedures were carried out that aim not only to present and investigate this growth method but also to examine the role of the seed layer on the growth (comparing procedures A and B), as well as to control the dimensions and photoluminescence of the grown ZnO nanorods (comparing procedures B and C). It should be mentioned that all subsequent results concern a typical two hour electrodeposition growth.



The ZnO growth mechanism could be described by the following steps: Zinc-formamide complexes are formed in the vicinity of the Zn foil, counter-electrode and are subsequently transferred to the substrate, working electrode, under the applied electrical field. There, Zn reacts with oxygen and finally ZnO is formed. The two reactions which take place during growth are:


  Zn + n   HCONH  2  +  H 2  O →   [ Zn   (   HCONH  2  )  n  ]   2 +   +      2 e   −   



(1)






    [ Zn   (   HCONH  2  )  n  ]   2 +   +  1 2   O 2     + 2 e   −  → ZnO + n   HCONH  2   



(2)




at the Zn foil and at the substrate region, respectively [17,20,21].



Scanning electron microscopy images (Figure 1), transmission electron microscopy images (Figure 2), X-ray diffraction spectra (Figure 3), photoluminescence measurements (Figure 4) and UV-Visible absorption measurements (Figure 5), provide information for the topology, crystallinity, the composition and the electronic structure of ZnO.



From the SEM images (Figure 1), regardless of which procedure was followed, it becomes apparent that the substrate is uniformly covered with hexagonal ZnO rods preferentially oriented perpendicular to the substrate. It should be noted that the synthesized nanorod arrays display lateral homogeneity across the whole substrate area, i.e., about 33 × 10 mm2, making this growth method promising to be upscaled to larger areas. X-ray diffraction patterns (Figure 4) verifies that that no other phase except for wurtzite ZnO (JPDS 36-1451) was grown during this electrochemical method. Furthermore, depicted are ITO peaks (JPDS 6-416) originating from the substrate. The texture coefficient TC for the ZnO (002) peak is calculated [22] from the following equation:


    TC    (  002  )     =     I   (  002  )    /  I   (  002  )   0    1 / N  ∑   I   (  hkl  )    /  I   (  hkl  )   0     



(3)




where N is the number of the diffraction peaks,    I   (  hkl  )      and    I   (  hkl  )   0    are the measured and reported in the JCPDS 36-1451 intensities, respectively. The TC(002) values are 3.5, 3.8 and 4.8 for procedures A, B and C, respectively. These high values indicate that the nanorods are textured and well-aligned with the c-axis perpendicular to the substrate [22,23], in agreement with the SEM results. Moreover, the degree of texturing increases from Procedure A to Procedure C. It has been reported that the growth of the more initially inclined rods is impeded, whereas it is favored for the more vertically oriented ones for geometry reasons [22,23]. As can be seen in Table 1, the surface density of ZnO nanorods grown by Procedure B is twice that by Procedure A, leaving less available space for the growth of inclined nanorods, thus increasing texturing coefficient. On the other hand, nanorods grown by Procedure C have the highest length and aspect ratio, leading to the maximum value of TC.



Dimensional information deduced from the SEM images is quantified (Table 1) and plotted (Figure 6). The general trend is that the length, diameter and aspect ratio increase when formamide concentration is increased in each procedure, since there are more Zn atoms available, as transferred charge confirms (see Table 1).



On the other hand, the density of ZnO rods appears to increase at first and then as formamide concentration is further increased, the density of rods decreases in each procedure. Raising formamide concentration leads to an increase of Zn complexes that results to an increment of “starting points” on the seed layer and therefore, to a raise in rod density. As formamide concentration is further increased, the density of “starting points” on the seed layer exceeds some value above which nanorods are growing very close to each other resulting to their coalescence and consequent reduction of their density.



It is well known that there is an anisotropic growth along c-axis, since the growth rate in <001> direction is larger than that of <101> and <100> [24,25,26]. Thus, different growth rates are expected in the two directions, the one parallel rp and the other vertical rv to the growth axis. The ratio of these rates determines the aspect ratio of each rod, i.e., rp/rv ~ l/d. Moreover, if the ratio rp/rv(t) varies as a function of time the diameter d of the rod will change along its length l. Since the diameter of each nanorod diminishes along its growth direction (Figure 1 and Figure 3), it can be concluded that rp/rv(t) is an ascending function of time. This could be attributed to a gradual change of the electrochemical environment—for example the local electric field—in the vicinity of the corresponding surfaces of the growing nanorods resulting in a pyramidal shape of the nanorods (Figure 3).



