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A B S T R A C T   

In the present work, transition metal doped rare earth metal oxide (Cu-Yb2O3) thin films have been effectively 
synthesized on a large scale using low-cost jet nebulizer spray pyrolysis (JNSP) route at different copper (Cu) 
doping concentrations (0, 1.5, 2.5, 3.5, and 4.5 wt%) with optimized substrate temperature of 550 ◦C. The 
structural, morphological and opto-electrical properties were investigated using various characterization tech
niques. The X-ray diffraction (XRD) profile indicates the polycrystalline nature of all the deposited films with a 
cubic phase and the size of crystallites is found to increase from 11 to 31 nm. The field emission scanning electron 
microscope (FESEM) images reveal that the Cu doping has significant impact on the surface morphology of Cu- 
Yb2O3 films. The atomic force microscope (AFM) analysis exposed higher roughness value for 4.5 wt% of Cu- 
Yb2O3 films. The elemental composition study approves the presence of Yb, Cu and O in the film. The trans
mittance and indirect optical energy gap of Cu-Yb2O3 films have been analyzed by UV–Visible spectroscopy 
which established the systematic band gap reduction of Yb2O3 thin films from 3.68 to 3.14 eV with increasing Cu 
concentrations. The DC electrical studies showed a maximum conductivity and minimum average activation 
energy for 4.5 wt% of Cu-Yb2O3 film. The electrical characteristics of the fabricated Al/Cu-Yb2O3/p-Si Schottky 
diode was investigated using current–voltage (I-V) measurements performed under dark and light conditions. 
The ΦB (0.911 eV in dark & 0.754 eV in illumination) and minimum n values (2.120 in dark and 1.757 in il
luminations) were obtained for MIS diode having Cu doping concentration of 4.5 wt% in Yb2O3.   

1. Introduction 

In recent trend, most popular and very effective electronic devices 
such as metal-insulator-semiconductor (MIS) Schottky diode (SD)/ 
Schottky barrier diode (SBD), photodiode, UV photodetector have 
become most favorable when compared to other layered devices like 
metal–insulator-metal (MIM), metal-polymer-semiconductor (MPS) and 
metal–oxidesemiconductor (MOS). Especially, the MIS SDs contain 
excellent electrical behavior compared to other devices. The MIS SDs 
have unique features such as low forward voltage drop values, fast 
switching speed and high operating frequency [1–3]. Besides, the SDs 

have active role in various applications like radio frequency generator, 
optical communication system and microelectronic devices such as 
diode, transistor, capacitors and power conversion system [4–5]. Per
formance of MIS devices depends on several factors including the exis
tence of an interfacial layer and interface states [6]. An interlayer of 
greater thickness may affect the device related parameters such as bar
rier height (ΦB), ideality factor (n) and series resistance (Rs). Moreover, 
the MIS device becomes more popular in variation to the other types of 
SBDs because of their multifaceted applications [7–8]. 

Nowadays, rare earth metal oxides such as ytterbium trioxide 
(Yb2O3), neodymium trioxide (Nd2O3), samarium trioxide (Sm2O3) and 
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erbium trioxide (Er2O3) are important materials having good trans
parency, insulating coating and semiconducting properties. These ma
terials have excellent optical, photoluminescence and electrical 
properties. Furthermore, they are used as an insulating layer in various 
devices such as MIS SDs and MOS capacitors due to their dielectric 
properties. Among them, the Yb2O3 is a suitable material for MIS diodes 
due to wide band gap (>4eV), low resistivity, optical absorption and 
insulating properties [9]. The dopants in the Yb2O3 lattice efficien
tlyamend the crystal distortions, oxygen vacancies and energy states. 
This change affects its optical and electrical properties. Especially, the 
dopant like Cu is perfect cationic dopant for Yb2O3as the atomic radii of 
Cu are relatively smaller compared to Yb [10–11]. 

Many researchers have attempted to investigate the electrical nature 
of p-Si SBDs via different metallization schemes. Marnadu et. al. studied 
the electrical characteristics of Cu/WO3/p-Si SD by varying the Ni 
doping concentration and documented a high ideality factor for MIS 
diodes. Vivek et. al studied the electrical behavior of as deposited Cu/Ba- 
MoO3/p-Si Schottky diodes and showed that the ideality factor varies 
from 5.40 to 3.09 and the barrier height increases from 0.62 to 0.72 eV 
from I-V characteristics. Balaji et. al reported that the fabricated Ni- 
MoO3/p-Si diodes show a barrier height change from 0.75 to 0.83 eV 
and ideality factor can be increased to 2.03 [12–14]. However, 

compared to these results the rare earth metal oxides enhance the 
electrical conductivity. Moreover, the many Schottky contact materials 
such as Cu, Ag, Te, Au and Al exhibit good rectification behavior. The 
barrier height is considered to bereliant on voltage owed to the existence 
of an interlayer and the interfacial states. Furthermore, with low resis
tance and smaller bandgap Al offers a supreme Schottky connection with 
higher work function compared to other materials [15]. In the past 
decade, many researchers have developed MIS SBDs using dissimilar 
substrates like GaN, GaAs, InP, and Si. In the current situation, p-Si is 
widely used due to its low work function which is advantageous in MIS 
SBDs for having more rectification behavior [16,17]. Among the 

Fig. 1. Schematic illustration of JNSP technique and Cu-Yb2O3film growth process.  

