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A B S T R A C T

Zinc oxide (ZnO) is a wide-bandgap semiconductor with excellent optical and electrical properties, making it a 
promising material for a wide range of applications in optoelectronics and sensors. The properties of ZnO can be 
easily modified through doping and defect engineering, which determines its long-term stability and ultimate 
application. One of the most well-known dopants for ZnO is aluminum (Al), which is used to produce the 
transparent conductive oxide AZO. In this study, using positron annihilation spectroscopy (PAS) and photo
luminescence (PL), we demonstrate defect engineering in AZO through millisecond flash-lamp annealing. We 
show that the nature of the defects strongly depends on the Al-concentration. The highest electrical conductivity 
of AZO is obtained at an Al:Zn layer ratio of 1:20, i.e., 2.64 at. % Al. Samples with higher Al content are more 
resistant to annealing and contain more defects. PAS results reveal the presence of zinc vacancies (VZn) and 
zinc–oxygen vacancy complexes (VZn+O) in the delta-AZO thin films, and although the PAS and PL results are 
generally consistent, slight differences suggest the possible existence of non-optically active defects that are not 
revealed by the PL measurements. Additionally, an appropriate amount of aluminum doping contributes to 
improving the crystallinity of ZnO.

1. Introduction

Wide-bandgap semiconductors, i.e., with a bandgap typically larger 
than 2.3 eV, have gained considerable interest in recent years due to 
their exceptional electrical, optical, and thermal properties [1,2]. These 
materials are particularly attractive for high-performance applications 
in optoelectronics and power electronics, where conventional semi
conductors are no longer able to meet the increasing demands of 
high-frequency, high-temperature, and high-power devices. The large 
energy gap of these semiconductors offers advantages such as high 
breakdown voltage, low leakage current, and excellent thermal stability, 
making them ideal for use in devices such as high-power transistors, UV 
emitters, and transparent conductive films [3,4]. However, the synthesis 

and doping processes of wide bandgap materials present several tech
nical challenges, particularly in terms of high-quality crystal growth, 
precise defect control, and doping uniformity. These challenges can 
have a direct impact on the material’s electrical properties, stability, and 
overall suitability for practical applications. In particular, wide-bandgap 
semiconductors exhibit asymmetric doping properties due to their 
energetically high conduction band minimum (CBM) and energetically 
low valence band maximum (VBM) [5]. Achieving p-type doping is 
particularly challenging because acceptor levels are typically located 
energetically far from VBM, making hole activation difficult. Although 
wide bandgap materials show n-type conductivity due to intrinsic de
fects, achieving high electron concentration remains a challenge 
because acceptors, such as cation vacancies, compensate for the doping 
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effect of donor impurities.
Zinc oxide (ZnO), with a direct bandgap of approximately 3.37 eV at 

300 K, has attracted considerable interest due to its excellent optical and 
electrical properties, as well as its low fabrication costs. Thin ZnO films 
have promising applications in optoelectronics, sensors, transparent 
conductive electrodes, low-emissivity coatings, and catalysts [6–9]. 
Typically, ZnO films exhibit a background electron concentration in the 
range of 1015 to 1019 cm-3, which is due to defects such as zinc in
terstitials (Zni) and oxygen vacancies (VO). Doping ZnO with group-III 
elements like aluminum (Al) or gallium (Ga) can significantly increase 
the electron concentration, reaching values between 1020 and 1021 cm-3, 
thereby improving conductivity and making it a key candidate for use in 
transparent conductive layers and infrared reflectors [8,10].

Post-deposition thermal processing is a critical determinant of the 
electronic properties. Our prior study on delta-doped ZnO confirmed 
that flash-lamp annealing (FLA) successfully improved the electrical 
conductivity by efficiently activating dopants while suppressing un
wanted diffusion of the dopants [11]. In contrast, rapid thermal 
annealing (RTA) or furnace annealing causes Al diffusion, resulting in 
the formation of non-conductive aluminum oxide, thereby decreasing 
the conductivity of Al-doped ZnO films [11]. The key advantage of FLA 
compared to other conventional annealing techniques rely on: (i) defect 
engineering and dopant activation without dopant diffusion [12], (ii) 
the presence of a temperature gradient along the sample cross-section 
that allows annealing of thin films on temperature-sensitive substrates 
like ITO on polymer or glass [13], (iii) lower costs due to more efficient 
energy managing [14].

