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In  the  present  work,  we  have  fabricated  a  highly  photo  responsive  Schottky  barrier  diode  based  on  cerium
infused  vanadium  pentoxide  thin  film  (Ce-V2O5)  as a  interfacial  layer.  It was  coated  on  a  glass  slide  by
low-cost  sol-gel  spin-coating  technique  and  annealed  at 500 ◦C.  Structure,  surface  morphology,  optical
and  electrical  characteristic  of  Ce  infused  V2O5 films  with  different  Ce  concentrations  viz  0,  2,  4 and  6 wt%
were  investigated.  X-ray  diffraction  (XRD)  pattern  exposed  that  all coated  films  are  tetragonal  structure.
And a peak  shift  was  recorded  after  doping  Ce  ion  into  the  V2O5 system.  FE-SEM  images  showed  a  smooth
nanorods  and  nanoplate-like  structures  in  nano-scale  region.  Topology  view  by  AFM  showed  a significant
decrease  in  surface  roughness  of  the  film  at different  wt.%  of  Ce. The  incorporation  of Ce concentration
based  on  the  optical  absorbance  and  band  gap  energy  were  studied,  using  UV–vis  spectroscopy.  Current-
voltage  (I–V),  characteristics,  photo-diode  parameters  of  the Cu/Ce-V2O5/n-Si diodes  were  evaluated

under  dark  and  light exposed  conditions.  A maximum  quantum  efficiency  of 25.54  % was  achieved  for  the
MIS diode  fabricated  with 6  %  of  Ce. The  photosensitivity  of the  Cu/Ce-V2O5/n-Si  diode  100  times  higher
than  pure  diode.  Photodiode  parameters  and  I–V  analysis  revealed  that  Ce  with  6 wt.%  is  appropriate
for  the  development  of high  quality  photodiode  and  photo  detector  applications  based  to  its  electrical-
performance.

©  2020  Elsevier  B.V.  All  rights  reserved.
. Introduction

The Schottky barrier diode is an active electronic component
hat is widely used in modern optoelectronic application as light
mitting diodes, laser diode, photo detectors, RF applications as a
ixer or detector etc., It is used in power applications as a rectifier,

ecause of it has low forward voltage drop and lesser power loss
hen compared to ordinary PN junction diodes.

Metal-insulator-semiconductor based Schottky devices have
bundant importance due to their unique electrical, optical and
tructural properties. The interfacial layer between metal and semi-

onductor contact plays a dominant role in the device performance
hich provides, low forward voltage drops, stability and consis-

ency. So far, different molybdenum trioxide (MoO3), tungsten

∗ Corresponding author.
E-mail address: jchandaravind@yahoo.com (J. Chandrasekaran).

ttps://doi.org/10.1016/j.sna.2020.112333
924-4247/© 2020 Elsevier B.V. All rights reserved.
trioxide (WO3) and vanadium pentoxide (V2O5), have been used
as interfacial layer with exertion, to improve the schottky diode
performance [1].

The V2O5 thin films play as a vital role in various electronic appli-
cations and has attracted more researchers over the past decades.
They possess high work function, good transparency, wide optical
band gap, different oxidation states V2+, V 3+, V 4+ and V5+, lay-
ered structure, good chemical and thermal stability and excellent
thermoelectric and electro chromic properties [2]. V2O5 is a promi-
nent material for different device applications such as gas sensors,
electronic devices, optical switching devices, organic field effect
transistors, reversible cathode materials for Li batteries, Schottky
diodes and particularly in photovoltaics [2]. The aim of the current
work is to improve the photosensitivity of the MIS  diode, so that it

can be used as a interfacial layer for photo diode application.

