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A B S T R A C T

In this study, rare earth ytterbium (Yb)-doped V2O5 thin films were effectively coated on glass and Si substrates by
the sol-gel method combined with the spin coating method. The films' structural, morphological, optical, and
electrical properties were investigated through XRD, FESEM, UV-Vis, and I-V electrical conductivity. Doping on
V2O5 with low Yb content of 2, 4, and 6 wt % have highly affected the lattice, which is shown in tetragonal and
orthorhombic structures. Morphological studies show nanorods like structured. The coated thin films yield
bandgap of 3.23–3.31 eV. The electrical properties of Cu/Yb@V2O5/n-Si type Schottky barrier diode were
studied, and calculated photodiode parameters like photosensitivity, photo-responsivity, external quantum effi-
ciency, and detectivity. Predominantly, high photosensitivity of 5545.70% is obtained for the diode with 2 wt %
Yb@V2O5.
1. Introduction

Schottky diodes are the critical mechanisms of electronic and opto-
electronic devices. Owing to their simple fabrication and multipurpose
usage, they are used as potential components in solar cells, photodetec-
tors, clamped transistors, metal-semiconductor field-effect transistor
(MESFET), microwave mixers, radio frequency attenuators, rectifiers,
varactors, Zener diodes, and several integrated circuits, etc., [1–5].

Schottky barrier diodes (SBDs) are often referred to as layered
structures fabricated from metal-semiconductor (MS) and metal interfa-
cial layer semiconductor (MIS) [6]. In contrast to the MS structure, the
MIS structure's electrical properties may vary considerably due to the
presence of the interfacial layer because the interfacial layer has a sig-
nificant effect on the performance, stability, and reliability of the device.
The thin interfacial layer acts as a dielectric medium that can prevent the
inter-diffusion between MS junctions and levitate the electric field
reduction issue in MS Schottky barrier diodes [1–7].

Among the various oxide phases from V2þ to V5þ, V2O5 is thermo-
dynamically most stable. V2O5 micro-nano structures have been widely
used in the optical and electrochemical areas [8]. However, its electric
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area applications have received less attention due to the low electrical
conductivity at room temperature. Pure V2O5 is a semiconductor with a
wide gap (Eg) of 3.3 eV, low carrier concentration (n) of 1015-1015cm�3,
and carrier mobility (μ) of 4.75–1.28 cm2V�1s�1 [9]. Therefore, the
electrical conductivity of pure V2O5 is dependent on small polaron
hopping (SPH), which leads to the low electrical conductivity of 10�2 to
100 Ω�1cm�1 [10]. Simulation and experimental results show that metal
and rare earth elements doped-V2O5, composites based on V2O5, and
novel morphologies of micro-nano structure alter the optical gap and
improve the electrical conductivity of V2O5. Iida et al. [11] Investigated
optical properties of the elements of MxV2-xO5 (M ¼ Nb, Ce, Nd, Dy, Sm,
Ag, and Na). The results show that the optical gap increases with the Nb,
Ce, Nd, Sm, and Dy while it decreases with the Ag and Na. The electrical
conductivity of MxV2-xO5 was also improved with M ¼ Ag, Cu, Na, Mg,
etc., [12–14].

Presently, rare earth (RE) materials gained lot of attention because
they contribute significant modifications to structural and properties
optical and create oxygen vacancies which is helpful for the electrical
properties of SBDs device, Yb is the highest melting point among the RE
materials, high dielectric constant, wide bandgap energy, low leakage
2021
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Fig. 1. Schematic diagram of Cu/Yb@V2O5/n-Si Schottky barrier diode.

Fig. 2. Powder diffraction pattern of Yb@V2O5 thin films.

Table 1
Microstructural parameters of Yb@V2O5 films.

Yb
wt.%

Crystallite size
(nm) (Dave)

Dislocation density
lines/m2 (δave)

Micro
strain
(εave)

Stacking fault x
10�2 (SFave)

0 42.07 1.26 � 1015 1.229 0.1752
2 64.25 2.45 � 1014 0.5425 0.8573
4 48.91 6.49 � 1014 0.8170 0.2386
6 46.96 1.098 � 1015 0.9900 0.3093

Fig. 3. XPS spectra of 6 wt% Yb@V2O5 film: a) survey spectrum, b) XPS spec-
trum of Yb 4 d
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current, low-frequency dispersion, small hysteresis voltage, and broadly
used in optical fiber [15–18]. Notably, the low work function of 2.63 eV
can produce high Schottky barrier heights of diode [19]. The variation in
atomic radii of Yb ions allows significant modifications of the crystalline
structure, which affects the optical properties of those materials due to
structural defects induced through the formation of the second phase



Fig. 4. FE-SEM Pictrure of Yb@V2O5 films.