In our previous work, we fabricated Al-delta-doped ZnO thin films 
with improved electrical and optical properties using atomic layer 
deposition (ALD) and FLA [11]. By optimizing the annealing conditions 
as well as varying the thickness of undoped ZnO and the 
Al-concentration, we achieved carrier concentration as high as 2.7 ×
1021 cm-3, over 80 % transparency in the visible range, and excellent 
infrared reflectivity [11]. However, the electrical properties of thin ZnO 
layers are influenced by various factors related to their structure. Un
derstanding the process of defect formation during ultra-short annealing 
and the influence of sample preparation on the type of defects formed in 
the layer is critical for the performance of the fabricated layers.

In the current work, we used positron annihilation lifetime spec
troscopy (PALS) and Doppler-broadening variable-energy positron 
annihilation spectroscopy (DB-VEPAS) in combination with X-ray 
diffraction and photoluminescence spectroscopy to identify the type of 
defects and shed light on how defects can be controlled and utilized. 
PALS is a highly sensitive technique, ideal for analyzing open-volume 
defects in Al-delta-doped ZnO films such as single [15] and multiple 
zinc vacancies [16]. DB-VEPAS allows us to gain detailed information on 
the types and distributions of defects, which are crucial for under
standing the improved electrical properties of the layer [17,18]. 
Furthermore, PALS reveals the size of the positron traps, as the positron 
annihilation time increases with the defect size. Through the integrated 
analysis with these techniques, we were able to better understand the 
relationship between defects and the electrical performance of thin 
Al-delta-doped ZnO layers.

2. Experiments

2.1. Sample preparation

Thin ZnO and AZO layers were deposited on a Si-substrate at 200 ◦C 
using the atomic layer deposition (ALD). Details on sample preparation 
can be found in our previous work [11]. As shown in Table 1, each AZO 
thin film varies with an Al:Zn layer ratio of 1:40, 1:30, 1:25,1:20, 1:10, 
and 1:5 and has a thickness of approximately 100 nm and 
Al-concentrations of 0.24, 0.96, 1.27, 2.64, 5.32, and 12.5 at. %, 
accordingly. When assigning sample numbers to individual thin layers, 
we use different capital letters to distinguish between different Al 

contents in the ZnO layers. The layers were annealed independently by 
flash-lamp annealing in a nitrogen atmosphere for 23 ms at a flash en
ergy density of 66.4 J/cm2 or 109.7 J/cm2. The samples labeled with a 
capital letter and "0" correspond to layers without annealing, the sam
ples labeled with "1" were annealed at 66.4 J/cm2, and the samples 
labeled with “2” were annealed at 109.7 J/cm2. Note that due to its 
ultra-short heating and cooling time, FLA was also used to process AZO 
films grown on flexible polymer substrates [19].

The microstructural properties of the fabricated films were investi
gated by X-ray diffraction (XRD) and cross-sectional transmission elec
tron microscopy (TEM). An X-ray diffractometer (Rigaku SmartLab) 
with a Cu-Kα source and Bragg-Brentano geometry was used to inves
tigate the structural properties. The θ/2θ scans were performed for 
diffraction angles ranging from 20◦ to 60◦. Cross-sectional high-angle 
annular dark-field (HAADF) scanning transmission electron microscopy 
(STEM) was performed with an FEI Talos F200X microscope to see the 
microstructure of the ZnO and AZO thin layers deposited on Si wafers. 
The room-temperature PL measurements were used to determine the 
optical properties of the as-grown and annealed samples. The ZnO and 
AZO layers were optically excited by a Xe-lamp at the wavelengths of 
260 nm, and the signal was recorded with an iHR550 spectrometer and a 
photomultiplier, Hamamatsu H7732–10.

2.2. Doppler-Broadening variable-energy positron annihilation 
spectroscopy (DB-VEPAS)

Doppler-broadening variable-energy positron annihilation spectros
copy (DB-VEPAS) measurements were conducted at the apparatus for in- 
situ defect analysis (AIDA) [20] of the slow positron beamline 
(SPONSOR) [21]. Positrons were accelerated and mono-energetically 
implanted into the samples in the range between Ep = 0.05–7.5 keV. 
The various Ep allows for depth profiling. A mean positron implantation 
depth (〈z〉) was approximated using the material density (ρ) dependent 
formula [22]: 

〈z〉 =
36
ρ E1.62

p (1) 

〈z〉 is expressed in nm, ρ is given in g/cm3, and Ep is in keV, 
〈z〉 approximates the depth as it does not account for positron diffusion. 
When implanted into a solid, positrons lose their kinetic energy through 
thermalization, and after short diffusion, annihilate either at delocalized 
lattice sites (bulk annihilation) or within vacancy-like defects and in
terfaces. Upon annihilation with electrons, they typically emit two anti- 
collinear 511-keV gamma photons. Since thermalized positrons have 
minimal momentum compared to electrons at the annihilation site, a 
broadening of the 511-keV line is observed, primarily due to the 

Table 1 
Sample number, sample name, Al:Zn layer ratio, Al-concentration, and the post- 
growth treatment applied to the fabricated layers.

