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Abstract

:

Nanorods of erbium-doped zinc oxide (ZnO:Er) were fabricated using a hydrothermal method. One batch was prepared with and another one without constant ultraviolet (UV) irradiation applied during the growth. The nanorods were free-standing (FS) as well as deposited onto a fused silica glass substrate (GS). The goal was to study the atomistic aspects influencing the charge transport of ZnO nanoparticles, especially considering the differences between the FS and GS samples. We focused on the excitons; the intrinsic defects, such as zinc interstitials, zinc vacancies, and related shallow donors; and the conduction electrons. UV irradiation was applied for the first time during the ZnO:Er nanorod growth. This led to almost total exciton and zinc vacancy luminescence reduction, and the number of shallow donors was strongly suppressed in the GS samples. The effect was much less pronounced in the FS rods. Moreover, the exciton emission remained unchanged there. At the same time, the Er3+ content was decreased in the FS particles grown under constant UV irradiation while Er3+ was not detected in the GS particles at all. These phenomena are explained.
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1. Introduction


ZnO is unique due to its wide direct bandgap (3.37 eV), high thermal conductivity (50 W/mK), and high exciton binding energy (60 meV at 300 K) [1,2,3]. In addition to that, ZnO exhibits anticorrosion [4,5] and antimicrobial properties [6,7,8] that have been implemented in a range of applications, including photovoltaics, photocatalysis [9,10,11,12], metal waste disposal technologies [13], light-emitting diodes (LED), scintillators, and nanomedicine [14,15,16,17]. Moreover, ZnO has been proposed as a promising material for gas sensors.



Regarding gas sensors, the sensing abilities of the semiconductor are governed by the changes in its conductivity due to the interaction with surrounding pollutants. The ZnO conductivity, in particular, is affected by the surface shallow donors which are exceedingly sensitive to the local surface modification. Note that the electron paramagnetic resonance (EPR) spectra of ZnO, in most cases, contain a shallow donor signal measured at the g factor g~1.96 (see, e.g., [18,19]). Different papers have assigned this signal to zinc interstitials [20,21], hydrogen interstitials [22], or shallow Ga(Al) donors [23,24,25,26]. In addition, the g = 2.0048 signal can be observed from the shallow donors at the ZnO nanoparticle surface [27,28,29,30,31,32,33]. Both g = 1.96 and g = 2.0048 signals changed with changing temperature, atmosphere, and laser light [34]. Such material instability also puts constraints on the sensor’s implementation [35,36].



The sensors can be activated and, therefore, improved by exposure to UV light as it is a way of lowering the power supply magnitude [37]. Such apparatuses are functional even at room temperature [37,38,39]. The physical background of this effect is the improvement of charge carrier transport. A clear indication of this phenomenon can be given by the exciton emission in ZnO nanorods. Therefore, along with the abovementioned shallow donor EPR signals, exciton luminescence [40] serves as a probe for the sensing abilities of the ZnO nanorods at the atomistic level. At the same time, exciton emission and consequently charge transport are negatively affected by the existence of native defects in the ZnO host which also contribute to their own emission appearance, within the 1–2 eV spectral region [22,32,41,42]. Typical defects are zinc and oxygen vacancies (VZn and VO, respectively) and related defects [18,19,22,42,43,44,45,46,47]. Therefore, to develop a good sensor, the feedback to the technology should be given based on the number of VZn and VO in the ZnO host. Their presence can be proven by luminescence and EPR measurements.



The use of ZnO at the nanoscale brings important benefits. ZnO nanorods are compact, offer a variety of architectures, and possess a high surface-to-volume ratio leading to pronounced sensitivity [48,49,50]. The fabrication of nanomaterial-based sensing devices is usually difficult and requires high investments [50,51]. However, ZnO nanorods can be fabricated by the hydrothermal growth (HT) method [52,53,54,55,56,57] which is based on a water solution. HT is cheap, and the number of architectures can be created by choosing certain additives such as hexamethylenetetramine (HMTA), ethylenediamine (EDA), polyethyleneimine (PEI), and others. The growth conditions of the ZnO nanorods are also critical since the concentration of precursors and their age, dopant concentration, and temperature and time of the reaction strongly influence the size, quality, luminescence, shallow donor levels, and, as a result, charge transport abilities critical for sensing characteristics [52,58,59,60,61]. Doping with erbium opens the path for UV exciton emission performance improvement, making ZnO:Er promising as a material for the ultrafast scintillating detectors used in, e.g., time-of-flight positron emission tomography (TOFPET) [62,63]. Moreover, erbium is also used in upconversion phenomena [64,65,66] which are helpful in the processes of charge and energy transfer. Note that Er contributes to the enhancement of charge carrier transport [67] leading to improved gas sensing [14,34,35,36,37]. There are plenty of studies on HT-grown erbium-doped free-standing zinc oxide nanoparticles [59,68,69,70,71]. However, to the best of our knowledge, there are no studies in the literature on ZnO:Er nanorod arrays deposited onto the quartz substrate. Moreover, there are no papers dedicated to the study of the ZnO:Er nanorods, including luminescence, grown under constant UV irradiation, both free-standing and deposited on the substrate. The charge carrier’s production and defect creation processes as well as their mutual influence and luminescence are thus not fully known in the ZnO:Er nanoparticles grown under UV. These aspects are critical for understanding ZnO nanostructures’ sensing abilities and provide feedback to the technologists engaged in the field of sensor manufacturing.



