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Abstract
The structural and optical properties of lanthanum oxide doped nanocrystalline vanadium 
pentoxide films with the chemical composition  xLa2O3-(1-x)V2O5.nH2O (where x = 0.25, 
0.50 and 1.0  mol%) prepared by sol–gel method were studied. The XRD analysis also 
revealed that the (002) line is noticeable in the pure film and gets sharper by the addi-
tion of Lanthanum, which indicates a layer of intercalation between the vanadium layers. 
The average crystallite size decreased with increasing Lanthanum content from 4.45 nm 
to 3.57  nm. By using double-beam UV–VIS spectrophotometers, the optical properties 
were studied by measuring the absorption, reflectance and transmittance of the prepared 
films. Some optical parameters like absorption coefficient α, dispersion energy parameters, 
refractive index n, optical band gap  Eop for various transition mechanisms, real parts and 
imaginary part of the dielectric constants and effective mass were calculated. The absorp-
tion coefficient slightly increases with increasing La content, which can be attributed to the 
increasing of lattice distortion as a result of crystallite size increasing as indicated in the 
XRD. The transition mechanism was found to be indirect allowed type with optical band 
gap  Eop increasing relative to the La content. By assuming hydrogen like model, the carri-
er’s contents N were deduced. The absorption spectrum behavior in visible and UV region 
suggests a promising solution for solar cells and optical-electronic applications.
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1 Introduction

In our modern life, optically transparent electronics are main component in our devices. 
Vanadium pentoxide is one of the promising materials for such applications due to its 
unique optical properties (Prociow et al. 2011). The unique structure of vanadium pentox-
ide sol–gel,  V2O5.nH2O, proposed by Aldebert (1983) as layered structure host material 
allowing water molecules to intercalate between its layers. The structural model for vana-
dium pentoxide,  V2O5, as proposed by T. Yao and Y. Oka (1997) has a lamellar structure, 
as shown in Figs. 1 and 2, respectively which is a distorted orthorhombic structure with 
flat-sheet like shape, is believed to be the main cause for its unique optical properties and 
forms a promising base for wide range of combinations through doping materials which 
directly changes the structural and optical properties.

Because of this layered structure, Vanadium pentoxide can be intercalated by many tran-
sitional metals which directly alter or add physical properties (Mohaghegh et al. 2019). For 
example, Srilakshmi et al. (2019), studied the effect of Ti and Zr doping on vanadium pen-
toxide absorption edge and found that Ti causes red shifting while Zr causes blue shifting 

Fig. 1  Structural model for  theV2O5 xerogel, proposed by Aldebert et al.

Fig. 2  Structural model for  theV2O5 xerogel, proposed by Yao et al.
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of the absorption edge. They also found that the band gap can be reduced from 2.2 eV for 
pure  V2O5 to 1.96  eV for Ti-doped  V2O5 which is a promising route for photovoltaic and 
photoluminescence applications. Vanadium pentoxide is also a promising material when 
doped with some halogen elements for optical–electrical and electrochromic applications. For 
example, Abyazisani, et al. (2015), studied the effect of fluorine doping on enhancing the elec-
trochromic and optical properties of Vanadium pentoxide films. The band gap for vanadium 
pentoxide can also be altered depending on the preparation and treatment method. Etemadi 
et al. (2017), were able to reduce the band gap Cerium doped  V2O5 films prepared by sol–gel 
method from 2.68 to 2.28 eV by increasing annealing temperature.

Rare-earth elements “sometimes called lanthanides”, and rare earth doped materials have 
been widely researched due to their diverse optical applications in the fields of solar energy, 
up-conversion, lasers, color displays, optical amplifiers and temperature sensors, etc. (Mon-
teiro et al. 2013; Lozano et al. 2013; Maaoui et al. 2016; Mohanty and Rai 2014; Annapoorani 
et al. 2016; Maheshvaran et al. 1079; Seshadri et al. 2014; Sajna et al. 2015; Maqbool et al. 
2015). Lanthanum is the first element in the lanthanide group with electronic configuration 
[Xe]  5d16s2 is one of the most common rare earth elements occupying about 14.1% of total 
rare earth resources (Zhao et al. 2011) which makes it economically suitable for optical appli-
cation industries.

