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ARTICLE INFO ABSTRACT

Keywords: In this study, ZnO, Znl-xLaxO [2, 5, 10, 15 at.%] thin films were grown on glass substrates using the spray-
ZnO films pyrolysis technique, to investigate the effect of doping on the structural, morphological, thermoelectric and
Lanthanum

optical properties of the layers, Also the samples were tested as UV photodetectors and photocatalyst for MB
degradation. Firstly, diffraction patterns showed a hexagonal structure, with preferential grain orientation along
the (002) direction, for pure ZnO and 2%La_ZnO layers, and at 5 at.% the preferential orientation changes, and
crystallite sizes range from 10 nm to 19 nm. However, SEM images reveal that the ZnO and 2%La_ZnO layers are
nanorods distributed over their surfaces, and the other 5%LZO, 10%LZO and 15%LZO layers characterized by
nanocrystals were hexagonal prisms. The UV-visible analysis of the prepared layers shows high transparency
(80-90%) in the visible range, with a constant optical gap of 3.26 eV. Thermoelectric measurements show that
the ZnO and LZO layers are non-degenerate, with a maximum charge concentration of 9.18 x 107 cm™3 for the
15% LZO films. The thin films show an ability for UV detection, while the 5%La_ZnO layers remain the best for
UV photodetection with a good sensitivity (5.07) compared with the other layers. In terms of methyl blue

Photocatalytic properties
UV photodetectors

degradation, the 5%La_ZnO thin films had a better degradation of 95%.

1. Introduction

Zinc oxide (ZnO) is a material with excellent properties such as a
wide band gap (3.37 eV at room temperature), high exciton binding
energy of 60 meV, high chemical stability, high piezoelectric constant,
low dielectric constant [1]. As a result, this material can be used in gas
sensors, UV light emitters, photodetectors, piezoelectric devices, solar
cells and many other fields of technology [2]. The physical, optical,
chemical and photocatalytic properties of ZnO can be enhanced with
doping elements such as transition elements and rare earth [3].
Numerous scientific studies have focused on rare-earth-doped ZnO, with
results confirming that the physico-chemical properties and trans-
mission performance of ZnO in the visible region are enhanced by rare-
earth doping. This is explained by the energy transfer between ZnO and
the dopant ions, as the transition between the 4f levels make these rare
earth excellent luminescence centers [4,5]. Among the rare earth, Lais a
good element for doping into ZnO. Thanks to their intrinsic properties of
transparency and photoluminescence, transparent conducting oxides
(TCOs), and ZnO in particular, are ideal as host matrices for TR ions.
Lanthanum is one of the most soluble TRs, which can greatly enhance
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the quality of ZnO, it serves to increase oxygen vacancies [6], and
consequently good polar face stability [7]. This result was recently
validated by M.A. Lahmer et al [8]. Also, Sridevi et al reveal that
Lanthanum doping improves the photoluminescence activity of ZnO [9].
And Xu et al.improve that the La-doped ZnO films ameliorate the op-
toelectronic properties, in which La in which the transmittance increase
and the resistivity decrease [10].

A number of methods have been used to synthesize ZnO thin films,
including RF magnetron sputtering [11], DC magnetron sputtering [12],
pulsed laser deposition [13], metal organic CVD (MOCVD) [14],
chemical bath deposition (CBD) [15], molecular beam epitaxy [16],
spray pyrolysis [17], chemical vapor deposition [13,18], electro-
chemical deposition [19], sol- gel [20], screen printing [21].

In the present study, we used the ultrasonic spray pyrolysis process, a
very simple, non-toxic and inexpensive method that does not require
sophisticated equipment [1]. to elaborate Layers of pure and La-doped
ZnO with atomic contents of 2, 5, 10 and 15% were deposited on glass
substrates at 450 °C. These layers were characterized by X-ray diffrac-
tion, SEM, PL, UV-Visible spectroscopy, Seebeck coefficient, photo-
catalysis for methylene blue (MB) degradation and a flexible UV
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photodetector reacting to 365 nm light. The purpose of this study is to
investigate the effect of lanthanum doping on structural, microstruc-
tural, optical, Seebeck coefficient and photoluminescence properties,
and to establish a relationship between these properties and photo-
catalytic and UV photodetection properties.

2. Experimental part
2.1. Films preparation

To prepare Znj xLayO layers [x = 0.00, 0.02, 0.05, 0.10, 0.15] on a
cleaned glass substrate(30 x 10 x 1.2 mm?), use a spraying solution
containing zinc acetate dihydrate (C4HgO4Zn-2H0), with a molar
concentration of (0.1 M), dissolved in 20 ml methanol (Merck 99.5%),
50 ml deionized water (resistivity = 18.2 MQ cm); and 30 ml ethanol
(Merck 99.5%). Lanthanum (III) acetate hydrate (La(CH3CO3)3-xH20)
was added to the undoped solution during the preparation of the solu-
tion for doping such that the doping concentration in starting solution
was between 2 and 15 at.%. The solutions were vigorously stirred at
room temperature for 30 min until a homogeneous solution is obtained.
then add a few drops of acetic acid to bring the pH to around 4.8, to
inhibit hydroxide formation. For films deposition, the total volume of
the solution sprayed was 50 ml and the rate of spray was 20 ml/h, 20 cm
nozzle-to-substrate distance, maintained at 450 oC for 1 h. More detail is
presented in the previous study [1,22,23].