The present study is dedicated to the synthesis and detailed investigation of ZnO:Er nanoparticles simultaneously grown as deposited arrays and free-standing nanorods and applying constant UV irradiation during the growth. Numerous techniques, including X-ray diffraction, scanning electron microscopy, luminescence (including spatial correlation), and EPR methods were applied. The main idea is to reveal the influence of the morphology and the UV irradiation during growth on the atomistic aspects of the charge carriers’ production through the excitons and native defect creation. The path for the charge transport improvement and defect suppression to increase the potential of ZnO nanostructure application in sensors and scintillating detectors is discussed.




2. Experimental Section


2.1. Sample Preparation: ZnO:Er Nanorods Deposited on a Quartz Substrate


The sample preparation procedure consisted of two steps (see Figure 1). First, the 70 nm thick nucleation layer of ZnO thin film was deposited on commercially available 1-inch2 fused silica glass substrate by pulse laser deposition (PLD). With this purpose, the substrate was placed onto a holder heated to 100 °C within a vacuum chamber. After pumping the chamber out and reaching a pressure of 10−4 Pa, oxygen was administered to the chamber to obtain the process pressure of 10 Pa. To reach the homogeneous spreading of the nucleation layer over the whole available area of the substrate, the sample holder rotated with an angular velocity of 5 rpm. After that, the pulse KrF excimer laser COMPex 50, operating at λ = 248 nm wavelength, was used for the bulk ZnO target ablation to cover the rotating substrate with the droplets of melted ZnO, which was then merged into a continuous layer. The pulse energy was set to 120 mJ, the number of pulses to 20,000, and the repetition rate to 30 Hz. Cooling of the prepared nucleation layer by introducing oxygen with a pressure of 105 Pa followed the deposition.



Second, the substrates with the deposited ZnO seeding layers prepared by the PLD method as described above were plunged into the aqueous solution containing 25 mmol/L of hexamethylene tetramine and 25 mmol/L of the mixture of zinc nitrate hexahydrate and erbium nitrate pentahydrate. The content of erbium corresponded to 0.05 and 0.25 mol%, respectively. The solution was kept at 90 °C for 3 h. After that, the substrate with the deposited ZnO:Er(0.05 and 0.25%) nanorods was removed from the solution, rinsed with deionized water, and dried in the nitrogen flow.



For the growth under UV, the substrates were mounted upside down on a flat-bottom quartz tube with an optical fiber placed inside the tube (a light source operating at 365 nm wavelength and 1 W power was used).




2.2. Sample Preparation: Free-Standing ZnO:Er Nanorods


The abovementioned aqueous solution also contained remnants of the not fully dissolved precursors or dust particles. These can serve as random nucleation centers, and therefore the process of ZnO:Er nanorod growth described in the second step in the subsection above also took place on these seeds. The ZnO rods grown in this way are free-standing particles. To compare the properties of the deposited nanorods with the properties of the free-standing ones grown under the same conditions, the solution was cooled down to ambient temperature after the abovementioned second step. Then, the free-standing nanorods remaining in the solution (see Figure 1) were isolated and washed 5 times with distilled water (removal of residual salts). After stirring for 15 min, they were filtered out using Whatman 2.



Based on the type of nanorods, either deposited on a substrate (GS) or free-standing (FS), grown under constant UV irradiation (UV) or without it, the samples were referred to in the text in the following way: ZnO:Er(0.05, 0.25%) GS UV, ZnO:Er(0.05, 0.25%) FS UV, ZnO:Er(0.05, 0.25%) GS, and ZnO:Er(0.05, 0.25%) FS. It should be noted that the 0.05 and 0.25% Er doping levels were chosen intentionally since the real concentration of erbium was 0.05% at the doping level of 0.05 mol% whereas the 0.5 mol% doping level resulted in a 0.25% real Er concentration in the free-standing ZnO:Er nanorods [32].



The samples were hexagonal nanorods. In general, the deposited nanoparticles were about more than one order of magnitude smaller, indicating a larger surface-to-volume ratio.