One of the most preferred techniques for synthetizing doped optical materials is sol–gel 
method where a colloidal solution “Sol” is gradually turned into a “gel” form including both 
solid and liquid phases. Sol–gel method has relatively lower in-process temperature, less 
impurities and higher homogeneity with uniform particle size at the nanometer level com-
pared to most of chemical solid-state methods (Klein 2013; Al-Assiri et al. 2010a). Sol-gels 
also enable easy synthesis of thin films via multiple techniques as thin film samples are most 
suitable for investigating optical properties. The utilization of vanadium pentoxide gels opens 
a promising window for efficient optical and electronic devices (Ramana et al. 1997; Bahgat 
et al. 2011; Mady et al. 2012) due to its semiconducting properties raised from its electron 
transfer between  V4+ and  V5+ ions (Wright 1984; Takeda et al. 1996). The optical transmit-
tance spectrum of  V2O5 sol–gel has a characteristic absorption band at a wavelength of about 
500 nm with nearly stable transmittance of about 75% in the visible region which makes it a 
good candidate for solar cell applications.

In our study, we focused on lanthanum in the form of lanthanum oxide  La2O3 which inter-
calate between vanadium pentoxide layers during the formation of sol–gel as illustrated in 
Fig. 3. This intercalation is expected to alter the optical properties of vanadium pentoxide gels.

In this work we aim to study the influence of lanthanum oxide on the nano-structural and 
optical properties in the visible and near infrared regions of vanadium pentoxide nanocrys-
talline films for solar cells and opto-electronic applications. The lanthanum doped vanadium 
pentoxide films in the form of x  La2O3-(1 + x)V2O5.nH2O (where x = 0.25, 0.50 and 1.0 mol%) 
are prepared via sol–gel technique.

2  Experimental

Lanthanum oxide in the form of  La2O3 powder and Vanadium pentoxide in the form 
of  V2O5 powder were purchased from Sigma Aldrich with 99.9% purity. For the pre-
sent investigation, three different samples of x  La2O3-(1 + x)V2O5.nH2O were prepared 
(x = 0.25, 0.50 and 1.0 mol%) as exceeding the La content to more than 1.0 mol%, the 
gelation was not forming. Then, for each sample, added the doping weight of  La2O3 



 M. M. Abdelrazek et al.

1 3

491 Page 4 of 30

powder to 30 ml of 25%  H2O2 then, adding 1 g of pure  V2O5 while stirring. During the 
stirring, an exothermic reaction starts and lanthanum oxide starts intercalating within 
the vanadium pentoxide layers and gel starts to form within 30 min of medium stirring. 
Nanocrystalline films made by dip-coating technique were obtained for each concen-
tration. The coating process starts at a fixed time of 5 h from reaction for all concen-
trations to assure homogenous viscosity. The coating is done at room temperature in a 
single coating layer with an average withdrawn speed of 15 mm/s.

All prepared samples were characterized by XRD using SIEMENS D5000 X-ray 
Diffractometer (monochromatic CuKα radiation source of λ = 1.5406 Å). The diffrac-
tion data were plotted for 2θ between 5 and 60 degrees with a resolution of 0.05. The 
resulted graphs were processed and compared with international database by pattern 
recognition software “X’Pert HighScore®” which identifies the existing planes, crystal 
structure and the and interplanar spacing. Furthermore, graph analysis software, Ori-
gin ®, was used to analyze the peaks and their full width half maximum (FWHM) to 
calculate the average crystallite size using Scherrer method for each La concentartin. 
HRTEM for present samples were analyzed by JEOL JEM-2100 HRTEM at various 
magnifications. For each sample, the general structure, crystallite size and EDX was 
analyzed. For the optical properties we used METASH 9000 UV/VIS spectrophotom-
eter operating from UV region (λ = 190 nm) to IR region (λ = 1100 nm). The prepared 
samples were tested for optical transmittance (T), absorption (A) and reflectance (R) 
at room temperature. Slit width or signal amplification gain is controlled automati-
cally to adjust the base line before any series of measurements. Then, film thickness 
(t), was obtained using SWANEPOEL method (Sánchez-González et al. 2006; Li et al. 
2009; Caglar et  al. 2006) and optical limiting estimating the thickness from the cut-
off intensity of a 650 nm laser. Other optical parameters for different doping contents 
were investigated including optical direct and indirect band gap, Urbach activation 
energy, the dissipation factor (tan δ), surface energy loss, volume energy loss, disper-
sion energy parameters and real ε’ and imaginary ε’’ parts of the dielectric constant 
(Fig. 4).