2.2. Photodegradation of MB

The photocatalytic properties of ZnO and LZO thin films were
investigated through the degradation of methylene blue solution at a
concentration of 8 x 1072M, radiated by a 100 W incandescent lamp
with UV light. Experiments involve emerging the photocatalyst (ZnO,
ZLO) in a 250 ml beaker containing the BM solution, stirring for 30 min
in the dark to achieve equilibrium adsorption—desorption of MB on the
catalyst surface, and taking 10 ml of the solution and measuring its
absorbance (in the dark) using a Parkin Elmer UV-VIS-NIR Lambda 19
spectrophotometer. Then, under stirring, the BM solution is irradiated
with UV light and its absorbance is measured every 30 min for 3 h.

2.3. UV light response tests

The UV photodetector was irradiated with 365 nm ultraviolet light.
The power of the UV irradiation was then limited to a low value of 90
mW/cm2 by means of the UV power control device.. This UV light ir-
radiates vertically the sample surface in a dark test chamber, where the
photocurrent signal is then detected using the precision source/mea-
surement unit. This method involves real-time measurement using a
two-point probe. The input voltage for the two-point measurement was
setat5V.

2.4. Characterization techniques

Structural analysis of ZnO and ZLO thin films will be carried out
using an X-ray diffractometer (MiniFlex600) with Cu Ko radiation,
0.15418 nm). Their microstructure was assessed using a scanning elec-
tron microscope (SEM) (TESCAN_VEGAS3), while their intrinsic proper-
ties were evaluated using a Perkin Elmer fluorescence spectrometer (LS
45) with an excitation wavelength of 290 nm. The optical properties
were evaluated by measuring transmittance spectra via UV-Vis Spec-
troScan 80D in the 190-1100 nm spectral range. For thermoelectrical
testing, measuring the Seebeck coefficient was carried out by heating the
two tips, serving to measure the potential difference, and measuring the
temperature between the tips using thermocouples, or the temperature
difference from 0 K to 120 K with an interval of 20 K.
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3. Results and discussion
3.1. Structure analysis

Fig. 1 shows the XRD spectra of the Zn; 4La,O thin films [x = 0, 2, 5,
10, and 15at. %]. From the spectra, it can be seen that all the films have a
polycrystalline nature, as peaks located at 20 = 31.956°, 34.637°,
36.415°, 47.783°, 56.634°, 62.962°and 67. 975°, corresponding
respectively to the crystal planes of the (100), (002), (101), (102),
(110), (103), and (112) hexagonal wurtzite structure conforming to
the standard map number JCPDS (JCPDS 36-1451) [24-26]. Typically,
the maximum intensity along (002) for undoped and 2% La-ZnO films,
is apparent in the growth of the films that are preferentially oriented in
the c-axis direction. In the case of 5% La-ZnO, 10% La-ZnO and 15% La-
ZnO films there are 3 preferential orientations (100), (002), and (101),
however, for the 15% La-ZnO films the (101) plane shows a maximum
intensity. An increase in the intensity of the (101) peak is observed with
the increase of the doping content, confirming the incorporation of the
La%" ion in the ZnO lattice. The variation in preferential orientation
decreases progressively in La-ZnO films from doping levels of 5at.%,
accompanied by a decrease in the intensity of peak (002) and a
strengthening of peaks (100) and (101). This is explained by the initial
nucleation on the substrate, which could be influenced by the incorpo-
ration of La>* ions into the Zn®" sites of the ZnO lattice. Neither the
secondary phase of La;Os oxides nor other phases are detected, this
signifies a good dilution of the lanthanum ions in the ZnO lattice.

It can be seen that the position of the peaks is not exactly the same for
all concentrations, there is a small shift of the peaks (101) towards a
small angle in the case of the 10% La-ZnO and 15% La-ZnO films
compared to pure ZnO, which informs us about the change of the lattice
parameters with the introduction of lanthanum [27]. In addition, there
is a progressive loss of crystallinity by increasing the concentration of
lanthanum in the ZnO lattice, which results in a decrease in the intensity
of the (002) peak.