2.3. Experimental Techniques


X-ray diffraction (XRD) patterns were obtained within the 20–80° range of angles (a step of 0.02° and a scanning rate of 2°/min were used) on a Rigaku Miniflex 600 diffractometer (Rigaku, Tokyo, Japan) coupled with the Cu X-ray tube operating at a wavelength Kα1,2 of 0.15418 nm, a voltage of 40 kV, and a current of 15 mA. The ICDD PDF-2 database (version 2013) was used for comparison. To complement the data obtained using XRD, scanning electron microscopy (SEM) was used to test the samples for their shape and size on a MAIA3, TESCAN electron microscope. The in-beam SE detector was situated in an objective lens. The energy of the electron beam was 5 keV.



Luminescence characteristics were investigated by two techniques. (i) Photoluminescence (PL) was measured on a homemade spectrometer composed of: (a) pulsed UV light-emitting diode (LED) operating at 340 nm wavelength and 1 mW power; (b) a narrow band-pass optical filter; (c) a Peltier cooled photomultiplier sensitive in the 355–800 nm spectral range (2 nm spectral resolution); (d) a spectrally calibrated double-grating monochromator SPEX 1672; (e) long-pass filters; (f) a lock-in amplifier referenced to the LED frequency (307 Hz) [72,73]. (ii) Cathodoluminescence (CL) measured on the homemade spectrometer consisting of a parabolic mirror focusing the produced light to a waveguide further propagating through a single-grating monochromator and photomultiplier tube H7711-13 to create CL images or an Avaspec ULS2048LTEC spectrometer to record spectra. Cathodoluminescence measurements were spatially correlated with the energy-dispersive X-ray spectroscopy (EDX) on a scanning electron microscope XL30ESEM with installed EDX detector. In both cases of EDX and CL measurements, the acceleration voltage of 5 kV was used. Note that luminescence spectra are presented in the energy scale by using the Jacobian correction [74] to convert from wavelength scale.



Electron paramagnetic resonance (EPR) measurements were performed on a commercial Bruker EMXplus spectrometer (Bruker, Billerica, MA, USA) (X-band with a 9.4 GHz frequency) with a sensitivity of around 1012 spins/mT. The temperature range was 10–60 K (Oxford Instruments ESR900 cryostat was used, Oxford Instruments, Abingdon, UK).





3. Results and Discussion


3.1. Structural Analysis


To check whether the studied materials were indeed ZnO, the XRD technique was applied. The patterns of the ZnO:Er FS samples are shown in Figure 2A.



According to the PDF-2 database (record #00-005-0664), all the ZnO:Er FS samples (with 0.05 and 0.25% Er doping level, grown under constant UV irradiation or not) are pure-phase Wurtzite ZnO.



The XRD patterns of the ZnO:Er GS samples are shown in Figure 2B. The pronounced peak at 34.5° corresponds to the (002) reflection, the crystallographic c direction (PDF-2 database, record #00-005-0664). The tiniest (103) and (004) peaks were also observed. No other peaks were detected, indicating that only the Wurtzite ZnO phase was present in all the samples (with 0.05 and 0.25% Er doping level, grown under constant UV irradiation or not). The SEM images in Figure 3 show the morphology of the ZnO:Er GS samples grown under UV irradiation and without it. ZnO:Er(0.25%) GS SEM images were used.



In the case of the ZnO:Er(0.25%) GS grown without UV, the distribution of the single nanorod size in the 40–200 nm range is observed, even though the approximately 40–60 nm thick nanorods dominate (Figure 3A). The nanorods are aligned almost perpendicular to the substrate. In the ZnO:Er(0.25%) GS grown under UV, all the single nanorod thicknesses appear in the range of 50–100 nm without pronounced domination of the rods with the chosen size. One can see that the rods, in general, are not perfectly perpendicular to the substrate. Note that the thickness of the polycrystalline film of ZnO nanorods was approximately the same (~800 nm) in the samples grown under UV or without it. All of this led to the conclusion that the UV irradiation influences growth rate and contributes to the homogenization of the nanorod thickness distribution, as discussed in detail in [60] for the undoped ZnO nanorods.




3.2. Paramagnetic States by EPR


To study the effect of UV irradiation on intrinsic defect states and Er incorporation into the ZnO:Er FS(GS) samples, EPR was used. The corresponding spectra measured in the ZnO:Er(0.05, 0.25%) GS grown without and under UV are shown in Figure 4A. They are, in general, composed of two signals, SD at the resonance magnetic field of 3430 G (corresponding to the g factor g = 1.954 at X-band; see Section 2.3 above) and S1 at the resonance magnetic field of 3348 G (corresponding to the g factor g = 1.9997 at X-band; see Experimental Section and the inset in Figure 4A). The intensity of the SD signal depended on the Er doping level as well as on the UV irradiation applied during the growth of the nanorods.



