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Nanostructured zinc oxide thin films were spin coated on conductive glass substrates via a sol–gel based
technique using zinc acetate dihydrate as precursor. The pH of the alkalis used as catalytic agents in the
hydrolysis step is shown to have a strong effect on the structural and morphological properties of the
deposited ZnO. The size of the particles was observed by Transmission Electron Microscopy (TEM), while
Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM) and Atomic Force Microscopy (AFM), were
used to analyze the morphology of the films. X-ray diffraction (XRD) and Raman spectra provided evi-
dence of crystal growth together with an increase in the crystalline degree of the hexagonal wurtzite
structure after annealing. The bandgap energy was estimated by Tauc’s method and found to decrease
after annealing, which is attributed to an increase in the crystallite size and to the presence of less defect
sites. A good correlation between crystallite size and absorption edges was found. The photolumines-
cence spectra of as-deposited samples depend on the nature and pH values of catalytic agent used,
and reveal the presence of a broad visible emission attributed to a variety of intrinsic defects.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

ZnO is a versatile n-type transparent II–VI semiconductor [1,2]
with excellent properties for applications in solid-state sensors,
light-emitting diodes, transparent electrodes, photocatalysts and
photovoltaic devices [3–7]. In many of these applications the pres-
ence of nanostructured ZnO introduces further advantages [1,7,8].

The control of the dimension and morphology of nano- and mi-
cro-structured materials with optical and electronic properties at-
tracts permanent interest in the research community, aiming at
the design of functional devices. In particular, ZnO nanoparticles
merit special attention in all applications of ZnO where size control
at the nanoscale is important. For example, in nanowire arrays
grown onto a seed layer, the nanowire diameter is directly related
to the nanoparticle size of the seed layer [1]. Another well-known
example is in luminescent devices because of the bandgap tunabil-
ity that results from quantum confinement effects [9].

Another interesting property of ZnO is its ability to emit light at
different spectral regions that can be analyzed by photolumines-
cence (PL). The near band edge UV emissions have been exten-
sively studied and are well understood [9,10]. However, the
many visible luminescence (VL) emissions (blue, green, yellow, or-
ange and red spectral range), although currently intensely studied,
are still not completely understood. They are certainly associated
to below-gap states that must be related to defects. Their origin
and the corresponding energy levels of the electronic states are
controversial [4,11,12]. Furthermore, it has been shown that VL
emissions even depend on the morphology of the nanostructures
[12–14].

In this context, the structural and optical properties of ZnO thin
films have a strong dependence on the deposition method as well
as on the experimental parameters. So far, ZnO-based thin films
have been prepared by many different techniques based on vac-
uum deposition and solution-based processes. Solution-based
deposition processes offer a simple, low cost, and large area
thin-film coating alternative to vacuum deposition techniques.
For instance, sol–gel based methods not only enable easy fabrica-
tion of a large area thin film at a low cost, but can also be used
to control the film composition. A homogeneous composition can
be guaranteed due to the mixing of liquid precursors and a uniform
thickness can be achieved with relatively simple equipment. The
properties of ZnO thin films prepared by sol–gel have been found
to depend on the sol concentration [15], heat-treatment conditions
[16], substrate [17], film thickness [18] and dopants [19]. Ilican
et al. [20] and Rani et al. [21] studied the effect of pH on the
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structural and morphological properties of undoped ZnO films and
found the optimum pH value for the film formation.

In the present investigation, we report a method to deposit
nanocrystalline ZnO thin films using a simple and inexpensive
sol–gel based technique. This study focuses on the effect of pH
and annealing on the structural, morphological and optical proper-
ties of the films. A fluorine doped tin oxide (FTO) transparent con-
ductive layer over glass was used as substrate for the eventual
application of present samples in electrochemical experiments.
2. Experimental

2.1. Sol–gel based synthesis

0.0025 mol of Zn(CH3COO)2�2H2O were dissolved in 30 mL of
boiling absolute ethanol and stirred, which results in a transparent
solution (Solution A). In due time, evaporated ethanol was re-
placed, so as to keep the volume constant. Simultaneously,
0.005 mol of XOH (X: Na or Li) were dissolved in 10 mL of absolute
ethanol at 40 �C in an ultrasonic bath (Solution B). Both solutions
were cooled in a mixture of ice and water. Solution B was added
drop by drop into Solution A under vigorous stirring. After reacting
for 30 min, a clear sol was obtained with pH = 11 when X: Na and
pH = 8 when X: Li. The sol was kept at room temperature to com-
plete the gelation and hydrolysis process, leading to the formation
of a light-green colored powder when the sol–gel material was ex-
cited with UV radiation [22].