Fig. 2. Thickness variation of the Cu-Yb2O3 thin films for different doping 
concentrations. 

Fig.3. XRD pattern of the Cu-Yb2O3 thin films for different doping concentra
tions of (a) 0 wt%, (b) 1.5 wt%, (c) 2.5 wt% (d) 3.5 wt% and (e) 4.5 wt%. 
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available techniques, the jet nebulizer spray pyrolysis (JNSP) process is 
used to cast nano structured thin films. Also, JNSP procedure possesses 
several advantages like high homogeneity, cost-effective and large area 
coating [18]. 

In this study, initially we prepared Copper doped Ytterbium oxide 
(Cu-Yb2O3) thin films on glass substrates with various Cu doping con
centrations like 1.5, 2.5, 3.5 and 4.5 wt% at an optimized temperature of 
550 ◦C and for the final device fabrication p-Si substrate was employed. 
The impact of Cu doping concentrations on optical and electrical char
acteristics of Cu doped Yb2O3 thin films were discussed. Then, the Al/ 
Cu-Yb2O3/p-Si (MIS) Schottky diodes (SD) were casted using Cu-Yb2O3 
thin films as an insulating layer between Al/p-Si interfaces. The diode 

parameters such as n, ΦB and saturation current (Io) of the fabricated 
diode were extracted by analyzing I-V characteristics for various doping 
concentration of Cu doped Yb2O3 thin films. 

2. Experimental details 

2.1. Chemical 

In this present work, all the chemical reagents like rare earth mate
rialytterbium (III) chloride hex hydrate (YbCl3⋅6H2O) with (99.99% 
purity), and copper (II) chloride dehydrate (CuCl2⋅2H2O) with (99.9% 
purity) were purchased from Sigma Aldrich, used without further 
process. 

2.2. Preparationof Cu-Yb2O3 thinfilms 

The economic JNSP route is used to grow a thin film of Cu-Yb2O3 on 
bare glass substrates cleaned thoroughly using hot Isopropyl alcohol 
(IPA) and acetone. For the preparation of undoped Yb2O3 thin films, 0.1 
M of YbCl3⋅6H2O is dissolved in 10 ml of deionized water and is stirred 
for 45 min at 300 K using magnetic stirrer to get a homogeneous 
mixture. Similar procedure is adopted to prepare 0.1 mol of CuCl2⋅2H2O 
solution. The former solution is poured into the later CuCl2⋅2H2O solu
tion with diverse concentrations of 1.5, 2.5, 3.5 and 4.5 wt% to prepare 
the precursor solutions. The prepared solutions (5 ml each) are then 
sprayed on the glass substrates maintained at an optimized temperature 
550 ◦C using jet nebulizer spray pyrolysis technique. A substrate area of 
2 × 2.5 cm2 is used for preparing pure and Cu doped Yb2O3 films 
through effective JNSP method as presented in Fig. 1. This figure reveals 
the schematic diagram of the preparation mechanism of Cu-Yb2O3 thin 
films with different Cu doping concentrations. 

2.3. Characterization techniques 

At the outset, the quality of the prepared pure Yb2O3 and Cu-Yb2O3 
thin films are analyzed through Rigaku Miniflex-II (CuKα1 radiation 
with λ = 1.5418 Å) with the diffraction range of (10–80◦). A Stylus 
Profilometer detector (model: SJ-30) is used to measure the thickness of 
the film. Atomic force microscope (model: 5100 Pico LE) and Field 
emission scanning electron microscope (Zeiss Sigma model: FEI quanta 
250) is used to analyze the surface and morphological behavior of Cu- 
Yb2O3 films. HRTEM image along with their SAED pattern images are 
observed using (TECHNAIT20) operated at 200 kV for fine surface 
morphological studies. The existence of elements like Yb, O and Cu has 
been ascertained by energy dispersive X-ray analysis (EDX). The optical 
property was studied using UV–vis Spectrometer (JASCO, model: V- 
770PC). Photoluminescence (PL) spectra are captured at 300 K through 
Spectrofluorometer (JASCO, model: FP-8300) in the wavelength range 
200–750 nm. Finally, the electrical properties of the prepared thin films 
have been determined using two probe instruments at various temper
atures (30–150 ◦C). Keithley electro-meter (Model: 6517B) is used to 
study the current Vs voltage (I–V) characteristics of the fabricated Al/ 
Cu-Yb2O3/p-Si diode. 

