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Abstract 

Virgin and Yb-implanted epitaxial ZnO films grown using atomic layer deposition (ALD) were 

investigated by X-ray absorption spectroscopy (XAS). XAS study revealed a strong polarization 

dependence of films determined by the orientation of the polarization vector of the synchrotron radiation 

to the sample surface. It also indicated that the implantation and subsequent annealing have an important 

influence on the native point defect complexes in the ZnO. Comparison of experimental spectra with 

the modelled ones, which are computed based on the linear combination of model spectra corresponding 

to the selected point defects and their complexes, confirmed the presence of donor-acceptor complexes 

(mVZn-nVO, m=1,4; n=1,2) in the samples under study. The mechanism of vacancy complexes formation 

is unclear as it takes place under non-equilibrium conditions, for which any theoretical method has not 

been well established. Exploring the 3d → 4f absorption, it was found that oxidation state of Yb in ZnO 

is 3+, which is consistent with the XPS findings and previously conducted Resonant Photoemission 

Spectroscopy (RPES) investigations. The inversion of the polarization dependence for samples with 

different Yb fluences visible in Yb M5 spectra can be associated with a tilt of the oxygen pseudo 

octahedra or/and with their distortion. The analysis of the presented data suggests that the donor-

acceptor complexes are present both in as grown and implanted films and may influence their electrical 

properties. This suggestion was confirmed by previous Hall measurements showing that the resistivity 

of annealed ZnO:Yb film with a fluence of 5e15 ions/cm2 decreases by about one order compared to the 

one with a fluence of 5e14 ions/cm2. 

https://www.european-mrs.com/wide-band-gap-wbg-materials-theory-growth-characterization-and-applications-emrs-0#collapse25
https://www.european-mrs.com/wide-band-gap-wbg-materials-theory-growth-characterization-and-applications-emrs-0#collapse25
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Introduction 

An approach to control and adjusts material properties through creation of defects and/or their 

agglomerates is currently experiencing a significant interest from researchers out of different disciplines 

and has led already to advancement in materials design and usage. It is clearly seen, for example, in case 

of transition metal oxides, where presence of defects significantly alters their electronic structure and 

chemical properties, which leads to their widespread use in optical and optoelectronic applications. 

Further efforts in structural design, such as precise manipulation of defects and their qualities, improved 

control, and fuller understanding of doping and annealing processes, can lead to an improvement of the 

electrical properties of the host material, provide more active sites, and lead to achievement of superior 

electrochemical performance. Therefore, improvements in techniques of observations and 

characterizations of material defects, as well as in understanding of these effects, their influence on 

materials properties studying and establishing relationships between the structure and properties of 

materials at the atomic level, researchers can open a new door to the field of materials research. 

There are various methods to introduce defects into materials, into zinc oxide that is a subject of this 

study in particular, with their known advantages and disadvantages. Ion implantation is one of such 

methods but unluckily, it results in severe damages that degrade the performance of semiconductor 

devices. Consequently, systematic studies of implantation-induced defects, their interaction with host 

matrix defects, and efforts to eliminate, manipulate and/or reorganize these defects using annealing are 

necessary to achieve successful doping through implantation and, as the result, necessary to achieve a 

good quality material. The ion-implantation effects in zinc oxide have been investigated in a number of 

works. Some of them are devoted to the study of host matrix and implantation-induced defects [1-3]. To 

characterize material defects, HRTEM and EELS are often used. Unfortunately, they are limited only to 

the study of local areas of the material. Positron annihilation spectroscopy (PAS) has emerged recently 

as a powerful method employed to study defects in semiconductors as it has high sensitivity to vacancy-

type defects with detection limit as low as 1015 cm2 [4-7]. This method is quite actively applied to study 

irradiation induced defects in ZnO with the subsequent comparison with the results from the virgin 

system. It has been shown that along with of single point defects, like oxygen vacancies and zinc 

vacancies that are often associated with green/red luminescence, vacancy complexes exist in ion 

implanted and then annealed ZnO samples. These clusters can be electrically active and may 

significantly modify the electrical properties of the host matrix. According to [8], from thermodynamic 

point of view, donor-acceptor clusters are unstable, so, it was suggested that nonequilibrium process 

associated with an ion implantation and subsequent annealing might be a reason for the vacancies to 

cluster. Inspired by the work Dong et al. [9] and Makkonen et al. [6] that were devoted to PAS 

investigations on metal oxide implanted systems, we decided to test the hypothesis of possible donor-

acceptor clustering in Yb implanted zinc oxide using X-ray absorption spectroscopy (XAS) as the main 

experimental method. 
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Experimental details 

