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Abstract 

A controlled manipulation of defects in zinc oxide (ZnO) and the understanding of their 

electronic structure can be a key issue towards the fabrication of p-type ZnO. Zn vacancy 

(VZn), Zn interstitials (IZn) and O vacancy (VO) are mainly native point defects determining 

the optoelectronic properties of ZnO. The electronic structure of these defects still remains 

controversial. Here, we experimentally demonstrate that the green emission in ZnO comes 

from VZn-related deep acceptor and VZn-VO clusters, which is accompanied by the radiative 

transition between the triplet and the ground singlet state with the excited singlet state located 

above the CB minimum. Moreover, the IZn is identified to be a shallow donor in ZnO, being 

mainly responsible for the n-type conductivity of non-intentionally doped ZnO.  
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1. Introduction  

Native point defects are the Achilles heel of ZnO. Most of them are donors being responsible 

for the n-type conductivity of ZnO even without intentional doping. It is well-known that 

annealing of ZnO in O-poor conditions leads to n-type layer formation while annealing in an 

O-rich atmosphere significantly reduces the electron concentration, and p-type conductivity is 

even observed under certain conditions [1-3]. The thermal treatment of ZnO in an O-poor 

ambient leads to the formation of Zn-interstitials (IZn) and O-vacancies (VO). IZn
+
 (single 

charged), IZn
++

 (doubly charged) and IZn
*
 (neutral) are shallow donors with an energy level 

located between 30 and 220 meV below the bottom of the conduction band (CB) [4, 5]. 

Similar to IZn, VO exists in neutral (VO
*
), single (VO

+
) and doubly charged states (VO

++
). 

According to theoretical models VO is a deep donor with energy levels located at about 1 eV, 

1.6 eV and 2.4 eV below the CB minimum, respectively [4]. Alternatively, annealing in an O2 

ambient promotes the formation of O-interstitials (IO) and Zn-vacancies (VZn) which are deep 

acceptors [6]. Moreover, an O2 ambient can oxidize the IZn centers and passivates the VO 

defects [6]. The exact position of the energy level of IO is controversial. IO is a deep acceptor 

which can accept two electrons and has energy levels at 0.5 eV and 1.4 eV above the valence 

band (VB) maximum [7, 8]. Therefore, IO itself should not participate in the p-type 

conductivity of ZnO at room temperature but can efficiently neutralize n-type defects like IZn 

and VO [9].  

The p-type conduction of ZnO annealed under O-rich condition can be explained by the 

formation of defect complexes where IO is involved. In general, the origin of the p- and n-type 

conductivity in undoped ZnO still remains under discussion. Also, the electronic structure of 

defects is not yet fully understood. Fink has found, by ab-initio cluster calculations on the 

electronic structure of oxygen vacancies in ZnO, that if VO is similar to F
+
-like centers the 

first excited state should be located above the CB minimum [10]. A similar conclusion has 
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been reported by Sokol et al. [4]. Much earlier, Wei proposed that the emission observed from 

the F
+
-like center is due to intra-defect transitions. [11]. Theoretically, the F

+
-like center 

should exhibit a singlet to triplet transition but due to the fact that the first singlet level is 

deeply located at 1.36 eV above the CB minimum, such transitions have never been observed 

experimentally [4]. Fortunately, most of the point defects in ZnO are optically active and can 

be identified by standard photoluminescence (PL) and photoluminescence excitation (PLE) 

experiments. There is a general agreement that the blue-violet emission is likely originated 

from IZn while the green emission involves a radiative recombination between an electron at 

VO and a hole from the VB or the radiative recombination of an electron from the CB and a 

hole at VZn [12]. Leiter et al. have proposed the singlet-to-triplet state model for VO defects 

where the green luminescence (GL) involves the photoexcitation of the VO center from the 

first excited singlet to the first excited triplet state and its radiative recombination to the 

ground triplet state [13]. A similar explanation for the GL was proposed by Kodama and 

Uchino, but VO has to be considered as a very deep donor [14]. In fact, the energy level of 

VO
++

 is about 2.4 eV below the CB and can fit to the model proposed by Kodama and Uchino. 