The SD signal originates from shallow donors with a complex structure, Zn+ + D, where D = Al, Ga, H, and Zn+ may also be interstitial [18,19,20,21,22,23,24,25,26] (see also Introduction). Relatively recently, it has also been related to the zinc interstitial (Zni), Zni+ + D, in the Er-doped ZnO [75]. Therefore, the SD signal, at least partly, has presently been related to the Zni+ + D as well. Its intensity is about 1.5 times lower in the ZnO:Er(0.05%) GS as compared to the ZnO:Er(0.25%) GS. Er3+ is a donor in ZnO, and therefore the Er doping affects the intrinsic charge distribution in the two-step process:


(i) Er2+ → Er3+ + e−; (ii) Zni2+ + e− → Zni+



(1)







This improves donor properties as well as the electron transport abilities due to the electron capture through the increased number of Zni+ + D. Growth under UV irradiation causes a drop in the SD signal intensity by about 4 times in the ZnO:Er(0.05, 0.25%) GS UV samples. However, oppositely, the ZnO:Er(0.05%) to ZnO:Er(0.25%) GS UV SD signals intensity ratio is 1.5. The observed peculiarities can be explained in the following way. UV irradiation during the samples’ growth should have the opposite effect of hole trapping compensating the donor properties:


    Zn i  +  +  h +     →  U V      Zn i   2 +   



(2)







Hole trapping is more pronounced in the ZnO:Er(0.25%) GS UV as compared to the ZnO:Er(0.05%) GS UV sample the more Zni2+ was created (Equation (2)) or the more Zni+ were removed. The latter correlates very well with the larger amount of erbium in the ZnO host, considering that erbium is expected to be interstitial in ZnO as reported in [32,41,75]. It competes with Zn, and the number of Zni drops. In addition, ultrafast exciton emission deteriorates as well, as discussed in the next subsection. All of these changes are signs of lower conductivity, and therefore charge mobility and transport, the most critical parameters in chemical sensing, will be worsened as well [52,58,59,60].



The intensity of the SD signal is about 1.2 times larger in the ZnO:Er(0.25%) FS as compared to the ZnO:Er(0.05%) FS sample. This is almost the same tendency as that discussed above for the ZnO:Er(0.05, 0.25%) GS samples. Therefore, the same charge transfer mechanism (Equation (1)) is expected to exist in this case. Oppositely, the SD signal increases by about 1.5 times in the ZnO:Er(0.05%) FS UV as compared to the ZnO:Er(0.25%) FS UV. At the same time, the SD signal increases by about 1.2 times in the ZnO:Er(0.25%) FS UV as compared to the ZnO:Er(0.25%) FS. Most probably, electron trapping is occurring at the Zn2+ in the ZnO:Er FS under constant UV irradiation applied during the samples’ growth: Zni2+ + e−     U V  →    Zni+. This improves the donor properties of the Zni+ as well as the electron transport abilities. Interestingly, the intensity of the SD signals in the ZnO:Er(0.05, 025%) FS UV samples is about the same (Figure 4B). The amount of Zni2+ states available for the electron capture should thus be limited by the ZnO host (it is a well-known phenomenon that interstitial defects stretch the crystal lattice). Therefore, the larger the Er content, the smaller the number of places available for the Zni2+ in the ZnO host.



The difference between the ZnO:Er FS and GS grown under UV irradiation should originate from the method of the irradiation “delivery” to the samples. In the case of the GS samples, UV comes directly through the quartz glass substrate to the ZnO nanorods (Figure 1). Oppositely, in the case of the FS samples, the UV irradiation must go through the ZnO GS nanorods and is strongly absorbed, leading to a kind of photovoltaic effect releasing electrons into the solution. These electrons then reach only the ZnO FS rods in the solution close to the ZnO GS nanorods (Figure 1); otherwise, they will be compensated. Another possible mechanism is reactive oxygen species (ROS, O2−) creation in the place where the ZnO GS nanorods come into contact with the water solution. ROS can then interact with the ZnO FS rods in the solution leading to the same effect as if the electrons from ZnO GS directly interacted with the ZnO FS rod.



Based on the consideration above for the deposited samples, chemical sensing should be improved in the ZnO:Er(0.05, 0.25%) FS UV samples. It is worth noting that the influence of the Er doping on the shallow donor states is discussed in detail in previous studies on free-standing ZnO:Er nanorods [32,41].



The S1 signal was about one order of magnitude weaker than the SD one, and its intensity remained unchanged upon Er doping and/or irradiation during growth (Figure 4A). Together, these two discrepancies between the SD and S1 signals indicate the different origins of these signals. The S1 signal can be expected to be produced by conduction electrons as this signal at the g factor of g = 1.9988–1.9990 was observed in silicon and was referred to as being produced by conduction electrons [41,76,77]. The fact that the S1 signal remains unchanged under different conditions of growth and Er doping levels indicates almost the same surface properties, especially considering the core-shell model [30] and very low Er incorporation, as further confirmed.



