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ABSTRACT 

Reducing the operating temperature to room temperature is a serious obstacle on long-life 

sensitivity with long-term stability performances of gas sensors based on semiconducting oxides 

and this should be overcome by new nano-technological approaches. In this work, we report the 

structural, morphological, chemical, optical and gas detection characteristics of Eu-doped ZnO 

(ZnO:Eu) columnar films as a function of Eu content. The scanning electron microscopy (SEM) 

investigations showed that columnar films, grown via synthesis from chemical solutions (SCS) 

approach, are composed of densely packed columnar type grains. The sample sets with a content 

of ~0.05, 0.1, 0.15 and 0.2 at% of Eu in ZnO:Eu columnar films were studied. The surface 

functionalization was achieved using PdCl2 aqueous solution with additional thermal annealing in 

air at 650 ºC. The temperature dependent gas-detection characteristics of Pd-functionalized 

ZnO:Eu columnar films were measured in detail, showing a good selectivity towards H2 gas at 

operating OPT temperatures of 200 – 300 ºC among several test gases and volatile organic 

compounds (VOCs) vapors; such as methane, ammonia, acetone, ethanol, n-butanol and 2-

propanol. At an operating temperature OPT of 250 ºC a high gas response Igas/Iair ~ 115 for 100 

ppm H2 was obtained. Experimental results indicate that Eu-doping with an optimal content about 

0.05 – 0.1 at% along with Pd-functionalization of ZnO columns leads to a reduction of the 

operating temperature of the H2 gas sensor. DFT based computations provide mechanistic insights 

into the gas sensing mechanism by investigating interactions between the Pd-functionalized 

ZnO:Eu surface and H2 gas molecules supporting the experimentally observed results. The 

proposed columnar materials and gas sensor structures would provide a special advantage in the 

fields of fundamental research, applied physics studies, ecological and industrial applications. 
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1. INTRODUCTION 

 

One of the great challenges in stability and long-term detection of gas sensors based on 

semiconducting oxides is to reduce the operating temperature, specifically to the room temperature 

and this should be overcome by new nano-technological methods. Hybrid nano-materials, 

including new 2D materials 1–6, metal oxides 7–10 and other metallic systems 11 have shown 

exceptional promise for gas detecting and catalytic applications. Doping is an important procedure 

to control the sensor response with atomic surface arrangement as well as active adsorption sites 

for targeted gas, which are intentionally produced by doping foreign atoms in the oxides. In this 

context, doping of semiconducting/metal oxide nano- and microstructures with various rare earth 

(RE) elements, such as Tb, Er, Ce, La, Eu, etc. 1,12,13, becomes very important for improving the 

optical and electrical properties. This is fascinating for gas sensing applications as well due to their 

fast oxygen ion mobility, effective catalytic nature, and high surface basicity of the RE–based 

materials 1,14,15. For instance, Xu and Yan fabricated a new fluorescent sensor based on Eu3+-

functionalized ZnO at metal–organic frameworks for volatile aldehyde gases (acetaldehyde, 

acraldehyde and formaldehyde) detection in ppb range at room temperature 16. Somacescu et al. 

successfully synthesized binary ZnO–xEu2O3 (x = 5 wt%) oxide through a hydrothermal route 

demonstrating a high sensor signal down to 3 ppm of NO2 gas, as well as a low sensitivity towards 

CO gas 2. 

In this context, zinc oxide which corresponds to II and VI group semiconducting oxide material 

with a large bandgap (~3.37 eV, at room temperature (RT)) crystallizes in its hexagonal wurtzite 

phase as the most popular structure due to its stability at RT and this makes it an attractive material 

for doping with RE elements. However, the efficient adding of RE3+ ions into the ZnO lattice is 

challenging due to different technological approaches used, the large differences in ionic radii of 
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RE3+ ions (r(Eu3+)= 95 pm) and Zn2+ ions (r(Zn2+)= 74 pm) 17 and also due to the low solubility 

limit of the impurities 18. The clear evidence of ZnO nano- and microstructures doping with rare 

earth ions was observed in the case of synthesis using chemical methods 19, electrodeposition 12, 

hydrothermal synthesis 20, ion implantation 18, etc.. In this context, chemical synthesis from the 

solution (SCS) allows the doping with ions of different metals, including RE elements, during the 

growth process by introducing salts in the complex solution 21, and SCS has been used in the 

present study for growth of Eu-doped ZnO columnar films with a concentration of up to 0.2 at% 

Eu. 

Among all RE elements, europium has attracted a great attention due to its outstanding optical 

properties 1,12,13. Eu3+ ions are highly stable, biocompatible and thus are attractive luminescence 

centers where electronic transitions between 4f levels (5D0-
7F2 transition) can generate intense 

emission lines 12,22. The RE ions, especially Ln3+, possess numerous transition bands which are 

close to each other, and are conducive to population exchange creating a thermal equilibrium 

among them. The successful inclusion of Eu3+ ions in the crystalline network of ZnO and the 

creation of new energy levels were reported by only few authors 1,14, showing high interest to 

achieve control of electrical conductivity for sensor applications as well, since such Ln3+ ions are  

stable, thus could be used in a wide working temperature range. For example, Zhou et al. prepared 

hybrid nanostructures on Eu-decorated ZnO quantum dots for radiometric detection of Bacilus 

anthracis spores 23. Likewise, Pd is also known as one of the most extensively applied catalytic 

materials that can lower the operating temperature for maximum response of gas sensors based on 

semiconducting metal oxide nano- and microstructures 24. 