Moreover, they have also shown that the n-type conductivity in ZnO is caused by IZn and H-

related centers. The role of defects and its interplay between the near-band gap emission 

(NBE) and the green luminescence as well as the scintillations between them have been 

studied in Ref. 6 using oxygen and hydrogen passivation. 

In general, the formation energy for a certain defect type in ZnO depends on the relative 

position of the Fermi level [4]. During conventional annealing like rapid thermal annealing or 

furnace annealing, independently of the atmosphere, the Fermi level position continuously 

moves towards either the CB minimum or the VB maximum due to the concentration changes 

of either the donor- or acceptor-like defects, respectively. This continuously changes the 

defect formation energy during thermal treatment. Therefore, the control of defects during 

conventional annealing is challenging. In contrast, sub-second non-equilibrium thermal 
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processing offers a new alternative to control the defects in ZnO irrespective of the position of 

the Fermi level. Millisecond-range flash-lamp annealing (FLA) is one of the most promising 

annealing techniques for this purpose. It has been shown that the dopant and defect 

distribution in different crystalline solids can be well controlled by using this approach [15].  

 In this paper, we investigate the influence of the annealing atmosphere on the optical 

and electrical properties of ZnO films crystallized by sub-second non-equilibrium thermal 

processing. Applying millisecond range FLA and O-poor or O-rich atmosphere we have 

precise control on the concentration and the type of defects created in the annealed film, e.g. 

IZn which is difficult to control using standard equilibrium processing. The combination of 

optical, structural and electrical measurements allows us to clearly identify the role of certain 

defects in ZnO. Using temperature-dependent photoluminescence (TDPL) and PLE emission 

we experimentally confirm that the electronic structure of VZn in ZnO is that of a F
+
-like 

center. We demonstrate that the green emission in ZnO is due to the photon absorption of the 

singlet state located above the CB minimum and the radiative triplet to singlet transition. Both 

VZn and VZn-VO open volume defects are involved in the green emission. The n-type 

conductivity in ZnO is due to IZn which is a shallow donor. The origin of defects in ZnO is 

also investigated using positron annihilation spectroscopy (PAS). A phenomenological model 

of PL excitation and emission is presented.  

2. Experimental section 

ZnO layers were deposited on Si wafers using oxygen plasma-assisted reactive pulsed laser 

deposition (PLD). Prior to the ZnO deposition, the Si wafer was oxidized to form a 100 nm 

thick SiO2 layer in order to avoid the influence of the Si substrate on the electrical 

measurements. A high-purity (99.999%) metallic zinc target was pulsed laser ablated in an 

oxygen plasma ignited by electron cyclotron resonance microwave discharge. The deposition 

temperature did not exceed 80 
o
C. A detailed description of the experimental equipment and 
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the deposition procedure has been reported in Refs. 16 and 17. The nominal thickness of the 

ZnO layers was about 150 nm. FLA in the millisecond range was applied in order to improve 

the crystallinity of the ZnO layers. Annealing was performed for 20 ms at a continuous flow 

of either N2 or O2 (99.999 purity). The energy density deposited onto the sample surface 

during the FLA process was in the range of 65 to 100 Jcm
-2

. This corresponds to a surface 

temperature in the range of 700 to 1000 
o
C. Recently, the unique features of FLA were 

successfully utilized to control the dopant distribution in different semiconductors e.g. 

hyperdoped Si and ultra-doped Ge [18-20]. Further details about the FLA system can be 

found in Ref. 21. 

Optical properties of the annealed samples were studied by TDPL and PLE. For the 

PL measurements, a He-Cd laser (325 nm, 20 mW power) and a Xe-lamp were used. The PL 

spectra were recorded using a monochromator (Jobin Yvon Triax 320) and a photomultiplier 