The X-ray diffraction spectrum was used to determine the structural
parameters of Zn1-xLaxO thin films [x =0, 2, 5, 10, and 15 atm.%], such
as lattice parameters (a and c) [28], The c/a ratio, the unit cell volume
(V)[29], the lattice strain (¢), and the crystallite size (D), the latter
calculated by applying the Debye-Scherrer formula [30], using the
following equations, respectively:
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Fig. 1. XRD patterns of ZnO, Znl-xLaxO[x = 2, 5, 10, 15 at.%] films deposited
at 450 °C.
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where K is the dimensionless constant = 0.9, A is the wavelength of the
incident X-ray (Cu Ko radiation, > = 1.5418 A), B is the full width at half
maximum (FWHM) of the diffraction peak, 0 is the position of the
considered diffraction peak (in radians), dpy the distances are expressed
in [JOX] and the angles in radians. The calculated values listed in Table 1.
it can be seen that the lattice parameters (a and c) and cell volume of
ZnO increase with increasing lanthanum concentration from 5.1868 A,
46.99 A® for the pure ZnO films, to 5.2038 10\, 47.42 A% in the case of 15
at.% doped ZnO, this may be explained by the large difference in the
ionic radii of La3t (1.06 A) and Zn2" (0.74 A). Based on the Hume-
Rothery rule (%Ar > 15%) [31], La®" ions do not introduce in a sub-
stitutional form, while lanthanum ions occupy the interstitial sites or
available voids in the ZnO crystal lattice [32]. In addition, the value of
the lattice strain (e) decreases with doping which leads to a deformation
of the elemental lattice in the form of compressive or dilational stresses,
which in our case will be dilation (negative stresses) because 26 is
moving towards the small angles, due to the larger radius of La®* After
5% La-ZnO, the XRD pattern does not show a single preferential orien-
tation, indicating a distortion of the crystal lattice in the La-doped ZnO.
In addition, the c/a ratio value for the wurtzite structure is considered to
be 1.633 [33]. For the present sample, the c/a ratio ranges from 1.6035
to 1.6053, indicating the formation of oxygen at the interstitial sites and
zinc vacancies (Vzp).

The crystallite size is the same for the 2%LZO films (15 nm) as for
pure ZnO films (15 nm), then there is an increase in crystallite size for
the 5% LZO films (19 nm). The reduction of the crystallite size was
observed for the doping rate of 10% LZO films (10 nm) and then in-
creases for 15%LZO films (16 nm). The decrease of the crystallite size for
elaborated films is, probably, caused by the emergence of other growth
planes at the expense of the (00 2) orientation used for the calculation of
the crystallite size.

3.2. Microstructural observations

Fig. 2 shows the SEM images of the ZnO and LZO samples [2, 5, 10,
15at%]. The morphology of ZnO and 2%LZO layers covered with
nanorods with a length of about 1 pm. are grown along the direction
perpendicular to the substrate, which is consistent with the highly ori-
ented ZnO (002) in the XRD patterns. It can be seen that the surface
improved with doping, for 5%-LZO, 10%-LZO, and 15%-LZO The
nanocrystals were hexagonal prisms with clearly distinct edges and

Table 1
Structural parameters (cell parameters ‘a’ and ‘c’, ¢/a ratio, the average crys-
tallite size (D), volume (V), and micro-strain (g)) of ZnO and LZO thin films.

x% Cristallite Lattice c/a Unit cell e %

La Size (nm) Parameters volume
(nm) (nm®)

0 15 a = 0.32344 1.6036 46.99 x 1072 -0.3
c=0.51868 81

2 15 a = 0.32344 1. 46.99 x 103 —0.381
c =0.51868 6036

5 19 a = 0.32354 1. 47.08 x 1072 —0.250
c = 0.51937 6053

10 10 a = 0.32404 1. 47.25 x 1072 —0.204
¢ =0.51960 6035

15 16 a = 0.32438 1. 47.42 x 1072 —0.054
c = 0.52038 6042
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corners, with smooth faces, with llengthsl pm grown in the direction
along the (100), (101) plane in parallel with the substrate surface. Note
that the nanorods diameter is increased with the increase of doping rate
0.25, 0.32, 0.40, 0.67 pm, for LZO [2, 5, 10, and 15at.%] respectively.
These findings support the X-ray diffraction results and further, confirm
the incorporation of La®" ions into the ZnO lattice. It can be concluded
that lanthanum doping significantly improves the morphology of ZnO.

3.3. Optical properties

The optical transmission and reflectance spectra spectra of the
elaborated thin films recorded at room temperature in the range of
200-1100 nm are shown in Figs. 3 and 4 respectively. The average
transmission was observed from 80% to 90% in the visible range as the
concentration of Lanthanum increases, where the transmittance shows a
series of interference bangs due to multiple reflections in the ZnO and
LZO layers. According to these findings, it is evident that doping with
Lanthanum (10, 15 at.%) helps the improvement of transmission in the
visible region. This demonstrates that this material can be used as a
transparent oxide in solar cells.

The different values of the dispersion parameters of our samples such
as d, Eg, n at 598 nm, and noo was estimated by a single effect oscillator
fit, suggested by Wemple and DiDomenico [34], are listed in Table 2.

The determination of the optical gap Eg is based on the model pro-
posed by Tauc plot [1,22,25].

