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Abstract 

Thermal evolution and migration behavior of nitrogen (N) dopants in indium (In) doped ZnO films 

implanted with high-dose N ions (ZnO:In-N) were investigated by means of experiment and first-

principles calculations. The results demonstrate that N-dopants have poor thermal stability, which has a 

significant impact on N local chemical states. In particular, two different temperature region s can clearly 

be distinguished in the annealing process. At low-temperature region, the interaction of substitutional 

nitrogen (NO) acceptor and interstitial nitrogen (Ni) starts to occur, which leads to a decrease in NO 

acceptor and the formation of additional molecular nitrogen at oxygen site [(N2)O]. In contrast, at high-

temperature region, annealing favors energetically the generation of abundant oxygen vacancies near the 

surface and simultaneously induces the serious out-diffusion of N-dopants. Combined with the calculated 

migration barriers, oxygen vacancies are deemed to assist the out-diffusion of N-dopants via a vacancy 

mechanism. This work provides insights into the formation and evolution of different N-related defects 

and their interaction with intrinsic defects. 

 

Keywords: ZnO thin films, nitrogen dopants, vacancy mechanism, thermal stability, migration
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1. Introduction 

ZnO is a potentially important semiconductor material for short-wavelength optoelectronic devices due 

to its large exciton binding energy of 60 meV and wide direct band gap of 3.37 eV at room temperature 

[1]. However, the notoriously doping asymmetry problem causes the stable, reproducible p-type doping 

of ZnO to remain a major challenge [2, 3]. Among the group V elements, nitrogen (N) is considered to 

be the most promising candidate for acceptor doping because of its similar atomic size and 

electronegativity to oxygen (O) [4]. Experimentally, researchers have made great efforts to realize p-type 

conductivity and even confirmed homogeneous pn-junction based on N-doped ZnO [5, 6]. Nevertheless, 

the shallow acceptor nature of N in ZnO is still controversial [7, 8]. Recently, several co-doping strategies 

(including Li/Na-N co-doping [9, 10], Al/Ga/In-N co-doping [11-13], Be/Mg/Te-N co-doping [14-17], 

etc.) have been proposed and experimentally demonstrated, not only improving the solid solubility but 

also reducing the acceptor ionization energy [18]. 

It is well known that the thermal stability of dopants directly determines the reliability of the device 

operation. In the case of N doped ZnO, the weak chemical bond between the N and Zn can easily lead to 

thermal instability of N-dopants, causing p-type conductivity performance to decay or even convert to n-

type over time [19, 20]. Similar results have recently been declared in Na-doped ZnO [21]. The 

substitutional Na acceptors gradually transform into donors by high-temperature annealing or when the 

crystals are aged [21]. Actually, Fons et al. have directly observed the metastability of the N acceptors 

and the formation of molecular nitrogen upon annealing as early as 2006 [22]. Subsequently, Liu et al. 

detected the effect of annealing temperature on the N local chemical states through in-situ temperature-

dependent XPS measurement, concluding that N dopants have poor thermal stabilities [23]. Recently, 

Chen et al. reported that the simultaneous incorporation of a small amount of Be element can improve 
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the thermal stability and solid solubility of N dopants in N-doped ZnO, and the corresponding p–i–n 

junction LED device can operate at temperatures as high as 400 K [14, 15]. In addition, the obvious N-

dopants loss phenomenon was also observed at elevated temperatures [24]. Up to now, the poor thermal 

stability of N in ZnO is far from being comprehensively understood, and even little attention has been 

paid to the annealing effect on the migration of N-dopants in ZnO. Therefore, understanding thermal 

evolution of dopants, especially N, is of primary importance for improving p-type doping efficiency, 

determining their annealing temperatures and realizing high-temperature operation of ZnO-based 

optoelectronic devices. 

In this work, we focus on the effect of post-implantation annealing temperature on thermal evolution 

and migration behavior of N-dopants in indium doped ZnO films implanted with high-dose nitrogen ions. 