Epitaxial ZnO films (~ 1.5 µm thick) were deposited on a GaN/Al2O3 substrate by ALD at 300 °C using 

a Savannah-100 reactor with diethylzinc and deionized water precursors. Further details of the growth 

process can be found elsewhere [10]. The crystalline quality of the virgin sample was evaluated by 

Channeling Rutherford Backscattering Spectrometry (RBS) and High-Resolution X-ray Diffraction 

(HR XRD). The value of crystalline quality parameter χmin obtained from the RBS/c analysis is equal to 

2.8%. HR XRD measurements reveal a sharp and well-defined XRD signal from the ZnO films with the 

full width at half maximum (FWHM) of the 00.2 reflection evaluated as 0.1055o, while the FWHM of 

the ZnO -1 to 1.4 reflection evaluated as 0.1491o. The related reciprocal lattice space maps and details 

of HR XRD experiment have been shown elsewhere [11]. The next step was to implant the ZnO films 

with Yb ions at room temperature with 150 keV energy and fluence of 5e14 and 5e15 ions/cm2 using a 

Balzers MBP 202RP ion implanter at the Institute of Electronic Materials Technology (ITME), Poland. 

The implanted samples were annealed at 800 °C for 10 min. in oxygen atmosphere using a Rapid 

Thermal Annealing (RTA) Accu Therm AW-610 system from Allwin Corp. 

The X-ray absorption experiments were performed at the Solaris synchrotron, beamline ‘PEEM/XAS’. 

The XANES spectra were obtained recording the total electron yield (TEY) from the samples while 

scanning the photon energy over the O K-edge and Yb M4,5 regions. Since the orientation of crystallites 

in the film can be obtained from the polarization dependence of the absorption, the X-ray absorption 

experiments were carried out when polarization vector of synchrotron radiation was oriented along the 

c-axis (marked “out-of-plane”), perpendicular to sample surface (marked “in plane”) and close to 

“magic” angle. The results obtained for ZnO implanted by Yb films are compared to reference sample 

of virgin wurtzite ZnO. After normalization to the photon flux the recorded XANES spectra were subject 

to subtraction of a linear background which was fitted to the flat pre-absorption-edge region. For 

quantitative comparison the spectra were then normalized to the atomic limit, the range about 100 eV 

photon energy above the absorption edge, where no angular dependence is observed. 

The samples were studied by XPS using a Kratos Ultra Axis spectrometer with monochromatic Al Kα 

radiation (hν = 1.4866 keV) from an X-ray source with a spot of 700 × 300 μm2 (due to the analyzer 

settings in hybrid mode) while operating at 150 W and 15 kV. The high-resolution (HR) XPS spectra 

were collected with the hemispherical analyzer at the pass energy of 20 eV and the energy step size of 

0.1 eV. The photoelectron take-off angle was 45° with respect to the normal to the sample’s surface 

plane. An analyzer acceptance angle was ±7°. No charge compensation was applied. Samples were 

mounted on the grounded holder. Binding energies (BEs) of the photoelectrons were calibrated using 

the Au 4f7/2 photoelectron peak at 84 eV. Selected samples were sputtered using the Ar+ ion source 

operating with the 0.5 kV Ar+ beam energy and the incident Ar+ ion beam axis of 35◦ to the surface 

plane. The sputter rate of the ZnO:Yb material was not established. 