Fig. 3  Lanthanum Oxide 
structure
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3  Results and discussion

3.1  XRD Analysis

The X-ray differaction for the prepared films are plotted in Fig.  5. By running analysis 
for resulted XRD plot using XRD-analysis software, it was found thet card number 
00–040–1296 or/ (JCPDS 40–1296) orthorhombic vanadium pentoxide xerogel crystal sys-
tem is a good match (Al-Assiri et al. 2010a; Li et al. 2014). From Fig. 5, we notice a maxi-
mum intensity peak corresponding to (001) plane appearing at 2ϴ of 6.8 ~ 7.2 with no noti-
cable change in Bragg’s angle by the addition of La%. Other peaks related to (002), (003), 
(004) and (005) are appearing for all La% contents also at the same Bragg’s angle com-
pared to pure sample. However, for 0.25%La, peak (003) is noticed with ~ 1 (2θ-degrees) 
shift to lower Bragg’s angle compared to pure sample. Peak (002) is noticeable in the pure 
film and gets sharper by the addition of Lanthanum with sharpest peak in 0.50%La, which 
indicates a layer of intercalation between the vanadium layers. Peak (002) is also tending 
to be sharper by the addition of lanthanum which can be explained by the formation of lan-
thanum vanadium oxide La0.35O5V2 with main peak at (002) which is a good match with 
card number 00–050–0456. Other peaks for Lanthanum oxide is expected to be very week 
due to relatively low doping concentration (max 1 mol%) relative to 99 mol% Vanadium 
pentoxide.

The intinsity of the main peak (001) is found to be decreasing with the addition of La% 
which indicates level of intercalation affecting the crystallite size. From XRD analysis, the 
obtained nanocrystalline films were found to be highly orientated nanocrystals with their 
c-axis normal to the substrate surface (Bahgat et al. 2005).

Texture coffecient (TC) is an important structural parameter to assure the implementa-
tion stabilty of the prepared materials (Mrabet et al. 2016). To confirmthe orintation, TC 
indicating the prefered maximum orintation along diffraction planes was obtained by the 
following equation using the XRD data (Fang et al. 2014)

where I(hkl) is the measured intensity from XRD for each peak, I0(hkl) is the correspond-
ing intensity for each plane from JCPDS 40–1296 card and N is the number of diffraction 
peaks observed in the XRD pattern.The texture coffecient (TC) for different La contents is 
illustrated in Fig. 6. From the figure, palnes (001) and (004) showing TC > 1 which indi-
cates that the film growth is occuring in a preffered orientation toword c-axis. However, TC 

(1)TC(hkl) =
I(hkl)∕Io(hkl)

N−1 ∑ I(hkl)∕Io(hkl)

Fig. 4  Dip coating illustration
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values for all peaks are not very sensitive to the doping concentration. Nevertheless, plane 
(002) has maximum TC value for 0.50% La which is expected from the sharp peak in XRD 
figure.

The average crystallite size (D) of nanocrystalline films was calculated by Debye-Scher-
er’s equation, Eq. (2)

where k ∼1, λ = 1.5406 Å for Cu (Kα), β is the full width at half maximum (FWHM) in 
radians and θ is Bragg angle (Kaelble 1967). We used the Gauss fitting method from Ori-
gin® software for the main peak (001) to calculate the crystallite size. Table 1 contains 
the calculated crystallite size. The average crystallite size decreased with increasing Lan-
thanum content from 4.45 nm to 3.57 nm as indicated in Fig. 7. This decrease in average 
crystallite size is also noticeable from the decrease in intensity of XRD peaks especially 
main peak of plan (001). Also, the decrease can be explained by assuming that increasing 
doping concentration increases the substitution level of  V5+ (ionic radius = 68 pm) by  La3+ 

(2)D =
k�
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(ionic radius = 117 pm) which increases the internal stress and hence increasing the lattice 
distortion level which inhibits the crystallites growth of  V2O5 and reduces its crystallinity 
(Fang et al. 2014; Chikhale et al. 2014).

The effect of La doping on the micro-strains (ζ) are calculated by the following 
equation:

where ζ is the micro-strain in radians, β” is the full width at half maximum (FWHM) of 
(001) peak in radians and θ is the Bragg’s angle in degrees. The calculated values for 
micro-strain (ζ) are tabulated in Table 1 and shows values increasing with the addition of 
Lanthanum which is related to the increase of internal stress.