The comprehensive investigation reveals that N-dopants have poor thermal stability and the evolution of 

nitrogen local environment strongly depends on the post-implantation annealing temperature. In addition, 

employing the climbing image nudged elastic band method (CI-NEB), we calculated the migration 

barriers of N-related defects and identified the diffusion mechanisms of N-dopants by oxygen vacancies. 
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2. Material and methods 

Indium-nitrogen codoped ZnO thin films were prepared by two-step method. Firstly, indium doped ZnO 

(ZnO:In) thin films were deposited on quartz substrates by radio frequency magnetron sputtering at room 

temperature. A disk of commercial ZnO ceramic sputtering target with indium content of 1 at.% was 

supplied by China New Metal Materials Technology Co., Ltd. The detailed process and parameters of 

ZnO:In thin films can be found elsewhere [25]. The sputtering time is controlled at 40 minutes and the 

corresponding thickness of ZnO:In thin film is about 500 nm. Then, heavily doped ZnO:In-N thin films 

were achieved by implanting N ion beam into ZnO:In thin films with energy of 70 keV and a high dose 

of 1.0 × 1017 ions/cm2 at room temperature. Following N ion implantation, the ZnO:In-N film was cut 

into five pieces. Four of them underwent isochronal post-annealing in a vacuum environment for 30 min 

at various annealing temperatures (TA=400 °C, 600°C, 700 °C and 800 °C, respectively), and the 

remaining piece as a reference was not subjected to any heat treatment. 

The crystalline structure of the implanted samples before and after annealing was characterized by 

X-ray diffraction (XRD) measurements with a Cu Kα1 radiation source (λ =1.540598 Å). X-ray 

photoelectron spectroscopy (XPS) measurements were carried out with ESCALAB 250 using a 

monochromatic Al Kα source (15 kV, 150W) and all binding energies have been calibrated by the C 1s 

peak at 284.6 eV. The depth profile of nitrogen dopants in ZnO:In-N films was investigated by secondary 

ion mass spectroscopy (SIMS) with 1 keV Cs+-ions as the primary beam. All measurements were 

conducted at room temperature. 

The calculations within density functional theory were carried out with the Vienna Ab initio 

Simulation Package (VASP) [26]. The generalized gradient approximation (GGA) within 

Perdew−Burke−Ernzerhof (PBE) formalism is employed for the exchange and correlation potential [27]. 
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The projector augmented wave (PAW) method is used to take into account the electron–ion interaction 

[28]. A plane-wave basis set with an energy cutoff of 400 eV is used in the calculations. We employed a 

4×4×2 supercell geometry containing 128 host atoms for the wurtzite structure and a set of k points 

generated by the 2×2×2 Monkhorst–Pack mesh for Brillouin-zone integration. In geometry optimization, 

the energy convergence with the energy difference is below 10-5 eV between two consecutive self-

consistent steps while the positions of all the atoms in the supercell were fully relaxed until the force was 

less than 0.02 eV/Å. The climbing image nudged elastic band method (CI-NEB) [29] was used to find 

the minimum energy pathway and diffusion barriers for Nitrogen diffusion in ZnO. Initial and final 

configurations were first fully optimized before the CI-NEB calculation. After that, five images were 

linearly interpolated between them. The images were relaxed until the maximum residual force was less 

than 0.05 eV/Å. 

 

3. Results 

Fig. 1 illustrates the XRD patterns of as-implanted and post-annealed ZnO:In-N films. All of them 

display a strong preferential diffraction peak at ~34.56° corresponding to the (002) plane of typical ZnO 

wurtzite structure (JCPDS#36-1451), and no other impurity phases (such as Zn3N2, In2O3 or InN) are 

detected. For the films annealed at low temperatures (not exceeding 600 °C), the intensity of (002) 

diffraction peaks is higher than that of as-implanted film, implying that the crystallinity of ZnO:In-N 

films can be effectively improved by appropriate thermal treatment. Upon further increasing annealing 

temperature (TA>600 °C), the intensity of (002) diffraction peak gradually becomes less intense. It is 

highly likely that high-temperature annealing leads to the near surface degradation of the ZnO:In-N film, 

as this was already reported by other studies [30, 31]. Moreover, the (002) diffraction peaks of post-
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annealed ZnO:In-N films show an obvious shift to a large angle with respect to that of as-implanted 

sample. The shift of (002) diffraction peaks generally ascribes to the changed biaxial stress in the film 

after post-annealing due to the local non-uniformity in the film, which involves local defects or impurities 

[32].  