 

https://www.sciencedirect.com/topics/engineering/deionized-water
https://www.sciencedirect.com/science/article/pii/S1369800118319401#bib6
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Results and Discussion 

O K edge: allowed transitions and polarization dependence 

Figure 1 shows the O K-edge XANES spectra of virgin and Yb-doped ZnO films (with dose of 5e14 

and 5e15 atoms/cm2, respectively) recorded at near-normal, near-grazing incidence and close to “magic” 

angle (when the absorption cross section becomes independent of the orbital orientation). The spectra 

reveal a strong polarization dependence, see Figure 1a). In samples with cubic symmetry, powders, 

amorphous, or polycrystalline ones with random orientation of crystallites an angular dependence is not 

observed. Obtained results manifest preferred orientation of crystallites, along film growth direction, in 

presented here virgin and implanted ZnO films. For O K edge, according to dipole selection rules, the 

allowed transitions in hexagonal materials are from the initial O 1s state of a1 symmetry to final O p 

states, i.e. 1a1 → a*
1 and 1a1 → e*

1 [16,12]. The e*
1 final state results from mixing of px and py atomic 

orbitals and will be strongest when the polarization of incoming photons is parallel to the (x,y) plane, 

i.e. for normal incidence (marked “in plane” in Figures). Whereas, the a*
1 state results from mixing of 

s and pz atomic orbitals can be considered as electronic charge distribution along the z-axis. This state 

will be strongest if the polarization of incoming photons is parallel to z-axis, i.e. for grazing incidence 

in c-plane of w-ZnO (marked “out-of-plane” in Figure 1). Consequently, the peaks marked as 1, 2, 4 

and 7 shown in Figure 1a) correspond to transitions to (px, py) plane orbitals while 3, 5, 6 and 8 to final 

mixed s and pz orbitals. The difference spectrum (spectrum of virgin ZnO film recorded at normal 

geometry subtracted from that recorded at grazing geometry) is also shown at the bottom of Figure 1a). 

Similar angular dependence has been observed in ZnO microrod arrays [13] and ZnO:Co thin films [14]. 

Our calculation of density of states for w-ZnO (see Figure 1b)) using FDMNES code [15] agrees with 

previous reports. As it was mentioned above, the experimental findings suggest a strong correlation 

between the electronic structure and the geometrical structure in all studied systems: the crystalline 

virgin ZnO and implanted by Yb ions (latter after post-implantation annealing procedure). The 

calculated unoccupied partial density of ZnO states shown in [13] agree with our own and suggests that 

region up to ~538.6 eV indicates a strong hybridization of the Zn 4s with the O 2p states. In the region 

10-20 eV above the absorption threshold the Zn 4p-hybridized with the O 2p states become dominant. 

Finally, the contribution from the Zn 3d becomes significant in the region above 550 eV, where 

hybridization of both the Zn 4p and the Zn 3d with the O 2p states is observed.  

The TEY technique has a probing depth which is determined by the range of the detected electrons. The 

primary Auger electrons lose their energy in collisions with valence electrons, producing a cascade of 

electrons with lower energies. The yield at the surface consists therefore mainly of electrons with a 

kinetic energy less than 5 eV [16]. Depending on their energy, the escape depth of the Auger electrons 

lies between ~10 nm in the soft x-ray range and ~100 nm at a few keV [17-20]. Therefore, electron yield 

in the soft x-ray range is quite surface sensitive, necessitating the use of ultra-high vacuum. We have to 

recall also, that in the soft x-ray range fluorescence yields are low, making electron yield the method of 

choice. Consequently, measurements in TEY detection mode of the O K-edge XANES spectra have 
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been performed using so call “surface” detection mode. Note that due to current limitations at the 

beamline, there is no possibility to measure “bulk” signal using TFY detection mode. As a result, here 

we stress that point defects weights calculated below (see Table 1) correspond to the sample surface 

region and may not be the same deeper into the film. 

Note a rather delicate modification of the polarization dependence observed between virgin (non-

implanted) and implanted by Yb ions ZnO thin films shown in Figure 1c). In this figure, three samples 

are compared (i.e., before and after implantation with the subsequent annealing) for the selected 

orientation between the polarization vector of the synchrotron radiation beam and the sample surface, 

as described above. The observed variation of the unoccupied oxygen p states cannot be associated with 

the contribution of the ytterbium ions, since their concentration in the measured samples is low (below 

1.5 at. % according to our XPS investigations). The latter makes it impossible to distinguish this defect 

from the oxygen side (O K edge) since the host matrix contains a huge number of oxygen atoms (in case 

of ideal stoichiometry 50:50 (Zn:O)) among which only a minor part can interact with the implanted 

ion. In other words, it is below the sensitivity limit of the used technique. Consequently, the visible 

changes of the XANES O K edge spectra presented in Figure 1c), are associated with the intrinsic 

defects of the ZnO matrix and the defects obtained as a result of implantation process.  