Finally, the colloidal suspension was centrifuged and washed
repeatedly with heptane to remove undesired byproducts.

2.2. Substrate

Nanocrystalline ZnO thin films were deposited on FTO/glass
(glass coated with a transparent conducting fluorine doped tin
oxide, SnO2:F, layer Pilkington TEC™, resistivity 8 X/sq, thickness
3 mm). Prior to use, the substrates were degreased with a deter-
gent solution followed by rinsing in an ultrasonic bath with ace-
tone, ethanol and water during 10 min in each case.

2.3. Thin films deposition

The powder obtained as described in Section 2.1 was redi-
spersed in ethanol and then ZnO was deposited on the substrate
with a spin coater (Chemal Technology, model KW-4A). The coat-
ing solution was dropped and spin-casted in air at 2000 rpm for
30 s. Then they were dried on a hot plate at 90 �C for 5 min. The
procedure was repeated 5 times.

The effect of annealing has been analyzed and compared to as-
deposited films. Annealing was carried out at 450 �C during 1 h in
air.

Both, as-deposited and annealed films showed good adhesion
and were stable over several months.

2.4. Characterization

The particles size and crystalline properties were analyzed by
Transmission Electron Microscopy (TEM) using a JEOL-JEM 2100
HRTEM microscope.

The films were analyzed using X-ray diffraction (XRD) with a
PANalytical X’Pert Pro diffractometer, Cu K-alpha radiation at
40 kV and 40 mA. The samples were scanned between 20� and
80� at 0.02�/s. The crystallographic data for each phase were ana-
lyzed with X’Pert HighScore™ software. The crystallite size was
determined by the width of the XRD peak that corresponds to
ZnO plane (101), using Scherrer’s equation [23].
Raman spectroscopy was performed using an Invia Reflex con-
focal Raman microprobe. Excitation was provided with the
514 nm emission line of an Ar+ laser and measurements were per-
formed in backscattering configuration using a 50� objective. The
morphology of the layers was studied with Focused Ion Beam-
Scanning Electron Microscopy (FIB-SEM) and Atomic Force Micros-
copy (AFM), using an AURIGA Cobra FIB-FESEM microscope and a
Digital Instrument Nanoscope VI from Veeco, respectively.

The thickness of the films was measured using a KLA TENCOR
D-100 profilometer.

The photoluminescence (PL) spectra were measured using a cal-
ibrated S2000 Ocean Optics spectrometer, and exciting with wave-
lengths of 250 nm, 295 nm and 345 nm (UV LEDs, ROITHNER
LASERTECHNIK GmbH). A band-pass Hoya U-340 optical filter
(from UQG Optics) was used before the sample to filter visible light
emitted by the LED (except for 250 nm, where a Hoya U-330 from
ORIEL was used instead). A long-pass Schott GG-395 optical filter
(also from UQG Optics) was used to filter UV light from the LED.
To guarantee proper filtering, the resulting spectra were analyzed
in the region of almost null signal when measuring with a bare
substrate, i. e. no PL from FTO/glass substrate was measured in this
region. All the optical measurements were carried out at room
temperature.

The transmittance of the thin films in the UV–Vis region was
evaluated using a double beam UV–Vis spectrophotometer (Shima-
dzu UV-160).

3. Results and discussion

3.1. Reaction mechanism

ZnO synthesis by this sol–gel based method can be rationalized
by means of a series of reactions taking place in sequential steps.
These steps have been proposed to be [21]:

(i) Solvation of zinc acetate dehydrate precursor in ethanol.
(ii) Hydrolysis – X: Na, Li.

