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Abstract. In;Os3 : Eu thin films were successfully grown by spray pyrolysis. XRD studies showed that the films had
In; O3 cubic structure with (004) preferential orientation and best crystal properties at 1.5% Eu doping level. The
optical band gap energy decreased with Eu content around 4.1 eV. Urbach energy was of the order of 278 meV, it
decreased with Eu content which indicates a decrease in the defects by doping. The dispersion of the refractive index
was discussed. Raman spectroscopy showed the band positions corresponding to In;O3 cubic phase with a small
shift related to europium incorporation within In;O3 matrix. PL. measurements showed a large band which was
located at 410 nm and related to the band-to-band transitions and other bands related to impurity levels. Finally, the
electric conductivity was investigated depending on the effect of temperature. Activation energy was found to range

from 45 to 60 meV for films which were prepared with 1% Eu content.
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1. Introduction

Indium oxides (In,O3) have particular optical and electronic
properties [1-3] which can be of interest for electronic
and optoelectronic devices [4,5]. They are also important
in selective oxidation catalysis [6—8]. This interesting mate-
rial was found in many works for its interesting properties
particularly its high thermal and chemical stabilities.

It has been recorded that indium oxide is a cubic-
structured semiconductor with high piezoelectric and gas
detection properties [9—16]. Its deposition on glass-like sub-
strates has been widely experimented and applied.

To improve physical properties of In, O3, it was doped by
several elements such as tin [17,18], zirconium [19] and man-
ganese [20]. Although this oxide was doped by several other
elements, very few of these studies have been reported on
rare-earth doping.

In, O3 thin films were prepared by many techniques such
as MOCVD [21], chemical vapour transport (CVT) [22],
sputtering [23], laser ablation [24], spray pyrolysis [25] and
sol-gel [26,27]. Compared to other techniques, spray pyroly-
sis method is widely used to prepare indium oxide thin films.
In, O3 samples are also characterized by uniform size distri-
bution and it has been shown that thin films with grain size
were controlled through doping concentration. Furthermore,
spray pyrolysis technique leads to a large production area and
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it is special to give crystallized thin films without recourse to
thermal processing [25].

In this work, our aims are to study the effect of europium
content (y = [Eu”]/[ln“], 0 <y<2 at%) on the struc-
tural, electrical and optical properties of In,Os : Eu thin
films. These films have been investigated by XRD, opti-
cal reflectance, transmission spectra, PL and Raman spec-
troscopy. On the other hand, an attempt on their electrical
properties has been carried out by means of conductivity
measurements alteration in terms of temperature.

2. Experimental
2.1 In;Oj; : Eu films preparation

Indium oxide thin films were deposited on glass substrates at
460°C using 0.01 M aqueous solution of indium (III) chlo-
ride tetrahydrate [InCl;-4H,0O]. Nitrogen was used as the
carrier gas (pressure at 0.35 bar) through a 0.5 mm diam-
eter nozzle. As reported in our laboratory [28], the nozzle-
to-substrate plane distance was fixed at the optimal value of
27 cm. During the deposition process, the precursor mixture
flow rate was taken constantly at 4 ml min~".

Under similar experimental conditions, europium-doped
In, O3 : Eu thin film solutions have been fabricated by adding
europium oxide to precursor solutions, while maintaining aci-
dity level. In the elaborated samples, the europium-to-indium
molar ratios y = [Eu’"]/[In**] were 0.5; 1; 1.5 and 2%.
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2.2 Characterization techniques

The structural analysis of obtained thin films was carried out
using X-ray apparatus (Philips PW 1729 system) using CuK«
monochromatic radiation (A = 0.15405 nm). The optical
transmittance 7 (1) and reflectance R (A) of In,O3 : Eu spray
thin films were recorded using a Perkin Elmer Lambda 950
spectrophotometer in a 300—-1800 nm wavelength domain.
Raman spectroscopy and PL measurement of In,Os; : Eu
sprayed thin films were carried out by using Jobin Yron and
Perkin Elmer LS55 equipments, respectively.