Again, the S1 signal (attributed to the conduction electrons above) has been measured in the ZnO:Er FS samples as well. It is, in general, about two orders of magnitude weaker there as compared to the ZnO:Er GS samples (Figure 4B). This is in good agreement with the size of the ZnO nanorods in the case of the deposited and free-standing ones—the surface-to-volume ratio is larger in the GS as compared to FS. Therefore, since the EPR signal is directly proportional to the number of spins, the number of conduction electrons is expected to be much larger on the surface of the deposited nanorods. The S1 signal intensity is about three times larger in the ZnO:Er(0.25%) FS as compared to the ZnO:Er(0.05%) FS. In contrast, the S1 signal intensity is about three times larger in the ZnO:Er(0.05%) FS UV as compared to the ZnO:Er(0.25%) FS UV. As a consequence, the more Er, the better the surface properties, especially with UV irradiation applied during the ZnO:Er FS rod growth. The conduction electrons are compensated, probably, by the Er3+ + e− → Er2+ mechanism leading to the break in the Er-ZnO bonding and further detaching of Er from the ZnO host. This is confirmed by direct measurements of the Er3+ signal discussed below.



The Er3+ signal originating from Er embedded into the ZnO host as interstitial, as discussed in [32,41], is shown in Figure 4C for the ZnO:Er(0.05, 0.25%) FS samples. It follows the trend of the Er doping level, but it is about two to three times weaker in the ZnO:Er(0.05, 0.25%) FS UV samples as compared to the samples grown without UV irradiation. Probably, UV irradiation partly breaks the weak bonding that appears when Er embeds into the host as an interstitial [32,41], thus preventing its stabilization there. As a result, the Er3+ EPR signal dropped in the samples grown under UV. Note that EPR intensity is directly proportional to the concentration of paramagnetic particles [78].



The Er3+ signal originating from Er embedded into the ZnO host as an interstitial [32,41] has never been observed in the ZnO:Er GS samples, either grown under UV irradiation or without it. This points to the significant segregation of Er in this case due to different conditions of growth as will be discussed in detail in a study published elsewhere. However, as mentioned above, erbium influences the properties of the GS nanorods, and therefore its presence in the ZnO lattice can still be expected.




3.3. Photoluminescence Properties


The PL spectra measured in the ZnO:Er GS samples grown under UV and without UV are shown in Figure 5A. There were two emission bands observed: red band, Ered (peaking at about 2 eV), and Eexc (peaking at about 3.3 eV). The first one is known to be composed of the two contributions originating from neutral zinc vacancies, VZn0 and VZn0 + D (D is some defect nearby) as reported in a previous study [32]. Note that, in general, VZn2−,−,0,+,2+ are possible. None of them emits light in the visible region. The red band is about 1.5 times weaker in the ZnO:Er(0.25%) GS as compared to the ZnO:Er(0.05%) GS. This is in good agreement with the increased SD signal (see Figure 4A and the discussion above). The following charge compensation mechanism can be proposed:


(i) Er2+ → Er3+ + e−; (ii) VZn0 + (2)e− → VZn−(2−),



(3)




which is complementary to the mechanism in Equation (1).



Growth under constant UV irradiation led to a decreased red band in the ZnO:Er(0.05%) GS UV by approximately one order of magnitude. It decreased by about 5 times in the ZnO:Er(0.25%) GS UV. The most probable processes responsible for these phenomena are the following: Since the amount of erbium was significantly decreased as discussed above: (i) Zni+ + h+    →  U V     Zni2+ or in an alternative representation Zni+    →  U V     Zni2+ + e−; (ii) VZn0 + (2)e− → VZn−(2−). This correlates very well with Equation (2). Eexc band peaking at about 3.3 eV, which was attributed to excitons based on previous studies [32,41,79]. This was observed only in the PL spectra of the ZnO:Er(0.05, 0.25%) GS samples. It is about three times weaker in the ZnO:Er(0.25%) GS as compared to the ZnO:Er(0.05%) GS. This correlates well with the increased SD signal (Figure 4A) and decreased Ered (Figure 5A), i.e., the number of Zni+ is larger in the ZnO:Er(0.25%) GS as compared to the ZnO:Er(0.05%) GS. This excludes some electrons potentially participating in the exciton emission. As a result, the exciton emission becomes weaker. It is shown schematically in Figure 6. The PL excitation exceeds the bandgap. All the possible energy levels in the bandgap thus become ionized. After this, there are several possible ways that charge/energy transfer occurs. The electrons in the exciton excited states can be radiatively relaxed to the ground state (mechanism (i) in Figure 6) or the electron is passed to the excited state of Zni+. Again, there are two possibilities—to radiatively return to the corresponding ground state (mechanism (ii) in Figure 6) or to be relaxed to the excited state of VZn− [22]. Note that, typically, Zni+ can hardly be detected at room temperature (this is described in detail in [41]). It was not presently observed either (see Figure 5). Therefore, most probably, the electron appears in the excited state of VZn− and then can be radiatively returned to the corresponding ground state (mechanism (iii) in Figure 6) where emission appears at 1.33 eV [22], the region beyond the abilities of the detector used, or again it can be passed to VZn0 creating the excited state of VZn2− (mechanism (iv) in Figure 6). This situation is known for the Eu2+-F+ center dimer in Y3Al5O12 [80].