Therefore, based on a synergistic effect of both Eu and Pd elements 12,25, the aim of this work 

is to design the higher performance gas sensors on Pd-functionalized ZnO:Eu columnar films 
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synthesized by the SCS method and also to reduce the operating temperature of the sensor. The 

surface functionalization of ZnO:Eu columnar films with Pd nanoparticles was carry out following 

the previously reported technique based on PdCl2 aqueous solutions 26. The morphological, 

chemical, optical and gas sensing properties are reported in detail. Density functional theory (DFT) 

based calculations provide detailed understanding into the sensing mechanism by investigating 

interactions between the Pdn:Eu: ZnO (1010) surface and H2 gas molecules. Further improvements 

can be achieved by changing synthesis parameters and control concentration of ions of Eu in 

columnar films of ZnO:Eu, which can lead to higher response, rapid recovery times, and lower 

operating temperature. 

 

 

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS 

2.1. Growth of ZnO:Eu columnar films. 

The Eu-doped ZnO columnar films, with thicknesses of 1.3 – 1.5 µm (investigated in cross-

section using SEM, see Figure S1), were synthesized with help of a SCS approach from aqueous 

baths (at temperatures around 90 ºC), as reported in previous works 9,21,26. As substrate, the 

commercial glass slides were used with pre-cleaning and sensitization, according to the procedure 

reported previously 26. To achieve 0.05, 0.1, 0.15 and 0.2 at% of Eu in ZnO:Eu columnar films 

(measured using EDX and noted as Eu1, Eu2, Eu3 and Eu4, respectively), see Supporting 

Information, the 10, 20, 30 and 40 mM of EuCl3 were respectively added in the complex solution. 

To increase the crystallinity of as-grown films, a thermal annealing (TA) in air at 450, 550 or 650 

ºC for 120 min was applied. Also, the rapid thermal annealing (RTA) in air at 450, 550 or 650 ºC 

for 1 min was done on some sample sets used for improving structures in order to decrease the 

thermal budget for sensor fabrication. The surface functionalization of ZnO:Eu columnar films 
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with palladium nanoparticles was accomplished following the previously reported approach based 

on PdCl2 aqueous solutions followed by TA-treatment 26.  

2.2. Characterization of material. 

The morphology of the specimens was investigated using a scanning electron microscope 

(SEM) (Zeiss Supra 55VP) operated at 7 kV (10 µA). To find the origin of the columnar structures 

monitored in the SEM images for all samples, compositional SEM images were created by 

mapping analysis with energy dispersive X-ray (EDX, Zeiss Supra 55VP) at microstructural level. 

In order to investigate the chemical composition, four europium doped columnar ZnO thin films 

(ZnO:Eu) with different Eu doping concentrations were investigated by energy dispersive X-ray 

(EDX; Zeiss Supra 555VP, 15 kV) analysis and by X-ray photoelectron spectroscopy (XPS with 

Omicron Nano-Technology GmbH, Al-anode, 240W). All recorded spectra were charged 

referenced by calibrating the line C-1s of advantageous carbon at 285.0 eV 27. For the analysis of 

XPS spectra the software CasaXPS (version, 2.3.16) was used. The gas sensing tests and 

measuring apparatus were same as reported in our papers 24,26. The two-point probe approach was 

involved for the electrical current study of undoped and Eu-doped zinc oxide nanocolumnar layers, 

annealed at diverse regimes by using two methods (TA and RTA). The concentration of test gases 

was determined according to the chamber volume considering the densities of the liquid VOCs. 

By monitoring the electrical current value through the columnar ZnO:Eu-based sensor, the 

electrical conductance was investigated in air and in a test species. The operating temperature was 

first set at room temperature (RT), and then varied from 150 to 350 ºC with a 50 ºC step, in order 

to investigate the influence of this parameter on the gas sensing properties of the developed 

samples. No gas response at RT, or a temperature lower than 150 ºC was observed for as-grown 

samples. The gas response (S) was determined using the S = Igas/Iair ratio, where Igas is the electrical 
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current through the sample when gas was introduced into the chamber with sensor, and Iair is the 

electrical current at the exposure in air. The response time (r) is defined as the period needed for 

the sensor to reach 90% of saturation electrical conductivity from 10% of initial value, while the 

recovery time (d) is definite as the time taken for saturation current to reach 10% of its saturation 

current value after stopping introduction of gas into the test chamber 24,26.  

2.3. Computational details. 

First-principles calculations based on the DFT-density functional theory were performed using 

the generalized gradient approximation with the PBE-Perdue–Burke–Ernzerhof 28 exchange–

correlation functional and the projected augmented wave (PAW) 29 approach with a plane wave 

cutoff energy of 520 eV, as implemented in the VASP - Vienna ab initio Simulation Package 

30. The atomic positions and lattice constants were fully optimized using conjugate gradient 

approach until the maximum residual force acting on each atom became less than 0.0001 eV/Å. 

Energy convergence criterion employed was 10−7 eV/cell.  For the unit cell of ZnO bulk, 5×5× 

4 MP-Monkhorst-Pack k points were used 31. The ZnO (1010) surfaces were modelled using the                  

5×4×1 MP-Monkhorst-Pack k points. The partial occupancies were determined using the MP-

Methfessel–Paxton smearing scheme 32 with smearing width off 0.1 eV. A large vacuum space 

with a thickness of at least 20 Å was used to avoid any interaction between a ZnO (1010) and its 

periodic images along the c-axis. As long-range dispersion forces are necessary for the accurate 

description of the surfaces interactions with the adsorbate molecules, we used the Grimme’s 

method for the incorporation of van der Waals interaction (DFT-D2) 33. We did not include the 

Coulomb effect (U) for the localized 3d electrons of metal atoms because of their negligible effect 

on the results in our case. The surface energies of the relaxed slabs were found using a combination 
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of calculations for the relaxed and unrelaxed surfaces as given in SI (Figure S2). Bader charges 

were calculated using a developed by Henkelman and co-workers 34.  

