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Abstract

:

In this work, optical–structural and morphological behavior when Nd is incorporated into ZnO is studied. ZnO and Nd-doped ZnO (ZnO-Nd) films were deposited at 900 °C on Silicon n-type substrates (100) by using the Hot Filament Chemical Vapor Deposition (HFCVD) technique. For this, pellets were made by from powders of ZnO(s) and a mixture of ZnO(s):Nd(OH)3(s). The weight percent of the mixture ZnO:Nd(OH)3 in the pellet is 1:3. The gaseous precursor generation was carried out by chemical decomposition of the pellets using atomic hydrogen which was produced by a tungsten filament at 2000 °C. For the ZnO film, diffraction planes (100), (002), (101), (102), (110), and (103) were found by XRD. For the ZnO-Nd film, its planes are displaced, indicating the incorporation of Nd into the ZnO. EDS was used to confirm the Nd in the ZnO-Nd film with an atomic concentration (at%) of Nd = 10.79. An improvement in photoluminescence is observed for the ZnO-Nd film; this improvement is attributed to an increase in oxygen vacancies due to the presence of Nd. The important thing about this study is that by the HFCVD method, ZnO-Nd films can be obtained easily and with very short times; in addition, some oxide compounds can be obtained individually as initial precursors, which reduces the cost compared to other techniques. Something interesting is that the incorporation of Nd into ZnO by this method has not yet been studied, and depending on the method used, the PL of ZnO with Nd can increase or decrease, and by the HFCVD method the PL of the ZnO film, when Nd is incorporated, increases more than 15 times compared to the ZnO film.
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1. Introduction


ZnO presents n-type electrical conductivity and has a wide direct bandgap of ∼3.37 eV at room temperature [1,2]. In addition, it presents interesting properties such as: high chemical and thermal stability; good optical and electrical properties; high transparency in the Vis/near-IR spectral region [3]; and a large exciton binding energy of 60 mV [2,4,5,6]. Such properties have allowed ZnO to be used in optoelectronic device applications such as: gas sensors [7], solar cells [8], ultraviolet (UV) detectors [9], light-emitting diodes, and lasers [10]. On the other hand, ZnO presents a better optical response in PL intensity and a low band gap when it is doped and forms compounds with different chemical elements, for example Nd [11], Ni [12], and Ta [13]. Doping ZnO with metal atoms such as Nd introduces new properties in ZnO that are useful in different areas such as photocatalysis and optoelectronics [14,15]. Nd-doped ZnO films enhance PL intensity at deep level emissions (∼511 nm) [11]. Some methods such as spray pyrolysis [14], pulsed electron beam [16], and sol-gel [17], have been used to obtain Nd-doped ZnO films. However, using the HFCVD technique for this process has not been explored. The HFCVD technique allows the obtention of high deposit rates, so long times for film growth are not necessary. In addition, solid sources have been used for the formation of gaseous precursors for the deposit of materials such as: ZnO [18], ZnO-Ni [12], and ZnO-Ta [13]. Therefore, the study of ZnO with the incorporation of Nd from a solid pellet based on a mixture of ZnO(s):Nd(OH)3(s), attacked with atomic hydrogen (H°), is feasible. The atomic hydrogen is produced by using a tungsten filament at 2000 °C, etching the solid source (pellet) to obtain chemical precursors that diffuse and deposit on a Si substrate [13,19]. The HFCVD process has been reported in other works [18,20]. Using the HFCVD technique, sphere-shaped structures of ZnO can be grown, which have a large surface–volume ratio which is important for devices such as drug delivery devices [21] and gas sensors [18], and in solar energy conversion and field emission [18,22]. Thus, the objective of this work is to study the structural, morphological, and optical properties of ZnO and compare them with ZnO-Nd films on silicon substrates.




2. Experimental Details


2.1. Pellets Preparation


A ZnO(s):Nd(OH)3(s) pellet (0.4 g) was prepared by compressing ZnO(s) powder (Sigma-Aldrich CAS-No:1314-13-2, Estado de México, México) combined with Nd(OH)3(s) powder (Sigma-Aldrich CAS-No:16469-17-3). The weight percent of the mixture ZnO(s):Nd(OH)3(s) in the pellet was 1:3. The reason that the pellet was in that proportion is because the amount of Nd that can be released from the ZnO:Nd(OH)3 pellet in the film growth process is minimal (less than 1% in weight percentage). In addition, the 1:3 ratio was prepared because other samples were made and it was observed that the PL intensity increases as the Nd in the ZnO increases, and this sample is very interesting and high in PL intensity. The quantities used in each pellet of this work are shown in Table 1.