Finally, electrical conductivity measurements of In,O3 : Eu
thin film have been performed using four probe method at
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different temperature (figure 1). Photocatalytic properties of
In, O3 : Eu (0 <y < 6 at%) were also studied.

3. Results and discussion

3.1 Structural analyses

The X-ray diffraction spectra of europium-doped indium
oxide thin films are reported in figure 2. It shows the effect
of concentrations ratios of europium and indium ions in the
spray solution (y = [Eu**]/[In**], 0 < y < 2 at%). The
observed XRD pattern is found to match with JCPDS card
06-0416.

With further increase of europium concentration until 1.5
at%, a sharp and intense (004) peak is obtained that corre-
sponds to enhancement of crystal quality. When europium
content is higher than 1.5 at%, the intensity of (004) peak
decreases to the detriment of the increase of (222) inten-
sity. For europium inclusion equal to 1.5 at%, we remark the
presence of new peak at 26 equal to 31.7° corresponding to
Eu30,4 orthorhombic phase oriented on to (211) direction.

The texture coefficient (TC) which indicates the maximum
preferred orientation of the films along the diffraction plane
means that the increase in the preferred orientation is associ-
ated with increase in the number of grains along that plane.
TC iy values have been calculated from X-ray data, using
the following equation [29-34]:

1 (hkl)/To(hkl)
NS I(hkl)/Io(hkl)’

TCry = (1

where [(hkl) is the measured relative intensity of (hkl)
plane, Iy(hkl) the standard intensity of the same plane taken
from the JCPDS card 06-0416 and N the reflection number.
TC iy calculated values of the doped In,Os thin films are
given in table 1.
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Figure 2. X-ray diffraction spectra of Eu-doped In;O3 thin films for different ratios

in the spray solution.
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Table 1. Texture coefficient TC gy values of Eu-doped In;O3  Table 3.  Grain size of Eu-doped In; O3 thin films using different
spayed thin films. XRD peaks.
TC D (nm)
y = [Ev’t]/[n*F] at% © 05 1 L5 2 y=[E3*]/[m*]a% 0 05 1 15 2
TC(112) 0.685 1.011 0.927 0.573 1.118 D(112) 332 428 426 534 467
TC(222) 0.516 0.801 0.852 0.288 0.996 D(222) 349 389 360 513 443
TC(004) 3.269 2726 2.557 3.755 2.451 D(004) 363 356 3.6 495 392
TC(044) 0.252 0.181 0.287 0.131 0.198 D(044) 416  28.1 374 419 245
TC(226) 0.275 0278 0374 0.251 0.235 D(226) 369 336 390 46.8 298
Table 2. Latti ters of | : Eu thin films.
able attice parameters of In2Os : Eu thin films Table 4. Microstrain of Eu-doped InpOs thin films.
y = [Bu*T]/[n*] at% 0 0.5 115 2 £ (10-Y)
a (A) 10.1423 10.1423 10.1277 10.1277 10.1314
y=[Ev’t]/[*]a% 0 05 1 L5 2
All the XRD reflections can be indexed to the cubic In, O3, §(112) 119 865 870 694 793
no other peaks can be observed, revealing their phase is pure §(22) 749 670 724 508 589
. . . £(004) 621 632 583 455 575
cubic structures. The interplanar spacing dj;; values were
lculated b ine B i 30.321: £(044) 378 559 420 375 645
calculated by using Bragg equation [30,32]: £(226) 360 3.94 340 283 444
2dhkl sinf = }’l)\, (2)
where n is the order of diffraction (usually n = 1) and A the  Table 5. Dislocation density of Eu-doped InyO3 thin films.
X-ray wavelength. M )
In the cubic structure, the plane spacing is related to the 8 (107 line m™*)
lattice constant a and the Miller indices (hk[) by the follow- 5 ;
ing relation [33]: y =[Evt]/[In’F]at% 0 0.5 1 L5 2
a D(112) 9.07 5.46 551 3.51 9.07
dhy =~ (3) D(222) 821 661 772 3.80 821
VhE+ k41 D(004) 759 7.89 77160 4.08 7.59
The lattice parameter a of In,O; : Eu is given in table 2. D(044) 578 12.66 715 570 5.78
D(226) 7.34  8.86 6.57 457 7.34