 

3. RESULTS AND DISCUSSION  

3.1. Morphological and structural properties.  

Figure 1(a-c) and 1(d-f) shows the SEM images of as-grown ZnO:Eu columnar films with 

0.05 and 0.2 at% Eu, respectively. Specimens are formed of well-packed columnar-type grains, 

which absolutely completely cover the glass sensor substrate. Formation of agglomerations or 

presences of holes were not observed for ZnO with low content of Eu, i.e. about 0.05 at%. (see 

Figure 1(a)). However, the formation of low-density agglomerations can be observed as Eu 

content increases (about 0.2 at%, see Figure (1d)). This can be explained based on the segregation 

of Eu at the top surface due to the limited solubility of Eu in ZnO 35,36. The SEM images of TA-

treated samples at 650 ºC for 2 h and with different content of Eu (about 0.1, 0.15 and 0.2 at%) are 

presented in Figures 1(g)-1(i). Figures 1(j)-1(l) present the SEM images of Pd-functionalized 

ZnO:Eu columnar films. On the surface of ZnO:Eu grains, a distribution of nanoparticles with 

diameter of 5 – 15 nm and a high lateral density of ~ 8 × 108 cm-2 (estimated from SEM images) 

can be observed. Such a large distribution in the diameter of nanoparticles can be a result of 

coalescence during thermal annealing 37. However, the formation of percolating paths based on 

nanoparticles was not observed (see Figures 1(k) and 1(l)). Compositional images taken by energy 

dispersive EDX elemental mapping at the micro-structural level of columnar ZnO:Eu2 with ~0.1 

at% Eu films, thermally annealed at 650 ºC for 2 h is shown in  Figure S2.  
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Nanostructured semiconducting/metal oxide films with controlled surface area, grain sizes, and 

crystal morphologies are convenient for many applications, including gas sensing, which allows 

the efficient control of surface activity 38. In order to evaluate the influence of Eu content and 

effects of TA treatments on grain diameter, we report the grain diameter distribution of studied 

samples (measured from SEM images) in Figure 2. From Figure 2a it can be observed that by 

increasing the Eu content in as-grown ZnO:Eu columnar films, the grain diameter decreases from 

275 – 425 nm to 200 – 350 nm. The decrease in the grain diameter was also observed in TA-treated 

samples with increasing Eu content (see Figure 2(c-d)). The decrease in grain size by Eu doping 

has been observed by other authors 20,22 as well, and can be due to the existence of Eu3+ ions in 

complex solution which acts as crystal growth inhibitors 39. The increase in grain diameter after 

TA treatment indicates the generation of more activation energy for the growth of bigger columns-

grains, which is in accordance with other work 40.  

Figure 3a shows the position of XRD diffraction (1 0 1 0), (0 0 0 2) and (1 0 1 1) peaks and 

intensity for ZnO and ZnO:Eu (Eu4 with 0.2 at% Eu) columnar films, in order to demonstrate the 

slight shift (~ 0.3º) to the lower values of 2θ after doping with Eu. This can be ascribed to doping 

with larger Eu3+ cations (effective ionic radius 0.95 Å) than Zn2+ (of 0.74 Å) and induce an 

expansion of the zinc oxide unit cell volume (by substitution of Eu3+ ions at the Zn2+ sites 20,22). 

Earlier, using ab initio density functional theory DFT methods supported on generalized gradient 

approximation, it was established that Eu ions can substitute favorably Zn sites in the zinc oxide 

host lattice 25. The decrease in intensity of (1 0 1 0) and (1 0 1 1) peaks after Eu-doping shows that 

the preferential growth of ZnO columnar films was strongly affected, giving rise to the (0 0 0 2) 

orientation and to the growth of ZnO grains with smaller diameter (as was observed from SEM 

images, see Figures 1 and 2). This can be interpreted based on the presence of Eu3+ ions in the 
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complex solution which acts as crystal growth inhibitors, especially for (1 0 1 0) and (1 0 1 1) 

orientations, by decreasing the free energy of surface in (0 0 0 2) direction 39,41. For more details, 

various parameters which describe structural characteristics of the samples were calculated as was 

reported recently 21 and presented in Table 1. The slight changes in the lattice parameters can be 

observed after doping with Eu. For example, a and c increased from 3.250 and 5.211 Å to 3.256 

and 5.251 Å, respectively. A slight increase of the average crystallite size was also observed (from 

5.25 to 6.58 nm). The increased residual stress also indicates the expansion of the zinc oxide unit 

cell volume after Eu3+ doping 20,22. Dislocation densities (δ) are measured using the relation δ = 

1/d2 and exhibit a decrease when doped with Eu, which indicates lower concentration of lattice 

imperfections 42. 

Figure 3b shows the XRD pattern of Pd-functionalized ZnO:Eu columnar film with deposited 

Au contacts. The peaks notated with a hashmark (#) match adequately the gold face center cubic 

(fcc) (Au, JCPDS Files Card # 04-9748), and can be attributed to the gold electrical contacts on 

the surface of ZnO:Eu columnar film for further external connections. Remaining peaks can be 

assigned to wurtzite ZnO (JCPDS Files Card # 36-1451). No secondary phases or impurities of the 

Eu and Pd or their oxides (for example Eu2O3 or PdO) were found due to detection limit, indicating 

that Eu ions did not modify fundamentally the crystal structure and that doping concentration of 

Eu in ZnO is lower than the solubility limit 35. In the literature, it has been shown that when the 

doping concentration is high, impurity phases of oxides were observed. For example, Che et al. 

observed the formation of Eu2O3 in Zn1-xEuxO films for doping concentrations around 20%, which 

is much higher than our films 35. Kumar et al. observed an additional small peak at 29.4º for 

ZnO:Eu3+ nanophosphors, which was attributed to Eu2O3 phase (JCPDS File Card No. 43-1009), 
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but only at high Eu3+
 concentrations (6 mol%) 22. In our samples, the Pd or its oxides were not 

detected due to low XRD instrumental detection limit. 