1/2

ahv = A(h — E,) 6))

A is a constant, Eg is the optical bandgap expressed in eV, E = ho is
the energy of the photon in eV. Plotting («hv)? as a function of the energy
of a photon (E = hv) and by the extrapolation method, the intersection of
the tangent with the x-axis (for ((oahv)? = 0), represents the optical gap
Eg. The optical bandgap values show considerable stability, as shown in
Table 2, from 3.26 eV for the undoped layer [34,35], to 3.27 €V, 3.26 €V,
3.26 eV, 3.26 eV for the layer doped with 2%LZO, 5% LZO, 10%LZO,
15%LZO. However, these values are lower than those for bulk ZnO
(3.31 eV) [36]. In this study, the deformation of the crystal lattice,
modification of the electronic structure and reduction of the average
grain size do not influence the optical gap values [35]. This confirms
that the La®" ion is introduced into the interstitial sites.

Fig. 5 shows the refractive index values calculated from experimental
data [34], which is recorded in Table 2, and it is known that an inverse
relationship exists between refractive index and transmittance. In our
study, we found the following results: as the doping rate increases,
refractive index values increase and transmittance values decrease 1.82
(86%), 1.83 (80%), 1.84 (86%), 1. 77 (90%), 1.82 (87%) for thin ZnO
layers, 2%LZ0O, 5%LZ0, 10%LZ0, 15%LZO, these results can be inter-
preted by a relationship between crystal structure and transmittance, i.e.
there’s a relationship to the growth direction ¢ (002), as peak intensity
(002) increases, the transmittance decreases and the refractive index
increases as a result of the incorporation of La3+ ions into the ZnO
lattice. On the other hand, film thickness values are presented in Table 1,
which increase for a doping level of 2%LZO (368 nm), then decrease
with increasing doping levels of 367, 357, 300, 259 nm for the ZnO
layer, 5%LZ0O, 10%LZO, 15%LZO respectively. This can be interpreted
as thickness saturation at 2%LZO [37].

3.4. Photoluminescence spectra analysis

Photoluminescence properties were studied using an LS45 spectro-
photometer in the 350-700 nm range. The emission spectra of the
processed layers were recorded at room temperature with an excitation
wavelength of 290 nm and are shown in Fig. 6a. All spectra are char-
acterized by 2 emission bands. A blue emission band around 413 nm
(2.99), 415 nm (2. 98 eV), 409 nm (3. 02 eV), 412 nm (3. 00 eV), and
410 nm (3. 01 eV) for the ZnO, 2% La_ZnO, 5% La_ZnO, 10% La_ZnO,
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Fig. 2. SEM images of ZnO, Znl-xLaxO[x = 2, 5, 10, 15 at.%] films deposited at 450 °C.

and 15% La_ZnO layers respectively, which can be assigned to near-band
edge (NBE) emission from free exciton recombination and excitons [38],
the Gaussian peaks (dashed lines) are shown at the bottom of Fig. 6b,
while the solid line represents the linear combination of the multi-
Gaussian peaks with a constant background. The Gaussian peak posi-
tion, area, width (nm), and height (a. u) are shown in the inset of Fig. 5b.
mathematical treatment of the PL intensity there is a slight shift in band
position to 412.48 + 3. 12 nm (E = 3.00 + 0.02 eV) due to the intro-
duction of La®". On the other hand, this slight shift towards the long
(short) wavelengths of the band-to-band transition is accompanied by a
slight decrease (increase) in the optical gap, and in our study we find
that the values of the optical gap energy remain constant at a value of
(3.26 eV), except for the 2%LZO films, which confirms that the La®" ions
introduced into the eastern sites are not in substitution. The low in-
tensity of the 15%LZO films shows that the rate of recombination of
electron-hole pairs becomes lower after the introduction of La atoms, i.e.
photogenerated electrons are trapped at the energy levels created by
defects in the band gap.

The second, a broader emission in the visible around 483 nm (2.56),
489 nm (2. 53 V), 509 nm (2. 43 eV), 496 nm (2.49 eV), and 483 nm (2.
56 eV) for ZnO, 2% La_ZnO, 5% La_ZnO, 10% La_ZnO, and 15% La_ZnO

layers respectively, linked to intrinsic defects and impurities in ZnO such
as oxygen voids (Vo), zinc voids (VZn), oxygen (Oi) and zinc (Zni) in-
terstitials, dopants [39,40]. From Fig. 5b. shown that a band offset of
492. 50 + 9. 50 nm (E = 2.52 £ 0.08 eV). The presence of these emis-
sions confirms the existence of oxygen vacancies on the surface of the
ZnO catalyst. The observed emission at 492.50 + 9. 50 nm has been
ascribed to the oxygen vacancies (Vo) transition to oxygen interstitials
(0i) [41,42], where the valence oxygen vacancies have been ionized
[43] and linked to zinc vacancies (Vz,) and oxygen vacancies (Vo) [44].
In contrast, recombination of the electron-hole pair is usually charac-
terized by localized states with energy levels within the band gap, pro-
ducing lower-energy emission [45].