ZnðCH3COOÞ2 � 2H2Oþ 2XOH! ZnðOHÞ2 þ 2CH3COOXþ 2H2O

(iii) Hydration:

ZnðOHÞ2 þ 2H2O! ZnðOHÞ2�4 þ 2Hþ

(iv) ZnO formation (dehydration)

ZnðOHÞ2�4 ¡ZnOþH2Oþ 2OH�

In the sol–gel technique, there is a pH window within which the
nanostructure may be formed. In acidic solutions (pH < 7), ZnO
particles do not grow due to increased solubility of ZnO. In alkaline
solutions (pH > 9), the size of particles is reduced due to increased
solubility of ZnO (see the equilibrium in step iv). Accordingly, the
pH value is a key variable to control the formation rate of an
amphoteric species such as ZnO. Consequently, pH will influence
the particle size and the particle size distribution [21].

3.2. Structural and morphological properties

3.2.1. TEM
Fig. 1 presents TEM images of ZnO nanoparticles redispersed

after washing in ethanol and drying. Fig. 1(a) and (b) show agglom-
eration of ZnO particles formed when pH = 11 (X: Na). The average
diameter of the particles that can be seen in these images is 4 nm.
Fig. 1(c) and (d) show monodisperse particles of ZnO formed when
pH = 8 (X: Li) where the measured diameter is 5 nm, i.e., they are
slightly bigger than the particles formed at pH = 11. These sizes
are in good agreement with the effect of pH on particle size (de-
scribed in Section 3.1). The insert in Fig. 1(d) is a magnification



Fig. 1. TEM images of ZnO nanoparticles formed at (a), (b) pH = 11 (X: Na) and (c), (d) pH = 8 (X: Li), after drying of a dispersion in ethanol.
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of the image, where defined parallel lines confirm a high degree of
crystallinity. High-resolution transmission electron microscopy
(HRTEM) of the fabricated ZnO nanoparticles shows a d-spacing
of 0.276 nm and 0.256 nm which correspond to the (101) and
(102) planes of ZnO, respectively.
Fig. 2. XRD patterns of ZnO thin films on FTO/glass substrates prepared at pH = 8
(a) before and (b) after annealing at 450 �C. Reference patterns: wurtzite [PDF 79-
0207].
3.2.2. XRD
Fig. 2 shows XRD patterns of ZnO films prepared at pH = 8 be-

fore and after annealing. ZnO thin films were prepared following
the route described in Section 2.3. Both films present a hexagonal
structure matching that of wurtzite (PDF 79-0207). The as-depos-
ited film is analyzed in Fig. 2(a). The peaks are broad with low
intensity, as expected for a material with low crystallinity or for
a film composed by very small crystallites. This last behavior was
observed previously by TEM (Fig. 1). On the other hand, annealed
films (Fig. 2(b)) present sharp peaks indicating larger crystallite
size of the material. The improvement after the annealing is ex-
pected and can be attributed to crystal growth. The same behavior
was observed with films obtained for pH = 11 (not shown). From
Fig. 2, it can be seen that the (101) is the most intense diffraction
peak and is presented as one of the prominent orientations in the
HRTEM images (Fig. 1(d)). This peak can therefore be used confi-
dently to estimate the crystallite size (D) using Scherrer’s equation
[23]. Table 1 shows the values of the crystallite size of each of the
various types of annealed and as-deposited films.
3.2.3. AFM and FIB-SEM
Fig. 3(a) and (b) show representative AFM and FIB-SEM images

of ZnO films obtained at pH = 8 before and after annealing,
respectively. The images show representative sections of different
samples. Surface morphology reveals that the annealed film is
formed by agglomerates of smaller size than those found in the
as-deposited film. In contrast, each of these agglomerates is formed
by crystallites which grow after the annealing treatment. It is clear
that there is a restructuration due to the relaxation of tension
forces in the nanoparticles. This results in a more stable state,
where bigger crystallites are grouped into smaller agglomerates.



Table 1
Crystallite and particle size for different types of annealed and as-deposited ZnO
films.

ZnO (D (nm))

Hydrolysis with LiOH,
pH = 8

Hydrolysis with NaOH,
pH = 11

Calculated from As-deposited Annealed As-deposited Annealed
TEM 5 4
XRD (Scherrer) 6 18 5 23
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An average roughness factor can be evaluated from the AFM re-
sults. The root mean square roughness (Rq) can be calculated from
the surface features and it is found to be greater than 60 nm for the
as-prepared samples. After annealing the roughness Rq drops to
values below 43 nm. This could be attributed to the smoothening
of the surface due to sintering.