(3)� =
���

4 tan �
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Fig. 6  Texture Coefficient (TC)

Table 1  Crystallite size in (nm) 
calculated, micro-strain (ζ) 
and dislocation density (δ) for 
different La oxide content

Sample [La/V2O5]
mol ratio

Average D (nm) ζ ×  10−3 δ ×  10+15

Pure  V2O5 0 4.45 36.90 50.54
0.25% La 0.0025 3.85 37.90 67.39
0.50% La 0.005 3.81 43.12 69.05
1.00% La 0.01 3.57 52.93 78.66
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Dislocation level resulting from the grain growth is estimated from dislocation 
density (δ) which defined as the length of dislocation lines per unit surface (lines/m2) 
(Mrabet et al. 2016). The dislocation density (δ) is calculated from the following equa-
tion (Amlouk et al. 2009):

where D is the average crystallite size, dislocation density (δ) is calculated for different 
La% contents and listed in Table 1 and shows increase of dislocation density with the addi-
tion of lanthanum which is expected due the decrease in average crystallite size.

3.2  HRTEM

The structural information of the prepared samples with La of 1.0 mol% are obtained 
from high resolution transmission electron microscope (HRTEM) observation. Fig-
ure 8a show HRTEM general structure at 200 nm scale shows vanadium layers. Fig-
ure 8b taken at 50 nm scale showing particle size measured from ~ 9 to ~ 19 nm which 
is higher than average crystallite size measured from XRD. Figure  8c shows clear 
lattice fringes implying high nanosheet crystallinity. It brings out a lattice spacing 
of ~ 0.36  nm which is related to (003) plane which correspond to c-axis and which 
agrees with calculated d-spacing from X-ray diffraction of (003) plane (0.345  nm). 
The inset of Fig. 9 shows the corresponding selected area electron diffraction (SAED) 
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pattern of 1.0  mol%.The diffraction spots match in good agreement with the JCPDS 
file (40–1296) (Nagaraju et al. 2014).

3.3  Film thickness

The film thickness (t) was calculated using SWANEPOEL method (Sánchez-González 
et al. 2006; Li et al. 2009; Caglar et al. 2006). This method calculates the thickness by 
analysing the envelop of the transmittance spectrum and perform theoretical calcula-
tions which takes into account the interference effects. Where (t) is film thickness, (n) 
is a complex refractive index and (k) is extinction coefficient that is expressed in the 
terms of the absorption coefficient (α). The substrate has a thickness of seVeral orders 

(a) General structure at 200nm scale (b) parcle size at 50nm scale

(c) d-spacing at 50nm scale

Fig. 8  a HRTEM at 200 nm scale b measured particle size at 100 nm scale c d-spacing at 50 nm scale
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of magnitude larger than that of the film and a refractive index (s). As the interference 
phenomena between the wave fronts generated at the two interfaces (air and substrate), 
defines the sinusoidal behavior of the curves’ transmittance vs. wavelength of light 
(Aristizábal and Mikan 2016). Using Origin® signal processing tools to draw curve 
envelop  Tmax and  Tmin are the transmissivity envelope curve maximum and the mini-
mum of the normal incidence transmitted spectrum where N is defined according to 
the following equation:

and s is the refractive index of glass substrate (1.52). The thickness (t) of the nanocrystal-
line films was calculated using as following:

where t is the film thickness, λ1 and λ2 are wavelengths corresponding to two adjacent 
interference peaks, and  N1 and  N2 defined by Eq. (5) for λ1 and λ2, respectively.

SWANEPOEL method is applied only to all samples with interference pattern in 
transmittance spectrum. Then, the optical limiting is measured for those samples by 
measuring the cut-off intensity of a 650 nm laser at a fixed distance to deduce a linear 

(5)N =
1

2

(

1 + S2
)

+ 2S
(

Tmax − Tmin)

)

∕
(

Tmax ∗ Tmin)

)

(6)t =
�1�2

2
(

�1N2 − �2N1

)

Fig. 9  X-ray diffraction from HRTEM
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corelation between the cut-off intensity and film thikness. This linear relation is then 
used to deduces the thickness for samples with missing interference pattern.

Films thicknesses are evaluated according to Eq. (6) and listed in Table 2.