Sample 
No.

Sample name Al:Zn 
layer ratio

Al concentration 
(at. %)

Flash energy 
density (J/cm2)

A0 As-deposited 
ZnO

- 0 -

A1 Flashed ZnO - 0 66.4
A2 Flashed ZnO - 0 109.7
B1 Flashed AZO 1:40 0.24 66.4
C1 Flashed AZO 1:30 0.96 66.4
D1 Flashed AZO 1:25 1.27 66.4
E0 As-deposited 

AZO
1:20 2.64 -

E1 Flashed AZO 1:20 2.64 66.4
E2 Flashed AZO 1:20 2.64 109.7
F1 Flashed AZO 1:10 5.32 66.4
G0 As-deposited 

AZO
1:5 12.5 -

G1 Flashed AZO 1:5 12.5 66.4

G. Zhang et al.                                                                                                                                                                                                                                  Applied Surface Science Advances 31 (2026) 100916 

2 



momentum of the electrons. This broadening here is measured using 
high-purity Ge detectors, with an energy resolution of 1.09 ± 0.01 keV 
or 0.78 ± 0.02 keV at 511 keV for single-detector and double-detector 
configurations, respectively. The broadening is characterized by two 
distinct parameters, S and W, which correspond to the fraction of the 
annihilation line in the central (511 ± 0.93 keV) and outer (508.33 ±
0.49 keV and 513.67 ± 0.49 keV) regions, respectively. The S-parameter 
is a fraction of positrons annihilating with low momentum valence 
electrons and represents vacancy-type defects and their concentration. 
The W-parameter approximates the overlap of the positron wave
function with high-momentum core electrons. Plotting the calculated S 
as a function of positron implantation energy, S(Ep), provides depth- 
dependent information, whereas S-W plots are used to examine the 
atomic surroundings of the defect site and its size (type) [23].

Coincidence Doppler broadening (cDB) measurements of the anni
hilation peak , where both annihilation photons are recorded at the same 
time, is sensitive to atomic decoration of the defect site. Every chemical 
element has a unique shape of the cDB spectrum. The effective mo
mentum of an annihilating electron-positron pair consists mostly of the 
electron momentum. The measured Doppler shift in the energy of the 
annihilation photons yields the momentum distribution of electrons that 
have annihilated positrons. In addition, a huge advantage of that 
method is that the accidental events from the background are not 
recorded, which improves the signal-to-noise ratio. The difference in 
energies of the two annihilation photons is E1 - E2 = 2⋅ΔE = c⋅pL, where c 
is the speed of light and pL is the longitudinal component of the electron 
momentum in the direction of the emitted annihilation photon [24].

2.3. Variable-Energy positron annihilation lifetime spectroscopy (VE- 
PALS)

Variable-energy positron annihilation lifetime spectroscopy (VE- 
PALS) measurements in the implantation energy Ep range of 0.5 - 7.5 
keV were conducted at the Mono-energetic Positron Source (MePS) 
beamline, which is an end station of the radiation source ELBE (Electron 
Linac for beams with high Brilliance and low Emittance) at Helmholtz- 
Zentrum Dresden-Rossendorf (HZDR), Germany [17]. A CeBr3 scintil
lator detector coupled to a Hamamatsu R13089–100 photomultiplier 
(PMT) tube was utilized for gamma quanta acquisition, and the signals 
were processed by the SPDevices ADQ14DC-2X digitizer (14 bits vertical 
resolution and 2GS/s horizontal resolution) [25]. The overall time res
olution of the measurement system is ≈0.250 ns, and all spectra con
tained at least 1 × 107 counts. A typical lifetime spectrum N(t), the 
absolute value of the time derivative of the positron decay spectrum, is 
described by 

N(t) = R(t) ∗
∑k+1

i=1

Ii

τi
e
− t
τi + Background (2) 

where k is the number of different defect types contributing to the 
positron trapping, which are related to k + 1 components in the spectra 
with the individual lifetimes τi and intensities Ii (ΣIi=1) [26]. The in
strument resolution function R(t) is a sum of two Gaussian functions 
with distinct intensities and relative shifts, both depending on the 
positron implantation energy, Ep. It was determined by the measure
ment and analysis of a reference sample, i.e., Yttria-stabilized zirconia 
(YSZ), which exhibited a single well-known lifetime component. The 
background was negligible, since close to zero.