2.2. Growth Process of ZnO and ZnO-Nd Films


Silicon n-types with orientation (100) and resistivity 1–20 Ω·cm were used as substrates. Firstly, Si-substrates were cleaned following a process in an ultrasonic bath for 10 min in each chemical solution, including: xylene, acetone, and methanol. Additionality, Si substrates were immersed for 1 min in HF (10%) to remove native oxide. For the film growth process, H2 flow (50 sccm) was incorporated in reaction chamber (Figure 1a); afterwards, atomic hydrogen (H°) was produced by a tungsten filament at 2000 °C., although the growth temperature used for deposits was 900 °C for 3 min. The generation of gaseous precursors occured through the reaction of a solid source (pellet based on a mixture of ZnO(s) and Nd(OH)3(s)) with atomic hydrogen (Figure 1b).



Regarding the reaction for ZnO films grown using the HFCVD technique, it has already been reported in other works [23]. On the other hand, for the ZnO-Nd film grown in this work, the substrate chemical reactions are presented as follows:


ZnO(s) + Nd(OH)3(s) + H(g) → Zn(g) + Nd(g) + 4OH(g)



(1)






4Zn(g) + Nd(g) + 4OH(g) → Zn(s) + ZnO(s) + Zn(OH)2(s) + ZnONd(s) + H2(g)



(2)







Finally, XRD, SEM, EDS, and PL measurements were performed. The structural characterization was carried out with an X-ray diffractor (BRUKER D8 with Cu Kα radiation (λ = 1.541 Å), Billerica, MA, USA). The surface morphology and elements of the samples were characterized by using a Jeol JSM-7800F (JEOL Ltd., Tokyo, Japan) field emission scanning electron microscope equipped with an Oxford Instrument X-Max spectrometer for elemental analysis (JEOL Ltd., Tokyo, Japan). Photoluminescence measurements were performed at room temperature with a Horiba Jobin Yvon NanoLog FR3 UV-Vis-NIR fluorescence spectrometer (Horiba Ltd., Kyoto, Japan).





3. Results and Discussion


3.1. Structural Characterization by X-ray Diffraction (XRD) Analysis


ZnO and ZnO-Nd films were analyzed using XRD. Figure 2 shows the pattern of XRD for the samples measured from 25° to 65° in the 2θ mode. For the ZnO film in the (a) pattern, three Zn planes (100), (101), and (102) located at 39.16°, 43.38° and 54.42° are observed, which match with the Zn hexagonal structure of the pdf card 004-0831. It is observed that the planes (100), (002), (101), (102), (110), and (103) of ZnO which are located at 31.98°, 34.6°, 36.44°, 47.74°, 56.78°, and 63.08° match according to the wurtzite ZnO structure of the pdf card 075-0576. In pattern (b), for the ZnO-Nd film the same ZnO film planes are observed. Furthermore, it can be observed that the ZnO-Nd film planes shift slightly to the left compared to the ZnO film planes, and it is suggested that this slight shift is due to the change in lattice parameters; however, the wurtzite structure of the crystal remains unchanged [24]. So, for this reason it is suggested that Nd is incorporated into the ZnO matrix. This shift is due to the difference in the ionic radii of Zn+2 and Nd+3. Since the ionic radius of Nd+3 (0.983 Å) is larger than that of Zn+2 (0.74 Å), an expansive stress is created in the lattice; therefore, it is suggested that there is an expansion in the ZnO lattice resulting in the displacement of the ZnO-Nd planes and it is suggested that this expansion in the crystal lattice confirms that Nd is introduced substitutionally into the ZnO lattice [15,24].