 

Table 1. Structural parameters of undoped and Eu-doped ZnO layers deposited by SCS 

 

 

 

 

3.2. Chemical and optical properties. 

The overview XPS spectrum corresponding to a ZnO:Eu thin film with 0.05 at% Eu-doping 

is shown in Figure 4a. The overview spectrum reveals the existence of signal corresponding to 

the elements Zn, O and C, while due to the low doping concentration no characteristic peaks for 

Eu can be observed in this sample set. Accordingly, for comparison, also two thin film samples 

with significantly higher Eu-doping concentrations were investigated and the Eu characteristic 

peaks were observed, as depicted at the example of high-resolution spectra of the Eu-3d lines (see 

Figure S3). The peak location of the Eu-3d lines gives strong indication that Europium is present 

as Eu3+ in the columnar ZnO:Eu thin films. The closer evaluation of the Zn-2p lines (Figure 4b) 

Eu content and 
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peak 
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stress 

through 

 c-axis σ (Pa) 

Dislocation 

density δ 

(x 1014 

line/m2) 

 

un-doped, 

TA650  

34.42 0.36 5.25 2.605 3.250 5.211 -0.409 0.0362 

ZnO:Eu2, 

~0.1at%, TA650 

34.12 0.232 6.58 2.625 3.256 5.251 -2.001 0.0191 
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yields information about the oxidation state of Zn in the ZnO:Eu thin films. As depicted in Figure 

4b, the Zn-2p3/2 line is located with a peak around 1022.5 eV, which corresponds well with Zn2+ 

in ZnO (commonly reported between 1021.4 eV and 1022.5 eV) 43. Interestingly, for the thin films 

prepared at significantly higher Eu concentration, the peak position of the Zn-2p3/2 line is shifted 

slightly towards lower binding energies (around 1021.7 eV), which is still in well agreement with 

Zn2+ in ZnO. This can be explained based on the electrical charge transfer between Eu3+ and Zn2+ 

and the change of electronic structure of Zn, due to doping of ZnO columnar films with Eu and 

the small energy shift could result in the modification of electric field of Zn2+ as well as an increase 

of the electron density, and hence a small decrease of the binding energy of Zn2+ ions  44–46. XPS 

measurements integrated with XRD results and optical features presented in the following part 

corroborate that Eu3+ have been introduced as dopant into the ZnO columnar films lattice 44,45.  

Figure 5a shows the optical transmittance spectra of specimens, namely as-grown ZnO:Eu 

columnar films with different contents of Eu, to study the influence of Eu content on the optical 

characteristics of ZnO:Eu columnar films. The columnar films exhibit a good transparency in the 

visible range and a steep rise at the absorption optical edge. One can see that the spectra of ZnO:Eu 

sample sets are the characteristic of zinc oxide phase 12,47. Figure 5b shows the optical 

transmittance spectra of ZnO:Eu columnar films with about 0.15 at% Eu treated TA at different 

temperatures (450, 550 and 650 ºC) for 2 h.  For all specimens the optical transmittance in the 

visible region is higher than 60%, while the sharp band in the UV cut-off range was found around 

380 - 390 nm, which can be attributed to the band-to-band transition of ZnO 22. Two tendencies 

were observed, namely, the decrease in the optical transmittance by Eu-doped ZnO columnar films 

up to 0.15 at% (see Figure 5a) and the increase in the optical transmittance of ZnO:Eu columnar 

films with a raise in TA treatment temperature from 450 to 650 ºC (see Figure 5b). The decrease 
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in the optical transmittance of ZnO:Eu nanoparticles by increase in Eu content was also observed 

by Pessoni et al. 48 and Koao et al. 49, because of the increase in strain and the deterioration of the 

crystalline quality 48,49. The increase in the optical transmittance by increasing in the temperature 

of TA treatment can be attributed to the slight change in grain size, namely the increase in grain 

mean diameter with Eu content increase 50,51, which was observed by SEM data and related to 

crystallinity changes.  

The optical band gap (Eg) of the europium-doped zinc oxide nanocolumnar films was 

evaluated by the extrapolation of the linear portion of (αhν)2 versus hν plots, assuming the direct 

transitions for ZnO in Tauc equation 47, where α is the coefficient of absorption and hν is the energy 

of incident photon. Figure 5c shows the plot for the as-grown ZnO:Eu columnar layers with 

different Eu contents, while Figure 5d shows the plot for ZnO:Eu columnar films with about 0.15 

at% Eu TA-treated at different temperatures for 2 h. While the increase in Eu content in films do 

not change essentially the value of optical band gap, the increase in TA treatment temperature 

leads to decrease in the value of Eg from 3.311 eV for as-grown columnar films to 3.25, 3.25 and 

3.23 eV for those TA-annealed at 450, 550 and 650 ºC, respectively (see Figure 5d). The same 

tendency was observed for single ZnO crystallite forming films 47, for Sn-doped ZnO columnar 

films synthesized by the same SCS method 50, and can be explained on a reduced density of defects 

(namely, annealing of extrinsic and intrinsic defects by TA treatment) and a slight increase in 

diameters of the crystallites, which was observed by SEM 47,51.  