Fig.4. XRD peak position of undopedYb2O3 and Cu doped Yb2O3 films.  

Fig.5. Structural parameters versus Cu concentration of different wt%.  

Table 1 
Structural parameters of the prepared undoped and Cu doped Yb2O3 thin films.  

Cu wt% Thickness (nm) Lattice constant (a) (nm) Crystallite Size (D) (nm) Dislocation Density δ × 1015 lines cm− 4 Stacking Fault SF × 10− 2 Micro Strain ε × 10− 3 

0 156 1.047 11.959 6.992 0.6865 2.901 
1.5 316 1.053 15.674 4.071 0.5216 2.213 
2.5 448 1.044 21.309 2.203 0.3869 1.628 
3.5 623 1.040 26.783 1.394 0.3179 1.295 
4.5 841 1.038 31.105 1.034 0.2657 1.115  
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3. Results and discussion 

3.1. Thickness variation of the Cu-Yb2O3 films 

The thickness of Yb2O3 and Cu-Yb2O3 films with different Cu con
centrations is revealed in Fig. 2. The thicknesses of the films are found to 
linearly rise with increasing Cu concentration. The measured film 
thicknesses are 156, 316, 448, 623, and 841 nm for 0, 1.5, 2.5, 3.5 and 

4.5 wt% doped Cu-Yb2O3 thin films. Film thickness increases due to the 
strong bonding between the internal structures which could be possible 
by suitable doping. The higher film thicknesses have been observed in 
4.5 wt% of Cu concentrations. Also, Cu concentration may lead to 
enhancement in the film thickness and lattice parameters. The deposi
tion parameters such as substrate temperature, deposition time, mole 
ratio and carrier gas pressure determine the growth and quality of the 
film and hence the JNSP route has great influence on developing the thin 

Fig. 6. FESEM images of the Cu-Yb2O3 films with different Cu doping concentrations (a) 0 wt% (b) 1.5 wt% (c) 2.5 wt% (d) 3.5 wt% (e) 4.5 wt%.  
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Fig. 7. Elemental analysis of the Cu-Yb2O3 films with different doping concentrations (a) 0 wt% (b) 1.5 wt% (c) 2.5 wt% (d) 3.5 wt% (e) 4.5 wt%.  
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Fig. 8. (a-b) TEM image and SAED pattern of 4.5 wt% Cu doped Yb2O3 film.  

Fig.9. 2D and 3D AFM images of Cu doped Yb2O3 films (a) 1.5 wt% (b) 4.5 wt%.  
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layer films [19]. 

3.2. XRD analysis 

Fig. 3 (a-e) indicates the XRD profiles of pure Yb2O3 film and Cu 
doped Yb2O3 films at different doping concentration. The XRD patterns 
of Yb2O3 correspond to main angle of diffraction peaks at 2θ values of 
20.81◦, 29.52◦, 34.60◦, 38.67◦, 44.43◦, 49.37◦ and 58.57◦ to their linked 
(h, k, l) planes of (211), (222), (400), (420), (134), (440) and (622), 
respectively. This result also shows the formation of polycrystalline 
nature with a cubic structure (JCPDS No. 65-5792). However, XRD 
patterns recorded showed the sharp peaks, indicating its crystalline 
structure. Some additional peaks were also observed along with Yb2O3 
phase for higher Cu doping concentration of 3.5 and 4.5 wt% corre
sponding to CuO monoclinic structure (JCPDS No. 48-1548). These 
additional diffraction peaks at 35.49◦ and 35.56◦ are found to be re
flected from (002) and (111) plane of crystallized CuO in the film. These 
peaks are very well matched for monoclinic phase [20]. They are 
appeared only at the increased Cu doping concentration. Moreover, the 
doping of Cu does not show much variation in the crystal structure of 
Yb2O3 thin films [21]. A minute peak shift towards lower angle corre
sponding to undoped Yb2O3 is observed which clearly indicates the 
successful incorporation of Cu2+ ions (0.73 Å) in the Yb3+ (0.86 Å) 
lattice which leads to an increase in the lattice values and phase changes 
of unit cell in Cu doped Yb2O3 thin films [22]. Fig. 4 clearly shows that 
the intensity of the predominant peaks decreases due to increase in the 
Cu doping concentration. The average crystalline size (Dave) of undoped 
Yb2O3 film and Cu doped Yb2O3 films is determined using Scherrer 
equation given as follows [23]. 

Crystalline size
(
Davg

)
=

Kλ
βcosθ

(1)  

where K represents Scherer’s constant and β is the full width at half 
maximum intensity of the dominant peak. 