(Hamamatsu H7732-10). The PLE was performed using a Xe lamp for excitation. A closed-

cycle Helium gas cooling system was used to perform the TDPL measurements in the 

temperature range of 10-300 K. The recrystallization of ZnO during the FLA process was 

confirmed by micro-Raman spectroscopy. The phonon spectra were determined by Raman 

spectroscopy in backscattering geometry in the range of 100 to 2500 cm
-1

 using a 325 nm He-

Cd laser with a liquid-nitrogen cooled charge coupled device camera. Prior to the annealing, 

some samples were covered with an Al2O3 layer of 7 nm deposited by atomic layer deposition 

system at 150 
o
C in order to investigate the influence of the annealing temperature on the 

optical properties of the ZnO films. The influence of annealing conditions on the formation of 

open volume defects like VZn was determined by PAS using a mono-energetic positron beam 

accelerated in the energy range of 0.03-35keV. The annihilation gamma ray energy spectra 

were collected using Ge detector with an energy resolution of (1.09 ± 0.01) keV for the 511 

keV line. Experimental details related to PAS are given in Refs. 22 and 23.  
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The conductivity type and carrier concentration of the annealed samples were 

determined by Hall Effect measurements using a commercial Lakeshore Hall System with van 

der Pauw geometry. Samples were measured in the temperature range of 5-300 K with a 

superconducting magnet. Gold electrodes were sputtered onto the four corners of the square-

like samples. Silver glue was used to contact the wires to the gold electrodes. All contacts 

were confirmed to be ohmic by measuring current-voltage curves at different temperatures.  

3. Results and discussion 

3.a. Structural properties  

Structural properties of the fabricated ZnO were investigated by resonant Raman and positron 

annihilation spectroscopies. Figure 1 shows resonant Raman spectra obtained from an as-

deposited sample and samples annealed in O2 or N2 atmosphere. The peak position of the 

active phonon mode depends on the crystallinity, scattering geometry and composition of the 

investigated material. Optically active phonon modes in ZnO are longitudinal optical (LO) 

E2
high

 (located at about 470 cm
-1

), E1 (583 cm
-1

) and A1 (574 cm
-1

) phonon modes [17]. The E1 

and A1 can only be observed together in randomly oriented polycrystalline ZnO. The 

appearing, of both the E1 and the A1 phonon modes depends on the orientation of the ZnO 

unit cell relative to the polarization of the incident laser beam in the backscattering geometry. 

The A1(LO) phonon mode can be observed for a polarization field parallel to the c-axis of 

ZnO, while the E1(LO) phonon mode is detectable when the polarization field is 

perpendicular to the c-axis. In our case the as-grown ZnO shows the A1 (LO) phonon mode 

centered at 582 cm
-1

 and its overtones are located at 1164, and 1750 cm
-1

. After annealing the 

A1 (LO) phonon mode shifts to 570 cm
-1

 and its overtones are at 1142 and 1726 cm
-1

. In 

annealed samples the 3
th

 order of the A1 phonon mode overtone is already overlapped by the 

photoluminescence signal emitted by the ZnO film excited by the UV laser. Simultaneously, 

the full width at half maximum (FWHM) of the A1 mode decreases from 26.3 cm
-1

 in the as-
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deposited sample to 21.2 and 20.6 cm
-1

 after annealing in N2 and O2, respectively. This 

confirms the improvement of the ZnO crystallinity during ms-range FLA. 

 

Figure 1. Resonant Raman spectra obtained from as-deposited and FLA treated ZnO for 20 

ms in N2 or O2 atmosphere.  

In order to clarify what kind of defects exist in ZnO after non-equilibrium ms-range FLA, 

Doppler broadening (DB)-PAS was performed (see Fig. 2). In general, DB-PAS can be used 

to determine defect transformations after different annealing conditions. PAS is most sensitive 

in detecting negatively charged and neutral open-volume defects where positrons can 

annihilate. In the case of ZnO the most common defects detected by PAS are VZn and their 

clusters. VZn in ZnO can be neutral or negatively charged (-1 or -2 state) [4]. Therefore, they 

can be effectively detected by PAS [23-25]. VO in ZnO is a positively charged donor, and 

does not interact with positrons at room temperature. Fig. 2a shows the energy profile of the S 

parameter extracted from Doppler broadening spectra for the as-deposited sample and flash-

lamp annealed ones in either N2 or O2 atmosphere for 20 ms at 80 Jcm
-2

. The line shape of 
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parameter S depends on the Doppler broadening of the 511 keV annihilation line. The value 

of S is defined by the ratio of counts in the central region of the annihilation gamma peak to 

the total number of counts in the peak which is why the S-parameter characterizes the positron 

annihilation with low momentum electrons. In the case of good quality single crystalline 

material the S parameter is equal to 0.5 and it increases with increasing size of open volume 