Figure 6a shows the room temperature photoluminescence PL spectra of as-grown ZnO:Eu 

columnar films with different contents of dopant. This technique can ensure useful data related to 

defect states and crystallinity of the samples, which is extremely important for H2 gas sensing 

applications 50. The laser excitation wavelength was 266 nm and the line at 532 nm is due to the 
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second order of the laser related to the grating and excitation wavelength selection. All as-grown 

samples shown a broad (NBE) near-band-edge emission at ~371 nm with lower intensity compared 

to deep level emission (DLE) from visible region, which are assigned to intrinsic point defects and 

defect complexes in ZnO 52. The same results were observed for Aluminum-doped ZnO (ZnO:Al) 

layers grown by chemical bath deposition 53, and also ZnO:Eu columnar films 9, and indicate poor 

crystallinity of as-grown ZnO:Eu columnar films and the presence of high concentration of defects 

due to low temperature synthesis (about 90 ºC) and stoichiometry with presence of hydroxyl 

complexes 47,50. However, from Figure 6a it can be observed that with the Eu content increasing 

in ZnO:Eu columnar films, the intensity of NBE emission is gradually increasing, while the 

intensity of DLE from visible region is decreasing. This may point out on an increase of 

crystallinity of ZnO:Eu columnar films by increasing the content of Eu. Therefore, the calculated 

ratio of NBE and DLE intensity ratio (INBE/IDLE) is increasing from 0.05 for ZnO to 0.06, 0.25 and 

2.55 for ZnO:Eu with about 0.05, 0.1 and 0.15 at% Eu, respectively. 

Figure 6b shows the PL spectra of ZnO:Eu columnar films with about 0.1 at% Eu (noted as 

Eu2) after TA treatment at different temperatures. As can be observed, that for all treated samples 

the spectra are dominated by the NBE emission at ~370 nm. In this case the INBE/IDLE ratio is 

considerably increased to 1.3 and 13 for TA at 450 and 550 ºC, respectively. This indicates an 

increased crystallinity of ZnO:Eu columnar films after TA, which was also reported by other 

authors and could be easily explained based on improved stoichiometry 12,47,50,53. Figure 6c shows 

the visible emission spectrum at room temperature under pumping at 466 nm. At this wavelength 

corresponding to Eu absorption band, the observed broad peaks at 530 nm can be assigned to ZnO 

defects as well as to the 5d–4f Eu2+ emission 12. Furthermore, at this excitation wavelength one 

can also notice peaks which can be attributed to characteristic emission lines of Eu3+. 13. The Eu3+ 
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f–f transitions peaks are observed at 570, 590, 610, 660 and 690 nm corresponding to the 5D0 → 

7F0; 
5D0 → 7F1; 

5D0 → 7F2; 
5D0 → 7F3 and 5D0 → 7F4, respectively 12,13, but the intensity is relatively 

low revealing energy transfer between the host matrix and Eu3+ dopants. 

 

3.3. DFT study of H2 gas interaction on Pd-functionalized and Eu- doped ZnO(1010) surface. 

We first relaxed the unit cell of bulk ZnO structure (see Figure S4) and optimized lattice 

parameters of a = b = 3.1957 Å, c = 5.1437 Å, α = β = 90o, and γ = 120o were obtained, which 

matches well with the experimental findings of Sawada et al. 54  (a = b = 3.2490 Å, c = 5.2052 Å, 

α = β = 90o, and γ = 120o). Our calculated c/a ratio is in 0.01 units with experimental values and 

the lattice parameters obtained are in good agreement with earlier computations of Jaffe et al. 

employing a Hartree-Fock approach 55 and also with computational results of Cook et al. (a = b = 

3.19591 Å, c = 5.15851 Å, α = β = 90o, and γ = 120o) 56. Next, we investigated the structure of 

(1010) surfaces and similarly to earlier works, 56,57 we also found two different possible surface 

terminations (lattice parameters of a = 3.2552 Å; b=5.2396 Å) as shown in Figure S5. We 

considered a total of 6 atomic layers in our slab model, where bottom four layers coordinates were 

kept frozen at their bulk positions. Through calculated surface energies of these two surface 

terminations (Termination_I: 2.84 J.m-2; Termination_II: 1.12 J.m-2), we found Termination_II to 

be more stable than the other one, which is in agreement with previously published results 56,57.  

As a next step and in order to model Eu-doped surfaces, we considered 3×2 supercells 

including 72 Zn atoms and 72 O atoms, as shown in Figure S5. We doped the Eu atoms in four 

different possible places on the first two atomic layers (see Figure 7). DFT calculated ground-
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state electronic energies indicate that most stable structure is the one in which we doped Eu atom 

in the first atomic layer, substituting most exposed Zn atom (Figure 7a). 

We further tried to adsorb small Pdn clusters (n = 1 to 9) on the most stable surface termination 

with Eu dopant, as shown in Figure S6. Results indicate that the adsorption energy of the cluster 

increases with increasing Pd cluster size [Table S1], which is similar to works by Lupan et. al. 58, 

where through DFT calculations they found that larger Pdn cluster shows stronger adsorption 

energy on ZnO surface. The stronger bindings for larger clusters are results of large spread over 

the ZnO surface, which also leads to a greater number of possible bonds between palladium and 

surface atoms. Pd was found to bind through bridge sites that are in-between Pd and O atoms for 

both Pd1 and Pd2 clusters, however for larger clusters, hollow sites were found to be populated, 

leading to a hexagonal close packed (hcp) motif on top of the ZnO substrate (see Figure S6). To 

further model the H2 gas molecule interaction, we choose the Pd5 cluster and placed H2 molecule 

over different sites. Results have shown H2 molecule adsorbed on the surface with the adsorption 

energy of -0.9099 eV, as presented in Figure 8.  

In order to analyze the H2 gas sensing, we investigated partial density of states of the system 

and also estimated the charge transfer. We note that a negative charge of -0.10 is transferred over 

the H2 molecule due to interaction of Pd cluster over Eu: ZnO(1010) surface (see Figure 9a). This 

is also reflected in terms of Fermi energy change, as Fermi energy changes from -1.0916 for 

Pd5:Eu: ZnO(1010) surface to -1.1470 for H2 molecule adsorbed over this surface. 