The average thickness value of ZnO thin films after preparation
at pH = 11 is 1900 nm meanwhile at pH = 8 is 500 nm. After
annealing a decrease in thickness values was found but no appre-
ciable difference was shown before and after annealing.
3.2.4. Raman
Fig. 4 presents the Raman spectra of ZnO thin films for as-

deposited (pH = 8) and annealed samples (pH = 8 and 11). The pH
has no significant effect for as-deposited samples. Hence, it is not
shown. It can be observed that the broad peaks at 561 cm�1 and
630 cm�1 arise from the substrate [24]. Unfortunately, the peak
Fig. 3. AFM (left side) and FIB-SEM (right side) images of ZnO thin film
at 561 cm�1 hinders the observation of the band expected at
539 cm�1 which should correspond to the second-order Raman
spectrum arising from zone-boundary phonons 2-LA (M) [10] as
well as the E1-LO mode expected at 578 cm�1 that usually origi-
nates from second-order Raman scattering and the presence of
impurities and/or defects. However, the E2-high Raman mode is
clearly observed at 437 cm�1 in every spectrum: this band can be
attributed to the oxygen vibration and is one of the characteristic
signals of wurtzite ZnO [10]. This E2-high mode is better defined
and more intense in the annealed samples, as expected for more
crystalline ZnO thin films obtained after the thermal treatment.
3.3. Optical properties

3.3.1. Transmittance
UV–Vis transmittance spectra typical of thin films before and

after annealing are presented in Fig. 5(a) and (b) for preparation
at pH = 11 and 8, respectively. Fig. 5(a) shows a monotonic increase
of transmittance at longer wavelength due to light scattering [2].
The same behavior is observed before and after annealing. An-
nealed thin films present an appreciable reduction in transmit-
tance spectra for the whole wavelength range [25]. If this effect
is originated in light scattering in the nanostructured film, larger
particle diameter after annealing would increase light dispersion,
diminishing transmittance accordingly. Fig. 5(b) shows that ZnO
thin films prepared at pH = 8 are more transparent than those pre-
pared at pH = 11 (Fig. 5(a)). However in this case, annealing does
not decrease transmittance, as it was observed for pH = 11.
s prepared at pH = 8 (a) before and (b) after annealing at 450 �C.



Fig. 4. Raman spectra of ZnO thin films deposited on FTO/glass substrate for as-
deposited and annealed samples prepared at pH = 8 and annealed samples prepared
at pH = 11.

Fig. 5. UV–Vis transmittance spectra of ZnO thin films before (dash-dotted line)
and after annealing (full line) prepared at (a) pH = 11 and (b) pH = 8.

Fig. 6. Plot of (acorrhm)2 vs. (hm) according to Tauc for as-deposited (dash-dotted
line) and annealed (full line) ZnO thin films prepared at (a) pH = 11 and (b) pH = 8.
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3.3.2. Bandgap energy
Fig. 5(a) and (b) indicate that absorption edges shift towards

longer wavelength when the films are annealed. This behavior
can be analyzed by direct bandgap energy (Eg) determination from
absorption based on Tauc’s method [26]. In order to achieve a cor-
rect determination of the optical bandgap, the zero absorption line
should be properly selected. To choose the correct zero line,
background absorption aback was introduced in the spectra. This
background represents the influence on the absorption of many ef-
fects not included in the model for the optical absorption and be-
haves as an indirect or amorphous semiconductor. Reflections,
dispersions and amorphous phases are taken into consideration
and extracted from the experimental data [2,27–30]. These effects
may arise either in the deposited thin film or even in the substrate.
To determine the bandgap of ZnO, a corrected absorption acorr was
obtained as acorr = aexp � aback [2,28–30]. The experimental absorp-
tion aexp is defined as –lnT (being T the transmittance spectrum). It
is a measurement of the absorption coefficient in arbitrary units (i.
e. absorptance instead) as the thickness is not taken in consider-
ation in this definition [31]. The background absorption aback is ob-
tained from a linear fitting of (aexphm)1/2 vs. (hm) in the
transparency region (i.e. below expected ZnO bangap energy)
[2,28–30]. The plots of (acorrhm)2 vs. (hm) are shown in Fig. 6(a)
and (b), corresponding to as-deposited and annealed ZnO thin
films for pH = 11 and 8, respectively. It can be seen that, irrespec-
tive of the pH value, Eg of the as-deposited thin films is higher than
those with the annealing treatment. The decrease in Eg after
annealing could be due to an increase in the crystallite size and
to the presence of less defect sites. This is in good agreement with
the experimental results from XRD analysis (see Table 1). Hong
et al. [32] observed a shift in the optical bandgap of ZnO thin films
from 3.31 to 3.26 eV after annealing and attributed this shift to the
increase of the ZnO crystallite size.