It should be stressed that the nature of defects in ZnO is extremely complex. Native point defects in this 

material have been extensively studied as they were expected to determine electrical conductivity that 

was reported to range from resistive to highly conductive even without any external doping. As 

theoretical calculation showed, native point defects are either deep (like VZn or VO) or have high 

formation energies (like ZnO or Zni), the presence of native point defects themselves could not explain 

a high conductivity of undoped ZnO. According to theoretical and experimental studies performed in 

the last few years, the complexes/clusters of native point defects play an important role in conductivity 

of this material. Such complexes may involve interstitial zinc (Zni), zinc vacancy (VZn), interstitial 

oxygen (Oi), and oxygen vacancy (VO) in different configurations. It was also shown that quite 

complicated vacancy complexes with a large radius (4 or more Zn vacancies) are needed to explain the 

results of implantation and irradiation phenomena in ZnO [6]. The existence and subsequent possibility 

of separation of isolated defects from their complexes using XAS is the subject of present research. The 

latter, in turn, will allow to confirm or refuting the statement concerning existence of donor-acceptor 

complexes in implanted and annealed samples proposed by PAS investigations [6, 9]. Taking above 

considerations into account, a wide spectrum of intrinsic point defects and their complexes was 

theoretically analyzed using a Green’s function methodology implemented within the software package 

FEFF9 to deal with polarization dependence.  

Simulations of XANES Spectra: usage of meta-models  

In order to address the complexity of the problem, the automated program was created, in which the 

theoretical spectra of all selected models were used utilizing a linear combination in order to obtain the 
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best agreement between theory and experiment. Such linear combination of several theoretical spectra 

was called meta-models, and the following models were considered for their creation: ZnO-pure, created 

in host matrix VZn, VO, Znoct, and complexes VZn-VO, VZn-2VO, VZn-3VO, Znoct-VO, 2VZn-VO, 3VZn-VO, 

4VZn-VO. Here, interstitial Znoct, i.e. an interstitial Zni atom in an octahedral site, is considered only, as 

Janotti et al. [21] showed in a comprehensive first-principles investigation of native point defects in ZnO 

based on density functional theory within the local density approximation (LDA) as well as the LDA+U 

approach that the octahedral site is the stable site for interstitial metal atom as opposed to the tetrahedral 

one. A computer algorithm to find the optimal linear combination of several considered models is based 

on two main parts. In the first part, all possible meta-models are created from the selected models list 

mentioned above, and each meta-model is assigned a unique hashtag for quick search and access in 

future stages of the calculation avoiding duplicate entries. The length of necessary meta-models needed 

to obtain a better agreement between theory and experiment was tested (see Scheme 1 in SuppMat). It 

turned out that an increase in the length of meta-models above 6 does not change the result of the 

minimalization procedure. After the first part is finished, the algorithm creates several groups, each of 

which corresponds to a specified measurement angle between the polarization vector of the X-ray beam 

and the sample surface for a particular experiment. In our case, these are 3 groups with the following 

Miller indexes: "1 0 0" corresponds to 0° angle marked as “in plane”, “1 0 1” corresponds to 45° marked 

as "close to magic angle", and "0.2679 0 1" that corresponds to 75° marked as “out-of-plane” in 

Figure 1d). Note that all described angles are related to the surface of the host matrix. Finally, the 

second part of the algorithm searches for the optimal weighting factors to minimize the value of the sum 

of the R-factor (marked Rf in the Table 1) for all selected groups. The group R-factor is calculated 

between the experimental spectrum and the spectra composed of the linear combination of spectra for 

each model in the meta-model and weighting factors. The sum of the weighting factors for each meta-

model is normalized to 1. The differential evolution routine [22] was used as a minimization procedure 

during calculation of the optimal weighting factors. The advantage of the algorithm lies in the 

requirement that the fitting procedure is applied to all selected groups and therefore, it has to satisfy 

every polarization angle. This increases the probability that the identified meta-model can describe the 

actual sample in the performed experiment. Table 1 presents the identified meta-model with the weights 

for each of the constituent models with specified defects and/or complexes. Obtained XANES spectra 

using a linear combination routine are shown in Figures 1b, d). 