All the spectra were deconvoluted using a non-linear least-squares 
fitting method, minimized by the Levenberg-Marquardt algorithm, 
employed within the fitting software package PALSfit [27] into 3 
discrete lifetime components, which directly evidence localized anni
hilation at two different defect types (sizes; τ1 and τ2). The third 
component τ3 is necessary for the fit but negligible (I3<1 %). Relative 
intensities reflect the concentration of each type of defect (size). In 
general, the positron lifetime is directly proportional to defect size, i.e., 

the larger the open volume, the longer the lifetime [26,28]. The positron 
lifetime and its intensity were probed as a function of the positron im
plantation energy (Ep), or equivalently, the positron implantation depth 
〈z〉. The average positron lifetime τav is defined as τav =

∑
i τi⋅Ii and is 

strongly affected by the defect type (size).

3. Results and discussion

3.1. Structural characterization

The investigated AZO layers were deposited on the Si substrates at 
200 ◦C by ALD. Due to the high deposition temperature, the as-deposited 
layers exhibit a certain degree of order and initial crystallization. 
Typically, ZnO deposited on various substrates shows columnar growth, 
but the crystallinity strongly depends on the substrate and growth 
temperature [29]. The main diffraction peaks observed here from the 
as-deposited ZnO and AZO (1:20) samples are located at about 31.89◦

and 34.53◦ (see Fig. 1a). Moreover, a weak peak at about 36.28◦ is 
distinguishable. These three peaks are assigned to the (100), (002), and 
(101) planes of ZnO, where their position according to the JCPDS file 
No. 00–036–1451 should be at 31.769◦, 34.421◦, and 36.252◦, respec
tively. The slight shift of all peaks towards bigger angles suggests 
compressive strain that is stronger along (002) plane than along (100) 
plane. The sample AZO (1:10) shows well-resolved three peaks. The 
reflection from (101) plane is much stronger than from the other sam
ples. It suggests that more Al incorporated into the ZnO matrix causes 
stronger disorder and suppresses the formation of textured film as the 
former shows no (101) reflection. Moreover, the main reflections from 
(100) and (002) planes are shifted to even larger angles, suggesting the 
strong reduction of the lattice parameter in the fabricated AZO film [30,
31]. The sample grown with an Al:Zn layer ratio of 1:5 presents only 
broad weak peaks at about 32.67◦ and 36.20◦, which is typical for 
amorphous or strongly disordered systems.

Fig. 1b) shows the XRD patterns obtained from the samples annealed 
by FLA for 23 ms at an energy density of 109.7 J/cm2. In the case of 
undoped ZnO, the diffracted intensity increases fourfold and the 002 
peak position shifts by 0.1◦ from 34.43◦ to 34.55◦ This suggests a sig
nificant improvement in the layer crystallinity upon FLA. Samples 
containing a small amount of Al (Al:Zn layer ratio of 1:20, 2.64 at. %) 
revealed good crystallinity already in the as-deposited state according to 
Fig. 1a). After FLA, the peak intensity has increased slightly, but the 
peak position shifts by 0.1◦ towards larger angles. For AZO 1:10, flash 
lamp annealing (FLA) increased the intensities of all peaks. However, 
with further increase in Al content, FLA no longer had a noticeable ef
fect, and the XRD peak intensities remained unchanged.

In order to investigate the change in crystallinity of the Al-doped ZnO 
as a result of FLA treatment, we performed high-resolution scanning 
transmission electron microscopy imaging of the AZO layers with an Al: 
Zn layer ratio of 1:20.

Importantly, the samples show planar growth of the Al-doped layers 
and the quantum-well structure is preserved until the end of the growth 
process. As marked in Figs. 2b) and d), the pure ZnO and Al-containing 
AlZnOx layers can be easily distinguished, and the layer-by-layer 
structure is maintained after annealing. In the case of the sample hav
ing an Al:Zn layer ratio of 1:20, the average distance between the Al 
layers is about 2.5 nm, which agrees well with the thickness predicted 
based on the growth rate of AZO in our ALD system.