3.4. Gas sensing properties on Pd-functionalized and Eu-doped ZnO columnar films. 

The gas detection properties were measured for ZnO:Eu and Pd-functionalized ZnO:Eu 

columnar films with different contents of Eu (0.0 at% - Eu0, ~0.05 at% - Eu1, ~0.1 at% - Eu2, 
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~0.15 at% - Eu3, ~0.2 at% - Eu4) and TA-treated (T650) or rapidly RTA-treated (R650) at 650 ºC 

for 120 min or 1 min, respectively. The obtained results are showed in Figure S7 for ZnO:Eu 

samples and in Figure 10 for Pd-functionalized ZnO:Eu columnar film-based samples. The studied 

samples were noted as: Eu1R650 – ~0.05 at% Eu RTA-treated at 650 ºC for 60 s; Eu4R650 – ~0.2 

at% Eu RTA-treated at 650 ºC for 60 s; Eu1T650 – ~0.05 at% Eu TA-treated at 650 ºC for 2 h; 

Eu4T650 – ~0.2 at% Eu TA-treated at 650 ºC for 2 h.  

The gas response of pristine ZnO:Eu columnar films with different contents of Eu to 100 ppm 

of different gases at working temperature of 350 ºC is presented in Figure S7a for samples treated 

RTA-treated at 650 ºC and in Figure S7b for samples TA-treated at 650 ºC. All samples showed 

a higher gas response to VOC vapors, such as acetone, n-butanol, ethanol and 2-propanol, 

compared to hydrogen, methane and ammonia gases. However, the gas response is relatively low 

(maximum gas response of ~ 2), thus these samples present no interest for application in highly 

sensitive and selective gas detection/sensing.  

Figure 10a shows the gas response of ZnO:Eu columnar films functionalized with Pd to 

different gases (hydrogen, methane) and vapors (acetone, n-butanol, ethanol, ammonia, 2-

propanol) at an operating temperatures of 250 ºC. The concentration of all used gases was 100 

ppm for all tests. The H2 gas response of Pd-functionalized ZnO:Eu columnar films to 100 ppm 

hydrogen, namely samples noted as Eu1R650( ~0.05 at% Eu), is quite high (Igas/Iair > 115) and 

selective. Similar effect was observed for sample sets Eu4R650( ~0.2 at% Eu), however H2 gas 

response was one order lower (~ 19) compared to Eu1R650 (~ 115), but still quite selective versus 

all investigated test gases. Figure S8 shows the dynamic response of Pd-functionalized ZnO:Eu 

columnar films for 100, 200 and 300 ppm of hydrogen gas measured at room temperature. It is 

clearly seen sensor effect for these samples at RT. Previous gas sensing studies of ZnO columnar 
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films 21, as well as the present study of Eu-doped ZnO columnar films, presented no room 

temperature gas response (see Figure S7 and Figure 10(b)). Therefore, the results from Figure 

S8(a-c) demonstrates that Pd-functionalization of ZnO:Eu columnar films can decrease the 

working temperature for detection of H2 gas down to room temperature. It was also demonstrated 

for the Pd-functionalized ZnO:Pd columnar films 26.  

All sample sets indicated excellent selectivity to hydrogen gas in an operating temperature 

range of 200 – 300 ºC (see Figure 10(a-b)). As an example, the dependence of the gas response 

on the operating temperature for Pd-functionalized ZnO:Eu columnar films (~0.05 at% Eu) RTA-

treated at 650 ºC (for 60 s) is presented in Figure 10(b). The highest gas response of ~ 115 to 100 

ppm of hydrogen gas was obtained at working temperatures around 250 ºC for this type of samples 

(Eu1R650), which were RTA-treated at 650 ºC for 1 min only. The gas response to hydrogen gas 

for other sample sets, i.e. Eu4R650, Eu1T650 and Eu4T650 is ~ 19, ~ 13 and ~ 8, respectively. 

The highest gas response of samples with ~0.05 at% Eu compared to higher concentrations of Eu-

doped samples can be explained based on amorphous Eu2O3 segregation at the grain boundary of 

ZnO:Eu columnar films by increasing the concentration of EuCl3 in complex solution 35,36, which 

probably results in a lower coverage with Pd nanoparticles and a lower H2 gas response. Therefore 

the optimal concentration of Eu in ZnO:Eu columnar films in order to obtain the highest H2 gas 

sensing characteristics/performances is about 0.05 at% Eu.  

The dynamic H2 gas responses of ZnO:Eu columnar films with different TA or RTA-

treatments, as well as contents of Eu and functionalized with Pd measured to 100 ppm of hydrogen 

gas at an operating temperature of 250 ºC are presented in Figure 10c. All samples demonstrated 

a quite fast response to H2 gas and complete recovery of signal after evacuation of hydrogen gas 

from the test chamber. The calculated response times for Eu1R650, Eu4R650, Eu1T650 and 
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Eu4T650 are ~22 s, 19 s, 3 s and 4 s, respectively, while the calculated recovery times are ~12 s, 

19 s, 35 s and 25 s, respectively. In order to show the repeatability of the samples, the two 

consecutive pulses of hydrogen gas (100 ppm) were applied, showing a ~ 5% deviation in the 

response values in a short period between pulses (see Figure 10d). Figure S9 shows the dynamic 

response of columnar ZnO films with about 0.05 at% Eu, where sample set Eu1T650 was subjected 

to Pd-functionalization versus 100 ppm of hydrogen at an operating temperature of 250 ºC. Figure 

S10 shows the dynamic response of columnar ZnO films with about 0.20 at% Eu, marked as 

Eu4T650 and Pd-functionalized for 100 ppm of hydrogen at an operating temperature of 250 ºC, 

which clearly demonstrates sensor behavior of the developed new hybrid material. Thus, these 

results clearly prove the sensor behavior of the developed Pd-functionalized ZnO:Eu 

nanocolumnar films. 