Appearing at the excited state of the VZn2− and the VZn− again, an electron has two ways either to radiatively recombine to produce the emission at 0.68 eV [22], which is not reachable by the detectors used, or to relax nonradiatively to the ground state of the VZn2−, then to VZn−, and after that to Zni+ and the valence band. The whole way the excited electron wanders until nonradiative relaxation to the valence band is shown by the blue arrows in Figure 6. The mechanisms (iii) and (iv) cannot be excluded as well.



The Eexc band is almost totally missing in samples grown under constant UV irradiation. This correlates with the red band and the mechanism behind the changes in its intensity upon the growth under UV irradiation considering the electrons compensating the neutral zinc vacancy. The lack of these electrons contributes to the degradation of the exciton emission. This proves at least the partial incorporation of erbium into the ZnO host.



There were two emission bands observed in the PL spectra of the ZnO:Er(0.05, 0.25%) FS samples grown under UV irradiation and without it (Figure 5B): red band, Ered (peaking at about 2 eV), composed of the two contributions originating from neutral zinc vacancies VZn0 and VZn0 + D (D is some defect nearby), as discussed in [32,41,79], and exciton emission Eexc (peaking at about 3.25 eV). The trends for the red and exciton band intensities as functions of the Er doping level are about the same as those described previously for the ZnO:Er free-standing nanorods [32,41,79]. However, the growth under UV irradiation had a similar but much less pronounced effect on the red band as in the case of the ZnO:Er(0.05, 0.25%) GS UV samples discussed above (degrading). The exciton band remained unchanged in the PL spectrum of the ZnO:Er(0.25%) FS UV as compared to the ZnO:Er(0.25%) FS. In contrast, the exciton emission was improved by about 1.2 times in the ZnO:Er(0.05%) FS UV as compared to the ZnO:Er(0.05%) FS samples. This can be explained by the strong scattering and dispersion of the UV light in the solution, and therefore only a very small effect was observed in the ZnO:Er FS UV as compared to the ZnO:Er GS UV for the red band and the opposite in the case of the exciton band (see Experimental Section for the growth details). This was also discussed in detail in the subsection above. Note also that the luminescence properties, in general, are about one order of magnitude stronger in the deposited nanorods. This also indicates better charge transport abilities (weaker charge trapping properties), which are necessary for the high performance of luminescence and scintillation as well as sensing abilities.




3.4. Morphology and Spatial Correlation of Luminescence and Elemental Composition


The CL spectra of the ZnO:Er(0.05, 0.25%) FS and ZnO:Er(0.05, 0.25%) FS UV samples are shown in Figure 7.



Since no PL exciton emission was observed in the deposited nanorods in the samples grown under UV irradiation (Figure 5), only the free-standing ones were further considered for the spatial correlation of exciton luminescence. To improve the signal, the samples were annealed in air at 350 °C as this has been proven to be a reliable method for the enhancement of the exciton and reduction in defect-related luminescence [32,41,79]. The red band (which shifted after the annealing to 1.85 eV as discussed in detail in [32,41,79]) remained almost unchanged in the ZnO:Er(0.05, 0.25%) FS and ZnO:Er(0.05%) FS UV but dropped by almost two times in the ZnO:Er(0.25%) FS UV. In general, this does not fully correlate with the PL measurements (Figure 5); however, this can be the result of higher power density in the case of CL as compared to PL. As a result, not all emission centers are activated in the case of PL. This is also confirmed by the observation of the specific forbidden Er3+ transitions (4F9/2 → 4I15/2, 4S3/2, 4H11/2 → 4I15/2) [75] indicated in Figure 7. Note that they were not observed in the PL spectra.



The exciton band (at about 3.15 eV) is typically observed to be redshifted by about 0.1 eV in CL as compared to PL, as mentioned in [75]. It has approximately the same intensity in the ZnO:Er(0.05, 0.25%) FS, while it is about fourfold smaller in the ZnO:Er(0.05, 0.25%) FS UV samples. This does not correlate well with the PL measurements (Figure 5B) due to the higher power density in the case of CL as compared to PL [82,83]. This can be the same reason for the redshifted CL as compared to PL, and therefore some exciton states become saturated and do not contribute to the spectrum [75].



The spatial correlation of the CL at 3.15 eV with the ZnO:Er FS and FS UV nanorods (SEM) and EDX mapping of the elements was measured as well and is shown in Figure 8.