Their emission intensity improves with the doping level, with
maximum values achieved for the 2%LZO and 10%LZO films, possibly as
a result of the increase in deflections on the ZnO surface, and the pres-
ence of a high concentration of oxygen vacancies and other defects,
which explicit by a higher separation rate of photo-induced charge
carriers, the higher separation between the photoelectrons and holes
[46].

For the 5%LZO films, the intensity of emission is lower than that of
2%LZO and 10%LZO, but at the same time higher than that of ZnO;
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Fig. 3. Transmission spectra of ZnO, LZO thin films deposited on glass sub-
strate at 450 °C. Measured (full circles) and calculated (solid lines) trans-
mittance spectra of films.
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Fig. 4. Reflectance spectra of ZnO, Zn;4La,O[x = 2, 5, 10, 15 at.%] films
deposited at 450 °C.

Table 2
Dispersion parameters of the La_ZnO films extracted by fitting the experimental
data.

Samples Thickness (nm) Eg (eV) n at 598 nm Ny

ZnO 367 3.26 1.82 1.74
2%La_ZnO 368 3.27 1.83 1.72
5% La_ZnO 357 3.26 1.84 1.74
10% La_ZnO 300 3.26 1.77 1.70
15% La_ZnO 259 3.26 1.82 1.74

whereas the emission intensity of the 15%LZO films is less than that of
ZnO. a fact that is consistent with the results of XRD, SEM, and
photocatalysis.

3.5. Seebeck coefficient

The term “thermoelectricity” refers to a physical phenomenon that
occurs in a conductor or semiconductor when it is exposed to a tem-
perature difference or when a current flows through it. In materials,
there are basically three thermoelectric effects: the Seebeck, Peltier and
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Fig. 5. Refractive index of ZnO, LZO thin films deposited onto glass substrate
at 450 °C.

Thomson effects [47]. The Seebeck effect refers to the flow of current
due to the temperature gradient between the two ends of a material.
Fig. 7. A graphical representation of AV versus temperature gradient for
LZO films from 0 to 120 K.

The Seebeck coefficient (expressed in mV/K) is calculated from the
following relationship [48].

AV

S=— AT (6)
where AV is the offset voltage measured when the temperature differ-
ence AT between the two tip contacts on the sample (Vhot tip - Vcold
tip). The evolution of the thermoelectric coefficient being proportional
to the temperature difference between the tips, the S values obtained are
—319, -333, —366, —370 and —282 for ZnO, 2%LZ0, 5%LZO, 10%LZO
and 15%LZO respectively, the S values are negative for all films, which
is characteristic of an n-type semiconductor (the free carriers are elec-
trons in the case of) [1,48]. The fact that the Seebeck coefficient in-
creases in absolute value for doping levels above 10% is evidence of
competition between various phenomena, such as the incorporation of
additional dopants and impurities creating more damage than true
doping.

As the Seebeck coefficient is inversely proportional to the carrier
concentration [49], the carrier concentration was calculated using the
following equations (7), together the effective density in the conduction
band, determined using Eq (8) [50]., when |S|> 75 pV/K [51]:

. R {3 S| ”
=g o (7 2] ~07) § ?
n 3/2
Ne = 2(2”";¢) ®)

where e is the charge of the carrier, kB denotes Boltzmann’s constant, T
represents the absolute temperature, h is the Planck constant, mS*
(mS*= 0.28 my) is the effective Seebeck mass of ZnO, and n represents
the carrier concentration. The results of carrier concentration of the
ZnO, LZO thin films are shown in Fig. 8. the values of carrier concen-
tration increased with doping level from 5.95 x 10'7, 4.9810'7,
3.3910%7, 3.2110'7, 9.1810Y cm~ 2 for ZnO and Znggglag o20,
Zn0_95La0.05O Zno_goLaO.loo, Zn0_85La0_15O films respectively. In addi-
tion, the calculated effective density of ZnO was 3.71 x 10'® cm~3, and
we note that our ZnO, LZO layers were non-degenerate, which explains
the optical results (the stable Eg values).

The Fermi energy level (FE) can be calculated using the following
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equation [47].
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Fig. 8 shows the Fermi energy values. These decrease with increasing
dopant content, which could be interpreted as La™ diffusion into the
ZnO lattice, as La*® ions introduced into interstitial sites will generate
additional electron vacancies. Except for films containing 15% LZO, due
to the increase in the number of electrons (i.e. charge carriers) that are
promoted above the Fermi level in the conduction band as a result of the
increase in La>" ions.