3.2. Photoluminescence spectroscopy of fabricated films

Fig. 3 shows the room temperature PL spectra obtained from undo
ped and Al-doped ZnO films in the as-deposited stage and after 
annealing. Samples were excited using a 260 nm light source, which 
corresponds to an average penetration depth of approximately 50 nm, 
about half the layer thickness. Fig. 3a) shows the PL spectra obtained 
from undoped ZnO. The as-deposited sample exhibits weak near 
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bandgap emission (NBE) at about 375 nm and a red-emission at about 
650 nm from a donor-acceptor pair (DAP). In undoped ZnO, the DAP is 
related to the deep-acceptor level due to interstitial [32]. After FLA, the 
NBE increases significantly, and the DAP emission shifts to the green 
spectral range. The main emission is at about 520 nm and typically is 
assigned to the zinc-vacancies (VZn) or oxygen-vacancies (VO) [33,34]. 
Since our samples are grown in oxygen-rich conditions, the green 
luminescence can be caused by zinc vacancies. A strong enhancement of 

the NBE after FLA confirms an improvement in the crystal quality of the 
grown layers. The higher carrier concentration of flashed AZO (1:20) 
compared with ZnO leads to a blueshift of the NBE emission, which 
arises from the Burstein-Moss effect due to conduction band filling [11]. 
Meanwhile, in annealed AZO 1:20, defect-related emissions are barely 
observed, in contrast to pure ZnO, where pronounced green emission 
appears after annealing. This difference can be attributed to successful 
Al incorporation, which stabilizes the ZnO lattices, and reduced 

Fig. 1. X-ray diffraction patterns of as-deposited (a) and flash-lamp annealed samples (b) grown on Si substrates by ALD. The samples were annealed for 23 ms at an 
energy density of 109.7 J/cm2.

Fig. 2. Overview (a, c) and high-resolution STEM images close to the Si substrate (b, d) of the as-deposited AZO (1:20) films (a, b) and after flash-lamp annealing (c, 
d). FLA was performed for 23 ms at an energy density of 109.7 J/cm2. The blue and green regions in panels b and d schematically show the thicknesses of the 
undoped ZnO and Al-doped ZnO layers.
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defect-related emissions.

3.3. Defect characterization by positron annihilation spectroscopies

Positron annihilation spectroscopy is one of the most sensitive 
techniques to investigate negatively charged and neutral point defects in 
solids. The interaction of positrons with solids and their lifetime depend 
on the defect density and type of defects. Typical positron lifetime, i.e., 
the time counted from the incident of the positron with the solid and 
emission of the gamma-photons with an energy of about 511 keV, is in 
the order of several tens to hundreds of ps, for bulk and annihilation at 
vacancy agglomerations. Variable-Energy Positron Annihilation Life
time Spectroscopy (VEPALS) allows to determine the type (size) of de
fects like mono- or multivacancy, their concentration, and depth 
distribution. On the other hand, Doppler-broadening Variable-Energy 
Positron Annihilation Spectroscopy (DB-VEPAS) provides more general 
information about open volume defects evolution, including concen
tration and the depth distribution determined from the change of the 
value of S-parameter, and about the chemical environment of defects 
determined from the W-parameter.

3.3.1. Doppler broadening variable energy positron annihilation 
spectroscopy

First, we used DB-VEPAS measurements to determine the defect 
concentration variation in as-grown samples and the influence of the 
post-grown FLA on the evolution of the defects. Fig. 4a) shows the 
change of the S and W-parameter as a function of the layer thickness for 
as-deposited ZnO and Al-doped ZnO films with an Al:Zn layer ratio of 
1:20. The most defective regions of any solids are typically located at the 

surface and often interfaces between layers. The larger S-parameter from 
the surface region corresponding to the positron energy implantation of 
~1 keV indicates increased defect density. In the bulk of the film, with 
positron implantation energy between 2 and 4 keV, the S-parameter has 
the lowest value ~0.54. For higher positron implantation energies, the 
value of the S-parameter increases due to the transition to the Si- 
substrate having a much larger intrinsic S-parameter. In the case of 
the W-parameter, the distribution of values resembles the inverted dis
tribution of the S-parameter. The W-parameter describes positrons 
annihilating with a core electron (inner-shell electron), as a result, the 
emitted gamma-ray has slightly higher energy and can be found in the 
"wings" of the Doppler broadening spectrum. In general, the as- 
deposited samples with Al have a larger S-parameter than undoped 
ZnO, indicating an increased concentration of Al convoluted with 
slightly larger defect density. This result can be attributed to the doping 
effect (annihilation of positrons with electrons in the volume of the Al- 
doped ZnO film) and point defects.