From calculated values of lattice parameter listed in
table 2, it is found that this parameter reaches a low value for
1% Eu content. This value seems to be an appropriate value
for possible incorporation of this doping inside the indium
oxide thin film. Also, when Eu content increases, this param-
eter also increases, showing a possible escape of this dop-
ing element to form oxides with high index such as Eu,0s.
The latest has a crystalline phase different to cubic structure
and goes with the structural and optical properties described
above. Indeed, the compactness of the host material increases
at this special doping and induces a high photon interaction
of this 1% Eu-doped In, O3 oxide.

The average grain size D of indium oxide calculated from
(112), (222), (004), (044) and (226) diffraction peaks using
Sherrer’s formula [34,35] are listed in table 3.

kA
p=—"__
B1/2 cos (6)

where k = 0.9 is the Sherrer constant, A = 1.54 A the
wavelength of CuKo radiation, B, the full-width at half-
maximum of each peaks and 6 the Bragg angle. The grain
size was found to range from 24.4 to 53.4 nm when the con-
centration of Eu varies from 0 to 2 at%. We note that the
larger size of the crystallite is obtained for europium rate

“

equal to 1.5 at%. Then, we can conclude that the best crys-
tallinity of In,Oj : Eu is obtained for Europium content equal
to 1.5 at%.

The microstrain &, which is an interesting structural
parameter of In, O3 : Eu sprayed-thin films is calculated using
the following relation [36,37]:

£ = ; B2 . (5)
tan (0)

All results are listed in table 4. From these results, we con-
clude that & decreases uniformly when y is from 0 to 1.5
at%. While for (004), direction decreases. & decreases from
7.49 (y = 0%) to 5.08 (y = 1.5%) and from 6.21 (y = 0%)
to 4.55 (y = 1.5%), respectively, for (222) and (004) planes.
For all (hkl) planes, the smallest values of & are obtained for
Eu content equal to 1.5 at%.

Using grain size values (table 5), the dislocation density
d84is defined as the imperfection in crystal has been calculated
using the Williamson and Smallman’s formula [38]:

1
o )

dais =
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The dislocation density values listed in table 5 confirm the
effect of europium incorporation in In,O3; matrix. Indeed, a
maximum value of this structural parameter is obtained at
1% Eu doping level. This may be due to nanosize crystallites
(table 3) character of such doped film.

The probability made for the texture coefficient is for a
given orientation; it can be used to calculate the averages of
crystallite size D and microstrain £ and can thus outperform
the Williamson and Hall relationship [10,11] using:

2 TCuty- Dy

Doy = (7)
~ > TCum
_ S TC ki) - Ehiry @)
” > TCona

Likewise, the average value of dislocation density can be
estimated using a similar formula:

> TCuniy - Snkny
> TCuua

Average values of crystallite size, stress and dislocation den-
sity are given in table 6, from which we can conclude that
the biggest crystal size (Dpoy = 49.7 nm) and the smallest
values of dislocation density (Smoy = 5.4x10'* lines m=2)
and microstrain (§mey = 5.6 X 1073) are obtained for Eu
content y = 1.5 at%. From this structural analysis, we can

(€))

amoy =

Table 6. Average values of grain size, dislocation density and
microstrain of InpO3 : Eu thin films.

Dayr (nM) 8oy (101 Tines m™2) £poy (x1073)

In, O3 36.02 7.6 6.76
In,O3 : Eu0.5% 37.20 7.4 6.69
In;03 : Eu 1% 38.86 6.7 6.33
InpO3 :Eul5% 49.7 5.4 5.60
InoO3 : Eu 2% 40.83 6.4 6.22
200 nm
— In,05:Eu 1%

— In,05:Eu2%

Figure 3. SEM observations of Eu-doped In,O3 thin films.
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confirm that a clear improvement of In,O3 crystallinity is
obtained for ratio between europium and indium concentra-
tions in the spray solution equal to 1.5 at%

(y: B] s at%).