3.6. UV photodetector

Fig. 9 shows the photocurrent of the Zn; 4LayO films [x = 0.0, 0.02,
0.05, 0.10, 0.15] in the dark and under UV light with the interval 30 s,
under + 5 V voltage. It is observed that all films show the transient
response of the measured current with switching on and off UV illumi-
nation. The spectrum revealed that the photocurrent decreases monot-
onously with increasing La conten. It’s conventional that the
photoresponse mechanism of ZnO-based UV PDs, where oxygen mole-
cule adsorption and desorption play a crucial role in photoconduction.
In the dark, oxygen molecules adsorbed on the ZnO surface from the
ambient atmosphere according to the equation:

0.7
0% La, 2% La, 5% La,
10% La, 15% La_ZnO
0.6 off
»
__ 05
<
£
— 04
o
(J
s 03}
O
0.2
0.1
o.o 1 L L 'l 'l
0 50 100 150 200 250 300
Time (sec)

Fig. 9. UV response during 5 UV on-off sensing cycles for ZnO and LZO sam-
ples at a UV intensity of 1500 mW/cm?*
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0,(gaz) + e (surface)—O0; (adsorption) 10$)

And then form a low conductivity depletion region, under exposure
to UV illumination, e ~h™ pairs are photogenerated, where some of the
photogenerated holes desorb the adsorbed oxygen molecules from the
ZnO surface to decrease the low conductivity depletion width as follows,

h* + 05 (adsorption)—0,(gaz) an

Finally, the unpaired photogenerated free electrons together with
available holes contribute to photoconduction in the presence of an
external driving force [52,53].

Fig. 10 shows I-V properties of ZnO and LZO film photodetectors in
the dark (dark current) and at 365 nm irradiation (photocurrent), the
values are presented in Table 3, observed that the La-doping can reduce
the dark current and enhance the electrical properties, For the dark
current of ZnO obtained are 6.4 x 10~* A this value is very important
compared to 2.92 x 1077 A obtained by T. P. Chen et al [54]. In addi-
tion, the photocurrent of our ZnO sample is 2.23 x 107> A is very highest
than 7.32 x 107° A of the photocurrent of the ZnO MSM UV sensors with
Ag and Pd contact electrodes fabricated by S.J. Young et al [55].

The sensitivity values of the Zn; 4\LayO films [x = 0.0, 0.02, 0.05,
0.10, 0.15] PD, are given in Table 3, and we note that the 15%La-ZnO
layers are more sensitive but with a lower current, while the 5%La-ZnO
layers have a good sensitivity compared with the other layers, and even
pure ZnO. These results are in agreement with those obtained in the
photocatalysis section. Other studies show that in the ZnO: Ag films, the
sensitivity is increased with the increase of silver content, the concen-
tration of carrier increases and reduces the refractive index of ZnO [56].
However, Yen-Lin Chu et al [57], report that Ga-ZnO thin films produced
by simple chemical methods at room temperature have significantly
higher photo-responsivity and stability than undoped ZnO PDs exposed
to 380 nm UV illumination with an applied bias of 3 V.

In Table 4, a comparison of the highest value obtained from 5%La-
ZnO versus other doped ZnO layers reveals that this layer is more sen-
sitive than the In-doped layer, while FZO layers prepared by Yen-Lin
Chu et al [58] show better sensitivity than IZO [59] and LZO layers.

It can be seen that with increasing time, thin layers of 5%LZO are
better photogenerated than other LZO layers. So many factors influence
the photodetector of LZO films, the incorporation of La in the ZnO lattice
changes the preferential orientation, and surface morphology, car the
amount of La occupies the vacuum of oxygen (PL), and this variation in
the surface morphology affects the adsorption of oxygen, However, LZO
thin films are particularly suitable for detecting UV light.

&9 @ ZnO Dark
@ ZnO UV light o
20}? 2%La_ZnO Dark oo
“Te 2% La_ZnO UV light o’
o 5% La_ZnO Dark o°°°
21 5l° 5% La_ZnO UV light o’
E I 10%La_zZnO Dark °°o°
= o 10%La_ZnO UV light o°
210 o 15%La_ZnODark ,o° 400’
53 " [e 15%La_ZnO UV |igﬁ? 00
[&) (] | p °°¢0°°°
0.5
0.0 b

Voltage (V)

Fig. 10. The I-V curves of ZnO and LZO samples measured in the dark and
under UV illumination.
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Table 3
The results exhibited the parameters of the prepared ZnO samples with and
without La content at 5 V.

Samples Tgark (MA) Tphoto (MA) Sensitivity
Pure ZnO 0.64 2.23 3.48
2%La_ZnO 0.56 1.14 2.03
5%lLa_7ZnO 0.13 0.66 5.07
10%La_ZnO 0.31 0.58 1.87
15%La_ZnO 0.0117 0.0765 6.53
Table 4
Some results of doped ZnO PD films.
Samples Sensitivity A (nm) Voltage (V)
LZO 5.07 365 5
FzZ0 471.1 [58] 380 3
1Z0 2.5 [59] 390 1

3.7. The photocatalytic performance of the La-doped ZnO thin films

Rare earth (RE) are elegant dopant for the photodegradation of
organic pollutants. Recently, the rare-earth-doped photocatalyst has
received a lot of attention. The unique photocatalytic and redox prop-
erties of RE are important for promoting the surface properties and
electron transfer activity of the photocatalyst. ZnO doped with La ex-
hibits enhanced photocatalytic activity compared with undoped ZnO
[60,61]. Photodegradation of aqueous methylene blue solution (8.10-2
M) under UV light irradiation for 3 h, using ZnO thin films, Zn; 4\LayO [2,
5, 10, 15at.%] was studied. Fig. 11. shows the optical absorption spectra
of MB after UV irradiation at different exposure times for all ZnO, and
LZO films, recorded in the range of 500 to 750 nm. A decrease in the
maximum absorbance observed at 663 nm as a function of time can be
seen for all films, confirming the degradation of MB.