Generally, rare earth metal ions effectively improve the electri-
cal as well as optical properties. Rare earth elements like europium
(Eu), gadolinium (Gd), yttrium (Y), neodymium (Nd), samarium

https://doi.org/10.1016/j.sna.2020.112333
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2020.112333&domain=pdf
mailto:jchandaravind@yahoo.com
https://doi.org/10.1016/j.sna.2020.112333
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Fig. 1. Thin Film

Sm), praseodymium (Pr) and cerium (Ce) increase the optoelectri-
al behaviours. In addition, rare-earth elements have much ability
o absorb external light at shorter wavelength and emit at a
onger wavelength, which increases the material trans-parency [3].
mong these, rare earth elements cerium oxide exists in both Ce3+

nd Ce4+ oxidation state due to the sites occupied in matching
ost lattice. It is a potential candidate for photodiode applica-
ions owing to its high photo luminescent properties. Previously,
hase transition and surface morphology effects on optical and
lectrical behaviour of nanostructed Ce doped V2O5 thin films have
een investigated by B. Etemadi et al. [4]. Effect of Ce on Zno thin
lms and Schottky diode fabricated by a two-step chemical bath
eposition exhibited adaptable proeperties which has been stud-

ed widely by M.A.M. Ahmeda et al. [5]. Besides, Marnadu et.al used
e as a dopant material and they achieved a very high photosen-
itivity of 17,509.62 % [6]. To the best of our knowledge, there has
een no work on the Ce doped vanadium thin films prepared by spin
echnique for MIS  Schottky diode for photo detector applications.

The available thin film coating techniques are physical vapour
eposition, electron beam evaporation, magnetron sputtering,
ulsed laser deposition and some solution based techniques such as
pray pyrolysis, spin coating and electro spinning technique. [2,7].
he sol-gel spin coating has been used in this work to deposit uni-
orm thin films on flat substrate. It is a low temperature process
nd it gives a highly transparent coating which is also thermally
table. Furthermore, spin coated films have good electrochemical
roperties [7].

The objective of the present work is to prepare a high qual-
ty V2O5 thin films and incorporate Ce ions into the V2O5 matrix

ith various concentration viz 2, 4 and 6 wt%. Through sol-gel
pin coating technique. The prepared films were used as interfa-
ial layer in between metal and semiconductor interface to develop
he MIS  Schottky barrier diodes. Also, the I–V performance of the

IS  diode were evaluated under dark and light conditions. Various
hoto-diode parameters were calculated and discussed in detailed.

. Experimental details and characterization

All chemicals (vanadium chloride (VCl3), cerium (iii) chloride
CeCl3) and triton X-100) were purchased from sigma Aldrich. The
recursor solution was prepared separately by dissolving vana-

ium chloride (0.2 M)  in 5 mL  of solvent (ethanol was used solvent)
nd stirred well. After 4 h, 2 mL  of triton X-100 added individually in
ach solution and stirred well for 48 h continuously with the help of
agnetic stirrer. The above trend was followed for the preparation
osition process.

of Ce doped V2O5 for various concentration 2, 4 and 6 wt%. The pre-
pared solutions were meticulously coated on the well cleaned glass
substrates at room temperature using programmable spin coater.
The optimized 2500 rpm was fixed for all the films preparation. The
coated films were dried at 100 ◦C for 15 min  using a hot air oven.
Finally, the prepared films were annealed at an optimized temper-
ature of 500 ◦C for 1 h using high temp muffle furnace. This process
was explained in Fig. 1.

Besides the MIS  structured diodes was  fabricated using single
side polished n-Si (100) wafers of 1cm × 1cm in size with resis-
tivity of 0–60 �-cm and 279 ± 25 �m thickness. The wafers were
carefully cleaned to remove dust, grease and metallic impurities
from the surface, which otherwise may  lead to a lot of defects on
the surface. The presence of defects and impurities can disturb the
performance of MIS  junction diode. The steps involved in cleaning
are listed in the previous report [13]. Pure and Ce doped V2O5 solu-
tion was coated on Si substrate using the spin coating technique.
The Schottky contact Cu was made on the Ce-V2O5/n-Si surface by
DC sputtering technique through a shadow mask with high purity
of copper target Cu, 99.99 % thickness of metal contact is 500 mm
and diameter 4 mm.  A non-rectifying junction called ohmic contact
is made, by silver paste (Ag) on the rough side of the n-Si substrate
and on the upper side of metal contact sides of the fabricated device
and then it was to dry for 4 h at room temperature. Ag past, has
a very good adhesive nature, high electrical conductivity with a
sheet resistance with good solderability. A schematic illustration
of the fabricated Cu/Ce-V2O5/n-Si device has been shown in Fig.12
(a).