defects e.g. by cluster formation [26]. The W parameter (“wing” or core annihilation 

parameter) is taken in the high-momentum region far from the center. The W parameter 

mainly describes the chemical environment of the investigated defect. The linear relationship 

between the S and W parameter indicates that only one type of defect exists in the 

investigated sample which traps positrons. In general, the detected positron energy can be 

recalculated from the depth profile using Makhov profiling [27]. The first 12-15 nm 

correspond to an annihilation energy below 1 keV, which basically represents positrons 

annihilating at the sample surface. The positron energy between 1 and 2 keV describes 

positrons anihilating at the depth up to 40-50 nm, thus in the bulk ZnO film. Positrons 

annihilating in a depth of more than 50 nm and approaching the SiO2/ZnO interface (about 

150 nm) are detected with a positron energy of about 3-4 keV. At first, independent of the 

treatment, the S parameter decreases with increasing positron energy due to a superposition of 

annihilation events at the sample surface and an enhancement of positron annihilation at 

defects in the nearest surface region. A small decrease of the S-parameter in the energy range 

up to 2 keV suggests a low positron diffusion length (L+<20nm), thus relatively large defect 

concentration. After reaching the plateau at about 2 keV (about 40-50 nm from the surface) 

the S parameter starts to increase due to positrons attracted by the SiO2 layer. The SiO2 layer 

and the Si beneath are not within the scope of this paper. In order to have more information 

about the defect types in as-deposited and annealed samples the S-W plot was created. The 

linear behavior of a S-W plot implies a single type of open-volume defect as long as the 

measurement points lie on a line with measurements taken from reference sample, for 
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example, bulk ZnO [28]. In ZnO the annihilation centers are mainly related with VZn [28]. 

This is especially true for the as-grown film and a sample flashed in O2 atmosphere, whereas 

N2 annealing shows slightly shifted points at the positron energy range of 1.8-2.3 keV which 

corresponds to the bulk ZnO film. The former align with points from the deeper part of the 

samples, closer to the SiO2 interface and possibly represents larger VZn-O complexes (neutral 

or positively charged) [29, 30]. Whereby, the latter comes to the same level for larger positron 

energy.  

  

Figure 2. Calculated annihilation line parameter S as a function of positron energy E (a) and 

S-W plot showing different defect states as E-labels (b). Measurements were performed on as-

deposited sample and samples annealed in oxygen or nitrogen atmosphere for 20 ms.  

 

In our case the ZnO deposition was performed at room temperature. Therefore, the starting 

material is strongly disordered and annihilation of positrons takes place close to the 

implantation depth due to the low L+. Trapping at the grain boundaries is the most probable 

origin of positron annihilation in ZnO. The S-W plot on Fig. 2b indicates that the annihilation 

centers are of VZn origin because of the linear relation with the ZnO bulk reference and in turn 

due to the fact that oxygen vacancies are not detectable with positrons (positive charge). After 

annealing in N2 atmosphere, the S parameter decreases at first indicating an improvement of 
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the ZnO crystallinity close to the surface region and surface roughness. Later S increases 

which suggests an increase of the VZn concentration, and possibly the creation of VZn-O 

complexes (measurement points for E>2 keV lay off the line with ZnO-bulk). Most probably 

an increase of the VZn concentration is also accompanied by the formation of VO being typical 

for ZnO films annealed in O-poor condition [27]. Thus, in the surface region VZn dominates, 

which turn into VZn-O complexes within the ZnO-film. Annealing in O2 reduces the 

concentration of open volume defects within the first 50 nm (up to E=2 keV): not only VO, 

which is expected, but also VZn and their complexes. Taking into account, the diffusion 

coefficient for O or N in ZnO at a temperature of about 1000 
o
C, 50 nm is the maximum 

thickness which can be modified by the annealing gases during a 20 ms FLA pulse. Moe 

Børseth et al. have investigated the influence of different annealing techniques on the defect 

formation in Li
+
 implanted bulk ZnO [28]. They have shown that after FLA for 20 ms in air, 

most of the open volume defects are VZn clusters decorated by VO. However, a pre-heating at 