Fig. 5. Thickness variation of Yb@V2O5 films.
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within the host matrix of V2O5.
There are many coating techniques such as evaporation, sputtering,

spin coating, spray pyrolysis. Moreover, jet nebulizer spray pyrolysis
technique (JNSP) [20], pulsed laser deposition, chemical vapor deposi-
tion [21], solvothermal, electrodeposition [22–26], etc., sol-gel spin
coating have been used for fabrication interfacial layer on MIS structured
SBDs. Our device fabrication technique is an inexpensive, simple, and
effective coating route because it controls surface morphology film, the
stoichiometry of the film, crystal structure, and particle size by simply
3

changing growth parameters [23].
The objective of the present work is to prepare a high quality V2O5

thin films and incorporate Yb ions into the V2O5 matrix with various
concentration such as 2, 4 and 6 wt%, by sol-gel spin coating technique.
The prepared films were used as interfacial layer in between metal and
semiconductor (MS) interface to develop the MIS Schottky barrier di-
odes. Also, the I–V performance of the MIS diode was evaluated under
dark and light conditions. Various photo-diode parameters were calcu-
lated and discussed in detailed.

2. Experiment

2.1. Thin film coating procedure and fabrication of Schottky diode

The chemicals of vanadium chloride (VCl3), ytterbium chloride
hexahydrate (YbCl3 ⋅ 6H2O), and Triton as gelation agent (T100) were
pick up during commencing Sigma Aldrich. A solvent is ethanol for all
solutions. The primary pioneer solution was organized individually by
vanadium chloride 0.2 M in 10 ml of the solution of ethanol, then stirred
well via a magnetic stirrer for 1 hour. Triton X-100 chelating agent is
added during stirrer. After that 2, 4, and 6 wt% ytterbium chloride were
individually mixed into every solution and stirred aimed at 48 h s at room
temperature. The prepared solution existed spin-coated proceeding the
washed glass substrates at 2500 rpm used for 30 s. The films stayed
annealing at elevated temperature of 500 �C intended for 1 hour as a final
point. n-Si (100) type substrates were wrapped, winning a piranha so-
lution for 20 min. Then, the etching acid for 15 min to get rid of the
residual impurities on the substrates. The substrates were washed
voguish deionized water and withered. Schottky's contact of Copper (Cu)
coated on a surface of Yb@V2O5 layer via DC sputtering using high clarity
Cu target. Finally, the silver paste (Ag) was used as an ohmic contact and
painted on each side of the device. Fig. 1 shows the schematic diagram
MIS type SBDs.



Fig. 6. EDX Mapping of 6 wt% Yb@V2O5 films.

Table 2
Atomic ratio pure and Yb@V2O5 films.

Yb Wt % Atomic ratio (%)

V O Yb

0 16.51 83.49 -
2 17.02 79.46 3.52
4 18.23 77.03 4.74
6 19.53 75.14 5.33
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2.2. Characterization measurement

First, the quality of the prepared pure V2O5 and Yb@V2O5 thin films
was analyzed by Rigaku Miniflex-II (CuKα, λ ¼ 1.5418 Å) with the
diffraction range of (10-80�). A stylus Profilometer detector (model: SJ-
30) was used to measure the thickness of the film. Field emission scan-
ning electron microscope (Zeiss Sigma model: FEI quanta 250) was used
to analyze the surface and morphological behavior of Yb@V2O5 films.
Elements like V, O, and Ce have been determined by energy dispersive X-
ray analysis (EDX). The optical property was studied using UV-Vis
Spectrometer (JASCO, model: V–770PC). Finally, the electrical proper-
ties of the prepared thin films have been determined using two probe
instruments at different temperatures in the range of 30-150 �C. Keithley
electro-meter (Model: 6517 B) was used to study the current Vs. Voltage
(I–V) characteristics of the fabricated Cu/Yb@V2O5/n-Si diode. The
photodiode property of the diode is analyzed by a portable solar simu-
lator (PEC-L01) at 100 W/m2 intensity.