Furthermore, the XPS measurements are utilized to examine the chemical state of elements in 

ZnO:In-N films. Fig. S1 (Supporting Information) shows the high resolution Zn 2p, In 3d, O 1s and N 

1s XPS spectra of as-implanted and post-annealed ZnO:In-N samples, which confirm that In and N have 

been successfully incorporated into ZnO films. Notably, the chemical state of N and O shows dramatic 

changes with increasing annealing temperature, implying that annealing temperature has a significant 

effect on the evolution of N and O local chemical states. Specifically, the O 1s XPS spectra have been 

consistently fitted by three Gaussian components of variable intensities, as shown in Figs. 2(a-e). The 

typical binding energy values are located at 530.2±0.1 eV (denoted by OI), 531.7±0.1 eV (denoted by 

OII) and 533±0.1 eV (denoted by OIII), respectively. The low binding energy component (OI) is associated 

with O2- ions in the ZnO crystal lattice surrounded by Zn2+ [33]. The high binding energy component 

(OIII) is attributed to the presence of loosely bound oxygen on the surface of ZnO [34, 35]. The medium 

binding energy component (OII) usually is attributed to the presence of the O atoms in the oxygen 

deficiency region, which can be correlated with oxygen vacancies in the ZnO crystal lattice [33, 34, 36]. 

Therefore, changes in the intensity of the OII component can be used to describe semi-quantitatively the 

variations in the concentration of oxygen vacancies near surface of the film. Fig. 2f shows the variation 

of the integral areas ratio (OII/OI) with annealing temperature (TA). The integral area ratio of OII/OI for 

ZnO:In-N films annealed at 400 °C is slightly lower than that of as-implanted ZnO:In-N films. It suggests 

that the oxygen vacancies of ZnO:In-N films were reduced when annealed at 400 °C, which can be 
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considered as the improved crystallinity after annealing. Furthermore, the integral area ratio (OII/OI) 

increases monotonically as the annealing temperature increases from 400 to 800 °C, suggesting the 

formation of new oxygen vacancies near the surface of ZnO:In-N films (especially at TA = 800 °C). This 

is consistent with previous studies that heat treatment gives rise to the loss of near-surface oxygen atoms 

[37, 38], thereby leaving abundant oxygen vacancies [39-41]. 

To identify the evolution of chemical states and the thermal stability of N-dopants in the ZnO:In-

N films, we compares the N 1s XPS spectra of as-implanted and post-annealed ZnO:In-N films. The N 

1s XPS spectra have been fitted with different Gaussian-Lorentzian peak shapes, as shown in Figs. 3(a-

e). For the as-implanted ZnO:In-N film, only two deconvoluted N 1s XPS peaks, centered near the 

binding energy of ~ 396.0 eV (NI) and ~ 403.5 eV (NIII), respectively, can be clearly identified (see Fig. 

3a). The NI peak usually appears in heavily N-doped ZnO [42, 43] and its position is very close to the 

binding energy of N-Zn bond in Zn3N2 [44]. Considering that high dose N-ion implantation is 

implemented in this work, the observed NI peak should be ascribed to nitrogen on oxygen sites (NO) 

located in N-rich local environments [23]. It indicates that part of N-dopants have been successfully 

incorporated into the O sites of ZnO via ion implantation. Moreover, the peak located at ~ 403.5 eV can 

be also observed in as-implanted ZnO:In-N sample, which has been known as molecular nitrogen on 

oxygen sites [(N2)O] [42]. Thus, both NO acceptors and (N2)O donors can be generated simultaneously 

during the high dose N ion implantation process. Interestingly, a new peak located ~ 398.8 eV (NII) 

appeared when the annealing temperature reaches up to 600 °C, as shown in Fig. 3c. The binding energy 

value of NII peak is close to that reported by Li et al. [23]. Unlike the assignment of NI peak (396 eV), 

the NII peak has been assigned to the NO acceptor in O-rich local environments [23], in other words, 

meaning that only a few oxygen lattice sites are occupied by N atoms. Therefore, the NII peak at 398.8 
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eV could be tentatively considered as NO acceptor located in N-deficient local environment, the 

emergence of which can be further supported by the subsequent SIMS measurements. 

The variation of the integral area of corresponding N 1s XPS peaks with annealing temperature is 

illustrated in Fig. 3f. Clearly, two different temperature region for the evolution of N chemical states can 

be clearly distinguished in the annealing process. For the films annealed at low temperature region (not 

exceeding 600 °C), as the annealing temperature increases, the integral area of NI peak at 396.0 eV 

decreases slowly while the integral area of NIII peak at 403.5 eV gradually becomes larger, implying that 

additional (N2)O donors are generated while NO acceptors in N-rich local environment decrease. However, 

the local chemical state of N-dopants changes dramatically at the high temperature low temperature 

region (above 600 °C). The NIII peak disappears when the annealing temperature is increased to 700 °C. 