500 
o
C for 5 min was performed prior to FLA. The doped layer was about 2 m thick which 

means that the annealing atmosphere did not play any significant role. Moreover, the pre-

heating increases significantly the cooling time of the FLA sample which makes this process 

more similar to conventional rapid thermal annealing. In our case the ZnO film with a 

thickness of about 150 nm was heated up to 1000 
o
C within 10 ms while the total time for the 

sample at temperatures above 200 
o
C was shorter than 100 ms. Therefore, using ZnO thin 

films and FLA only, we can determine the influence of O-poor and O-rich conditions on the 

defect formation during strongly non-equilibrium thermal processing. The fact that after FLA 

the S-W plot shows linear behavior in the surface region independently of the annealing 

atmosphere implies that the concentration of VZn and VO can be fully controlled. PAS results 

indicate that the annealing in N2 ambient promotes the formation of the open volume VZn-VO 

complex.  

3.b. Optical properties of ZnO 
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Recently, Liu et al. have investigated the self-diffusion process of VO in ZnO during 

conventional annealing [31]. Therein, it has been shown that O diffuses in ZnO via VO and 

oxygen vacancies are mainly in the +2 charge state being shallow donors responsible for n-

type conductivity of non-intentionally doped ZnO. On the contrary, most of the theoretical 

calculations show that VO
++

 behaves as a deep donor. On the other hand, IZn is a shallow 

donor but it is difficult to achieve and stabilize IZn in ZnO. To verify the type and the role of 

defects formed during non-equilibrium ms-range FLA optical and electrical investigations 

were performed.  
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Figure 3. TDPL after FLA for 20 ms at 80 Jcm
-2

. (a) prior to the annealing, the sample was 

covered by 7-nm-thick Al2O3 and the annealing was performed in N2, (b) and (c) show TDPL 

spectra after annealing in O2 and N2 without capping layer, respectively. (d) shows the 



12 
 

schematic representation of the main radiative recombination mechanisms in FLA treated 

ZnO. The insets show the magnified visible part of the TDPL spectra.  

Figure 3 shows the TDPL spectra obtained from the sample annealed with the Al2O3 capping 

layer (a) and samples annealed in O2 and N2 atmosphere without capping layer (b and c). In 

the case of the capped sample, the influence of the annealing atmosphere on the electrical and 

optical properties is expected to be negligible. Therefore, this sample can be used to 

investigate the impact of the non-equilibrium millisecond range FLA on the recrystallization 

mechanism and defect formation in ZnO. The sample annealed with the capping layer is n-

type with an average carrier concentration in the order of 10
17

 cm
-3

. The n-type conductivity is 

mainly due to native defects or unintentional contaminations, e.g. from the capping layer. The 

PL spectrum collected at 15 K shows strong near band-edge (NBE) emission peaking at 370 

nm (3.34 eV) with a shoulder at 390 nm (3.17 eV) which is likely related to a neutral donor-

bound exciton (D
0
X), a free exciton (FX) and/or a donor-to-acceptor pair (DAP) (see Fig. 3a) 

[32, 33]. This peak shifts towards higher energy with decreasing the measurement 

temperature from 300 K to 15 K, and in turn the PL intensity gradually increases as the 

temperature decreases. Such a phenomenon is expected if excitons are involved in the 

luminescence process. After Gaussian deconvolution of the NBE emission and plotting the 

integrated PL intensity as a function of reciprocal temperature we have calculated the 

activation energy Ea according to the formula: 

𝐼(𝑇) =
𝐼0

1+𝐴𝑒−
𝐸𝑎

𝑘𝑇⁄
,   (1) 

where I(T) is the luminescence intensity at a given temperature Т, I0 is the initial intensity at 

15 K, Ea is the activation energy, and A is a constant. The Ea obtained for 370 nm (3.34 eV) 

and 390 nm (3.17 eV) emissions are 62 meV and 72 meV, respectively.  
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The first value is in well agreement with the free exciton binding energy of ZnO (∼60 meV). 