Fig. 4b compares the S- and W-parameters of undoped ZnO film and 
AZO films with different Al-concentrations flashed with an energy 
density of 66.4 J/cm2. When the Al-to-Zn layer ratio is smaller than 
1:20, meaning low Al concentration in the sample, the S parameter is the 
lowest, even lower or comparable with the undoped ZnO film. It sug
gests the increased Al-content; however, the overall vacancy defect 
density remains similar, as the curve slope below 2–3 keV is quite the 
same. That slope represents positron back-diffusion to the surface, which 
is related to the number of traps they eventually encounter. Still, small 
variations in the concentration of open volume defects like Zn-vacancies 
are possible. On the other hand, when the layer ratio is 1:5, corre
sponding to the highest Al doping concentration, the S parameter is the 

Fig. 3. Room temperature PL spectra after excitation with Xe-lamps at the 260 nm wavelength of ZnO and AZO before and after flash lamp annealing under N2 for 23 
ms with different energy densities.
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highest, reflecting the largest defect density. This suggests that a mod
erate amount of Al doping likely facilitates the repair of the ZnO lattice. 
Next, looking at Fig. 4c) and comparing it with the data presented in 
Fig. 4a), we can see that after further increasing the annealing energy 
density (annealing temperature), the S parameter increases, i.e., the 
average volume of positron annihilation centers also increases. Hence, 
we can conclude that the increase of S-parameter after annealing at 
109.7 J/cm2 is a consequence of raising open volumes in ZnO, but a 
higher layer conductivity could play an additional role. The detailed 
studies of the influence of the annealing and doping parameters on the 
layer conductivity can be found in Ref [11].

Fig. 5a) presents the plot of the S-parameter as a function of W- 
parameter collected from flashed ZnO and AZO films containing 
different Al-concentration. The S and W parameters were estimated at a 
depth of about 31 nm, which corresponds to the positron implantation 
energy of 2.65 keV. Two extreme points are from single crystal ZnO 
(marked in blue) and from bulk aluminum (marked with magenta). The 
measurement points are located between both references along a line 
indicating the existence of a similar type of defect. In order to gain more 
details about defects, Fig. 5b) shows an enlarged part of S-W points 
reflecting the experimental results only. The closest point to the bulk 
defect-free ZnO is S-W value obtained for the sample with Al:Zn ratio of 
1:40. Next, with increasing Al-concentration, the S-W value moves to
wards the bulk Al. The shift in direction of Al defect-free reference vi
sualizes the rising Al decoration of the annihilation site, at the vacancy- 
like defects, and superimposed increase of defect density, as the S- 
parameter rises. Interestingly, undoped ZnO is located between 1:20 and 
1:25. This suggests that a small amount of Al could improve the ZnO 
crystallinity, while a high doping level increases the defect concentra
tion. However, we cannot exclude that the absolute values of S-W are not 
dominated by counterparts related to the chemical differences of both 
films, superimposed in addition with contributions from open volumes. 
On the other hand, we have shown previously that increasing decoration 

of zinc-oxygen vacancy complexes that dominate the defect landscape in 
our AZO films, as will be shown based on PALS later, with Al does not 
change the electron momentum distribution [35]. Because of that, we 
can conclude that the variations of S-W and cDB ratio curves are mainly 
due to changes in defect size and concentration. We have extended our 
investigations employing coincidence Doppler broadening (cDB) PAS 
[24] on ZnO and AZO films treated by FLA in N2 atmosphere for 23 ms 
with a flash energy density of 66.4 J/cm2, and the respective ratio 
curves, normalized to the ZnO single crystal reference and compared 
with Al defect-free bulk sample, are presented in Fig. 5c). Since cDB is 
highly sensitive to the high momentum electrons, hence core electrons, 
similarly as the W-parameter, but seems to be indifferent to Al 
substituting Zn sites, the observed changes of the ratio curves ampli
tudes reflect defect sizes, likely in the range of bi- or triple vacancy 
complexes, including zinc and oxygen vacancies [35]. Following the 
trend in ratio curves, the high momentum amplitude of the 1:40 case has 
a similar defect microstructure as the ZnO film, whereas decreasing the 
Zn content, larger vacancy agglomeration forms. At the same time, the 
1:40 exhibits the lowest defect density, among all the other films, as the 
low electron momentum part pL<5⋅10–3 m0c is the smallest, which is 
nicely reflected in the S-W plot, too (Fig. 5b)). According to the 
low-temperature PL by a 320 nm laser, the double peaks from near 
bandgap emission of AZO thin film proved that the Al atoms were 
incorporated with the ZnO lattices [11]. Additionally, from Fig. 3b), 
comparing the PL emissions from ZnO and AZO 1:20, Al-doped ZnO 
showed less optically-active-defect emissions.