The role of the seeding layer on the electrochemical growth of ZnO nanorods can be determined comparing the nanorods grown utilizing procedures A and B. It is evident from the data presented in Table 1, that a major difference is the surface density of the nanorods grown by the two procedures, i.e., a twofold increase of the nanorods density is achieved when a spin-coating seed layer (procedure B) is used instead of an EBPVD thin film layer (procedure A). This difference can be explained as follows: ZnO nanocrystals on the seeding layer act as preferred nucleation centers for the growth of ZnO nanorods. The mean crystallite size of the seed layer in procedure B is 3–8 nm corresponding to the mean ZnO nanoparticle size shown in the TEM micrograph (Figure 2d). On the other hand, the mean crystallite size of the EBPVD thin film layer used in procedure A is expected to be in the range of its thickness [27], that is roughly 20–40 nm. Consequently, the smaller crystallite size in the spin coating seed layer leads to a higher nuclei density for the initial ZnO precipitation, resulting in an increased surface density of the ZnO nanorods grown by procedure B.



UV-Visible (UV-Vis) absorption measurements (Figure 6) allowed for an estimation of the optical energy gap    E  g , o p t     (Table 1), by plotting (Figure 6 inset) the (αE)2 versus E—where E is the photon energy and α is the absorption coefficient—and extrapolating the (increasing) linear part of the curve. The optical energy gap was evaluated according to Equation (4) that describes the energy dependence E of the absorption coefficient α [28] in the case of direct band gap semiconductors:


  α   ∝     h ν −  E  g , o p t     /  (  h ν  )   



(4)







The optical energy gaps calculated from UV-Vis measurements for each one of the procedures and for various formamide concentrations are tabulated in Table 1.



The PL spectra of zinc oxide nanorods for each procedure are presented at Figure 5. All the PL spectra exhibit a peak at 380 nm which is attributed to the recombination of free excitons [29]. Moreover, a broad peak including green (around 520 nm) and yellow-orange (around 600 nm) is observed [30]. This broad band is attributed to intrinsic defects of ZnO [10,31,32]. More specifically, this band is due to several kinds of defects· the green between 490 nm and 530 nm, is frequently attributed to oxygen vacancies, zinc vacancies, zinc interstitials, oxygen antisites and transitions between the latter two [33,34,35,36,37,38,39,40,41,42,43]. The yellow luminescence (around 590 nm) is usually attributed to interstitial oxygen [43,44]. Thus, supplying additional oxygen during growth (procedure C) results in an enhancement of the aforementioned part of the spectrum as compared to that corresponding to procedure B during which no excess oxygen is supplied.



The present growth method is versatile and has several advantages over previously proposed growth methods. It is reported that ZnO nanorods can be grown utilizing a Zn foil and a seeded substrate immersed in a formamide solution at about 65 °C for several hours (24 h [17], 60 h [20], 20 h [24]). With the present method, the procedure is greatly accelerated, while the good quality of the crystal is preserved. The electric field facilitates the constant flow of zinc-formamide complexes resulting in an enhanced ZnO growth rate at least an order of magnitude higher than the ones previously reported [9,17,24]. Furthermore, whereas most of the reported methods [9,13,14,15,16] use salts in the growth solution, that act either as zinc source or support conductivity of the electrolyte, the present method employs only a metallic zinc foil. Hence there are no impurities that could be incorporated in the ZnO crystal during growth. Changing formamide concentration alters the availability of Zn complexes. Whilst the ratio of zinc to oxygen concentration is lower than one, raising the formamide concentration up to ~0.1% results to an approximately linear increment of the growth rate. As the formamide concentration is further increased, the ratio of zinc to oxygen concentration tends to one and the growth rate decreases with a saturation trend (Figure 2, Procedures A and B). Additional oxygen supply lowers the aforementioned ratio of concentrations, and the linear growth rate is extended to higher zinc concentrations (Figure 2, Procedure C). Thus, control of oxygen inflow and zinc complexes supply, can be used to tailor the ZnO nanorods dimensions as well as to incorporate excess oxygen or zinc atoms in the crystal structure, altering the type of the intrinsic defects and resulting to different physical properties of the ZnO nanorods.