Eg increases when the material is formed by crystallites suffi-
ciently small and this behavior can be attributed to some extent
quantum confinement [33]. Instead, as crystal size increases, the
Eg will approach the bulk Eg. The most accepted and simple
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dependence between absorption edge shift and crystal size is
known as Brus dependence [9,34,35]:

DEg ¼ Eg � EðbulkÞ
g ffi Eb

paB

R

� �2
� 3:6Eb

aB

R

� �
ð1Þ

where DEg is the shift in absorption edge, Eg is the measured band-
gap energy value, EðbulkÞ

g is the expected bulk bandgap energy value,
Eb is the exciton binding energy, aB is the exciton Bohr radius and R
is the average crystallite radius, which is assumed to have spherical
shape. The most accepted values of Eb and aB for ZnO are 60 meV
and 18 Å, respectively [10]. If the lower absorption edge obtained
from Fig. 5 is used as EðbulkÞ

g value in the present case (i. e.
EðbulkÞ

g � 3:26 eV for annealed sample in Fig. 6a), the measured shifts
for as-deposited films prepared at pH = 11 and 8 are 0.24 eV and
0.09 eV, respectively. From Eq. (1), the corresponding crystal diam-
eters D = 2R would be 42 and 54 Å, respectively. The results in Ta-
ble 1 show that these values agree well with the sizes observed
by both TEM and XRD for as-deposited thin films.

Finally, the Urbach parameter EU was calculated from Fig. 6
using a sigmoidal curve [36,37] for the below bandgap absorption
(i.e. where experimental curve departs from linear fitting). The val-
ues obtained for EU are between 25 and 40 meV. These values are
relatively low [38], corresponding with a good crystallinity of the
samples, and are a measure of the intrinsic uncertainty in bandgap
energy.

3.3.3. Photoluminescence
The influence of pH during preparation on the photolumines-

cence (PL) spectra was also investigated. Fig. 7(a) and (b) show
the room-temperature visible PL (VL) spectra (excited at 295 nm)
of the as-prepared ZnO thin films for both pH values. The VL is
the focus of the discussion that follows because, as it was ex-
plained in section 2.4, a filter is placed between the sample and
the spectrometer in the PL measurement setup. This filter removes
the UV contribution from the LED. But in doing so, it also filters the
UV and near UV PL from the sample. Both samples exhibit intense
and wide visible emissions (over more than 200 nm). There is a
clear dependence of VL spectral shape from the sol pH. When
pH = 8 the PL is peaked at 600 nm (2.06 eV, orange–red), while at
pH = 11 there is a blue shift, with a maximum value close to
560 nm (2.21 eV, yellow–green) and another clear peak close to
475 nm (2.61 eV, blue) can be observed. Moreover, in the case of
pH = 8, the VL has a higher intensity in almost all the visible
Fig. 7. Normalized VL intensity and Gaussian fit for as-deposited ZnO using 295 nm excit
peak positions at 2.06 eV, 2.39 and 2.63 eV.
spectra, except for the blue peak (not shown). In contrast, the an-
nealed samples show no detectable emission.