Figure S11 shows the H2 gas response of Pd-functionalized ZnO:Eu columnar films to 100 

ppm hydrogen versus treatment type, namely samples noted as Eu1( ~0.05 at% Eu), Eu4(~0.2at% 

Eu) at an operating temperature of 200 °C and 250 °C, respectively. These samples were used with 

different types of treatment, namely (a)-as grown; RTA650-rapid thermal annealing; TA450, 

TA550, TA650-thermal annealing at 450, 550 and 650 °C, respectively. It can clearly be seen that 

for Eu-doped ZnO columnar films the most optimal concentration is ~0.05 at% followed by rapid 

thermal annealing at 650 °C (noted as Eu1_ RTA650). 

The high selectivity and response of Pd-functionalized ZnO:Eu columnar films to hydrogen 

gas can be explained based on results obtained in previous works 24,26,  where it was demonstrated 

that palladium oxide nanoparticles from the surface of ZnO grains, functionalized by the same 

method, are composed of PdO (88%) and PdO2 (12%) 26. Palladium oxide nanoparticles are a gas-

sensing nanomaterial with a wide area of applications, namely in the conductometric/combustion-
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type gas sensor applications 59,60, and has been extensively investigated as a promising hydrogen 

sensing nanomaterial, since its electrical resistance immediately increases by forming PdHx under 

hydrogen atmosphere 59. The use of palladium oxide instead of metallic palladium in gas sensing 

applications is more favorable due to the oxide protective layer that does not get irreversibly 

contaminated by gases presented in the atmosphere, as well as not damaged by the hydrogen 

embrittlement process on exposure to hydrogen gas 60.  

3.5. Proposed gas sensing mechanism for nanocolumnar films. 

In our case, the origin of the increased gas sensing performances is based on the selective 

modulation of the resistance in the ZnO/PdO heterojunction 61, because Pd ensure a low barrier 

energy for hydrogen gas dissociation and can act as an hydrogen gas sensitizer 61,62.  Figure 11a 

shows the energy band diagram of the n-ZnO/p-PdO interface. PdO is more suitable than palladium 

metal to trap electrons since it has a larger work function than Pd 63, thus the width of the depletion 

region is expected to be larger 63. The work function (Φ) of palladium is ~5.12 eV, while the work 

function of PdO could reach values up to ~7.9 eV depending on the surface crystal orientation and 

its termination as found theoretically by Rogal et al. 63–65.  

Under exposure to H2 gas at temperatures higher than 101 °C, PdO oxide nanoparticles are 

reduced to Pd 66,67: 

)()( 22 gOHPdgHPdO +→+         (1) 

The model energy band diagram of the formed n-ZnO/p-PdO interface is presented in Figure 11b. 

Further exposure to H2 gas leads to direct dissolution of the hydrogen molecules in the octahedral 

sites of palladium, which changes its metallic state (palladium) into a hydride form, i.e. PdHxx, 

where xx saturates at ~0.671 68,69: 



21 
 

)()()( sPdHsPdxeadxH x→++ −+

       (2) 

The work function of PdHx was measured to be in the range of 3.2 – 5.27 eV according to previous 

works 70,71. The formation of PdHx with lower work function compared to ZnO:Eu facilitates the 

electrical charge carrier transfer from nanoparticles to zinc oxide and decreases the width of the 

electron depletion area, which essentially enhances the gas response and the selectivity to 

hydrogen H2 gas (see Figure 11c) 26,61. The role of Eu-doping in this study is to decrease the ZnO 

grain diameter of the columnar films (see Figure 1 and Figure 2), which leads to a higher surface-

to-volume ratio of the samples and thus to a higher coverage with Pd nanoparticles, as well as a 

higher coverage with oxygen species. The role of palladium nanodots in the enhancement of H2 

gas sensing abilities was attributed to an electrical sensitization mechanism (namely, forming of a 

space charge area around the nanodots, i.e., nano-scale Schottky barriers that narrow the 

conduction channel through ZnO:Eu columns) and chemical sensitization mechanism (catalytic 

dissociation of molecular oxygen by Pd nanodots, i.e., “spillover effect” which induce to electron 

withdrawal from the ZnO:Eu columns). Such characteristics of palladium as electrical conductivity 

and work function are known to be highly efficiently modulated by the adsorption of hydrogen 

gas. For details, see 24.44. Therefore, the surface functionalization efficiency is increased and a 

higher gas response can be obtained. Also, the presented XPS results of the Zn-2p core indicate 

the charge transfer between Eu3+ and Zn2+ which can lead to a higher concentration of free 

electrons and therefore to a higher coverage with oxygen species and hence a higher H2 gas 

response 44. At exposure of Pd/ZnO:Eu columns to H2 gas the following reaction occurs: 

            2𝐻 + 𝑂(𝑎𝑑𝑠)
− → 𝐻2𝑂(𝑔) + 𝑒−                                          (3) 
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Another sensing mechanism could be possible and related to the kinetics of gas molecules. The 

high response to hydrogen gas could be also related to the smaller kinetic diameter of hydrogen 

gas. 

 

4. CONCLUSIONS 

In this work, the influence of the Eu content (in the range from 0.0 to ~0.2 at% Eu) on 

morphological, chemical, optical, structural and gas sensing properties of ZnO:Eu and Pd-

functionalized ZnO:Eu columnar films with high crystallinity is reported for the first time. The 

doping with Eu (~0.05 at%) and surface functionalization with palladium nanoparticles were found 

to be highly efficient in order to achieve a high selectivity and excellent sensitivity to hydrogen 

gas at operating temperature of 200 – 300 ºC among other vapors of VOCs such as methane, 

ammonia, acetone, ethanol, n-butanol and 2-propanol and toxic or explosive gases. At an operating 

work temperature of 250 ºC a high gas response Igas/Iair ~ 115 at 100 ppm H2 was obtained, as well 

as a room temperature hydrogen sensor, which is essential for lowering the complexity, cost and 

size of the device by removing the need of a microheater and its circuit latter. Through density 

functional theory-based calculations, we found that due to H2 gas interactions, the electronic 

properties of Pd-functionalized ZnO:Eu surface change with charge transfer from the surface to 

the molecule, which is also reflected in the electronic band shift and Fermi energy changes.  