This indicates that the 370 nm (3.34eV) emission band is originated from FX, while the 390 

nm (3.17 eV) emission peak comes from the D
0
X transition [34]. Besides the UV part of the 

spectra the capped ZnO layer exhibits weak GL centered at about 520 nm (2.37 eV). This 

green emission is about 50 times weaker compared to the FX emission. To this day, there is a 

strong discussion in the community about the origin of the green emission in unintentionally 

doped ZnO. The green emission from ZnO is usually explained in terms of radiative 

recombination where VO [35, 36] or VZn [37] are involved, as well as DAP, surface state 

defects and contaminations [35]. The interpretation of the visible part of the PL spectrum 

strongly depends on the fabrication method [38]. The annealing in O-poor conditions 

promotes the formation of IZn and VO, while annealing in oxygen atmosphere favors the 

creation of IO and VZn. Moreover, the green emission is often attributed to surface defects [39, 

40] or transition metals like Cu [3]. For the case of the sample capped with Al2O3, O-poor 

conditions instead of O-rich ones must be considered. Simultaneously, the decomposition of 

ZnO and the out-diffusion of oxygen during annealing are limited by the capping layer. 

Additionally, the capping layer passivates surface state defects. If we take into account the 

position of the energy level of different defects in ZnO, the VZn and VO seem to be the best 

candidates for the green emission. It was shown that VZn is a deep acceptor with an energy 

level located at about 0.8 eV above the VB maximum [38]. In contrast to VZn, the neutral VO 

is a deep donor with an energy level about 0.9 eV below the CB minimum [41]. The GL in 

Al2O3 capped layer can originate from radiative recombination between: (i) either electrons in 

the CB or trapped by shallow donors and holes trapped by VZn or (ii) electrons trapped by VO 

and holes in the VB. The red shift of the peak position with decreasing temperature suggests 

that holes from the VB and electrons from the CB are not directly involved in this emission 

(see inset in Fig. 3b). Thus, the most plausible explanation is that the GL originates from 

DAP, e.g. from a radiative recombination between electrons captured by shallow donors like 
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IZn and holes trapped at deep acceptor like VZn [5]. The TDPL spectra obtained from samples 

annealed without capping layer but at different annealing atmospheres significantly differ 

from each other (see Fig. 3b and 3c). During conventional annealing in O-rich atmosphere 

oxygen partially diffuses into ZnO and forms IO defects. Moreover, the formation of VZn and 

the oxidation of VO and IZn defects are also possible. The oxidation of shallow donors like IZn 

is proven by i) in contrast to Fig. 3c the absence of the low-temperature blue emission in the 

PL spectrum in Fig. 3b, and ii) the highly resistive nature of our samples. The room 

temperature carrier concentration calculated from Hall Effect data is below 10
14

 cm
-3

. The 

sheet resistance measured at room temperature is in the range of several MΩ/sqr and increases 

up to 100 MΩ/sqr at 100 K. The position of the NBE peak coincides with the one coming 

from the sample annealed with capping layer, but the satellite PL emission at 390 nm (3.17 

eV) originating from the D
0
X is significantly quenched. The GL at RT is red-shifted by 15 nm 

compared to the sample annealed with capping layer and exhibits a much smaller red shift 

with decreasing temperature (see inset in Fig. 3b). The direct interpretation of PL spectra is 

always controversial since the electronic structure and the nature of defects strongly depend 

on the fabrication conditions of the ZnO films. Most probably, the GL observed here arises 

from a radiative recombination between electrons in the CB and holes captured by VZn.  

Figure 3c shows the TDPL spectra obtained from samples annealed in nitrogen atmosphere 

where the formation of VO and IZn is promoted. Therefore, after annealing in N2 a highly 

conductive n-type layer is expected. In fact, samples annealed in N2 show n-type behavior 

with an average carrier concentration above 2×10
19

 cm
-3

. At RT the PL spectrum shows NBE 

emission at 375 nm (3.30 eV) and defect-related luminescence at 515 nm (2.40 eV). The GL 

observed from samples annealed in N2 without capping layer can be assigned to the radiative 

recombination between electrons captured by VO and holes in the VB. VO is the most 

common defect in ZnO and has the lowest formation energy for annealing in O-poor 

conditions [38]. On the other hand, VZn can also be responsible for the GL. PAS data obtained 
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from sample annealed in N2 indicates the existence of complex open volume defects like VZn-

VO and/or small (VZn)x clusters (x<3). The presence of VZn in samples annealed in N2 is 

possible because the formation energy of acceptor-type defects decreases with increasing 