3.3.2. Variable energy positron annihilation lifetime spectroscopy
In order to identify the type of defects created during the deposition 

process and the post-grown annealing, we have used Variable Energy 
Positron Annihilation Lifetime Spectroscopy (VE-PALS). The lifetime of 
positrons is a fingerprint of defect type and can be used to distinguish 
between different open volume sizes. In the case of monovacancies, 

Fig. 4. S and W parameters as a function of incident positron energy (Ep) of 100-nm thick layers (a) as-deposited ZnO and AZO having an Al:Zn layer ratio of 1:20, b) 
ZnO and AZO films having Al:Zn layer ratios of 1: X (X = 40, 30, 25, 20, 10, and 5) treated by FLA with a flash energy density of 66.4 J/cm2, and c) ZnO and AZO 
having an Al:Zn layer ratio of 1:20 treated with a flash energy density of 109.7 J/cm2. The interfaces between ZnO or AZO thin films and substrates are shown as the 
dashed lines.
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positrons in ZnO can probe zinc vacancy (VZn) only, because oxygen 
monovacancy (VO) is positively charged and not visible for positrons 
[35]. It is worth noticing that in a special case, the oxygen vacancies can 
be visualized by positrons if they form complexes with VZn or other 
defects. Moreover, positrons can annihilate in the defect-free ZnO as 
well. In such a case, the typical annihilation lifetime is in the range of 
154 - 161 ps [36,37]. In our case, we did not detect such short lifetimes, 
most probably due to saturation of the annihilation process on the 
defective sites. Since our samples are heavily doped with Al and are 
nanocrystalline, the defect concentration is too high to measure the bulk 
annihilation lifetime.

Fig. 6a) shows the average positron annihilation time obtained from 
undoped ZnO before and after FLA. It can be seen that the average 
lifetime increases with increasing annealing temperature (flash energy 
density). It means that the average size of the open volume defects in
creases as well. Such a phenomenon is typically observed when small 
vacancies (mono- or divacancy) can diffuse and be trapped by larger 
defects, causing an increase of the average size of vacancy clusters or 
forming new vacancy clusters. The depth dependence of τave exhibits a 
maximum close to the interface with the substrate, suggesting larger 
defects in that region. The maximum increases and shifts to lower depth 
with flash energy density as a consequence of raising open volumes. 
Fig. 6b) shows the spectrum deconvolution into positron lifetime com
ponents τ1 and τ2, which represent different defect sizes. The τ1 

corresponds to mono- and divacancies, and τ2 is associated with vacancy 
clusters formed when more than several vacancies are bonded together. 
According to R. Magrin Maffei et al., the positron annihilation lifetime of 
about 188 - 250 ps indicates the existence of small VZn+nO (n < 4) 
complexes, while the defect complex VnZn+O (n < 4) has a lifetime range 
of 188–260 ps [35]. Since the obtained positron lifetimes were calcu
lated from the unrelaxed structures, and the Boroński-Nieminen (BN) 
method [38] was used, the values are likely underestimated. Brauer et al. 
[39], proposed slightly larger positron lifetimes for VZn (229 ps) and 
VZn+O (276–286 ps) based on DFT ATSUP-BN calculations on optimized 
defect structures, which we highlight in Fig. 6b) for reference. The 
positron annihilation lifetime above 400 ps is typical for open volume 
defects made of 10 or more vacancies [40]. The depth distribution of 
intensity is presented in Fig. 6c). As can be seen with increasing 
annealing energy density, the intensity related to the shorter lifetime 
component decreases, while the second one increases, even though the 
lifetime changes mostly closer to the interface with the substrate. The 
change in the intensity confirms our assumption that the FLA process 
does not create new type of defects, but the concentration of defects 
changes. During FLA, the small defects diffuse and form small vacancy 
clusters due to the so-called Ostwald ripening process [41]. As a 
consequence of the Ostwald ripening process, the average number of 
point defects decreases, and big defects act as sinks for point defects.