3.4  UV‑ visible spectroscopic analysis

The absorption, A, transmittance, T and reflectance, R, spectra were recorded at room tem-
perature in wavelength ranging from 190 to 1100  nm as indicated in Fig.  10a, b and c, 
respectively. In Fig. 10a, for UV region 190 nm to 285 nm, the absorptivity is less than 
5% relative to maximum value on the curve. For near UV and visible region, from 285 to 
500 nm, the absorptivity is generally increasing with the addition of the La% but without 
any noticeable shift in wave lengths relative to the pure  V2O5 sample. La with 0.50 mol% 
has heigher peak in this region which can be related to the sharp (002) peak appearing 
in XRD analysis and is veryfied by analysing the effective absorptivity �̂� . This result of 
absorption in the UV–VIS region can be concidered as a promessing candidate for solar 
cell applications (Lee, et al. 2016; Roose, et al. 2016; Roose, et al. 2018). From 500 nm to 
IR region up to 1100 nm, La with 0.25 mol% shows the highest absorptivity. In Fig. 10b, 
the transmittance can also be divided into three regions, from 190 to 285 nm, the transmit-
tance decreases with the increase of La% content but has the highest percentage in this 
region, while from 285 to 500 nm, the transmittance is very week and generally increasing 
with the increase of La%. For VIS-IR region, from 500 to 1100 nm, the transmittance is 
decreases from about 80% to about 40% with increasing La%. The lowest transmittance 
is recorded in La of 0.25 mol%. This property shows that transmittance for certain wave-
lengths can be controlled by the addition of La. Figure 10c, in two regions, from 190 nm up 
to 500 nm, the reflectance is very week. And from 500 nm up to 1100 nm, the reflectance 
decreases with the addition of La%. Overlapping behavior is noticed in the IR region from 
900 to 1100  nm which is related to nano crystallinity of  V2O5 (Abyazisani et  al. 2015; 
Dultsev et al. 2006; Tashtoush and Kasasbeh 2013).

3.5  Studying absorption coefficient α and effective absorptivity ̨̂

The absorption coefficient (α) for the prepared samples was computed using the absorption 
data as per following equation (Islam and Podder 2009; Al-Qaisi 2013; Indolia and Gaur 
2013; El-Desoky et al. 2018, 2020):

The result of (α) as a function of energy in (eV) for the prepared samples is plotted in 
Fig. 11.

(7)� =
2.303*A%

Thickness (t)

Table 2  Film thickness for 
different La oxide content

Sample Pure 0.25 mol% 0.50 mol% 1.00 mol%

[La/V2O5] mol ratio 0 0.0025 0.005 0.01
t (μm) 0.897 0.868 0.939 0.897
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Fig. 10  a absorption, A, b trans-
mittance, T and c reflectance, 
R, spectra for different La oxide 
content
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The absorption coefficient generally increases with increasing La oxide content, which 
may be attributed to increase in lattice distortion owing to La oxide content due to the 
decrease of crystallinity.

The effective absorptivity �̂� is the mean absorbance weighted by I(λ)AM1.5 (Mahmoud 
and Amlouk 2009; Lazzez et al. 2009) the solar standard spectral irradiance for visible light 
(400:750 nm), is an important optical parameter to evaluate the material for solar application. 
The effective absorptivity â is deduced from the following equation:
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Fig. 11  Absorption coefficient (α) as a function of photon energy
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where λmin = 400 nm and λmax = 750 nm. The calculated values for effective absorptivity 
�̂� are illustrated in Fig.  12. From the figure, it is clearly that doping with 0.50%La has 
enhanced the effective absorptivity in the visible light range which makes this doping level 
a promising candidate for solar cell applications. The relative increase in effective absorp-
tivity for 0.50%La can be explained by the texture coefficient were plane (002) has maxi-
mum TC value in 0.50%La sample (Fig. 13).

3.6  Studying extinction coefficient k and refractive index n and

The obtained curves of absorption coefficient (α) for different La% contents were used 
to calculate the extinction coefficient k as plotted in Fig. 14. This parameter represents 
the lost light fraction via scattering and absorption per unit distance of the penetrated 
medium. Where α and k are related by Eq.  (9) (Al-Assiri et al. 2010a; Tashtoush and 
Kasasbeh 2013; El-Desoky et al. 2018).

From the plotted curves, the extinction coefficient k generally increases with the 
addition of La% which was predicted as extinction coefficient k is directly proportional 
to the absorption coefficient (α) which also generally increased by the addition of La.

(8)�̂� =
∫
𝜆max
𝜆min

I(𝜆)AM1.5X𝛼(𝜆)d𝜆

∫
𝜆max
𝜆min

I(𝜆)AM1.5d𝜆

(9)k =
��
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From the reflectance curves, the refractive index n was calculated according to the 
following, assuming normal incidence and k <  < n (El-Desoky et  al. 2020, 2014), the 
reflection coefficient affecting the intensity of the radiation is given by Eq.  (10) and 
illustrated in Fig. 13.