The calculated average crystallite size of undoped Yb2O3 is 11.95 
nm. Likewise, the Dave of Cu-Yb2O3 is 15.67 nm for 1.5 wt% doping 
level, 21.30 nm for 2.5 wt%, 26.78 nm for 3.5 wt% and 31.10 nm for 4.5 
wt%, respectively. This signifies that the Dave increases on raising the Cu 

concentrations as shown in Fig. 5. The copper ion has a tiny radii, large 
ionic mobility, and low activation energy. So, it will be easier to transfer 
from trap to nucleation sites for these ions when growth of crystallites 
takes place, resulting in the growth of bigger crystallites because of low 
activation energy [24]. Also, the lattice constant (a), dislocation density 
(δ), micro strain (ε) and stacking fault (SF) are obtained by Eqs. (2)–(5) 
[23] and are summarized in the Table 1. 

Band gap(a) = d ×
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(2)  

Dislocation density(δ) =
1

D2
avg

(3)  

Micro strain(ε) =
[(

λ
Davgsinθ

)

−
( β
tanθ

)]

(4)  

Stacking fault(SF) =
[(

2π2

45(3tanθ)
1
2

)

× β
]

(5)  

where, D is the average crystallite size, λ is the wavelength (0.15418 nm) 
for CuKα, θ is the diffraction angle in degrees and d in Eq. (2) represents 
the inter planar distance. Fig. 5 shows that the lattice constant values (a) 
decreases with increase in Cu concentration. Furthermore, the values ε, 
δ and SF are noted to lessen as Cu concentration increases. These results 
clearly indicate that the key reason for rise in crystallite size is linked 
with lessening stacking fault and dislocation density [25–27]. The 
reduction of ε indicates the lessening of crystal imperfections and 
development of superior films [28–29]. XRD spectra reveal that the 
concentrations of Cu doping strongly influences the structural parame
ters of the prepared films. 

3.3. Surface morphology and elemental composition analysis 

Fig. 6 (a-e) shows the FESEM images of pure and Cu doped Yb2O3 
films at an optimized substrate temperature of 550 ◦C. The surface 
morphology exhibits a continuous variation on doping with Cu into 
Yb2O3 film. The Cu concentration sturdily influences the surface 
morphology of Yb2O3 films. Fig. 6 (a) shows randomly oriented crack 
free and smooth surface of the fine tiny globular like structures having 

Fig. 10. PL spectrum of (a) undoped Yb2O3film (b) Cu doped Yb2O3 films.  
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an average size of 11 nm for the pure Yb2O3 thin film. Fig. 6 (b–c) shows 
that the films with lower concentration like 1.5 and 2.5 wt % exhibit 
randomly arranged, crack free surface of sub micro sized granular like 
very fine cubic particles having a size between 15.67 and 21.30 nm. This 
result agrees well and good with the Yb2O3 phase. Interestingly, when 
the Cu concentration in the film was increased to 3.5 and 4.5 wt %, the 
particles changes to monoclinic phase to form a non-uniform sea coral 
like structure, with an average size between 26.78 and 31.10 nm as 
shown in Fig. 6 (d-e). In addition, particle size distributions (PSD) of Cu- 
Yb2O3 films are analyzed by using image J software. The particle size 
distribution of Cu-Yb2O3 thin films for different doping concentrations. 

The average value of the particle size is ~ 18.32. nm at undoped Yb2O3 
thin films. Likewise, the particle sizes are ~27.25, 36.41, 47.79 and 
59.33 nm for different doping concentrations of Cu and values are dis
played in table 1. An increase in the Cu concentration leads to the for
mation of large particles on the surface as can be seen in Fig. 6 (d) and 
(e). The incorporation of Cu concentration highly affects the growth of 
granular like cubic phase owing to the effect of clustering and Cu atomic 
radius very small compared to the Yb atomic radius [30]. Moreover, the 
surface morphology and arrangement of grains supports the phase 
transformation in XRD from cubic to monoclinic structure in the Cu- 
Yb2O3 films at larger doping concentration is approved from FESEM 

Fig. 11. (a) Absorbance Spectra, (b) plots of (αhν)1/2 Vs hν, (c) Average optical parameters for undoped Yb2O3 film and Cu doped Yb2O3 thin films obtained at 
different doping concentrations. 

Table 2 
Optical parameters of undoped and Cu doped Yb2O3 thin films.  