Additionally, the integral area of NI peak decreases sharply with increasing temperatures. Conversely, 

the NII peak becomes progressively stronger and eventually dominates the N 1s XPS spectrum at 800 °C, 

as shown in Fig. 3e. That is, the vacuum high-temperature annealing could promote the rapid transition 

from N-rich local environment to N-deficient local environment. 

As is well-known, the detection depth of XPS is only several nanometers. Thus, SIMS was 

employed as a supplementary method to investigate the depth profile of N-dopants in samples before and 

after annealing. The curves in Fig. 4 show the relative nitrogen concentration versus depth profiles in 

ZnO:In-N films with annealing temperature. In this work, the 14N16O- signal was examined to monitor 

the distributions of N-dopants in the sample. It can be seen that the distribution of N-dopants does not 

show significant changes in the range of 0-250 nm when the annealing temperature does not exceed 

600 °C. The distribution of N-dopants becomes more uniform for sample annealed at 600 °C. However, 

the further increase of annealing temperature (above 600 °C) leads to an overall decline of 14N16O- signal 
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in the range of 0-250 nm. The higher the annealing temperature is, the more serious the 14N16O- signal 

loss will be. Especially, the 14N16O- signal drops sharply in the 0-100 nm region at 800 °C. It is noteworthy 

that we do not observe substantial N diffusion towards the inside of ZnO:In-N films at the depths of 250-

350 nm when annealing at 400~800 °C, but the movement of the total N profile towards the film surface. 

Thus, it can be deduced that the continuous out-diffusion of N dopants from the substrate to the surface 

leads to the decline of 14N16O- signal, which well supported the emergence of N-deficient local 

environment near the surface at elevated temperature region. Based on the above discussion, our results 

indicate that N-dopants in ZnO:In-N film have poor thermal stability and the evolution of nitrogen local 

environment strongly depends on the annealing temperature. 

 

4. Discussion 

The above experimental results have confirmed that N-dopants do not have good thermal stability. 

According to Fig. 3f and Fig. 4, the evolutionary behavior of N-dopants can be divided into two different 

temperature region: a low temperature region (TA≤600 °C) and a high temperature region (TA>600°C). 

The following theoretical calculations will be implemented to explain the possible evolution mechanism 

of N-dopants at different annealing region. 

Low temperature region: SIMS measurement reveals that annealing has little effect on the 

distribution of nitrogen concentration in samples at annealing temperature below 600 °C, as shown in 

Fig. 4. However, the evolution of N local chemical state depends strongly on annealing temperatures. It 

can be seen from Fig. 3f that low temperature annealing increases the content of (N2)O donors, but 

conversely decreases the content of NO acceptors, which seems to imply that annealing facilitates the 

transformation from NO acceptors to (N2)O donors. Here, two possibilities may be proposed to explain 
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the thermal evolution of N local chemical state, which will be discussed in the following discussion 

section. The first is the interaction between two adjacent NO acceptors to form the (N2)O donor. The 

second is based on the migration of nitrogen interstitial (Ni) and subsequent interaction with the 

neighboring NO acceptor to form the (N2)O donor.  

First of all, we considered that the formation of (N2)O donor by two adjacent NO acceptors. Figs. 

5(a-b) present the interaction between two adjacent NO acceptors via the first out of (0001) plane and the 

first in (0001) plane, respectively. The corresponding diffusion energy barriers are only 1.51 eV and 1.36 

eV, respectively. However, the formed (N2)O configurations are highly metastable and will easily 

dissociate back to two adjacent NO acceptors due to the small activation barriers of 0.88 eV and 0.8 eV. 

Therefore, the formation of (N2)O donor by two adjacent NO acceptors is energetically unfavorable. 

It is worth noting that N-doping by ion implantation will inevitably lead to a large amount of N-

dopants occupying the interstitial sites. Previous literature reports that nitrogen interstitial has two 

configurations: nitrogen interstitial at octahedral site (oct-Ni) and split nitrogen interstitial (split-Ni), 

respectively. The former is in the metastable configuration and has a low migration barrier, while the 

latter is relatively stable and can bond with the lattice oxygen to form (NO)O configuration [45]. 