The refractive index of samples exhibit slightly variation with La oxide content which 
can be attributed to the increase of La oxide layers intercalated between  V2O5 layers which 
as similar behavior for refractive index was found in other researches (Arefinia 2013; 
Schmiedova et al. 2017; Matkovic and Gajic 2013).

3.7  Dielectric constants and dissipation factor

To study the absorption band, we used the complex dielectric permittivity, ε* = �′ -i �′′ 
where �′ and �′′ are respectively the real and imaginary parts of the dielectric constant.

The real �′ and imaginary �′′ parts of the dielectric constant are illustrated against wave-
length in Fig. 15a and b respectively. Both real and imaginary parts of the dielectric con-
stant are a function of refractive index n and extinction coefficient k, as per the following 
equations:

(10)n =

�

1 +
√

R
�

�

1 −
√

R
�

(11)Real part, �� = n2 − K2
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Fig. 14  Extinction coefficient (k) as a function of wavelength λ
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The real part of the dielectric constant is similar to its behavior to the refractive index which 
was expected given the direct relation in Eq. (11). As for the imaginary part, it shows general 
increase after doping with La. Figure 16, shows the calculated values of �′′ as a function of E 
(eV) for prepared samples with different values of La doping. By extrapolating the linear parts 
to the intercept on the X-axis, the fundamental absorption band was estimated around ~ 2.2 eV 
which is related to wavelength ~ 564 nm in the visible spectrum.

(12)Imaginary part, ��� = 2nK
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By using the dielectric constant two parts �′ and �′′ , the dissipation factor (tan δ), represent-
ing the rate of lost power for mechanical modes, such as an oscillation, can be calculated (El-
Nahhas et al. 2012). Figure 17 shows the dissipation factor (tan δ) calculated by the following 
equation for various La% contents.

The dissipation factor generally increased with La doping. It is clearly that dissipation fac-
tor (tan δ) will also behave like the imaginary part of the dielectric constant which is expected 
as indicated in Eq. (13).

3.8  Optical transition type and band gap  (Eop)

The optical band gap  Eop is corresponding to the minimum energy required for photons to 
induce transition from the conduction band to valance band. There are four known mecha-
nisms for optical energy transition (direct allowed, direct forbidden, indirect allowed and indi-
rect forbidden).

Using the absorption coefficient α, the band gap can be calculated from Tauc’s equation 
(Tashtoush and Kasasbeh 2013; Ghobadi 2013):

where β is the band edge width parameter related to the quality of the film and m is a 
parameter representing the type of the optical transition as following and m depends on 
the nature of the optical transition (Al-Assiri et  al. 2010a; Ghobadi 2013). On the other 

(13)tan � =
���

��

(14)�h� = �
(

h� − Eop
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Fig. 17  The dissipation factor (tan δ) as a function of wavelength
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hand, m is related to the transition type where m = 2 for indirect allowed, m = 1/2 for direct 
allowed and m = 3/2 for direct forbidden.

Equation 14 can be re-written as following:

where β1/m is constant. Now, to calculate the optical band gap, Eq. (15) is used. By plotting 
a graph between the energy in (eV) on the x-axis and (αhυ)1/m on Y-axis according to the 
type of the transition as following:

• (αhυ)1/2 Vs. (hυ) → For indirect allowed band gap
• (αhυ)2 Vs. (hυ) → For direct allowed band gap
• (αhυ)2/3 Vs. (hυ) → For direct forbidden band gap

(15)(�h�)1∕m = �1∕mh� − Eop
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Fig. 18  a Indirect allowed band gap, b Direct allowed band gap, c Direct forbidden band gap

Table 3  Optical band gap for 
different contents of La oxide

La(mol%) 0%_Pure  V2O5 0.25% 0.50% 1.0%

Indirect allowed band gap 2.28 2.02 2.14 2.16
Direct allowed band gap 2.74 2.68 2.68 2.69
Direct forbidden band gap 2.42 2.22 2.30 2.32