3. Results and discussion

3.1. XRD

Fig. 2 Displays X-ray diffraction patterns of Yb-doped V2O5 films,
4

display the occurrence of distinct peaks apportioned to (200) (221) and
(242) planes of V2O5 tetragonal phase (ICDD card No. 45–1074). The
higher Yb ions concentration affects the lattice periodicity of V2O5 and
decreases the crystallization mentioned above process. The calculated
crystallite size (D) of the Yb@V2O5 thin films was evaluated using the
Scherrer equation [5];

D¼ kλ
β Cos θ

(1)

Additionally, the lattice parameter Yb@V2O5 films existed planned
via the resulting equation [5–7]:

δ¼ 1
D2 (2)

ε¼β
cosθ
4

(3)

SF¼
�

2π2

45ð3 tanθÞ12
�
β (4)

Table 1 demonstrates structural parameters of the combination of Yb
keen on V2O5 crystallites. The reduction of the lattice parameter for Yb
doped films come about with a sweeping reduction of the crystalline
phase. This establishment plays an important role likely development of
lonely Yb phases in the confines of V2O5 and may be influenced particle
formation [27,28]. Remarkably, 2 wt% Yb@V2O5 film increase the defect
on the surfaces of films and good crystallinity, which help enhance the
density of active centers for high photo responsivity of the diode.
3.2. XPS

For chemical composition analysis of Yb@V2O5 thin films, the XPS
approach was applied. Fig. 3 indicates the XPS survey spectrum of



Fig. 7. Optical a) absorption b) band gap of pure and Yb@V2O5 films.

V. Balasubramani et al. Journal of Solid State Chemistry 301 (2021) 122289
Yb@V2O5 thin film. The peaks corresponding to carbon (C), oxygen (O),
vanadium (V), and (Yb) are certainly observed in the spectrum. A peak
appeared at 281 eV in the XPS spectra is owing to the presence of carbon
(C) which is owing to the hydrocarbon contamination on the surface of
the thin film. The prominent peaks at different binding energies such as
496.6, 516.6, and 530 eV matching to V2p3/2, V2p1/2 and O1s,
respectively. These binding energy values are according to the earlier
stated data [29], which also supports the existence of V5þ chemical form
in the vanadium pentoxide thin film. Fig. 3b displays coupled peaks
around 184.4 and 198 eV, which indicate the presence of Yb 4 d and are
assigned respectively to 4 d 5/2 and 4 d 3/2 spin–orbit–split 4 d levels.
These values are in good agreement with that of Yb 4 d level for Ybþ3

[30].
3.3. FE-SEM and EDX

Fig. 4 shows FE-SEM image pure V2O5 and Yb-doped V2O5 films. The
undoped film shows nonuniform micro-nanorods with pours structured,
as shown in Fig. 4a. The surface morphology of Yb@V2O5 strongly alters
5

and becomes a uniform rod-like array with the Yb doping concentrations,
as shown Fig. 4 b-d. The rod-like structure and gran size of the V2O5 tend
to increase as enhanced Yb concentration. With the further increase
doping concentration of 6 wt%, the rod-likes have grown perpendicular
to the substrate with void obelisk-shape. It is obvious from the surface
morphology variations that the crystallite size has enriched. This surface
alterations will boost the electrical properties of the V2O5 films FE-SEM
of V2O5 films are loyal with XRD results. Evidently Yb with 2 wt % in
V2O5 doped film will be appropriate interfacial layer for the device
fabrication for optoelectronic applications. The thickness of the
Yb@V2O5 films incresed from 397 to 567 nm on increasing the Yb wt.%,
which is shown in Fig. 5. The results show that in the Yb played an active
role on the thin layered films.

Fig. 6 Displays the EDX mapping of the 6 wt% of Yb-doped V2O5 thin
film annealed at optimized temperature 500 �C. The EDX results exist
composition of V, O, and Yb. The variation in atomic percentage for the
Yb@V2O5 films was recorded in Table 2 as the minimum value of O was
obtained at 2 wt% Yb@V2O5 films, which might be helpful in diode
performance, to which convinced films can consume small electrical re-
sistivity and owe to high conductivity as a result of oxygen deficiency
[5–7].

3.4. UV-vis

Fig. 7a reveals absorption spectroscopy of Yb@V2O5 thin films with
different Yb weight percentages. The absorption light slightly shifts to-
ward a red light with Yb@V2O5. The intensity absorption of 2%Yb@V2O5
highest due to the highest densities of the rod-like arrays. The film's
optical band gap has been calculated from Taue's plot and the flowing Eq
(5) [4,8].

ðαhvÞn ¼ Bðhv� EgÞ (5)

Where α is the absorption coefficient, hυ is the photon energy, and B is
the constant.