Fermi level [38] and VZn is usually identified as a compensation center in n-type ZnO, which 

has often been detected by PAS [42]. Therefore, VZn are likely involved in the GL in samples 

annealed in N2, and the model proposed by Kodama and Uchino can also be adapted for VZn 

[13]. More information about the excitation and emission from different defects can be 

extracted from PLE data (see section 3d). Taking into account equilibrium conditions for the 

sample processing, the types of defects present in ZnO are determined by formation energy 

and annealing atmosphere. However, the use of strongly non-equilibrium thermal processing 

for the crystallization of ZnO films has been considered here. In such a case the theoretical 

models cannot predict the formation energy for certain types of defects and the existence of 

IZn cannot be excluded.  

At low temperature, the samples annealed in N2 exhibit double blue peaks centered at 415 nm 

(2.98 eV) and 430 nm (2.87 eV). Most probably, the blue luminescence arises from the 

radiative recombination between electrons from shallow donors (IZn) or defect complex and 

holes in the VB. Although the formation energy of IZn is high, the existence of IZn in the 

sample annealed by FLA cannot be excluded. According to Sokol et al. the energy level of IZn 

is located about 220 meV below the CB which can explain the origin of the 430 nm (2.87 eV) 

emission but not that of the 415 nm (2.98 eV)band [4]. The energy level for a Zn-sublattice 

defect in ZnO was also estimated to be between 30 and 100 meV below the CB [43, 44] 

which would help to explain the origin of the second blue peak at 415 nm (2.98 eV). 

However, the IZn defects can be stabilized in ZnO in the form of complex defects e.g. with N 

on an O site (NO) due to the low migration energy barrier of 0.55 eV. Look et al proposed that 

the main shallow donor in ZnO annealed in N2 atmosphere is the IZn–NO complex defect with 

an energy level located smaller than 100 meV below CB minimum [45]. Such a defect 
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complex can exist in our samples annealed in N2 atmosphere and can be responsible for the 

415 nm (2.98 eV) emission. The main radiative transitions observed in the PL spectra are 

shown in Fig. 3d. 

 

3.c. Electrical properties of FLA treated ZnO 

In order to shed light on the influence of the annealing parameters on the defect formation and 

electrical properties of the fabricated films, we have analyzed the kinetics of the temperature 

quenching of the PL emission together with the change of the electrical properties of ZnO as a 

function of temperature. Figure 4 shows the change of the integrated PL emission observed 

from IZn and VZn (a), isolated VZn (b) and the change of the sheet resistance as a function of 

the reciprocal temperature (open triangles). The PL spectra at different temperatures were 

deconvoluted to single peaks using Gaussian functions in order to deduce the activation 

energy associated with the different luminescent centers. The integrated PL intensity was 

plotted as a function of the reciprocal temperature and fitted using an Arrhenius plot given by 

formula (1). The activation energy calculated for the blue emission from ZnO films annealed 

in N2 was found to be about 105 meV. The quenching kinetics of the IZn related emissions as a 

function of temperature follows the change of the sheet resistance. This also suggests that the 

IZn related defect complex is responsible for the n-type conductivity in ZnO and the most 

probably for the 415 nm (2.98 eV) emission. The observed green emission only slightly 

depends on the measurement temperature (in contrast to samples annealed with capping 

layer). The ionization energy extracted from the TDPL emission of VZn centers leads us to 

infer that the VZn is a deep acceptor and thus does not participate in the conduction 

mechanism of ZnO at room temperature. ZnO samples annealed in O2 atmosphere show 

highly resistive behavior and the low temperature PL spectra only exhibit NBE and green 

emission (see Fig. 3b). Taking into account, the formation enthalpies of intrinsic point defects 
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in ZnO annealed in O-rich atmosphere the most energetically favorable process is the 

generation of VZn [4]. 

   

Figure 4. Integrated PL intensity and sheet resistance as a function of temperature measured 

for ZnO films annealed in N2 ambient (a) and in O2 ambient (b). The dashed lines are 

obtained by fitting the experimental data with an Arrhenius plot using formula (1).  