Cu concentrations (wt %) Absorption Coefficient (α) (cm)− 1 Extinction Coefficient (k) Refractive Index (n) Optical Conductivity (σopt) × 1013 (S/cm) Band Gap (eV) 

0 5.99 × 105 0.0236 2.798 2.96 3.68 
1.5 9.18 × 105 0.0360 2.426 4.12 3.50 
2.5 1.07 × 106 0.0440 2.325 4.98 3.36 
3.5 1.48 × 106 0.0608 2.316 5.91 3.24 
4.5 6.03 × 106 0.1935 2.288 8.67 3.14  
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images. The modified morphology confirms the lessening of leakage 
current in the device and improvement in the electrical conductivity (σ) 
owing to the higher surface to volume ratios. In addition, EDX spectra of 
spray deposited Yb2O3 films of different Cu doping concentrations such 
as 1.5, 2.5, 3.5, and 4.5 wt% is demonstrated in Fig. 7 (a-e). Fig. 7(a-e), 
authorize the Yb, Cu, and O peaks close to stoichiometric ratio in Cu 
doped Yb2O3 thin films. The atomic % of Copper concentrations in
creases from 6.44, 7.26, 8.10, and 8.49 Cu-Yb2O3 films coated with 
different doping concentrations. The additional peaks in the EDS spectra 
are related to glass substrate (Si, O, Mg. Na, Ca, Al) and Au used for 
sample coating [31]. Particularly, ytterbium content is found to fall with 
the rise in oxygen content due to the increasing Cu doping concentra
tions. No peaks were observed related to elements other than copper 
(Cu), Yb, and O in the EDX spectra. From the EDX results, the Cu-Yb2O3 
thin films indicate the strongly influence of Cu in the Yb lattice at higher 
doping concentration. This result reveals that Cu plays a key role in the 
MIS SDs and enhances the device performance [32]. 

3.4. Transmission electron microscopic analysis 

The crystal system of casted films was examined with selected area 
electron diffraction (SAED) of TEM. Fig. 8 (a-b) show TEM micrographs 
with the SAED pattern of the prepared Cu-Yb2O3 film having 4.5 wt%. 
Fig. 8(a) shows the presence of tiny spherical particles with mean size of 
NPs in between 11 and 53 nm. The microscopic image shows the vari
ation of the average size of nano particles in between such a small range 
can be considered roughly as the nearly uniform distribution and it is 
clearly observed to have some agglomeration [33]. The SAED pattern in 
Fig. 8 (b) reveals bright spots, which indicates the polycrystalline nature 
[34]. 

3.5. Atomic force microscopic analysis 

Fig. 9 (a-b) show the 2D and 3D AFM topography images of Cu-Yb2O3 
thin films deposited at 550 ◦C for lower and higher doping concentration 
like 1.5 and 4.5 wt%. Fig. 9 (a) exhibits evenly distributed conical 
columnar micro structure with measured average roughness (Ra) 17.45 
and area root mean square (RMS) of 28.87 nm. When the doping con
centration was increased to 4.5 wt%, the measured average roughness 
(Ra) is 69.66 and area root mean square (RMS) value is 124.34 nm 
respectively. It is clear that the increase in doping concentrations 
strongly influences the surface morphology of the deposited films as 
shown in Fig. 9(b). The AFM images reveal the increase in the surface 
roughness with the doping concentration. The film thickness also in
creases with increasing in doping concentration favoring the enhance
ment in the optical property of the films. Thus, the morphological 
disparities are in good pact with FESEM images [35]. 

3.6. PL analysis 

Fig. 10 (a)-(b) represent PL spectra of pure and doped Yb2O3 films 
with different concentration like 1.5–4.5 wt% of Cu deposited at 550 ◦C 
optimized substrate temperature. The undoped Yb2O3 film indicates a 
PL peak in the broad UV emission peak centered at 299 nm (4.1 eV) as 
shown in Fig. 10(a). Fig. 10(b) shows the existence of four PL peaks in 
the emission band. When the doping concentration increases, the film 
exhibits a sharp UV-NBE peak at 364 nm (3.40 eV) and another emission 
peak at 376 nm (3.29 eV), a blue emission peak around 495 nm (2.50 eV) 
and a sharp visible green emission peak 521 nm (2.38 eV). It clearly 
indicates the shifting of peak position to higher energy side. When the 
Cu doping concentration increases in Yb2O3 films, the PL nature of the 
film has a handy connection with crystallinity due to the decrement in 
the density of defect in the film with enhancement of crystallinity as well 
as on the crystallite size [36–37]. The UV emission peak corresponds to 
emission attributed to the oxygen vacancies and green emission peak 
due to the presence of interstitial VO and DI with high doping concen
trations. These results support the enhancement in the optical behavior 
and it helps to improve the device performance which is preferable for 
the MIS SDs. Moreover, the photo luminescence results reveal the exis
tence of strong and sharp emission bands for the prepared films at 4.5 wt 
% compared with other deposited films [38]. Hence, the results correlate 
well with the surface morphology and structural changes with the in
crease in Cu concentration as observed in FESEM and XRD results. 