The values of n ¼ 2 for direct bandgap is evaluated, as shown in
Fig. 7b, the optical gap of samples Yb ¼ 0, 2, 4, and 6% are 3.23, 3.25,
3.31, and 3.27 eV, respectively. The doping of rare-earth ytterbium inside
V2O5 can create defects that lead to the generation of excess electrons.
These electrons can fill a part of the main CB and induce the wide optical
gap with Eopt ¼ Eopt0 þ ΔEgBM, where Eopt0 is the optical gap of pure V2O5,
and ΔEgBM is the Burstein-Moss shift [1]. Consequently, the optical gap of
Yb-doped V2O5 increases compared with pure V2O5.

3.5. I–V dc electrical conductivity

Fig. 8 shows electrical characteristics of coated film using dc electrical
studies. When temperature varied from range 30–150 �C, a linear in-
crease current values of Yb@V2O5 films due to enormous heat energy
absorbed by film and that induce the mobility of electrons [31–34]. This
trend was similar to the voltage variation from 10 to 100 V. The re-
sistivity of film varied from 1.21 to 5.80 � 1013Ω/cm with Yb doping
concentration. Also, the average conductivity increase with doping
concentration, higher conductivity, and minimum resistivity was ob-
tained for Yb 2wt % films, which may be due to the presence of both
tetragonal orthorhombic crystal structure formation and the swelling of
grain size by way of dopant, which bargain the lattice dislocations and
defectiveness of the V–O system. These spectacles decrease the grain
boundary volume connected with the movement of charge carriers
[34–39]. Mainly, the conductivity of the Yb@V2O5 films is thermally
activated from the deep donor level to the conduction band, which tin
can be related to the shrinking in the Nernst-Einstein movement and
higher oxygen deficiency as confirmed in EDX results [40–42].

The dc electrical conductivity (σdc), activation energy films (Ea), and
conductivity films (σdc) were calculated for pure and Yb@V2O5 thin films
consuming the behind equation [6,7]:



Fig. 8. I–V characteristics of pure V2O5 and Yb@V2O5 films.

V. Balasubramani et al. Journal of Solid State Chemistry 301 (2021) 122289
σ¼ t
RA

ðΩ cmÞ�1 (6)

� �

σ¼ σ0 exp
��Ea

KBT

�
(7)

The enhancement of jump distance between the vanadium ions and
incorporation of Yb in V2O5 can reduce the segment of compact vana-
dium ion and lesser polaron populace [42–44].
3.6. Evaluation of Cu/Yb@V2O5/n-Si Schottky diode

The fabricated MIS type Schottky barrier diodes were forwarded, and
reverse current values were measured by Keithley electrometer (6517-B)
in the range of -4 V to 4. Fig. 9 Shows the I-V plot of pure andYb@V2O5
Schottky diodes. Based on the thermionic emission theory, the current
conduction mechanism of the Cu/Yb@V2O5/n-Si diodes was explained
using the following equation [1–7].

I ¼ I0½expðqv=nkBTÞ � � 1 (8)

Thus barrier height (ΦB) and ideality factor (n) are calculated by
following relation for all the diode in dark and light conditions [6].

n¼ q
KBT

dV
dðIn IÞ (9)

ΔB ¼KB

q
In
�
AA*T2

I0

�
(10)

The calculated n value change from 6.95 to 2.84 and these large
values of n can be attributed to the high density of interface states
localized at metal and semiconductor interface, and the effect of barrier
6

inhomogeneity, image force effect, recombination-generation, and
tunneling might be possible mechanisms that can lead to an n value
greater than unity [45–47]. Also, in a sufficiently thick interfacial layer,
the interface states are in equilibrium with the inorganic semiconductor
and cannot interact with the metal [48].

Fig. 10 displays the Semi-logarithmic forward and reverses bias In (J)
vs. V plot of pure and Yb@V2O5 MIS structured SBDs for dark and light
conditions. It can be seen that In (J) vs. V characteristics of the diode
enhance with behavior of light condition. Current transport across inside
diode is more effectively illumination-activated. The forward current at
the high bias region increases slightly with increasing illumination in-
tensity. This indicates slight light illumination production of electron-
hole pair [49].

The calculated ΦB value changes from 0.66 to 0.79 eV. It is seen that
ΦB depends on the changes in both illumination and voltage. This
behavior shows that some trap charges have not enough energy to escape
from the traps located between the metal and semiconductor interface in
illumination [50–52]. The fabricated MIS structured SBDs shows a high
photocurrent under light exhibits a significant photovoltaic effect [53].