Our results show that there is no proportional relationship between
the absorption rate and the doping rate. It is clear that 10%LZO thin
films have low absorption than pure ZnO layers, whereas 15%LZO and
5%LZO layers improve degradation more evenly than ZnO, and the 2%
LZO layers have a medium absorption rate.

The decrease in maximum absorbance observed at 663 nm as a
function of time, can be used to quantify the degradation rate D, (%) of
MB using the following relation.

D, % = |:l 7i:| x 100 12)
Ao

where A; and Ag are the absorption of the MB solution at 663 nm after
irradiation during and before irradiation, respectively. Fig. 12 shows the
rate of degradation as a function of time.

A high degradation rate, around 96%, is observed for films prepared
from 5%LZO versus pure ZnO (86%). And an 87% degradation rate for
15%LZO films. However, 10%LZO thin films show a low degradation
activity of around 34%. The 2%LZO films had a good degradation rate of
74%. The photocatalytic efficiency of the films increases with increasing
La®" ions concentration but stabilizes at 5at%(La). Therefore, it can be
concluded that the optimum catalyst concentration is 5at. %.

In order to describe the photodegradation reaction kinetics of dyes at
low concentrations, the apparent photocatalytic reaction rate constant K
was calculated by representing the photodegradation ratio from Fig. 13
in terms of the following pseudo-first-order equation [62].

A =X*exp(—k*t) +E 13)

While the k-order (pseudo) rate constant is the inverse of that of the
time used (min- 1), the X represents the amplitude of the process, and E
corresponds to the end point, both in the same units as the measured
value A. As shown by the values recorded in Table 5, the values of R? =
0.9990, 0.9953, 0.9960, 0.9788, 0.9971 for the ZnO, 2%LZ0, 5%LZO,
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Fig. 11. Photocatalytic activity of ZnO and LZO thin films in MB solution under UV irradiation for different reaction time.

10%LZO and 15%LZO layers respectively indicate that the photo-
catalytic reaction for all films is a first-order reaction.

The values of the rate constant k for the thin films were as follows:
ZnO (0.53221 min~1), 2%La ZnO (-0.00441 min~!), 5%La_ZnO
(0.67120 min~), 10%La_ZnO (—0.0975 min~'), 15%La_ZnO (0.53006
min_l), an irregular variation of the rate constant k for thin films
(0.0084 min’l), an irregular variation of the kinetic constant with La
concentrations is obtained. The maximum value is obtained for films
with 5%La_ZnO. This result is due to the presence of a large number of
oxygen vacancies [63], which enhance the center of activity, thus
helping to increase photocatalysis efficiency. In addition, more surface

defects are present, causing the creation of a contact zone on the surface
of ZnO films that separate the recombination of photogenerated elec-
trons and holes, resulting in enhanced photocatalytic activity.

Fig. 14 summarizes the mechanisms of MB photodegradation by ZnO
and LZO [2, 5, 10,15 at.%] films semiconductor irradiated with energy
UV-light. In general heterogeneous photocatalysis is a catalytic process
based on the excitation of a semiconductor (ZnO) by light radiation with
a wavelength below 390 nm corresponding to an energy greater than or
equal to the band gap of 3. 30 eV, leading to accelerated photoreaction
involving reactions between electron/hole pairs and organic and inor-
ganic products adsorbed on the semiconductor surface. This absorption
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Fig. 12. Degradation rate of ZnO and LZO films in MB solution.
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Fig. 13. Degradation kinetics of MB aqueous solutions by ZnO and LZO films.

results in the activation of the semiconductor (ZnO). Under light exci-
tation, electrons (e™) in ZnO valence band (VB) move into the conduc-
tion band (CB), leaving a positive charge or hole (denoted h™) in the VB.
The carrier pairs (e /h™) then migrate to the surface of the catalyst
(ZnO). Photo-generated electrons and holes can then recombine simul-
taneously at a rate dependent on several factors related to the photo-
catalytic structure and surface modifications. This effect essentially
depends on the photocatalyst, such as its nature, concentration, Ph, and
type of doping [64].