3.7. UV–Visible spectroscopy analysis 

Fig. 11 (a) reveals that the absorption spectra of undoped Yb2O3 film 
and Cu doped Yb2O3 films with different concentrations like 1.5, 2.5, 
3.5, and 4.5 wt % deposited at 550 ◦C. From the Fig. 11 (a), a strong 
optical absorption peak is observed below 350 nm. It is clearly visible 
that the rise in Cu concentration causes the value of absorption to shift 
slightly to bigger wavelength region in contrast to the undoped Yb2O3, 
because of the deep bluish pigmentation of films, roughness of surface 
and increase in the grain boundaries and also due to the charge carriers 
induced by Cu doping [39–40]. The maximum absorbance is observed 
for 4.5 wt% of Cu-Yb2O3thin films. From the UV–Vis spectra, the optical 
energy-gap (Eg) values are obtained from the following Eq. (6) [41]. 

Band gap(αhν) = A(hν − E)n (6) 

The optical band gap values were determined from Tauc’s plot, 
among (αhν)1/2 vs. (hν) for Cu-Yb2O3 films as shown in Fig. 11 (b). When 
n is 2, it specifies indirectly permitted transitions and intercept on E-axis 
gives the values of Eg. The energy gap values of 3.68, 3.50, 3.36, 3.24, 
and 3.14 eV respectively for pure Yb2O3 film and Cu doped Yb2O3 films 
are observed from the extrapolation of the vertical straight line to E-axis. 
However, we have also calculated the direct band gap of the films and 
found in a range of 4.6 to 5.0 eV [42]. The band gap of undoped Yb2O3 
film was found to be higher than doped Yb2O3 films because of increases 
in Fermi energy level and DOS of E shrinking and another possible re
action is VO that will generate effects near to Fermi level which moves 
towards CB [43]. From these results, E shrinks with Cu concentrations 
and these outputs are in good agreement with semiconducting nature of 
casted Cu-Yb2O3 films, which is more appropriate for the MIS SD. The 
absorption co-efficient (α), refractive index (n), extinction co-efficient 
(k), and optical conductivity (σopt) can be calculated by using the 
following relations (7–10) [41]. 

Table 3 
Electrical parameters of undoped and Cu doped Yb2O3 thin films.  

Cu concentrations 
(wt%) 

Resistivity (ρ) 
(Ω⋅cm) 

Average conductivity 
(σdc) × 10− 15 (S/cm) 

Activation 
energy (Ea) (eV) 

0 1.11 × 1015 1.08 0.395 
1.5 7.75 × 1014 1.55 0.377 
2.5 6.32 × 1014 1.87 0.359 
3.5 4.91 × 1014 2.28 0.325 
4.5 4.28 × 1014 2.76 0.283  
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Fig. 12. Current –Voltage (I-V) plots of the prepared films at different temperature (a) undoped Yb2O3 and (b-e) 1.5, 2.5, 3.5, and 4.5 wt%.  
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Absorption Co − efficient(α) =
[

1
t

]

ln
[

1
T

]

(7)  

Refractive index(n) =
[

1 + R
1 − R

]

+

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4R

(1 − R)2
− k2

√ ]

(8)  

Extinction Co − efficient(k) =
[αλ
4π

]
(9)  

Optical Conductivity(σopt) =
[ncα

4π

]
(10) 

The changes of α, k, n and σopt values with different Cu concentra
tions are shown in Fig. 11 (c) and values are summarized in Table 2. The 
refractive index (n) of the film gradually decreases from 2.798 to 2.288 
which are due to the increase in the Cu concentration, variation of 
packing density and higher film thickness. The value of α, k and σopt 
parameters of the Cu-Yb2O3 film are noticed to be greater at higher 
content of Cu wt. % in Yb2O3 films [44]. These results influence the 
electronic transitions among VB and CB, which shrinks the E values of 
Cu-Yb2O3 films. Moreover, Cu sturdily affects the optical constants of 
Yb2O3 films, which could have an impact of the SDs. 

3.8. DC electrical conductivity 

The dc conductivity (σdc) of undoped Yb2O3 film and Cu-Yb2O3 films 
at different Cu concentrations (1.5, 2.5, 3.5 & 4.5 wt%) are measured by 
two probe setup with applying voltages from 10 to 100 V (step of 10 V) 
along with the variation temperature from 30 to 150 ◦C. The obtained 
resistivity (ρ) values of all the films are given in Table 3. It is observed 
that the value of ρ decreases on increasing the Cu concentrations in the 
Yb2O3 thin films. This case would considerably decrease the ρ of the film 
and gets a better mobility of the charge carriers [45]. 