[In**]

On the other hand, SEM observations provided by Philips
apparatus allow us to get microscopic information of the
surface structure when Eu content increases. Indeed, these
micrographs (figure 3) reveal that all film surfaces are rough.
These perturbed surfaces are probably due to very small
droplets resulting from the spray pyrolysis technique that
vaporize above the glass substrates and condense as micro-
crystallites with various dimensions (50-200 nm).

3.2 Optical properties of crystalline In, O3 : Eu thin films

3.2a Reflectance and transmission spectra: The optical
transmission spectrum of the Eu-doped In,O; thin film
grown on glass substrates is shown in figure 4. The average
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Figure 4. Reflection and transmission spectra of Eu-doped In; O3
thin films.
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value of transmittance in the visible range is found to be
70-85%, while the reflectance remains inside a narrow inter-
val (10-30%). In the visible region of solar spectrum, both
reflectance and transmission spectra show the presence of the
interference phenomenon indicates a smooth and homoge-
neous surface of all observed films [39].

3.2b  Effect of Eu content on the absorption and optical
band gap: The absorption coefficient @ of prepared thin
films was determined from transmittance (7') measurements
using the following expression [40]:
1.1
o = —In—,
d T
where d is the film thickness.
The optical absorption edge was analysed by the following
equation:

(10)

ahv = B(hv — E,)’, (11)

where B is a constant, E, the band-gap energy of the corre-
sponding material, p a number which have the value of 1/2
or 2 for direct transition and indirect ones, respectively. In
figure 5, we reported (a/v)? as a function of incident photon
energy (hv).

It has been observed that the plots of (a¢hv)? vs. hv were
linear over a wide range of photon energies indicating that
it is a direct transition. The intercept (extrapolation) of this
plot (straight line) on the energy axis give the energy band
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= -0, 0 Eu 2%
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Figure 5. (ahv)? and In(w) vs. hv for Eu-doped Iny O3 thin films.

Table 7. Urbach and band gap energies of Eu-doped Iny O3 thin
films.

Ey (meV) Eg4 (eV)
Iny O3 278 4.10
Iny O3 : Eu 0.5% 285 4.17
In,O3 : Eu 1% 313 4.15
InyO3 : Eu 1.5% 289 4.09
InyO3 : Eu 2% 309 4.10
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gap whose values are shown in table 7. This table shows a
dependency of band gap energy with the Eu content.

This phenomenon may be related to the europium incor-
poration into In,O3 matrix. It is found that a minimum value
of band gap (E,; = 4.09 eV) for 1.5% doping level.

On the other hand, the defects on the prepared thin films
suggested above are interpreted by the spreading of state den-
sities in the band gap, it is performed by the empirical Urbach
model, which stipulates that the absorption coefficient fol-
lows the law:

(%)
o = o EXp E_ s
U

where « is a constant and Eyy the Urbach energy which char-
acterizes the slope of the exponential limit (figure 6). The va-
lue of Ey is obtained from the inverse of the slope of In « vs.
hv [37] using the following relation and are given in table 7:

: dna]™
v [ dhv i| '
For Eu-doped indium oxide thin film, the Urbach energy
changes with the concentration of doping. This suggests
that defects and impurities from interstitial indium atom
disappear depending on the doping concentration. Thus,
the dopant causes a reorganization of the structure as
shown in figure 2, that the best crystallinity is obtained for
y = [Eu’*]/[In**] = 1.5 at%. This result is consistent with
other; i.e., Mott and Davis [41]. Note that unlike crystalline
structures in the fundamental edge are mainly determined
by conduction and valence levels, ion-doped binary semi-
conductor compounds present a particular optical absorption
edge profile. In these materials, the absorption coefficient
profile increases exponentially with the photon energy near
the energy gap. This variation results in ‘blurring’ of the
valence-conduction bands and slightly narrows the band gap
by appearance of the so-called Urbach tailing.