Figure 3 analyzes Figure 2 better: the planes of ZnO, Zn, Zn(OH)2, and Nd(OH)3 are shown with different symbols. In the ZnO film (Figure 3a), the ZnO and Zn planes are observed, so the core–shell structures are observed, where the metallic Zn is the core and the ZnO is the shell [12,13]. In addition, the Zn(OH)2 planes [25] are observed because in the film growth process some Zn+2 joins with the OH that is being transported, forming Zn(OH)2; then, some Zn(OH) is also deposited on the surface of the film, remaining in the form of ZnO:Zn(OH)2 composites. In the ZnO-Nd film (Figure 3b), the same planes of the ZnO film are observed; however, some Nd(OH)3 planes [26] also appear. This is because in the film growth process some Nd+3 atoms join with the OH that is being transported, forming Nd(OH)3, and for this reason some Nd(OH)3 is also deposited on the surface of the film, remaining in the form of ZnO:Nd(OH)3 composites. In addition, the Zn(OH)2 planes [25] are observed, so there are also some ZnO:Zn(OH)2 composites on the surface of the film.



To calculate the lattice parameters, Equation (3) is used:


    1     d     h k l     2     =   4   3   a   2         h   2   +   k   2   + h k   +     l   2       c   2      



(3)







In this way, the interplanar spacing d(hkl) can be obtained from the relation     1     d   h k l     =   2 s i n Ɵ   λ    , where h,k,l are the miller indices of the respective plane, and a and c are the lattice parameters which are calculated with the (100), and (002) planes at 31.98° and 34.6° [12]. Table 2 shows the lattice parameters for the (002) plane of the different films obtained in this work.



It can be seen in Table 2 that the parameter “c” increases and the parameter “a” increases, and so for these reasons, it is suggested that Nd+3 is incorporated into the ZnO lattice in a substitutional manner, and it is proposed that Nd+3 ions replace Zn+2 ions, thus obtaining Nd-doped ZnO [24].




3.2. Scanning Electron Microscope (SEM)


SEM measurements were made to observe the morphology of the ZnO and ZnO-Nd films. Figure 4a,b shows the ZnO film and Figure 4c–f shows the ZnO-Nd film at different zoom levels.



SEM images in Figure 4a,b, for a ZnO film, show sphere-type structures on the surface of the film. It is suggested that the growth process of sphere-type structures occurs when molecular hydrogen enters into the reactor through the filament at 2000 °C and decomposes in atomic hydrogen, which attacks the ZnO(s) pellet, forming the precursors Zn(g) and OH(g) as proposed in [13,27], starting with the following chemical reactions:


ZnO(s) + H(g) → Zn(g) + OH(g)



(4)






3Zn(g) + 4OH(g) → Zn(s) + ZnO(s) + Zn(OH)2(s) + H2O(g)



(5)







Molecular hydrogen decomposes into atomic hydrogen due to the temperature of the filament. The atomic H releases Zn and O atoms from the ZnO pellet, according to reaction 4. In reaction 5, core–shell (Zn/ZnO) structures are formed on the silicon substrate; this is deduced from the XRD planes of Zn and ZnO [12,13]. Figure 4b shows the surface of an individual ZnO sphere (Figure 4a) with a zoom of ×1000. Figure 4c–f show the ZnO-Nd film. The formation process of ZnO-Nd spheres is similar to that of ZnO spheres; the difference is that ZnONd structures are formed in the former. It can be observed the sphere-like structure that it has on its surface is like wires; this is suggested to be because the Nd atoms act as a catalyst and nucleate, resulting in a sea urchin-like structure [28]. Furthermore, it can be observed that when Nd is incorporated, there is a decrease in the size of the spheres. It is observed that the spheres on the ZnO-Nd film have a smaller size than in the ZnO film and it is suggested that the decrease in the size of the ZnO-Nd spheres is due to the incorporation of Nd. That is to say, it is due to the nucleation mechanism in the growth process; because the ionic radius of Nd+3 is greater than that of Zn+2, it has a lower nucleation rate than in the ZnO film which results in a smaller sphere size [29]. From Figure 4b,d (×1000), it is estimated that the ZnO spheres are larger, since in the ZnO sphere (Figure 4b) only part of the surface of an individual ZnO sphere can be observed, and Figure 4d shows complete ZnO-Nd spheres because they are smaller in size. Figure 5 shows the distribution of the different chemical elements for the ZnO-Nd film. Figure 6 shows each chemical element individually. The film appears relatively homogeneous; however, it can be seen that there is an agglomeration of many Nd atoms (as also seen in Figure 4f), which suggests that there is a ZnO:Nd(OH)3 composite because in XRD the Nd(OH)3 planes for the ZnO-Nd film are observed.