Identification of existing defects and their complexes and agglomerations 

As can be seen in Table 1, numerical calculations based on XANES results show that implantation 

treatment leads to a dramatic change in concentration of particular native defects and their complexes 

in ZnO films. Let us emphasize that a linear combination of selected spectra, which allows us to 

estimate the "weights" of the considered phases (models) in the experimental spectrum 

presented in Table 1, generally, can be used to calculate the atomic percentage of the isolated 
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defects, but only if the total percentage of considered defects in the sample/s is known. Since in 

our case we have a combination of isolated defects and their complexes, only a qualitative description 

of what is happening can be given. 

From this point of view, from Table 1, it is possible to see that oxygen vacancy, which is not 

detected in the virgin ZnO film, clearly appears in both Yb implanted layers. In turn, concentration of 

Zni gradually decreases after subsequent implantation and subsequent annealing processes. We cannot 

rule out that an insignificant fraction of interstitial zinc or ytterbium atoms after annealing treatment fill 

the zinc vacancies. However, it should be noted that this fraction is indeed an insignificant one, since 

the contribution of interstitial zinc atoms after implantation by ytterbium ions and subsequent annealing 

is lower just by about 11(18)% for samples with fluence 5e14 (5e15) at/cm2 compared to the virgin 

sample, respectively (see Table 1). It is noticeable that zinc vacancy, VZn, present in the virgin sample 

is not observed as a native point defect after implantation, while the concentrations of all defect 

complexes (VZn+VO, VZn+2VO and 4VZn+VO) increase as a result of the implantation and annealing 

processes.  

Comparing all calculated weights of considered models presented in Table 1, the following scenario of 

the native point defect evolution could be proposed. The diffusion barrier for interstitial zinc atoms 

(Znoct) in ZnO is rather low, so migration of these atoms combined with a filling of some zinc vacancies 

could partially explain lower concentration of VZn in the implanted and annealed material. However, it 

can be concluded that the formation of VZn + VO and 4VZn + VO defect complexes is responsible for the 

disappearance of the VZn native point defect. As can be seen from the values given in Table 1, any 

similar reasoning cannot be made for the oxygen vacancy, as the concentration of VO increases both in 

the form of isolated point defect and as a part of defect clusters as well. Therefore, it can be concluded 

that the Yb implantation and subsequent annealing processing leads to the formation of oxygen 

vacancies that appear in the implanted material not only as isolated point defects, but also as a part of 

VZn + VO, VZn + 2VO and 4VZn + VO complexes. It also should be noted that while these complexes 

(except VZn+2VO) are present in the virgin sample, their amount in the implanted material increases 

significantly. 

The absence of isolated oxygen vacancies in the virgin sample is a quite interesting finding, as according 

to the performed XANES studies, all oxygen vacancies are attracted by VZn leading to formation of 

VZn + VO donor-acceptor complexes. However, the surface sensitivity of the XANES method should be 

also considered. All the samples were exposed to ambient air before the experiment, which resulted in 

the oxygen diffusion into the subsurface region and the subsequent disappearance of oxygen vacancies. 

On the other hand, the Yb implantation process resulted in the formation of additional oxygen vacancy 

defects that cannot be annihilated by the diffusion of ambient air oxygen.  
 

 



 

8 

 

Yb M5 edge supported by XPS investigations  

Once more we would like to remind that only TEY data are reported here, which means that the results 

cannot be safely/reliably extended to the whole film.  

Let us note that for all rare earth elements, excluding Yb, the peaks that correspond to M4,5 edges are 

well defined and are clearly visible. In case of Yb3+, only a single significant peak (M5 edge) is shown 

in spectrum [23]. Such observation was explained in the literature [24,25] as follows. An absorption 

process involves the electronic excitation 3d104fN → 3d94fN+1, where all other shells of the atom are 

either filled or empty. Consequently, the initial state for Yb3+ is 4f13. It has L = 3 and S = 1/2. The two 

possible values of J are 5/2 and 7/2 and the ground state is that with J = 7/2 according to Hund’s rule. 