The ZnO:Er(0.05, 0.25%) FS and ZnO:Er(0.05, 0.25%) FS UV samples are predominately 400 nm thick and 1–2 μm long rods. However, there are also much larger rods present: about 1 μm thick and over 6–8 μm long in the ZnO:Er(0.05, 0.25%) FS samples and about 0.5 μm thick and over 4–6 μm long in the ZnO:Er(0.05, 0.25%) FS UV samples. This can be seen in Figure 8A,F,K,P and led to the interpretation that UV irradiation applied during the sample growth leads to the downsizing of the free-standing rods. This indicates that the lower growth rate is probably due to the partial breaking of the bonds created during the growth, as discussed above for Er. By correlating one by one the CL and SEM for all the samples in the order of ZnO:Er(0.05%) FS (Figure 8A,B), ZnO:Er(0.05%) FS UV (Figure 8F,G), ZnO:Er(0.25%) FS (Figure 8K,L), and ZnO:Er(0.25%) FS UV (Figure 8P,Q), the brightness of the exciton emission follows the trend of the Eexc band intensity in Figure 7, i.e., the exciton emission of the samples grown under UV irradiation is less bright than that grown without UV irradiation. Moreover, the exciton emission was found to be more intense from large rods (about 1 μm thick and over 6–8 μm long), whereas smaller rods (400 nm thick and 1–2 μm long) emitted only faintly in all the ZnO:Er(0.05, 0.25%) FS and ZnO:Er(0.05, 0.25%) FS UV samples (Figure 8A,B,F,G,K,L,P,Q).



The samples were also characterized by EDX spectroscopy and mapping. For example, Zn distribution correlates perfectly well to the SEM images in the order of ZnO:Er(0.05%) FS (Figure 8A,C), ZnO:Er(0.05%) FS UV (Figure 8F,H), ZnO:Er(0.25%) FS (Figure 8K,M), and ZnO:Er(0.25, 0.25%) FS UV (Figure 8P,R). However, the EDX map of oxygen is less pronounced than that of zinc in the order of ZnO:Er(0.05%) FS (Figure 8A,D), ZnO:Er(0.05%) FS UV (Figure 8F,I), ZnO:Er(0.25%) FS (Figure 8K,N), and ZnO:Er(0.25, 0.25%) FS UV (Figure 8P,S). This can be partly explained by the much lower Z number of oxygen as compared to zinc. Note that a correlation between the lack of oxygen and CL intensity was observed. Considering the greatest mismatch between the Zn and O EDX mapping observed for the ZnO:Er(0.25%) FS sample (Figure 8K,N), the presence of some other processes, for example, the creation of oxygen vacancies, can be expected. Oxygen vacancy (VO) requires charge compensation, and the most natural compensation mechanism is zinc vacancy (VO2+ = VZn2−). The presence of zinc vacancies was proved in the subsection dedicated to photoluminescence above.



A slight correlation between Er EDX maps and SEM images can be found for the ZnO:Er(0.05%) FS (Figure 8A,E) and ZnO:Er(0.25%) FS (Figure 8K,O). No correlation was observed for the Er EDX maps and SEM images of the ZnO:Er(0.05%) FS UV (Figure 8F,J) and ZnO:Er(0.25%) FS UV (Figure 8P,T). This is in good agreement with the intensity of Er3+ EPR spectra (Figure 4C) directly proportional to the concentration of paramagnetic particles [78]—the amount of erbium is much smaller in samples grown under UV irradiation.



The exciton band was redshifted and strongly decreased in the CL spectra of the samples grown under UV irradiation, whereas in the PL spectra it remained almost unchanged under the same conditions (Figure 5 and Figure 7) and even slightly increased in the ZnO:Er(0.05%) FS UV (Figure 5). Therefore, one may conclude that the origin of the exciton luminescence is at least partly defect-related. Moreover, note that the different-sized nanorods were emitting in different ways, as discussed above (Figure 8B,G,L,Q). This is most probably connected with band-edge fluctuations in non-stochiometric regions of ZnO.





4. Conclusions


The main goal of this study was to investigate the atomistic aspects influencing the luminescence and transport abilities of Er-doped ZnO nanorods of different morphologies, grown under constant UV irradiation and without it. The study was thus focused on shallow donors, conduction electrons, zinc vacancies and excitons, and the source of free carriers activated under UV irradiation. Growth under constant UV irradiation has never been carried out before for erbium-doped ZnO deposited nanorods, and the free-standing nanorods grown under a kind of photovoltaic effect in the same solution as the deposited ones have never been obtained and studied. It was found that the number of donor states and conduction electrons is about one order of magnitude larger in the deposited nanorods as compared to the free-standing ones. Growth under constant UV irradiation caused a substantial decrease in the number of shallow donor states in the deposited nanorods (about fivefold). The effect is the opposite but less pronounced in the free-standing nanorods. This was explained by the different number of zinc vacancies as well as erbium incorporation. Note that the segregation of Er is high in the case of deposited nanorods. In addition, the UV irradiation applied during growth also resulted in a threefold decrease in the amount of erbium embedded into the ZnO host (free-standing nanorods) due to the breaking of the bonding.