3.3. Energy Dispersive X-ray (EDS) Analysis


Figure 7a shows the EDS analysis for the ZnO film. In the EDS of the ZnO film, it is observed that the film presents the chemical elements of Zn and O. For this reason, it is suggested that when the H impacts the ZnO pellet, it decomposes it into Zn and O atoms that begin to be transported into the reactor. Subsequently, the Zn, due to its boiling point (907 °C), adheres to the substrate (900 °C) due to the temperature difference and remains as a nucleation site, but since the O atoms are also being transported, they begin to bind to the Zn and, thus, the ZnO film is obtained [13]. The carbon peak corresponds to the piece of paper used in the SEM measurement. Figure 7b shows the EDS of the ZnO-Nd film, where the presence of Nd is confirmed. It is observed that the film presents the chemical elements of Zn, O, and Nd. In the ZnO-Nd film, something very similar happens: the H impacts the ZnO:Nd(OH)3 pellet and decomposes it into Zn, O, and Nd atoms that begin to be transported inside the reactor; in this way, ZnO is formed as described above, but since Nd atoms are also being transported here, they begin to bind to the O of ZnO and, thus, the ZnO-Nd film is obtained [13]. Table 3 shows the different compositions of the ZnO and ZnO-Nd films.



It can be seen that the ZnO film has an atomic percentage of approximately Zn = 69.36%, which suggests that it is a film rich in zinc. It can be observed in the ZnO-Nd film (Figure 4f) that there is approximately an atomic percentage of Nd = 10.79%; therefore, the presence of Nd is confirmed. For Figure 4e, there is an average atomic percentage of Nd = 1.25%, Zn = 63.64%, and O = 35.11% so it is suggested that there is doping; however, in Figure 4f it can be seen that an agglomerate of Nd remained on the surface of the film with Nd = 10.79% (Table 3), so it is suggested that it is also a ZnO:Nd(OH)3 composite, and this can be seen better in Figure 6.




3.4. Photoluminescence Analysis (PL)


Figure 8 shows the PL spectra of the ZnO and ZnO-Nd films at room temperature measured from 350 to 750 nm, with the purpose of studying the behavior of Nd in the ZnO.



For the ZnO film, a band ~380 nm named as near-band-edge emission NBE is observed, and this is due to the band-to-band transition [13]; the band ~502 nm, called the deep level emission which is abbreviated to DLE, is due to the transitions through deep centers with energy levels in the forbidden gap of the hydroxyl group, and is also due to different defects in the lattice, such as oxygen or zinc interstitials, oxygen or zinc vacancies, or external impurities due to the substitution of atoms [13,29,30]. For the ZnO-Nd film, an increase in the intensity of the DLE band is observed. It is suggested that this is because when Nd is incorporated into the ZnO, more defect centers such as oxygen vacancies are created and for this reason a PL increase occurs [31]. In addition, due to the distortion of the lattice as mentioned in XRD, and other defects, it is suggested that the energy gaps are split and for this reason a greater wavelength range is covered in the PL spectrum [32]. From SEM, it can be observed that there is a decrease in the size of the spheres, and because it is reported in the literature that, when there is a decrease in particle size, more oxygen vacancies are created, it is suggested that for this reason the PL also increases [30]. Furthermore, in Figure 8 for the ZnO and ZnO-Nd films, in the NBE band region, two different bands are observed that correspond to ZnO (~380 nm) and Zn(OH)2 (~387 nm) [33]. The two bands, NBE and DLE, of Zn(OH)2 are similar to the two bands (NBE and DLE) of ZnO, only the intensity of the PL varies a little [33]. Based on the PL results and because the Zn(OH)2 planes are observed in XRD, it is suggested that there are also some ZnO:Zn(OH)2 composites on the surface of the ZnO and ZnO-Nd films.