4. Conclusions


Single crystalline ZnO nanorods of controllable length, diameter and density were grown by a novel, simple and electrodeposition method on seeded ITO glass substrates. Τhe method utilizes a counter electrode of metallic zinc foil to provide the necessary zinc ions, while no reference electrode, no salts (employed as zinc source or supporting electrolyte) and no pH adjustment are required. The absence of cations other than those of Zn ensures that no impurities are incorporated in the ZnO structure during growth. The ZnO nanorod arrays are vertically well-aligned and textured with the c-axis perpendicular to the substrate, while they are homogeneously distributed over the whole substrate area of about 3 cm2, making this growth method promising to be upscaled to larger areas. The increase of concentration of the organic solvent results in an enhancement of the growth rate and aspect ratio of the ZnO nanorods due to the increased supply of Zn ions, while oxygen bubbling during growth, apart from enhancing growth rate, also increases the yellow luminescence that is attributed to the formation of oxygen interstitials in the ZnO lattice. Finally, the utilization of a spin-coated seeding layer, comprised of ZnO nanoparticles, doubles the ZnO nanorod surface density compared to that of an EBPVD seeding layer, due to the smaller crystallite size of the former.
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Figure 1. SEM images—plane view and cross section- of the ZnO nanorods grown in 0.5% formamide for each of the three procedures A (a,d), B (b,e) and C (c,f) respectively. 
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Figure 2. Bright field TEM images of the ZnO nanorods grown in 0.5% formamide for each of the three procedures A (a), B (b) and C (c) and of ZnO nanoparticles used for the spin-coating seed layer (d). 
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Figure 3. X-ray diffraction spectrum of ZnO nanorods grown in 0.5% formamide for each of the three procedures A, B and C. 
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Figure 4. Room temperature photoluminescence spectra of the ZnO nanorods grown in 0.5% formamide for each of the three procedures A, B and C. 
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Figure 5. UV-vis transmittance spectra of the ZnO nanorods grown in 0.5% formamide for each of the three procedures A, B and C. Inset: (αE)2 versus E—where E is the photon energy and α is the absorption coefficient. 
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Figure 6. Diameter (a), length (b), and aspect ratio (c) of the ZnO nanorods as well as the charge (d) transferred during electrodeposition for each of the three procedures A, B and C. 
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Table 1. Experimental data for different formamide concentrations for each of the three procedures A, B and C: formamide concentration C, length Lrod, diameter Drod and the aspect ratio Lrod/Drod of ZnO nanorods, the transferred charge during electrochemical growth, the density of ZnO nanorods, the optical energy gap Eg,opt calculated from UV-vis measurements and the wavelength of the maximum intensity from PL spectra.






Table 1. Experimental data for different formamide concentrations for each of the three procedures A, B and C: formamide concentration C, length Lrod, diameter Drod and the aspect ratio Lrod/Drod of ZnO nanorods, the transferred charge during electrochemical growth, the density of ZnO nanorods, the optical energy gap Eg,opt calculated from UV-vis measurements and the wavelength of the maximum intensity from PL spectra.





	
Procedure A

Growth Method: Electrodeposition Seeding Layer: ZnO Film (EBPVD) O2 Supply: No




	
Formamide C

(% vol)

	
Lrod

(nm)

	
Drod

(nm)

	
Lrod/Drod

	
Charge

(C)

	
Density ρ

(rods/μm2)

	
    E  g , o p t     

(eV)

	
PL Peak

(nm)






	
0.05%

	
480

	
70

	
6.9

	
1.206

	
31

	
3.31

	
396




	
0.1%

	
640

	
75

	
8.5

	
1.378

	
38

	
3.34

	
380




	
0.5%

	
750

	
85

	
8.8

	
2.374

	
23

	
3.31

	
376




	
1%

	
900

	
95

	
9.5

	
5.452

	
21

	
3.33

	
381




	
Procedure B

Growth Method: Electrodeposition Seeding Layer: Chem. Synthesized ZnO NPs (Spin Coating) O2 Supply: No




	
Formamide C

(% vol)

	
Lrod

(nm)

	
Drod

(nm)

	
Lrod/Drod

	
Charge

(C)

	
Density ρ

(rods/μm2)

	
     E  g , o p t      

(eV)

	
PL Peak

(nm)




	
0.05%

	
300

	
40

	
7.5

	
1.246

	
60

	
3.31

	
380




	
0.1%

	
490

	
50

	
9.8

	
1.527

	
64

	
3.31

	
380




	
0.5%

	
690

	
65

	
10.6

	
3.226

	
45

	
3.33

	
380




	
1%

	
810

	
75

	
10.8

	
4.099

	
43

	
3.35

	
376




	
Procedure C

Growth Method: Electrodeposition Seeding Layer: Chem. Synthesized ZnO NPs (Spin Coating) O2 Supply: Yes




	
Formamide C

(% vol)

	
Lrod

(nm)

	
Drod

(nm)

	
Lrod/Dred

	
Charge

(C)

	
Density ρ

(rods/μm2)

	
     E  g , o p t      

(eV)

	
PL Peak

(nm)




	
0.05%

	
590

	
80

	
7.4

	
2.217

	
30

	
3.27

	
381




	
0.1%

	
630

	
75

	
8.4

	
2.883

	
32

	
3.26

	
380




	
0.5%

	
1040

	
100

	
10.4

	
6.223

	
30

	
3.30

	
381




	
1%

	
1500

	
125

	
12.0

	
9.787

	
25

	
3.31

	
380
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