12)
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Figure 6. Plots of In(«) vs. hv.
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3.2c  Refractive index and extinction coefficient: The
refractive index and extinction coefficient are the most
important parameters of optical materials and their applica-
tions. Thus, it is important to determine these two optical
parameters of the deposited thin films. The optical character-
istics of dispersion n(A) and k(A) (refractive index and extinc-
tion coefficient, respectively), for values of the wavelength
A between 300 and 1800 nm, have been calculated using
optical experimental measurements and the method of Bathe
et al [42] and Belgacem et al [43]. The present research is
based on the resolution of the following system of nonlinear
equations:

{ Rexp(na k, A) = Riheo(n, k, 1) = 0, (14)

Texp(n’ k, A) — Theo(n, k, A) = 0.

Rieo and Rex, represent, respectively, the theoretical and
experimental reflectance and, Ty, and Ti, represent,
respectively, the theoretical and experimental transmittance.
The plots of n()) and k(X)) are presented in figure 7. It is

3
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Figure 7. Refractive index and extinction coefficient of Eu-doped
In, O3 thin films.
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Table 8. Optical constants of Cauchy law and Ey and Ey
energies.

A B (mm?)  Eg(eV) Eq(V)
Iny03 2.10186  30237.621 4.797 15.544
InpO3 : Eu0.5% 2.01738 31786.7837 4.720 13.910
In;O3 : Eu 1% 1.99072  38332.1511 4.451 12.412
InpO3:Eu1.5% 2.02063 37649.292 4.509 13.159
In;03 : Eu 2% 2.01489  31302.3442 4.749 13.593

found that the refractive index has hyperbolic decreases as
a function of wavelength. This evolution is modelled by the
Cauchy law [36]:

B

n = A + ﬁ’
where A and B are the Cauchy’s parameters and A is the
wavelength of the light used, implying that the films have
normal dispersion along the entire studied range of wave-
length. A and B values for In,O; : Eu-sprayed thin films
are given in table 8. In addition to the Cauchy extrapolation
described above, which was done to provide reasonable val-
ues for refractive index in the spectral range of low absorp-
tion, we have also carried out some other optical constants
based on Wemple—DiDomenico single-oscillator model. In
fact, in the band of low absorption, we can approximate n” to
1. In this band, ¢; is given by the equation [44—46]:

_ 2 o
& _1+wPZ(w2_w2)’
n

where f, is the oscillator strength corresponding to the tran-
sition dipole at frequency w,. In the framework of the single
oscillator model, we consider a single oscillator which has
angular frequency wy (energy E() and therefore neglect the
effect of the others. In the spectral study, it can be limited to
a single oscillator, which has the most dominant contribution
and whose strength is denoted as f. Then the relationship
can be reduced by introducing energy parameters Ey and Ey4
to the equation [47,48]:

EyEq
E} — E?

5)

(16)

n? =1+ (17)
where E = hv is the incident photon energy, Ey the single-
oscillator energy and E4 the dispersion energy. The variation
of n®—1)~" vs. (hv)? allows us to reach Ej and E4 constants.
Their values are listed in table 8.

It is found that values of both Cauchy and Wemple Di-
Dominoco parameters are strongly dependent on europium
doping level. Furthermore, dispersive energy (E4) has a min-
imum ~12.5 eV for 1% doping level. This level seems good
by reducing the response dispersion of solar cells using such
doping material.

3.2d  Complex dielectric functions: The fundamental elec-
tron excitation spectrum of the films is described by using
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a frequency dependence of the complex electronic dielectric
constant. The dielectric constant is defined as

e(V) = (1) — ik(W)? = e1(A) — iea(h),

e1(0) = n(h)? — k(0)?,
£2(1) = 2n(Wk().

(18)
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Figure 8. Variation of the real part with A> and imaginary part

with A3 of complex dielectric constant of Eu-doped In,O3 thin
films.