Due to spin-orbit coupling the 4F5/2 state has an energy difference with the ground state of approximately 

1.3 eV. After 3d absorption the final state is 3d94f14, described by term symbols 2D3/2 and 2D5/2. Due to 

the spin-orbit coupling the energy difference between these two terms is 49 eV. However, in the X-ray 

absorption spectrum, just the 2D5/2 line (corresponding to the M5 edge) is present, since the 2D3/2 term 

cannot be reached from the 4F7/2 ground state because of the ΔJ selection rules. It is worth noticing that 

transitions to both final states are possible from the 4F5/2 excited initial state, but that at room temperature 

very few atoms are in the excited state.  

Consequently, Figure 2 shows the Yb M5-edge XANES spectra taken in TEY mode for ZnO:Yb films 

after annealing. Comparison to Yb2O3 powdered sample indicates that the main resonance at 1520.6 eV 

is associated to Yb3+. The measurements for implanted samples were performed in consideration of 

polarization effect of synchrotron radiation (see details in the section concerning O K edge 

measurements). Crucial is the fact that there is a strong polarization dependence. The variation of the 

peak intensity represents the variation of the Yb3+ concentration along with polarization dependence in 

the proximity of the sample surface. The existence of a polarization dependence shown in Figure 2a) is 

intuitively clear if one looks at angular dependence of the f orbitals. Unexpected here is the inversion of 

the polarization relationships (compare Figure 2 a) vs b)) for a sample with a higher dose of Yb (this 

will be discussed further).  

Conventional XPS studies do not reveal pronounce differences in the O 1s and Zn 2p photo-peaks for 

implanted/annealed samples, see Figure 3a, b), so their general trend is shown. The O 1s peak can be 

deconvoluted by 3 constituent peaks. The peaks located at about 530.82 eV (marked by OLAT), 531.40 eV 

(marked by OVAC), and 532.68 eV (marked by ADS) are related to oxygen in a wurtzite ZnO lattice [26]; 

to oxygen vacancy defects [27]; and to the surface-adsorbed oxygen species of O2-[28], respectively. 

Estimated binding energy of Zn 2p3/2 line is 1022.2 eV. Obtained value is close to one for ZnO 

[~1022 eV, 29]. The spin-orbit splitting for Zn 2p3/2 and Zn 2p1/2 is 23.1 eV which indicates that zinc 

atoms are in +2 oxidation state (Zn-O bonding) [30]. Next, Figure 3c) shows contour plot of Yb 4d line 

recorded after subsequent steps of sputter profiling analysis, 1 min per point, for selected sample. An 

example of Yb 4d line for as-received and sputtered by 1 min. shown in Figure 3d). The authors were 

interested in whether there are visible changes in the electronic structure around Yb along the sample 
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depth. In our previous work, where Si/Nb/Si system was investigated, it was shown that even under 

gentle sputtering regime, the depth profile changed significantly [31]. It was shown that significant 

mixing of silicon and niobium atoms took place, leading to the formation of a silicon-niobium solution. 

Presented here contour plot do not reveal strong mixing of implanted atom with the host matrix. Thus, 

the material studied in this work is stable during the applied Ar+ sputtering. Further, XPS studies 

reported in Figure 3c, d) have shown that for the investigated samples ytterbium 4d levels show an 

extended multiple structure instead of a simple spin–orbit doublet of metallic ytterbium. Obtained data 

agree well with synchrotron XPS measurements for similar system [32,33]. Taking into account an 

influence of oxidation on the Yb 4d spectrum profile and similarity of spectrum profile examined in this 

work to the Yb2O3 (see Fig. 2b in [32]), we propose here that : i) the majority of ytterbium atoms are 

Yb3+; ii) they are located in the interstitial positions and form near local range YbO6 close to one in 