Electrical conductivity(σdc) =
t
RA

s
cm

(11)  

Here R, t and A represents resistance, thickness and area of the film. 
When Cu concentrations increase from 1.5 to 4.5 wt%, the electrical 
conductivity of Cu-Yb2O3 films improves linearly as shown in Fig. 12(a- 
e). The highest electrical conductivity (σdc) is obtained for a doping 
concentration of 4.5 wt%. As seen in Table 3, the mean conductivity 
varies from 1.08 × 10− 15 to 2.76 × 10− 15 S/cm. This clearly indicates 
that the films are of insulating nature which supports SDs. Besides, the 
highest average conductivity is obtained for Cu doping concentration 
with 4.5 wt% as shown in Fig. 12 (e), which is attributed to the presence 
of oxygen vacancies and create extra free electrons in VB and so 
shrinking the band gap between Fermi level and CB [46]. Moreover, 
these case results from the electrons around atoms of semiconductors 
that breaks away from their covalent bond and move freely on the lattice 
site. The activation energy (Ea) was determined from Arrhenius plot by: 

Activation energy(σdc) = σoexp
[
− Ea
KBT

]

(12) 

The values of Ea fluctuate from 0.395 to 0.284 eV with an increase of 
doping concentration. Fig. 13 reveals the Arrhenius plot of ln (σ) vs 1/T. 
It is found that the Ea value of undoped Yb2O3 thin film is 0.395 eV. With 
further increase in doping concentration, the Ea value reduces to 0.284 
eV. This result clearly indicates the successful incorporation of Cu ions in 
the Yb ions lattice [47]. Furthermore, the changes in activation energy 
are due to the surface structure, crystalline phase, lattice dislocations 
and imperfections of higher doping concentrations of films [48]. The 
obtained mean conductivity improves where as the linked mean re
sistivity and Ea lessens. These results suggest that the increased electrical 
conductivity helps to improve the device performance and impacts the 
performance SDs. Fig. 14 clearly shows electrical constants vs Cu doping 
concentrations. 

Fig.13. Arrhenius plots of ln (σ) vs 1/T of Cu-Yb2O3 films for different Cu wt%.  

Fig.14. Average conductivity and activation energy versus Cu concentrations 
(wt %). 

Fig. 15. Schematic diagram of Al/Cu-Yb2O3/p-Si (MIS) Schottkydiode.  
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Fig. 16. I-V plots of Al/Cu-Yb2O3/p-Si Schottky barrier diodes with different doping concentrations (a) 0 wt% (b) 1.5 wt% (c) 2.5 wt% (d) 3.5 wt% (e) 4.5 wt%.  
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4. Fabrication of Al/Cu-Yb2O3/p-Si Schottky diodes 

The Al/Cu-Yb2O3/p-Si (MIS) SDs is casted on p-type Si wafer. Prior to 
depositing the diode, the wafer was cleaned well and immersed in the 
mixture of H2SO4 + H2O2 taken in the ratio of 3:1. These aids to evade 
undesirable oxide layer on the Si wafer. The layer of Cu-Yb2O3 was 
deposited by JNSP technique. Aluminum (Al) metal contactis used on 
the Cu-Yb2O3/p-Si structure via dc magnetron sputtering with the 
standard pressure of 6 mbar. The fabricated MIS diodes were dried in air 
for 12 hrs inside a clean chamber. The Ag paste was employed on either 
side of MIS diode for better electrical conductivity, low sheet resistance 
and is dried at room temperature for 5–6 hrs. The structure of the pre
pared MIS diode is publicized in Fig. 15. 

4.1. I-V characteristics of Al/Cu-Yb2O3/p-Si Schottky barrier diode 

From the Fig. 16 (a-e) show the I-V nature of fabricated MIS diode. 
The ohmic behavior of MIS diode is analyzed for different doping con
centrations viz. 1.5, 2.5, 3.5, and 4.5 wt% of Cu. The parameters of MIS 
diode are studied under dark and light conditions. Fig. 16 illustrates the 
graphics of both reverse and forward current of MIS SDs measured by 
applying bias voltages − 3 to + 3 V (in stet of 0.3 V). The current density 
(J = I/A) of SD for V⩾3 KBT/q was determined by thermionic emission 
(TE) theory and given by the following equations [49]. 

Current Density(J) = Joexp
[(

qV
nKBT

)

− 1
]

(13)  

ReverseSaturationCurrentI0 = J0A = AA∗T2exp(−
qϕB

KBT
)Jo

= A*T2exp
(

−
qϕB

KBT

)

(14)  

Here ΦB can be evaluated using Eq. (14) and A* stands for Richardson 
constant (=32 A/cm2.K2 for p-Si). Besides, the I0 value can be derived 
from intercept of linear portion of forward-bias ln (I-V) curve. As seen in 
the I-V curves of Fig. 16, each MIS diode indicates positive response on 
testing of device below light. These outcomes reveal that prepared di
odes possess photo conducting nature [50–51]. The attained I₀ values in 
dark condition varies from 4.65 × 10− 7to 2.45 × 10− 8 A, which is found 
to be improved in light condition from 8.75 × 10− 4 to 5.82 × 10− 5 A as 
given in Table 4. The obtained results suggest that, the device perfor
mance and σ values of the Al/Cu-Yb2O3/p-Si diodes are improving due 
to the successfully incorporation of Cu ions [52–53]. The other param
eters such as ideality factor (n) & barrier height (ΦB) are extracted from 
Eqs. (15) & (16), respectively [49]. 