Table 9. Optical constants of Eu-doped Iny O3 thin films.

foo wp (10" rad s=1) 7 (107 10)
In; 03 4.201 1.907 5.786
InyO3 : Eu 0.5% 3.974 3.078 7.543
In03 : Eu 1% 3.876 2.220 5.980
In;O03 : Eu 1.5% 4.141 3.957 1.275
InyO3 : Eu 2% 3.938 2.056 5.447
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For all samples, it is found that in infrared range &, is linear
function of the square of the wavelength (figure 8), while
& is practically linear with A®. This behaviour was used to
evaluate &4, wp and 7, high frequency dielectric constant,
plasma frequency and relaxation time, respectively, through
the relations:

EooW?
g ~e P,2
R Eoo —
42c2 ,
Eoo®,
&y = 2nk ~ 3—;))\.3 (19)
8ot
2 477 Ne?
w. =
Ecoi}

where N/m? represents free carriers concentration-to-
effective mass ratio. Calculated values of e, w,, 7 and
N /m? are given in table 9.

From this study, it is shown that the high plasma pulsation
(wp) has a maximum value at 1.5 at% doping level which
indicates a high interaction with optical radiation.

3.3 Vibrational study by Raman spectroscopy analysis

Additional information on the structure of the sample was
obtained by Raman spectroscopy. Figure 9 depicts the thin
Raman spectra of the as-grown single crystalline In,O5. It
is well known that cubic In, O3 structure belongs to the I;’,
T,) space group. For such structure, the vibrations with
symmetry A, E, and T, are Raman active and 7, vibrations
are IR active; in fact, 22 Raman-active and 16 infra-red active
modes are expected but only 6 Raman modes and 11 IR
modes were previously detected as truly In,O3 cubic modes
[20,21]. The In,O3 spectrum shows (figure 9) the expected
vibrational modes at 106, 131, 305 and 366 cm™', which are
the signatures of the cubic In, O3 structure [22]. Also, figure 9
shows that the highest intensity of Raman peaks are obtained
for In,O3 : Eu 1.5 at%.

E Ina0y
1 Iny04:Eu 0.5%
o | Iny04:Eu 1%
= Ing04:Eu 1.5%
—_— Inzl:ra:Eu 2%
Iny0:Eu 6%

106 131

Raman intensity (au)
i

Raman shift (cm™)

Figure 9. Raman spectra of Eu-doped InyOs thin films.
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3.4  Photoluminescence

The photoluminescence spectra of the as-grown, oxidized and
deoxidized of the In,O3 were measured under the excitation
at 350 nm. Figure 10a shows the PL spectrum obtained from
the as-grown In,Os. The peak centred at 394 nm must be ori-
ginated from the free exciton emission around 3.14 eV from
the wide-band-gap In,O3;. The stable blue light was also
observed at 423, 436 and 487 nm. A strong and broad PL
emission spectrum recorded from the In,O3; nanofibres is
reported with its maximum intensity centred at 470 nm [49].
It is reported that the In, O3 nanowires have PL peaks centred
at 425, 429, 442, 460 nm [50], 398 nm [51], 416 and 435 nm
[52]. The nanocubes have a strong PL peak centred at 450
nm [53,54].

The photoluminescence peaks in the visible emission
would be attributed to the oxygen vacancies.

3.5 Photocatalytic activity test

Photocatalytic activities were evaluated by the degradation of
an organic dye, methylene blue (MB), in an aqueous solution
under ultraviolet light irradiation for 1 h. The UV light was
obtained using a lamp (Northen Electronic, Wigan, Lancs).
A volume of 30 ml of aqueous solution of MB (3 mg 171)
was placed in a vessel, and a In,O3 : Eu film photocatalyst
with the area of 4/4 cm? was placed into the solution. Prior
to irradiation, the solution was magnetically stirred in the
dark for 30 min to establish an adsorption—desorption equi-
librium. MB decomposition testing with and without In, O3
films for different races of doping were carried out using
UV-Vis absorption spectra, as shown in figure 11. It is well
known that the most observed absorption peak of MB solu-
tion is at 660 nm, which is attributed to that of its monomer
[30]. Figure 11 indicates that samples with cubic phase pre-
sented higher intrinsic activities for the photodegradation of
MB as compared to samples in rutile one.