ZnO +ho(UV)—e +h* as

An indispensable property of lanthanum is its ability to capture

Inorganic Chemistry Communications 157 (2023) 111372

photogenerated electrons according to equation (15):

La*t + e —»La*" (15)

The lanthanum ion (La®>t=[Xe] 5d') ends up with an additional 5d
electron orbital. La?* tends to return to their stable configurations with
the 3 + oxidation states (La®" = [Xe]). This can be achieved by trans-

ferring the trapped electron to the oxygen molecule O as follows.
La** + 0,~La*t +07° 16)

The superoxide radical produced (03°) is responsible for generating
oOH radicals, known as highly reactive electrophilic oxides.

0,° +H"— 00H a7
"00H—H,0, + 0, (18)
H,0, +ec,—OH™ + OH (19)

Photo-generated holes can react with H,O molecules to produce eOH
radicals:

hiy + H,O—H" + OH (20)

The doping of ZnO with La serves to considerably improve its cata-
lytic properties by modifying the surface state of the ZnO. This can be
seen in the large number of defects generated, notably oxygen gap sites
[65-67]1, which serve to trap electrons and subsequently produce a
quantity of radicals (-OH) that will raise the pH of the solution to an
optimum, which has been estimated at around 10 [68].

In this study, we found that there is no fixed relationship between the
catalytic properties of LZO and other structural, microstructural, and
optical properties. A number of studies [65-67], show that particle size
reduction (large specific surface area) is suggested to decrease the
probability of recombination of electron-hole pairs (e—/h+), which in
turn improves photo-catalytic activity, but this trend does not apply in
our case, ZnO (15 nm, Dr = 86%), 2%LZO (15 nm, Dr = 74%), 5%LZO
(19 nm, Dr = 96%), 10%LZO (10 nm, Dr = 34%), and 15%LZO (16 nm,
Dr = 87%). Thus, the variation in optical gap energy cannot be inter-
preted as lanthanum doping does not affect Eg, which has a fixed value
of 3.26 eV. Our results show that lanthanum doping influences the
microstructure of ZnO, confirming that photodegradation efficiency can
be improved through the evolution of the ZnO structure. The doping of
ZnO with La serves to considerably improve its catalytic properties by
modifying the surface state of the ZnO. This can be seen in the large
number of defects generated, notably oxygen gap sites [68-70], which
serve to trap electrons and subsequently produce a number of radicals
(—OH) that will raise the pH of the solution to an optimum, which has
been estimated at around 10 [71]. Recently, ZnO nanostructures have
received great interest for photocatalytic study due to their unique
promising characteristics. Nanostructured ZnO can exist in various
morphologies such as, one-dimensional (1D) nanostructures (nanowires,
nanorods, nanotubes...), two-dimensional (2D) and three-dimensional
(3D) (nanodisk, nanoflower like nanocube, Nanooursins), where are
different surfaces, polar planes or oxygen vacancies [72].

Table 5

Pseudo-first-order kinetic parameters of MB degradation.
Samples Value Standard deviation R?

K(min ") X E K(min ") X E

ZnO 0.53221 1.06674 0.1127 0.02140 0.02140 0.0135 0.9990
2% La-ZnO —0.00441 —34.038 35.231 0.03514 274.453 274.46 0.9953
5% La-ZnO 0.67120 1.21768 0.0254 0.05089 0.03511 0.0249 0.9960
10% La-ZnO —0,0975 —0,5121 1,70945 0,02778 0,19315 0,1981 0.9788
15% La-ZnO 0.53006 1.27594 —0.11078 0.01015 0.02330 0.0252 0.9971
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Fig. 14. Degradation mechanism of MB solution by ZnO and LZO films.

4. Conclusion

Zn0, Znj4La,O [2, 5, 10, 15%] films were prepared by spray py-
rolysis on a glass substrate at 450 °C for 1 h. XRD patterns confirmed the
hexagonal wurtzite-like structure for the pure ZnO and LZO films, with
the preferential orientation varying with increasing the La content, and
the average crystallite size estimated at between 10 and 19 nm. The
microstructure reveals that doping has affected the morphology. As
regards optical properties, the transmittance value increased with
increasing doping content, with a constant band gap energy value of
3.26 eV. As doping increased, the Seebeck coefficient changed. How-
ever, the maximum carrier concentration value is 9.18 x 107 em™  for
15% LZO films. For UV photodetectors, we find that 5%La-ZnO films are
more effective than ZOn films for UV photodetectors with high reac-
tivity. Results from the photocatalytic application of methylene blue
indicated that the 5%La_ZnO sample is more suitable for photocatalytic
applications with a 95% degradation rate. Because of the excellent
properties of the synthesized films: small crystallite size, well-defined
morphology, and high transparency, they can be used as: optical win-
dows in voltaic cells, polarizing substrates for photo-catalytic applica-
tions, gas sensors, heavy metal extraction (water decontamination) or in
antibacterial applications. Based on this study, it was found that the
relationship between UV photodetectors and photocatalysis depends on
the surface of the sample, doping with lanthanum leads to structural
defects and also influences oxygen vacancies, while 5%La-ZnO presents
the best surface for UV photodetectors and photocatalysis.
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