Ideality Factor(n) =
[
q

KBT

(
dV

d(InJ)

)]

(15)  

Barrier Height(ΦB) =

[
KBT
q
ln
(
AA*T2

I0

)]

(16) 

Fig. 17 (a-e) clearly shows that the ln J-V plots of Al/Cu-Yb2O3/p-Si 
(MIS) SDs with different Cu doping concentrations. The n values are 
derived through linear portion of the forward-bias ln(J)-V curve. The 
obtained n and ΦB quantities are presented in Table 4. It is clear that for 
an increase in the Cu doping concentration, the n values are found to be 
decreased from 2.537 to 2.12 under dark conditions. Fascinatingly, the 
MIS diodes studied below illumination condition indicates the lesser n 
values of 2.059 to 1.757 compared to dark condition. An experimental 
data designates that the diode has n value i.e. ˃ 1. It is because of the drop 
in the potential in the interface layers and existence of extra current and 
recombining of current via interface states amongst the semiconductors, 
insulator layers [54–55]. This may be attributed to the generation of 
electron-hole pair that may rise after light absorption. Furthermore, the 
higher ideality factor values of the diode might be ascribed to the ex
istence of thin interfacial native (SiO2) layer among the metal (Al) 
semiconductor (Si) interfaces. The Al/Cu-Yb2O3/p-Si (MIS) diodes 
under light give a huge number of charge carriers generated by light that 
raises the current. However, in dark, the current is reduced because of 
the reduction in the charge carriers and the other reason being specific 
distribution of interface state, potential drop at interfacial layer, image 
force effect, and the tunneling current through the interfacial layer 
[56–58]. Additionally, the barrier height (ΦB) is found to be increased 
gently under dark and light condition with higher doping concentration 
of Cu-Yb2O3 [59–60]. The barrier height (ΦB) observed in dark condi
tion changes from 0.789 to 0.911 eV and under light condition from 
0.638 to 0.754 eV. As a result, the maximum ΦB and minimum n value 
are obtained for MIS diode having Cu doping concentration of 4.5 wt% 
in both dark and light condition. 

5. Conclusion 

We have successfully fabricated the Al/Cu-Yb2O3/p-Si (MIS) SDs 
using Cu-Yb2O3 films having various Cu doping concentrations as an 
insulating layer. The XRD pattern reveals the poly crystalline nature of 
cubic system of casted Cu-Yb2O3 thin films and the mean crystallite size 
of 31 nm is noticed for Cu-Yb2O3 films casted with 4.5 wt% of Cu. The 
structure of Cu-Yb2O3 films was recorded through FESEM. The extreme 
absorption and smallest energy gap of (3.14 eV) was noticed for 4.5 wt% 
of Cu-Yb2O3 films. The EDX profile showed the presence of Cu in Yb2O3 
films. The AFM analysis revealed a higher roughness and RMS value at 
larger doping concentration of 4.5 wt% of Cu. The photoluminescence 
spectrum of Cu-Yb2O3 thin films indicates a strong and broad emission 
bands at 364 nm (3.40 eV). DC electrical study reveals a maximum 
conductivity and minimum activation energy for larger doping con
centration. From MIS SDs, the experimental result shows an improved 
ΦB and decreased n values for higher doping concentrations. From the 
diode results, the higher doping concentrations of 4.5 wt% exhibits 
better performance SDs when compared to undoped Yb2O3 thin film. 
The barrier height (ΦB) observed in dark condition varies between 
0.789 eV and 0.911 eV and under light condition from 0.638 eV to 0.754 
eV for Cu-Yb2O3 thin films. The obtained results confirm that the 
fabricated Al/Cu-Yb2O3/p-Si (MIS) Schottky diodes are highly suitable 
for the advanced optoelectronic, microelectronic, and high-speed 
switching device applications. 
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Table 4 
Electrical parameters of Al/Cu-Yb2O3/p-Si (MIS) Schottky Diodes with different 
Cu doping concentrations.  

Cu Concentrations 
(wt%) 

Ideality factor 
(n) 

Barrier height 
ФB (eV) 

Saturation current (Io) 
(A) 

Dark Light Dark Light Dark Light 

0 2.537 2.059 0.789 0.638 4.65 ×
10− 07 

8.75 ×
10− 04 

1.5 2.262 1.889 0.847 0.657 2.83 ×
10− 07 

5.03 ×
10 − 04 

2.5 2.206 1.845 0.868 0.675 1.26 ×
10− 07 

2.02 ×
10− 04 

3.5 2.154 1.797 0.892 0.723 5.12 ×
10− 08 

8.30 ×
10− 05 

4.5 2.120 1.757 0.911 0.754 2.45 ×
10− 08 

5.82 ×
10− 05  
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