Therefore, we believe that the latter should be abundantly present in the as-implanted ZnO:In-N samples. 

The possible formation process of (N2)O donor by interactions between NO acceptor and split-Ni is shown 

in Fig. 5c. It can be seen that split-Ni tends to bond with NO acceptor to form (N2)O donor when split-Ni 

is present near No acceptor because the barrier to overcome only needs 1.85 eV. On the contrary, the 

dissociation of (N2)O into No and split-Ni needs to overcome a considerable barrier of 4.43 eV (see Fig. 

5c). Thus, the formation of (N2)O donors by the combination of NO acceptor and split-Ni is energetically 

favorable. Experimentally, the above XPS measurements indicate that the increase of (N2)O donors has 
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already appeared at 400 °C, and the corresponding activation barrier is about 1.75 eV [46]. Our calculated 

value of 1.85 eV is in good agreement with the experimental result. Therefore, we believe that the 

migration behavior of split-Ni is likely to lead to the transformation from NO acceptors to (N2)O donors 

at low temperature region. 

High temperature region: As discussed in SIMS, high temperature annealing promotes the out-

diffusion of abundant N-dopants, which leads to the transition from N-rich local environment to N-

deficient local environment. Our previous work has shown that the diffusion energy barrier of split-Ni 

atom via an interstitial mechanism is up to 2.25 eV and the corresponding annealing temperature needs 

about 600 °C [47]. However, the above calculation results further reveal that split-Ni is more likely to be 

captured by No defects to form (N2)O donors during the diffusion process due to the low migration barrier 

of 1.85 eV (see Fig. 5c). Thus, it can be considered that only a small amount of split-Ni may escape from 

the film. On the other hand, the isolated NO acceptor defects are almost impossible to dissociate from the 

lattice sites to form interstitial N atoms, because this process needs to overcome a very large barrier of 

5.51 eV [47]. Therefore, there should be other diffusion pathway for the out-diffusion of N-dopants. 

Actually, the present work has shown that a large number of newly generated VO defects appear when 

N-dopants diffuse outward at high temperature region, as shown in Fig. 2f. Whether there is a close 

relationship between the oxygen vacancies and the out-diffusion of N-dopants deserves further 

investigation. 

For this purpose, we first investigated the diffusion behavior of isolated VO defects in ZnO. As 

can be seen from Fig. 6a, there are two kinds of nonequivalent pathways for the migration of isolated VO 

defects by exchanging with its neighboring O atom: the diffusion path “B→A” is the first out of (0001) 

plane and the diffusion path “B→C” is the first in (0001) plane. The calculated energy barriers are 
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2.44 eV and 2.79 eV for the isolated VO via the first in (0001) plane and the first out of (0001) plane, 

respectively, as shown in Fig. 6b. The larger diffusion barriers indicate that the oxygen vacancies become 

mobile at a relatively high temperature [46]. Surprisingly, when NO is present near the VO, the calculated 

activation energy barriers for NO exchanging with VO are found to be only 0.97 eV and 1.59 eV via 

different diffusion paths, as shown in Fig. 6c. Obviously, in the presence of NO defects, VO is quite easy 

to exchange position with neighboring nitrogen, which allows the diffusion of internal NO defects via the 

neighboring vacancy. Experimentally, the O 1s XPS spectra (see Fig. 2f) confirmed that vacuum high-

temperature annealing brings about a large amount of oxygen vacancies near surface area that are 

expected to diffuse into film at a relatively high temperature, which provides a favorable condition for 

the out-diffusion of NO defects. 

Furthermore, taking the effect of the nearest neighboring InZn into account, we further 

investigated the activation energy barriers for NO exchanging with VO in In-N codoped ZnO films. Fig. 

S2(a-b) show the different diffusion path of N-dopants escaping from Indium under different 

configurations. -  sites represent the possible location of the VO defects. For convenience, the 

corresponding diffusion path are labeled 1, 2, 3 and 4, respectively. Obviously, the calculated diffusion 

energy barrier is between 1.71 eV and 1.99 eV [see Fig. S2(c)], which is slightly higher than that of the 

absence of Indium. The corresponding thermal activation temperature is in the range of 656 to 764 K. 