Fig. 7a) shows the average positron lifetime obtained from as-grown 

Fig. 5. a) The S-W parameters taken at about 31 nm from the surface of the films having different Al concentration treated by FLA in N2 atmosphere for 23 ms with a 
flash energy density of 66.4 J/cm2. b) Enlarged S-W plot, c) and coincidence Doppler broadening ratio curves of doped and undoped ZnO flashed with an energy 
density of 66.4 J/cm2, normalized to a ZnO-reference crystal, indicating variation of defect sizes due to Al content.
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AZO and annealed samples with a layer ratio between Al and Zn fixed at 
1:20 i.e., the sample showing the highest electron concentration [11]. 
Compared to undoped ZnO, AZO samples are much more sensitive to the 
annealing conditions. In the middle of the layer, the τav increases from 
about 275 ps to 330 ps. Positron lifetimes τ1 and τ2 reveal that the FLA 
with the energy density of 66.4 J/cm2 slightly affects the layer crystal
linity, but after FLA at 107.4 J/cm2 the average size of the vacancy 
cluster increases significantly (see Figs. 7b) and 7c)). Simultaneously, 
the concentration of small defects is reduced (lower intensity I1), and the 
concentration of big clusters increases (I2 increases). The dominant 
defect size in AZO films is larger compared to undoped ZnO films, as τ1 is 
larger by about ~25 ps, hence closer to VZn+O than to VZn. Nevertheless, 
the dominant open volume defects detected by positrons are small 
VZn-based complexes and multi-vacancies at grain boundaries.

In this study, we employed various techniques to investigate the 
defects and microstructures of ZnO and Al-delta-doped ZnO (AZO) thin 
films. XRD and room-temperature PL results indicate that after flash- 
lamp annealing, the crystal quality of undoped ZnO and AZO films 
with lower Al concentrations improves. However, highly doped AZO 
films exhibited greater resistance to FLA and didn’t present a significant 
change in XRD intensities. PL measurements further show the changes in 
emission before and after FLA. Specifically, for undoped ZnO, the red 
emission originating from defect levels shifts to green emission, indi
cating a transition in defect types from oxygen interstitials to zinc- or 
oxygen- vacancies. PAS and PALS provide insights into the defect types 
and concentrations within the thin films, both before and after FLA. In 
undoped ZnO, the dominant open volume defects are zinc vacancies 
(VZn), while in Al-doped ZnO, they are zinc and oxygen vacancy com
plexes (VZn+O). Due to the difference between measurement techniques 
and conditions, the conclusions drawn regarding defect concentrations 
from PL and PAS are not completely consistent, which indirectly 

indicates that non-radiative defect levels could exist in AZO-films.

4. Conclusion

In this work, we systematically investigated the influence of post- 
growth FLA on the microstructural and optical properties of undoped 
ZnO and δ-AZO thin films prepared by atomic layer deposition. The 
combined analyses of XRD, PL, TEM, and PAS provide a comprehensive 
understanding of the evolution of defects upon FLA treatment.

XRD results from the as-deposited samples confirm that the incor
poration of a small amount of Al significantly improves the crystallinity 
of ZnO, whereas excessive Al doping suppresses this effect and increases 
the overall defect concentration. PL spectra reveal that FLA leads to a 
distinct change in optically active defect structure. TEM images further 
confirm that the designed superlattice structure of the delta-doped AZO 
films is preserved after FLA. PAS and PALS analyses identify zinc va
cancies (VZn) as the primary open-volume defects in undoped ZnO, while 
zinc–oxygen vacancy complexes (VZn+O) dominate in Al-doped ZnO 
with an Al:Zn layer ratio of 1:20. The results also demonstrate that FLA 
for 23 ms promotes vacancy diffusion and defect reorganization through 
an Ostwald ripening process, in which smaller vacancies are trapped by 
larger ones, especially at grain boundaries.

Overall, this study reveals that moderate Al doping combined with 
optimized millisecond FLA is an effective strategy for achieving AZO 
thin films with improved crystallinity and enhanced conductivity. The 
insights gained from this work contribute to a deeper understanding of 
the defect dynamics in ZnO-based transparent conductive oxides and 
provide a practical guideline for defect engineering and performance 
optimization in future optoelectronic and sensor devices.

Fig. 6. a) Average positron lifetime of ZnO thin films before and after FLA, b) individual positron lifetime from different types of defects within ZnO thin films before 
and after FLA, and c) intensity of the lifetime for different samples. The intensity corresponds to the defect concentration. A0 is the as-deposited ZnO, A1 is ZnO 
flashed at an energy density of 66.4 J/cm2, and A2 is ZnO flashed at 109.7 J/cm2 by FLA, respectively.
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