120
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lnz( )3‘.EH 0.5%
= 80 — InyO5:Eu 1%
B —— InyOy:Eu 1.5%
:'E‘ 6= Iny0y:Eu 2%
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2
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= ;
o
204
04

400 500 800

Wavelength (nm)
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Figure 10. PL spectra of Eu-doped Inp O3 thin films.
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3.6 Electrical study

Plots of In (o) vs. 1000/T of Eu-doped In,Osfilms are shown
in figure 12. The temperature dependence of conductivity
shows two different regions (I and II) and the existence of
two types of behaviours depending on the doping level. The
electrical conductivity increases with temperature. As the
temperature increases, more charge carriers overcome the
activation energy barrier and participate in the electrical con-
duction. The electrical conductivity of In,O3 : Eu films can
be analysed by the following equation:

(&)
o = opexp 7 )

where oy is constant, k Boltzmann constant and E, the
activation energy.

(20)
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Figure 11. Absorbance spectra of both MB solution and Eu-
doped Iny O3 thin films.
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Figure 12. Electrical conductivity as a function of the tempera-
ture of Eu-doped InpO3 thin films.
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The activation energy represents the location of trap lev-
els below conduction band. Activation energy (E,) values for
I and 1II regions were calculated from the linear portions of
figure 12 and listed in table 10. These activation energies
indicate the presence of two donor levels: a shallow donor
level corresponding to E,(I) and a deep donor level assigned
to E,(1).

3.7 Opto-thermal investigation

The effective absorptivity &, as defined in precedent stud-
ies [55-58], is the mean normalized absorbance weighted by
1 (A) am1.5, the solar standard irradiance:

1

/I(X)AMI.S x a(A)dA

~ 0
o = 1 N

/I(X)AMl.SdX
0
{ A€ [Amin’ )"max] 4 5\ € [07 1],

ey

Amin = 300 nm; Apac = 1800 nm,

where [ ():) aM1s 1s the reference solar spectral irradiance
fitted using the Boubaker polynomials expansion scheme
(BPES) [59-71]:

s 1 X s
10 = [Z—NO D 6u-Bun (i m] :

n=1

where B, are the Boubaker polynomials [61-69], By, min-
imal positive roots, 6, the given coefficients, Ny a given
integer, « (1) the normalized absorbance spectrum and A the
normalized wavelength.

The normalized absorbance spectrum a(i) is deduced
from the BPES by establishing a set of N experi-
mental measured values of the transmittance—reflectance

Table 10. Activation energy values of Eu-doped In, O3 thin films.

E A (meV) region I,
high temperature

EA (meV) region 11,
low temperature

In, 05 263 92
In, 05 : Eu 0.5% 120 41
In,0;3 : Eu 1% 60 45
In,O;3 : Eu 1.5% 367 119
In, 05 : Eu 2% 128 74

785

vector (Y}(Xi); R; (5»0)) vs. the normalized wave-

length 5»1" .
i=1..N

Then the system (22) is set as:

~ 1 X ~
RG) = [2—]\,0 Y & x Ba(h x ﬂn)] :
n=1 22)

5 1 Qo s
T() = [ZNO ;s,, X Ban(h x ﬁ,»} :
where B, are the 4n-Boubaker polynomials, Bj, minimal
positive roots [63—-66], Ny a given integer and &, and S,/l the
coefficients determined through the Boubaker polynomials
expansion scheme (BPES).

The normalized absorbance spectrum oz(i) is deuced from
the relation:

a(h) =

1 R(i))4+ . RV

T () \/% '

(23)

L
. n
dJ2

where d is the layer thickness.

The obtained value of normalized absorbance spectrum
a(}) is a final guide to the determination of the effective
absorptivity & through equation (21).