Effect of lanthanum doping on the structure and optical properties…

1 3

Page 19 of 30 491

Figure 18a, b and c show the indirect allowed band gap, direct allowed band gap and 
direct forbidden band gap, respectively. From the graph, the linear portion of the curve 
is fitted for y-intersect which yields the band gap value, and slope of the fitted line, 
which gives the value of β1/m. The obtained values for band gaps for different transi-
tion type are tabulated in Table  3. For determining the most suitable transition type, 
the regression coefficient for fixed number of fitted points was used (El-Desoky et  al. 
2020; Al-Assiri et  al. 2010b). This is because all three optical transitions (forbidden 
and allowed) occur in thin films and the most transition type for  V2O5 can vary due to 
impact from some factors like thin film preparation method, thin film thickness, type 
of substrate and UV irradiation (Schneider 2020). As illustrated in Table 4 for average 

Table 4  Optical band gap 
average regression

Transition type Average
regression “R”

Indirect allowed band gap 0.99991
Direct allowed band gap 0.99939
Direct forbidden band gap 0.99989
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regression for various La contents, it was found that the indirect allowed band gap is the 
most suitable transition for prepared samples. Figure 19 illustrates the fitting for straight 
portion of the curve for 0.50%La for the various transition types as an example. Also, 
the band gap values for pure vanadium is close match to values obtained in previous 
studies (Dultsev et al. 2006; Tashtoush and Kasasbeh 2013).

The band gap for indirect allowed transition was found ranging from 2.02 to 2.28 eV 
with minimum value related to 0.25%La as illustrated in Fig. 20.

The variation in optical band gap associated with the addition of La oxide, can be 
attributed to the change in the absorption coefficient due to increasing of layers interca-
lating between  V2O5 layers.

3.9  Urbach activation energy

In the low values of the absorption coefficient where α <  104 cm.−1, a small linear part 
appears generated from the localized states called the band tail. This region is related 
to low photon energy compared to optical band gap. Hence, it follows Urbach’s rule 
(Mott and Davis 2012; Khan and Hogarth 1991). Equation (16), illustrates Urbach’s rule 
where  Ee is Urbach’s energy and αo is constant (Bahgat et  al. 2005; Studenyak et  al. 
2014)

Generally, the Urbach energy represents the width of the localized states of the 
conduction band (band tail states).In other words, Urbach energy can be considered a 
numeric representation of the amount of damage caused by disorder in an amorphous or 
nanocrystalline semiconductor due to doping. The energy absorbed in this part is caused 
by optical transitions between localized states in the middle of the gap and extended 
states in the conduction or valence band plotting ln α as a function of hυ, as shown 
in Fig.  21, by plotting ln (α) and the incident photon energy (hν), a straight portion 

(16)𝛼 = B exp
(

hv∕Ee

)
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appears. The inverse slope of this line is the value of  Ee (Morigaki and Ogihara 2017). 
The values were calculated and listed in Table  5 where it shows that Urbach energy 
has increased for 0.25%La relative to pure  V2O5 sample and then decreased by increas-
ing La content. This is an inverse relationship of Urbach tail energy with the band gap 
(Anyaegbunam and Augustine 2018).

3.9.1  Dispersion energy parameters

From the theory of classical dispersion, the spectral behavior of n(λ) can be investigated 
using the model of single oscillator proposed by Wemple and Di-Domenico (WDD) 
(González-Leal 2013; Yakuphanoglu et al. 2004) as shown in Eq. (17)

where E = hν is the incident photon energy,  E0 is the single-oscillator energy represent-
ing the average energy gap center-to-center of conduction to valence bands and  Ed is the 
dispersion energy representing the oscillator strength which measures the strength of inter-
band optical transitions.

Both  Eo and  Ed energy values can be calculated by modifying Eq. (17) as follows:

(17)n2 =
EdEo
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+ 1
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Fig. 21  Urbach tail for different La content

Table 5  Urbach energy for 
different La oxide content

La(mol%) 0%_Pure 0.25% 0.50% 1.0%

Urbach Energy  Eu (eV) 0.258 0.448 0.331 0.326
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Accordingly, by plotting  (n2-1)−1 against (hν)2 (as in Fig.  22) with linear fitting for 
straight portion, both  Eo and  Ed energies can be deduced as  (EoEd)−1 will be the slope and 
 Eo /  Ed is the y intercept of the straight fitted line.

Figure 22 shows the straight portion of  (n2-1)−1 against (hν)2 where the obtained values of 
 Eo and  Ed energies are listed in Table 6 where  Eo can be correlated empirically to the band gap 
energy by the formula  Eo ≈ 1.98  Eop which is in good agreement with the empirical relation 
 (Eo ≈ 2  Eop) proposed by Tanaka (Tanaka 1980).