The photodiode parameters such as photosensitivity (Ps), responsiv-
ity (R), Quantum efficiency (QE), and detectivity (D*) of the fabricated
Cu/Yb@V2O5/n-Si MIS structure SBD's were calculated and listed in
Table 3.

The photosensitivity can be calculated by the following equation
[54]:

PS%¼ IPh � ID
ID

� 100 (11)

Here, ID is the dark current of the diode, and Iph-is the photocurrent of
the diode. The calculated maximum photosensitivity of 5545.70% was
obtained for 2 wt%. Yb@V2O5 diode. This huge photosensitivity shows



Fig. 9. IV plot of pure andYb@V2O5 Schottky barrier Diode.
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that the incorporation of Yb content improved light absorption property
[55]. The photo responsivity (R) is a critical parameter. It confirms the
fraction of photocurrent and the light intensity of the active area of the
diode, which can be calculated through the following equation [37].

R¼ IPh
PA

(12)

Here, An area of the diode, Iph diode photocurrent value, and P light
intensity. The obtained different values are 13.38–37.90 mA/W which is
helpful for high-speed operation diode [56]. The maximum R-value was
observed for 2 wt% of Yb@V2O5 diode due to photocurrent ratio to
incident light intensity, indicating efficient Schottky photodiode re-
sponds to an optical signal [57]. The quantum efficiency is a vital
photodiode parameter and contingent in the crystal structure, quality of
diode, thickness of the interfacial layer, and internal resistance of the
diode, is calculated using the following equation [38]:

QE¼R
hc
qλ

(13)

Here, h Planck's constant value, c light velocity, q electron charge, λ
wavelength. The obtained value of QE varied from 5.97 to 25.93%. The
fabricated 2 Yb wt% photodiode compared with other diodes, high QE
value estimated due to the QE are influenced by conversion rate from
photons to electrons and holes [54,57]. The key parameter of application
of photodetector is detectivity (D*), and it characterizes the weakest level
of light intensity that constructs diode can detect, which is determined by
responsivity and noise of the fabricated photodiode can be described by
the following equation [39];
7

D* ¼ R

ð2qI Þ1=2
(14)
D

Here, D* is the detectivity of the diode, R is the responsivity of the
diode, ID is the dark current of the diode, and q is the electron charge. The
D*values are increased from 8.87 � 109 to 9.97 � 1010 Jones. The four
noise sources often encountered in D* are values such as Johnson noise,
shot noise 1/f noise, and photon noise [55–58]. Remarkably, 2 wt% of
Yb@V2O5 diode detect high D* value 9.97 � 1010 Jones, which incomes
minimum noise extent in the sample. Based on the Cu/Yb@V2O5/n-Si
MIS structure SBD's results, we saw that Yb content considerably modi-
fied the photodiode properties of the diode. These outcomes offer the
low-cost fabrication of photodiode in photodetector application.

4. Conclusion

In summary, the Cu/Yb@V2O5/n-Si MIS structured SBDs diodes are
successfully fabricated by the spin coating method. Doping V2O5 with Yb
content 2, 4, and 6 wt % highly affected the lattice its tetragonal and
orthorhombic structure present doped films. Morphological studies show
nanorods and nanoplate-like structured observed. The coated thin films
detected band gap varied from 3.23 to 3.31 eV. The electrical properties
Cu/Yb@V2O5/n-Si type SBDs shows the photodiode performance under
lighting condition is superior then dark, designating that fabricated diode
performed like a photodiode. Remarkably, high photosensitivity of
5545.70% was obtained for the diode with 2 wt % Yb@V2O5 diode
highly applicable candidate for the development of photodiode for op-
toelectronic application.



Fig. 10. Semi-logarithmic plot of In (J) vs V for Pure and Yb@V2O5 Schottky barrier diode.

Table 3
Photodiode parameters like n, ФB, I0, Ps, R, QE and D* are tabulated.

Yb (wt.%) n Φb (eV) Light condition

Dark Light Dark Light Photo-Sensitivity Ps (%) Responsivity R (mA/W) Quantum efficiency QE (%) Detectivity D* Jones

0 6.95 5.09 0.66 0.67 748.82 13.38 5.97 8.87 � 109

2 2.48 2.03 0.89 0.93 75545.70 37.90 25.93 9.97 � 1010

4 2.75 2.37 0.81 0.85 2225.50 29.79 20.85 9.43 � 1010

6 3.24 2.84 0.75 0.79 961.90 23.53 17.90 9.13 � 1010
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