The Amlouk—Boubaker opto-thermal expansivity {ap is
a thermo-physical parameter defined in precedent studies
[72,73], as a 3D expansion velocity of the transmitted heat
inside the material. It is expressed in m® s~!, and calculated by:

Wap = D/&, (24)

where D is the thermal diffusivity and & the effective absorp-
tivity, which is obtained from experimental absorbance
spectra. Values of the Amlouk—Boubaker opto-thermal ex-
pansivity ¥ap of the studied films are given in table 11.

As observed in subsection 3.1, 3.2¢ and 3.5, a confirmed
enhancement of the opto-thermal response of the doped
samples occurred with low Eu incorporation levels (about
0.5%). According to precedent investigations, higher Eu dop-
ing ratio causes this enhancement to diminish again in this
experiment.

3.8 Lattice compatibility theory investigation

The lattice compatibility theory, as mentioned in some recent
studies [74—77] is based on the interaction of doping-element
lattice behaviour vs. host edifice.

Table 11. Values of the Amlouk—Boubaker opto-thermal expansivity ¥ap of thin films.

Pure In;O3 : Eu In;O3 : Eu In,O3 : Eu In;O3 : Eu
Sample In; 03 0.5% 1.0% 1.5% 2.0%
Yap (10712 m3 s~ 4.429 1.486 2.045 3.532 4.119
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Figure 13. Lattice compatibility theory synoptic scheme for the Eu-doped films.

Preludes to this theory have been established by Boubaker
et al [74-76] in the context of analysing Urbach tailing
controversial behaviour in some nanocompounds as well as
[-1II-O, ternary oxides instability at low temperatures. It
was also confirmed by Petkova et al [74] on the bases of
investigation on some copper-doped compounds. An original
formulation of the lattice compatibility theory [77] has been
established as following:

‘The stability of doping agents inside host struc-
tures is favorized by geometrical compatibil-
ity, expressed in terms of matching patterns
between doping agent intrinsic lattice and those
of the host’.

In the actually discussed case (pure and Eu-doped In,03),
the nature of highest occupied bands as well as the location
of the reciprocal ions Eu** upper level (°Dy) and eventually
("F,) within In,Oj lattice structures have been demonstrated
to be determinant. In this context, fundamental geometrical
observations concerning the structure of intrinsic europium
oxide, EuyOs; lattice along with that the host matrix, In,O3
(figure 13) were interpreted in terms of conventional lattice-
linked parameters (lattice parameters, bond spatial extent,
configurations and angles). Similarities between the two
structures pled in favour of an easy substitution process
between Eu ions and those of indium. This substitution is
likely to be regulated by doping excess, which may yield
the higher degree oxide Eu,Os. In fact, high amounts of
europium may re-establish the duality of stronger acceptors
Eu’* (°Dy) which recovers host lattice initial stability. This
last fact, which resulted in less europium incorporation, can
justify the recession of some properties for doping amount
around 1.0% as noticed in subsections 3.1, 3.2c and 3.5.

Further, and as stated by Souriau et al [78] and Kudraw-
iec et al [79], europium doping effects have been recorded
to be relevant only at low levels. By analogy and along
with lattice compatibility theory, lattice compatibility theory

(LCT) patterns, an explanation to the irregular incorporation
of europium in the targeted matrix by occupying In ions place
can be given. Indeed, optimality, in the sense of photolumi-
nescence or optical efficiency, which was detected at around
1.0% of doping rate, needs more thorough investigation.

4. Conclusion

Indium oxide thin films were prepared with various europium
doping concentrations using spray pyrolysis method. The
structural and optical properties were discussed in terms of
Eu content. Far from common characterization means that
the work was focussed on PL and electrical conductivity per-
formances due to the emergence of related application fields.

LCT analyses led to a plausible explanation of some
recorded irregularities in europium element incorporation
within In, O3 cubic lattice. Optimality, in the sense of struc-
tural and optical efficiencies, has been detected and delim-
ited at around 1% of doping rate. This work may be of inter-
est since a simple method is used to prepare Eu-doped In, O3
thin films, which is very promising and is subsequently a
great potential in the field of optoelectronics as well as in
sensitivity devices.
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