4. Conclusions


The objective of this research is to observe how Nd(OH)3 behaves when reacting with ZnO using the HFCVD method, since ZnO-Nd formed by this technique has not yet been explored; in addition, with growth by HFCVD, ZnO and ZnO-Nd films are obtained relatively easily and with short times. Therefore, the structural, morphological, and optical properties of ZnO and ZnO-Nd films on silicon substrates are studied. From XRD studies, it is observed that the ZnO planes match with the hexagonal wurtzite structure of ZnO. It is also observed in the diffractogram that there is a displacement of the planes of the ZnO-Nd film, which is due to the fact that the Nd is incorporated into the ZnO, thus achieving doping. Furthermore, the planes of Zn, ZnO, Zn(OH)3, and Nd(OH)3 are observed individually, so the presence of a ZnO:Nd(OH)3 composite is also noted. From the SEM results, the different morphology observed in the sphere-like structures of the ZnO-Nd film is due to the fact that the Nd atoms act as a catalyst and nucleate, resulting in a structure similar to that of a sea urchin. It is also observed that the sphere-like structures in the ZnO-Nd film have a smaller size than in the ZnO film; this is due to the incorporation of Nd in the ZnO. In addition, from the different morphology and decrease in size of the ZnO-Nd spheres, it is deduced that the Nd is doping the ZnO; however, as some agglomerations of Nd(OH)3 are also observed on the surface of the film, it is deduced that it is also a ZnO:Nd(OH)3 composite. EDS analysis confirms the presence of Nd. Furthermore, in the ZnO-Nd sphere there is a low average atomic percentage of Nd = 1.25%, so it can be deduced that there is doping; however, in the Nd(OH)3 agglomeration, there is a higher average atomic percentage of Nd = 10.79%, andso it follows that there is also a ZnO:Nd(OH)3 composite. From the PL measurement, when Nd is incorporated into ZnO as a dopant, it causes an increase in O vacancies, thus achieving an increase in the intensity of photoluminescence. For these reasons, it is deduced that composites and doping coexist and are present in the ZnO-Nd film.
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Figure 1. (a) HFCVD reactor and (b) internal configuration of HFCVD reactor. 






Figure 1. (a) HFCVD reactor and (b) internal configuration of HFCVD reactor.



[image: Crystals 14 00491 g001]







[image: Crystals 14 00491 g002] 





Figure 2. X-ray diffraction patterns for (a) ZnO and (b) ZnO-Nd films. 
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Figure 3. A better analysis of Figure 2 is shown for the XRD patterns of (a) ZnO and (b) ZnO-Nd films. 
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Figure 4. SEM for (a,b) ZnO and (c–f) ZnO-Nd films at different zoom levels. 
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Figure 5. Color mapping of the different chemical elements of the ZnO-Nd film. 
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Figure 6. Chemical elements individually for the ZnO-Nd film. 
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Figure 7. (a) EDS for ZnO film. (b) EDS for ZnO-Nd film. 
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Figure 8. Photoluminescence spectra of (a) ZnO and (b) ZnO-Nd films. A PL graph is also presented with a zoom in the NBE region of ~380 nm. 
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Table 1. Experimental conditions used for ZnO and ZnO-Nd films.






Table 1. Experimental conditions used for ZnO and ZnO-Nd films.





	Film
	Pellet
	Proportion in Weight Percentage ZnO:Nd(OH)3
	ZnO Weight (g)
	Nd(OH)3 Weight (g)
	Substrate Temperature (°C)
	Process Time (min.)





	ZnO
	ZnO
	1:0
	0.4
	0
	900
	3



	ZnO-Nd
	ZnO:Nd(OH)3
	1:3
	0.1
	0.3
	900
	3










 





Table 2. Lattice parameters of ZnO and ZnO-Nd films of plane (002).






Table 2. Lattice parameters of ZnO and ZnO-Nd films of plane (002).





	Sample
	a (Å)
	c (Å)
	c/a





	ZnO
	3.2289
	5.1806
	1.6044



	ZnO-Nd
	3.2547
	5.2187
	1.6034










 





Table 3. Average atomic percentage of elemental composition of ZnO and ZnO-Nd films.






Table 3. Average atomic percentage of elemental composition of ZnO and ZnO-Nd films.





	Sample
	Zn (%)
	O (%)
	Nd (%)





	ZnO
	69.36
	30.64
	0



	ZnO-Nd
	43.99
	45.22
	10.79
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