Yb2O3 and show an extended multiple structure indicating that electron of the 4f shell has been promoted 

to the valence level. Consequently, we assume that the inversion of the polarization dependence shown 

in Figure 2 can be associated with a tilt of the oxygen pseudo octahedra or/and with their distortion. As 

is well known, trivalent rare earth (RE) ions usually have octahedral configuration. Thus, to minimize 

the energy, the local surrounding of RE ion in the ZnO host matrix is usually modified to approach the 

octahedral. The crystal field around RE centers is additionally modified during annealing, to attain the 

suitable symmetry allowing the intra-4f transitions [34-36]. As mentioned above, the preliminary studies 

based on XPS and the resonant photoemission spectroscopy (RPES) of ZnO:Yb [32,33] suggested that 

after annealing Yb ions are surrounded by six oxygen atoms forming a pseudo-octahedron structure 

YbO6 with reduced symmetry instead of Oh. Thus, for instance, in the ytterbium oxide the Yb atoms 

occupy two “pseudo octahedral” sites with eight atoms in positions with three-fold inversion symmetry 

C3i, and 24 atoms in positions with two-fold symmetry C2 [37]. The symmetry modification towards 

the lower one could be the reason behind the activation of luminescence [36]. Thus, for an unambiguous 

interpretation of our assumptions, studies for the XAFS Yb L3 edge are necessary along with more 

detailed theoretical calculations. 

Discussion  

Generally, if an intrinsic defect is stable over a wide range of experimental conditions, it can be tricky 

to eliminate it, and it is likely to be present in samples. Vacancy clusters have been identified before in 

ZnO by PAS in ion implanted and then annealed samples [9,38,39], meaning that they typically result 

from non-equilibrium processes. Thermodynamically these clusters are unstable, but once formed they 

can be very difficult to remove due to large binding energy. In some cases, thermal treatments at about 

800°C are required for their annihilation, but for instance in N-implanted samples, the clusters are 

stabilized somehow, and remain stable up to 1000°C [40]. In context of defect type influence on 

Photoluminescence (PL) signal in UV/visible region, Dong et al. [9] attribute the PL peak at 1.6 eV to 

isolated Zn vacancies or small n(VZn) groups (n ≤ 2, and O vacancies may be present). It was argued 

that this peak shifts to 1.9-2.1 eV upon annealing, as more vacancies cluster together (including O 
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vacancies). However, let us note that PAS cannot distinguish between the isolated Zn vacancy, and small 

clusters n(VZn–VO) with n ≤ 2 [6]. As a result of this, it has not been possible to unambiguously assign, 

e.g., luminescence resonance data to any single candidate. Thus, red luminescence (RL) has often been 

assigned to Zn vacancy related defects [9, 41-43]. While this is accepted by some authors, it is still not 

completely clear exactly what configurations are responsible for individual signals. For instance, using 

PL investigations instead of PAS, VZn has been identified previously as being responsible for the 

emission centered around 2.35 eV [44] what correspond to green emission. In any case, XAS results 

presented here indicate that after annealing of implanted by Yb ZnO films donor-acceptor complexes 

(and not isolated VZn) might be partially responsible for PL signal at about 590-653 nm region (i.e., the 

region that partially covers yellow and red emissions). PL spectra of investigated here films measured 

in the visible region were shown in Fig. 5 in [52]. Let us now continue with considerations of other 

defects. There are some reports claiming that the violet-blue emission is mainly associated to zinc 

interstitials (marked as Znoct in Table 1) inside ZnO band gap [45-50]. Whereas, the green emission is 

most likely associated with the damage on the oxygen sublattice. The prime candidates of point defects 

on the oxygen sublattice are VO and Oi [43, 44, 51]. The obtained results shown in Table 1 confirm that 

VO located at least in the surface area of the annealed Yb implanted ZnO sample may be responsible for 

the green emission, while the model describing interstitial oxygen most likely was below the sensitivity 

limit of the technique used in this work or is absent. Let us focus the reader's attention to the fact that 

the authors of this work, at this stage, do not take into account the contribution of implanted ytterbium 

ions and its complexes with intrinsic point defects on the PL signal in visible region. The attention is 

drawn rather to the fact that the results obtained up to this point fit well into the relationship established 

in the literature between intrinsic defects and their complexes to PL signal in the visible region. 