Correlated experiments of EPR, PL, and CL + EDX + SEM suggested the origin of exciton luminescence to be at least partly defect-related, most probably due to band-edge fluctuations in non-stochiometric regions of ZnO.
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Figure 1. Schematic processes of the ZnO:Er nanorod growth. 
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Figure 2. (A) XRD patterns of ZnO:Er FS samples grown with and without external UV irradiation. The reflections are indicated by the vertical lines and (hkl) indices in accordance with the PDF-2 database (record #00-005-0664). (B) XRD patterns of the ZnO:Er GS samples grown with and without external UV irradiation. The dominating orientation (the direction of growth) is (002). 
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Figure 3. (A) SEM image of the ZnO:Er(0.25%) GS sample grown without UV irradiation. (B) SEM image of the ZnO:Er(0.25%) GS sample grown under constant UV irradiation. The rest of the conditions of growth were the same. 
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Figure 4. (A) EPR spectra measured in the ZnO:Er GS samples grown under UV irradiation and without it (the Er doping level as well the application of UV is indicated in the legend) at T = 60 K. (B) EPR spectra measured in the ZnO:Er FS samples grown under UV irradiation and without it (the Er doping level as well the application of UV is indicated in the legend) at T = 60 K. (C) EPR spectra measured in the ZnO:Er FS samples grown under UV irradiation and without it (the Er doping level as well the application of UV is indicated in the legend) at T = 10 K. The characteristic resonances are indicated by SD, S1, Er3+, and QH. The former three are meaningful and are discussed in the text while the latter one is the signal from the quartz sample holder and will be omitted in the discussion. 






Figure 4. (A) EPR spectra measured in the ZnO:Er GS samples grown under UV irradiation and without it (the Er doping level as well the application of UV is indicated in the legend) at T = 60 K. (B) EPR spectra measured in the ZnO:Er FS samples grown under UV irradiation and without it (the Er doping level as well the application of UV is indicated in the legend) at T = 60 K. (C) EPR spectra measured in the ZnO:Er FS samples grown under UV irradiation and without it (the Er doping level as well the application of UV is indicated in the legend) at T = 10 K. The characteristic resonances are indicated by SD, S1, Er3+, and QH. The former three are meaningful and are discussed in the text while the latter one is the signal from the quartz sample holder and will be omitted in the discussion.



[image: Chemosensors 11 00156 g004]







[image: Chemosensors 11 00156 g005 550] 





Figure 5. (A) PL spectra measured in the ZnO:Er(0.05 and 0.25%) GS samples grown under UV and without it as indicated in the legend. (B) PL spectra measured in the ZnO:Er(0.05 and 0.25%) FS samples grown under UV and without it as indicated in the legend. Eexc and Ered indicate specific emission bands. 
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Figure 6. The scheme of PL and relaxation of excited electron from exciton excited state (here all possible excitons are considered). Excitation of 3.65 eV is shown by vertical blue “up” arrow. The bandgap is shown by vertical double arrow with a value of about 3.4 eV [32]. Mechanism (i) exhibits exciton luminescence. Mechanism (ii) exhibits luminescence of Zni+ [81]. Mechanism (iii) exhibits luminescence of VZn− [22]. Mechanism (iv) exhibits luminescence of VZn2− [22]. Orange solid “down” arrows stand for the emission whereas the orange dashed “up” arrows stand for the excitation. Small blue arrows indicate the path of nonradiative electron relaxation from the excited exciton state. 
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Figure 7. CL spectra of the ZnO:Er(0.05, 0.25%) FS and ZnO:Er(0.05, 0.25%) FS UV at acceleration voltage U = 5 kV. The UV exciton band (~3.15 eV) and the red band (~1.85 eV) are marked Eexc and Ered, respectively. The specific forbidden Er3+ transitions (4F9/2 → 4I15/2, 4S3/2, 4H11/2 → 4I15/2) are indicated by vertical dashed lines. 
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Figure 8. (A,F,K,P)—SE images; (B,G,L,Q)—CL images at 3.15 eV; (C,H,M,R)—EDX maps of Zn; (D,I,N,S)—EDX maps of (O); (E,J,O,T)—EDX maps of Er. (A–E) panels belong to the ZnO:Er(0.05%) free-standing nanorods grown without UV. (F–J) panels belong to the ZnO:Er(0.05%) free-standing nanorods grown under constant UV. (K–O) panels belong to the ZnO:Er(0.25%) free-standing nanorods grown without UV. (P–T) panels belong to the ZnO:Er(0.25%) free-standing nanorods grown under constant UV. The elemental weight fraction is given in the panels. 
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