To interpret these results, the origin of ZnO VL must be re-
viewed. Far from being widely accepted, this is still a matter of
controversy. It is well established that, except for impurities added
intentionally, VL is associated to intrinsic defect states [34,39,40].
Oxygen vacancies (VO), zinc vacancies (VZn), interstitial zinc (Zni)
and interstitial oxygen (Oi) are the most common intrinsic defects
[39,40]. Generally it is assumed that the electronic states they orig-
inate from are shallow donor for Zni, shallow acceptor for VZn,
while VO and Oi originate deep states. In this interpretation, wide
visible emissions are caused by: transitions to VZn for blue emis-
sion, to VO for green–yellow emission, and to Oi for orange–red
emission (in every case from electrons excited at the conduction
band or the Zni state) [39,40]. Some authors attribute the green–
yellow emission to VO, but as an excited deep state in a transition
to the valence band [12,41], while others assign this green–yellow
emission to deep states due to the antisite oxygen OZn [42,43].
More recently surface OH� have also been suggested to be respon-
sible for visible emissions [14,43]. For nanostructured ZnO sam-
ples, all these states are present at the surface of the
nanostructure and contribute to VL [44], and their relative impor-
tance depends on the morphology [12,13]. Deep state shifts are
usually smaller than band edge shifts [45]. In all cases, the green,
yellow, and red emissions involve one deep state and one band
or shallow state. Therefore it is expected that if the absorption edge
shifts due to size quantization, the VL should shift in the same
direction, but in a lesser amount than absorption edge shift.

The as-deposited samples showed size quantization (see Figs. 5
and 6), with the bandgap energy higher with pH = 11 (3.50 eV)
than with pH = 8 (3.38 eV). A similar shift in the VL peak appears
in Fig. 7, as expected for size quantization dependence. However,
this shift from 600 nm (�2.07 eV) to 560 nm (2.21 eV) is higher
than the 0.12 eV observed from Fig. 6. The large changes observed
in Fig. 7 may also have a contribution from different defect relative
densities in samples prepared using sols with different pH values.

To quantify in depth the differences in the spectra, the signal in
Fig. 7 was decomposed into several Gaussian peaks. The best
fittings were obtained with three peaks, which fairly correspond
to the ones seen when pH = 11, and to those reported in the
literature [39,40]. As mentioned above, VL may involve several
transitions and many types of defects, which contribute to the
controversial nature of the PL mechanism [12]. However, no
ation. (a) pH = 11 with peak positions at 2.05 eV, 2.39 eV and 2.63 eV. (b) pH = 8 with
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significant improvement resulted from fitting using more peaks. In
this case the three contributions come from the orange–red at
�2.05 eV (�600 nm), green at �2.35 eV (�520 nm), and blue at
2.63 eV (�470 nm). As discussed above, they may correspond to
transitions to Oi, VO, and VZn states, respectively, most likely from
Zni states [39,40]. As the first peak is dominant at pH = 8, a larger
density of both Oi and Zni may be present in these samples. The
intermediate peak suggests that samples prepared at pH = 11
may have also an important content of VO. This higher density of
VO could eventually be attributed to OH� [14,43], instead. This, in
turn, could be associated to the higher pH associated to the use
of NaOH. Furthermore, no clear dependence in peak positions with
excitation wavelength was observed, suggesting that size distribu-
tion is quite homogeneous.

Finally, the absence of light emission in the case of annealed
samples implies the elimination of all these defect states [35].
According to the literature, they may be mainly present in the sur-
face [44], given that a large fraction of the atoms are on the surface
when dealing with nanocrystalline materials.
4. Conclusions

Nanocrystalline ZnO thin films have been deposited on conduc-
tive fluorine doped tin oxide over glass by means of a simple sol–
gel based spin coating technique. The alkalinity of the precursor
solutions and the thermal treatment are found to be key factors
in the performance of the films. The nature of the precursor solu-
tion determines the pH and influences the structural, morphologi-
cal and optical properties of the films. Annealed films are shown to
present smaller size agglomerates than as-deposited films. In con-
trast, crystallites grow after the annealing treatment. A restructur-
ation process produces more stable states with bigger crystallites
grouped into smaller agglomerates.

Raman spectra are in good agreement with others reported in
the literature and show the bands typical for wurtzite, indepen-
dently of pH. The definition of the bands and the relative intensity
improve with annealing.

Transmittance spectra present large absorption edges for as-
deposited samples which correlate well with nanocrystal sizes
evaluated by TEM and XRD. The photoluminescence measurement
of as-deposited samples reveals the presence of broad visible emis-
sion. According to usual reports of luminescent centers in ZnO all
Zni, VZn, and Oi intrinsic defects must be present. However, shape
changes in these spectra cannot only be explained by size quanti-
zation shifts. A large density of green or yellow centers must be
present in the films after preparation at pH = 11, with VO being
the most probable defect originating from these changes. No pho-
toluminescence in the visible part of the spectrum was detected in
the case of annealed samples, suggesting that these defects are no
longer present after the thermal treatment.
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