Analysis of presented data suggests that formed VZn-donor complexes will have an impact on the 

electrical properties of investigated here samples. VZn defects act as acceptors and increase resistance, 

while vacancy clusters remove isolated VZn, thereby decreasing resistance. Such an effect was observed 

previously in experiments with irradiation induced electrical isolation [53] and is true for the samples 

examined there. Thus, our Hall measurements point out that resistivity of annealed ZnO:Yb film with 

fluence 5e15 ions/cm2 is about one order lower (10-1 Ω∙cm) compared to the annealed one with fluence 

5e14 ions/cm2 (10-2 Ω∙cm). 

Conclusions 

The polarization-depended XANES spectra of epitaxial ZnO (virgin and doped with Yb) thin films 

grown by ALD were obtained and analyzed. Anisotropic effects along film growth direction (c-axis) 

were observed. The orbital-resolved calculations of w-ZnO XANES spectrum provided by FEFF code 

for O K edge successfully reproduced these anisotropic effects shedding light on the responsible 

mechanisms. The used linear combination of theoretical models corresponded to selected point defects 

and their complexes confirmed the presence, along with isolated defects, of donor-acceptor complexes 
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in the samples under study. The analysis of the Yb M5 edge of XANES spectra revealed that oxidation 

states of Yb in ZnO is 3+. Obtained result agree well with XPS and former RPES investigations. Yb M5 

XANES spectra also reveal anisotropic effect. The inversion of the polarization dependence for samples 

with different Yb fluences can be associated with a tilt of the oxygen pseudo octahedra or/and with their 

distortion. Analysis of presented data suggests that formed acceptor-donor complexes can have an 

impact on the electrical properties of samples investigated in this work. This suggestion confirmed by 

previous Hall measurements indicating that resistivity of annealed ZnO:Yb film with fluence 5e15 

ions/cm2 decreases by about one order compared to one with fluence 5e14 ions/cm2. 
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Figure 1. (a,c) Comparison of O 1s XANES spectra of a reference ZnO film and of ZnO:Yb films with 

different doses of Yb (5e14 and 5e15 atoms/cm2). All samples are after RTA. (b,d) O K XANES spectra 

obtained by linear combination of selected theoretical models calculated by FEFF code (see text for 

details) for different polarization geometry. (For interpretation of the references to color in this figure 

legend, the reader is referred to the Web version of this article.) 
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Figure 2. (a) Comparison of Yb M5 XANES (TEY) of ZnO:Yb films spectra of a reference ZnO film and of ZnO 

films with different doses of Yb (5e14 and 5e15 atoms/cm2 after RTA). (For interpretation of the references to 

color in this figure legend, the reader is referred to the Web version of this article.) 
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Figure 3. Experimental XPS results for the ZnO:Yb sample: O 1s (a); Zn 2p (b) peaks; Yb 4d contour plot (c) and 

(d) spectra for selected sputtering minutes. 

 



Table 1. Results of linear combination of theoretical spectra obtained using the differential 

evolution routine (see text for details) 

Sample model weight 

ZnO 

Rf=0.027, 2=0.035 

ZnO + 1VZn (out-of-plane) 

ZnO + 1VO 

ZnO + 1Znoct 

ZnO + (1VZn+1VO – complex) 

ZnO + (1VZn+2VO – complex) 

ZnO+(4VZn+1VO – complex) 

0.28 

0.00 

0.38 

0.26 

0.00 

0.07 

5e14 

Rf =0.022, 2=0.028 

ZnO + 1VZn (out-of-plane) 

ZnO + 1VO 

ZnO + 1Znoct 

ZnO + (1VZn+1VO – complex) 

ZnO + (1VZn+2VO – complex) 

ZnO + (4VZn+1VO – complex) 

0.00 

0.20 

0.34 

0.31 

0.00 

0.15 

5e15 

Rf =0.018, 2=0.022 

ZnO + 1VZn (out-of-plane) 

ZnO + 1VO 

ZnO + 1Znoct 

ZnO + (1VZn+1VO – complex) 

ZnO + (1VZn+2VO – complex) 

ZnO + (4VZn+1VO – complex) 

0.00 

0.15 

0.31 

0.33 

0.08 

0.13 

 