The obtained results on Pd-functionalized ZnO:Eu columnar films and supported with DFT 

calculations can be used for further improvement of synthesis parameters that can lead to the 

production of low-cost and highly efficient ZnO:Eu Pd-functionalized columnar films-based gas 
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sensors, selective to H2 gas, even at room temperature, for personal, industrial, safety and 

environmental use. 
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Figure 1. SEM images of as-grown ZnO:Eu columnar films by SCS approach with about: (a-c) 

0.05 at% Eu; and (d-f) 0.2 at% Eu at different magnifications (from low to high starting from left 

to right). SEM images of TA-treated samples at 650 ºC for 2 h with the following content of Eu of 

about: (g) 0.1 at%; (h) 0.15 at%; and (i) 0.2 at%. SEM images of Pd-functionalized ZnO:Eu 

columnar films with about 0.2 at% Eu at different magnification: (j) low; (k) medium; and (l) high. 
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Figure 2. The grain diameter distribution for: (a) as-grown ZnO:Eu columnar films with about 

0.05 at% Eu (Eu1) and 0.2 at% Eu (Eu4); and for TA-treated samples at 650 ºC with about (b) 0.05 

at% Eu (noted as sample set Eu1); (c) 0.1 at% Eu (noted as Eu2); and  (d) 0.15 at% Eu (noted as 

Eu3). 



33 
 

 

Figure 3. (a) Position of XRD (1 0 1 0), (0 0 0 2) and (1 0 1 1) diffraction peaks and intensity for 

ZnO and ZnO:Eu columnar films. (b) XRD diffraction pattern for Pd-functionalized ZnO:Eu 

columnar films annealed at 650 ºC with deposited Au contacts.  
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Figure 4. XPS spectra of a typical ZnO:Eu1 thin film annealed at 650 ºC in overview (a); and high 

resolution (b). The XPS investigation reveals the presence of Zn, O and C, while no clear signal 

correlating to Eu could be detected due to the low doping amount in the investigated sample set 

Eu1 and instrument detection limit. 
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Figure 5. Transmission spectra of: (a) as-grown ZnO:Eu columnar films with different content of 

Eu; (b) ZnO:Eu columnar films with about 0.15 at% Eu TA-treated at different temperatures for 2 

h. Plot of (αhν)2 vs. photon energy (hν) for: (c) as-grown ZnO:Eu columnar films with different 

content of Eu; (d) ZnO:Eu columnar films with about 0.15 at% Eu TA-treated at different 

temperatures for 2 h. 
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Figure 6. Room temperature PL spectra of: (a) as-grown ZnO:Eu columnar films with different 

content of Eu; (b) ZnO:Eu columnar films with about 0.10 at% Eu (Eu2) TA-treated at different 

temperatures for 2 h. The laser excitation wavelength was 266 nm and the line at 532 nm is due to 

the second order of the laser related to the grating and wavelength selection. (c) Visible emission 

spectrum at room temperature under pumping at 466 nm for ZnO:Eu columnar films TA-treated 

at 650 ºC for 2 h.   
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Figure 7. Eu atom doped in first layer top of ZnO(1 0 1 0) surface, substituting Zn atom (Fig a, 

b); Eu atom doped in second layer of ZnO(1 0 1 0) surface, substituting Zn atom (Fig b, c, d). Top 

and bottom panel shows top and side views of surface structures. 
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Figure 8. Top and side view of H2 molecule interaction on Pd5: Eu:ZnO(1 0 1 0) surface. 
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Figure 9. (a) Charge transfer analysis of H2 molecule adsorption on Pd5:Eu:ZnO(1 0 1 0) surface, 

(b) Density of states pdos of Pd5:Eu:ZnO(1 0 1 0) surface (left) and pdos of H2 molecule over 

Pd5:Eu:ZnO(1 0 1 0) surface (right). 
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Figure 10. (a) Gas response of Pd-functionalized ZnO:Eu columnar films at operating temperature 

of 250 ºC to 100 ppm of different gases and vapors for sample sets: Eu1R650 – 0.05 at% Eu treated 

RTA at 650 ºC for 60 s; Eu4R650 – 0.2 at% Eu RTA-treated at 650 ºC for 60 s; Eu1T650 – 0.05 

at% Eu treated TA at 650 ºC for 2 h; Eu4T650 – 0.2 at% Eu TA-treated at 650 ºC for 2 h.                    

(b) Dependence of gas responses on operating temperature for Pd-functionalized ZnO:Eu 

columnar films with about 0.05 at% Eu and RTA-treated at 650 ºC for 60 s. (c) Dynamic responses 

to 100 ppm of H2 gas for Pd-functionalized ZnO:Eu columnar films with different doping levels 

and types of annealing at operating temperature of 250 ºC. (d) Dynamic response to 100 ppm of 

H2 for Pd-functionalized ZnO:Eu columnar films with about 0.05 at% Eu and RTA-treated at       

650 ºC at operating temperature of 250 ºC to 100 ppm of H2 gas. 
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Figure 11. Model energy bands diagrams of: (a) n-ZnO:Eu/p-PdO; (b) n-ZnO:Eu/Pd;                                    

(c) n-ZnO:Eu/PdHx in the case when work function of PdHx is lower than for ZnO:Eu.  
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High performance for detecting H2 gas using ZnO:Eu columnar films functionalized with 

palladium nanoparticles (NPs) is reported and are attributed to synergetic effect of Pd NPs (7 – 14 

nm) and Eu dopant atoms which enhance the catalytic properties. Experimental results indicate 

that Eu-doping with an optimal content about 0.05 – 0.1 at% along with Pd-functionalization of 

ZnO columns allows reducing the operating temperature of the H2 gas sensor.  
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