The calculation results show that Indium can stabilize the nitrogen acceptors in ZnO to a certain extent, 

if the In-N bond is formed, similar to the results reported by Wang et al. [48]. Even so, high temperature 

annealing (TA > 600 °C) will still cause the dissociation of In-N bond. Based on the above discussion, 

we believe that the generated oxygen vacancies continuously exchange with internal NO defects in the 

film, and then the NO defects will continuously diffuse out via oxygen vacancy-assisted diffusion 
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mechanism at high temperature annealing region.  

Similarly, whether or not (N2)O donors can also diffuse directly through a vacancy-assisted process, 

thus causing the disappearance of (N2)O donors at high temperature. For this purpose, we investigated 

the diffusion behavior of (N2)O via VO-assisted diffusion mechanism, as shown in Fig. 7. However, such 

a high migration barrier of 2.98 eV does not support this diffusion behavior at the current annealing 

temperature. Additionally, we note that once VO is located near the (N2)O configuration, this configuration 

will easily dissociate back to two adjacent NO acceptors [see the reverse process in Fig. 5(a-b)]. Thus, if 

the (N2)O configuration encounters an oxygen vacancy, (N2)O will first dissociate into two adjacent NO 

acceptors. Then, these newly formed NO acceptors will continue to spread out through the vacancy-

assisted diffusion mechanism. Therefore, the vacancy-assisted diffusion mechanism dominates the out-

migration of N-dopants and facilitates the appearance of N-deficient local environment at elevated 

temperature region. 

 

5. Conclusion 

In summary, we have investigated the thermal evolution and migration behavior of N-dopants in heavily 

doped ZnO:In-N films at different annealing temperatures combining experimental research and 

theoretical calculations. It is found that nitrogen dopants do not have good thermal stability. At a low 

temperature region (TA≤600 °C), the interaction between NO acceptor and split-Ni not only forms 

compensatory (N2)O donor defects but also reduces NO acceptors. However, at a high temperature region 

(TA>600 °C), lots of VO concentration near the surface began to appear. As a result, nitrogen dopants will 

experience serious out-diffusion via oxygen vacancy assisted diffusion mechanism, leading to the 

destruction of (N2)O donors and the appearance of N-deficient local environment. Therefore, improving 
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thermal stability of N dopants should be a non-negligible aspect for achieving stable and high quality p-

type ZnO semiconductors. 
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Figure Caption: 

Figure 1. XRD patterns of as-implanted and post-annealed ZnO:In-N films. 

Figure 2. (a-e) The O 1s XPS spectra of as-implanted and post-annealed ZnO:In-N samples; (f) the 

calculated ratio of integral areas (OII/OI) as a function of annealing temperature (TA). 

Figure 3. (a-e) The high-resolution N 1s XPS spectra of as-implanted and post-annealed ZnO:In-N films; 

(f) the integral area versus annealing temperature (TA).  

Figure 4. SIMS profile of nitrogen dopants in ZnO:In-N film annealed at different temperatures.  

Figure 5. Interaction between two adjacent NO acceptors through different paths: (a) the first out of 

(0001) plane and (b) the first in (0001) plane. (c) Interactions between NO acceptor and split-Ni. The inset 

shows initial and final configurations. Gray spheres, red spheres and blue spheres represent Zn, O and N 

atoms, respectively.  

Figure 6. (a) Different diffusion paths in the ZnO wurtzite structure; (b) calculated diffusion energy 

barrier for the isolated VO; and (c) calculated diffusion energy barrier for the neutral charge state of NO 

via VO-assisted diffusion mechanism. The diffusion path “B→A” is the first out of (0001) plane and the 

diffusion path “B→C” is the first in (0001) plane. Gray spheres are Zn atoms and red spheres represent 

the oxygen sites. 

Figure 7. Calculated diffusion energy barrier for the (N2)O via VO-assisted diffusion mechanism. Gray 

spheres, red spheres and blue spheres are Zn, O and N atoms, respectively. 
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Fig. 4. 
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Fig. 7. 
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Schematic diagram of the thermal evolution and migration of N dopants in ZnO:In-N fims at different 

post-annealing temperature. 

 

 

 

 

 

Highlights 

1  The evolution of N local environment strongly depends on the annealing temperature. 

 

2  Low-temperature annealing leads to the formation of additional (N2)O donors. 

 

3  High-temperature annealing induces the generation of near surface oxygen vacancies. 

 

4  High-temperature annealing causes the serious out-diffusion of N dopants. 

 

5  The out-diffusion of N-dopants via vacancy-assisted mechanism is proposed. 
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