In particular, VZn is a deep acceptor and has a minimum formation enthalpy when the Fermi 

level is located in the upper half of the band gap. Such conditions are fulfilled at the initial 

stage of the FLA process, and the existence of VZn defects is confirmed by PAS. Oxygen 

diffusion into the ZnO and oxidation of IZn take place even during our millisecond range non-

equilibrium thermal processing. Therefore, the concentration of shallow donors decreases 

during annealing giving rise to the shift of the Fermi level towards the lower half of the band 

gap, where the lowest formation enthalpy is that for IO [4]. In our samples, however, high 

concentrations of IO are not expected since the annealing time is very short which 

significantly limits the amount of oxygen that can be accumulated in the ZnO film during ms-

range annealing. This allows us to conclude that the main source of acceptors is VZn. This 

reasoning is also supported by the ionization energy extrapolated from TDPL and Hall Effect 

measurements and by PAS investigation. The minimum ionization energy of the VZn level 

deduced from the Arrhenius plot of the integrated PL intensity was found to be 720 meV, 
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while the activation energy of carriers calculated from the sheet resistance data was found to 

be 810 meV.  

3.d. Phenomenological model of VZn 

Photoluminescence excitation spectroscopy was carried out to investigate the electronic 

structure of intrinsic defects in ZnO. Figure 5a shows the PLE spectra of the green emission 

obtained from samples annealed in N2 (open squares), O2 (open triangles) and from bulk ZnO 

(open circles). After conventional annealing (e.g. 5 min at 900 
o
C in dry air, not shown here) 

all PLE spectra obtained for the emission peaking at 520 nm (2.37 eV) look similar to those 

obtained from bulk single crystalline ZnO (see open circles in Fig. 5a). In such a case, using 

PLE spectroscopy, we can only estimate the near-band edge and conclude that the excitation 

of the green emission with photon energy below the band gap is not possible. However, the 

observed PLE spectra, however, from flashed samples differ significantly.  

  

Figure 5. PLE spectra obtained from bulk single crystalline ZnO (open circles) and ZnO thin 

films annealed at different ambient (a). (b) shows the schematic representation of the 

electronic band structure of single VZn and VZn-VO defects in ZnO, where the dashed line 

represents the energy level of shallow donors. Annealing was performed for 20 ms at a flash 

lamp energy density of 80 Jcm
-2

. 
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Particularly, a well-defined peak at around 300 nm (4.12 eV) was recorded, which is opposite 

to the expected monotonic increase of the PLE intensity when the excitation energy 

approaches the energy of the band gap edge. Similar to the PL spectra the peak position 

depends on the annealing conditions. After annealing in N2, the PLE peak for the green 

emission is located at 300 nm (4.12 eV) and red-shifted by 15 nm after annealing in O2. The 

same shift was observed for the green emission in the PL spectra after changing the annealing 

conditions but the NBE peak position is the same for both samples. Moreover, PL spectra 

from samples annealed at different conditions using different excitation wavelengths between 

240 nm (5.15 eV) and 370 nm (3.34 eV) were recorded. The PL peak position of the green 

emission was found to be independent of the excitation wavelengths (not shown here). This 

indeed proves that the first excited singlet level of the single-VZn and the VZn-VO complex is 

located at around 0.7 eV and 0.83 eV above the CB minimum, respectively. The schematic 

representation of excitation and radiative transitions in ZnO containing either single-VZn or 

VZn-VO complex defects after annealing in either O2 or N2, respectively, are shown in Fig. 5b. 

The NBE emission is not illustrated there. The direct observation of the electronic structure of 

excited VZn and VZn-VO complex centers is possible because the millisecond range annealing 

allows us to control the type and the concentration of defects which is very challenging during 

conventional annealing processes.  

4. Conclusions 

We have experimentally verified the electronic structure of VZn in ZnO to be a F
+
-like center. 

The first excited singlet level of VZn is located at about 0.7 eV above the CB minimum and 

VZn has been identified to be a deep acceptor in ZnO. The n-type conductivity in 

nonintentionally doped ZnO is ascribed to Izn which is a shallow donor. The precise control of 

native defects in ZnO via millisecond range non-equilibrium thermal processing has allowed 
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us to significantly tune the conductivity of pristine ZnO samples from highly n-type to semi-

insulating. The obtained results might be adapted to different oxides relevant for the industry 

like ITO, TiO2, AZO. 
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