Furthermore, the oscillator strengths ƒ for transitions between valence and conduction 
bands, were calculated from the following equation (Wemple and DiDomenico 1971) and 
listed in Table 6:

Both dispersion energy  Ed and oscillator strengths ƒ have increased with the addition of La 
with maximum value for 0.25% La which can be furthermore investigated for optical commu-
nication applications.

The single-oscillator energy parameters  Eo and  Ed can also be used for the determination of 
imaginary dielectric constant moments  M1 and  M3 of the optical spectrum ( E2

o
=

M
1

M3

 and 

E2
d
=

M3
1

M3

 ) proposed by Wemple and Di-Domenico (Al-Assiri et al. 2010a; Nwofe et al. 2012). 
The  M1 and  M3 moments of the optical spectrum are listed in Table 6

(18)(n2 − 1)−1 =
Eo

Ed

−
1

EoEd

(h�)2

(19)f = Eo × Ed
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3.9.2  High‑frequency dielectric constant and free charge carrier concentration

According to Pankove (Pankove 1971), the obtained values of refractive index n can be further 
used to calculate the high-frequency dielectric constant ε∞ from the following equation

where εo is the lattice dielectric constant, λ is the wavelength, e is the electron charge,  Nt 
is the free charge-carrier concentration, εo is the permittivity of the free space, m* is the 
effective mass in kg, and c is the speed of light.

By plotting the real dielectric constant �′ against the λ2, a linear relations is noticed at 
higher wavelengths (Mady et al. 2012). Then, the linear fitting of this relation is extrapo-
lated for y-axis intercept which equals to the value of εꝏ as illustrated in Fig. 23. More-
over, the slope of this fitted line can be used to calculate the value of  Nt/m* (Abdel-Aziz 
et al. 2006). The obtained values of εꝏ and  Nt/m* for the different La contents are listed 
in Table 6.

The optical relative dielectric permittivity  no can now be calculated using the high-
frequency dielectric constant ε∞ using the following equation (Bahgat et al. 2008).

The inter-atomic distance of the free charge carriers R, can be calculated using the 
following Eq. (22), (Al-Assiri et al. 2010b)

(20)�� = �∞ −
e2Nt

��om
∗C2

�2

(21)no = (�∞)
1∕2

(22)R =
1

N
1∕3
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Fig. 23  Real part of the dielectric constant (ε’) as a function of λ2
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These optical parameters  (Nt,  no and R) are listed in Table 6.

3.9.3  The volume & surface energy loss functions

Volume energy loss function (VELF) parameter represents the electrons optical transi-
tion in bulk martial while surface energy loss function (SELF) parameter represents the 
electrons optical transition in thin films. VELF and SELF parameters were calculated 
using Eqs. (23) and (24), respectively (Ammar et al. 2002) and as illustrated in Figs. 24 
and 25, respectively:

From the figures, it is clear that SELF values are much lower than VELF which can 
be attributed as most of the energy loss is resulting from inter-band electronic transition 
inside the nanocrystalline films compared to transition on its surface (Ali et al. 2013). Both 
(SELF) and (VELF) energy loss is decreasing by the addition of La.

4  Conclusion

Nanocrystalline thin films of  xLa2O3(x-1)nH2OV2O5(0 ≤ x ≥ 1.0) were fabricated using the 
sol–gel method. XRD structural study revealed that the prepared samples are nanocrys-
talline with preferred orientation toward c-axis and particle size decreasing from 4.45 to 
3.57 due to the addition of La content which increased the stress value from 36.9 ×  10−3 to 
52.93 ×  10−3. La content of 0.50% showed sharp peak of (002) which indicates to a criti-
cal concentration. Using spectroscopic study of absorbance, transmittance and reflectance 
of prepared films from 190 to 1100  nm wavelength, optical parameters such as absorp-
tion coefficient (α), absorptivity (â), extinction coefficient (k), real and imaginary dielectric 
constants, transition type, optical band gap  (Eop), Urbach tail energy  (Ee) dissipation factor 
(tan δ), volume (VELF) and surface (SELF) energy loss functions were calculated. The 
absorptivity (â) for visible spectrum was enhanced for 0.50%La sample which is promising 
for solar energy applications. Dispersion energy parameters were studied using Wemple 
– Didomenico single effective oscillator model. Relating the real part of the optical dielec-
tric function led to the calculation of the charge carrier concentration and their effective 
mass. The change of optical parameters such as n, k,  Eop,  Ee,  Eo,  Ed, SELF and VELF is 
directly related to the increasing amounts of lanthanum doping.
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