First, the quality of the prepared pure V2O5 and Ce-V2O5 thin
films were analysed by Rigaku Miniflex-II (CuK�, � = 1.5418 A)
with the diffraction range of (10−80◦). Stylus Profilometer detec-
tor (model: SJ-30) was  used to measure the thickness of the film.
Atomic force microscopy (model: 5100 Pico LE) and Field emission
scanning electron microscope (Zeiss Sigma model: FEI quanta 250)
was used to analyz the surface and morphological behaviour of Ce-
V2O5 films. The existence of 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 properties of the prepared thin films
have been determined using two  probe instruments at various tem-
perature (30−150 ◦C). Keithley electro-meter (Model: 6517B) was

used to study the current Vs voltage (I–V) characteristics of the
fabricated Cu/Ce-V2O5/n-Si diode. The photo diode property of the
diode was analysed by portable solar stimulator (PEC-L01) at 100
W/m2 intensity.
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[16]. Moreover, nanoplate-like structure can enhance the photo
responsivity of the device due to it’s superior surface to volume
ig. 2. XRD illustrate graph of (a) ICDD pattern (b-d) doped Ce-V2O5 (x) wt.  %.

. Results and discussion

.1. Structural parameters investigation

Fig. 2 illustrates the XRD pattern of the Ce-V2O5 films coated at
500 rpm with (2−6  wt %) cerium concentrations and annealed at
00 ◦C. The diffraction pattern and corresponding miller indices
hkl) 2�◦ are 12.41, 18.96, 25.02, 31.14, 31.45, 50.62 and 54.94
re (200), (221), (400), (233), (242), (046) and (464) planes. The
bserved XRD patterns of the films were compared with the stan-
ard International centre for diffraction data [ICDD = 45–1074]. It
onfirmed the tetragonal crystal phase of the films with highly
referential orientation along (221) direction. Fig. 2 (b–d) illus-
rates that the observed peak (221) position has shifted towards
ower angle side (2�◦ = 18.96 to 18.09) when Ce concentration is
ncreased. This confirms the successful infusion of Ce into the V2O5
attice site. Moreover the shift might be attributed to the higher
onic radius of Ce3+ (1.03 Å) compared to that of V5+ (0.59 Å) [8].
his variations may  influence the crystalline parameters of the host

attice. The other orientations corresponding to (200), (400), (233),
242), (046) and (464) directions are presented with relative low
y intensities when compared to (221) plane. This confirms that
he crystalline growth is along (221) direction with an improved
rystalline nature of the Ce-V2O5 films [9]. The crystalline parame-
ers calculated the V2O5 films and are for list in Table 1. Evidently,
he crystallite size (D) of the films were found to increase grad-
ally with higher Ce concentration (2–6 wt%) due to the greater

onic size of cerium than that of vanadium. Generally, an improved
rain size suggests a better-quality crystalline nature and reduction
f grain boundary fraction in the films, which can minimum grain

imit dispersion and therefore transport electrical resistivity [10].
n addition, owing to the removal of defects in the lattice with the
ddition of higher cerium concentration, the strain and dislocation
ensity in the films get released [10]. This is as we  have obtained

 minimum value of strain and dislocation density for the higher
oncentration of Ce (6 wt%). Notably, the higher average crystallite
ize of 63.32 nm was recorded 6 wt% of Ce. It was  calculated using
he Debye Scherer’s formula [11].

 = k�
 ̌ Cos �

(1)
here, k-is constant value (0.9), �-is incident beam wavelength,
-is FWHM of peak and �-is an angle of XRD diffraction position.
Fig. 3. Crystalline parameters of pure and Ce doped (x) wt. %.

The micro-strain, dislocation density and stacking fault of coated
V2O5 films were calculated using the following Eqs. (2–4).

ε = ˇ
cos�

4
(2)

ı = 1

D2
(3)

SF =

⎡
⎣ 2�2

45
(

3tan�
) 1

2

⎤
⎦

 ̌ (4)

Fig.3 illustrates a variation of micro-strain, dislocation density
and stacking fault with different doping concentration (2–6 wt%).
The calculated crystalline parameters for Ce doped films decrease
with increasing Ce concentration when compared to pure films, to
the influence of Ce dopant on the V2O5 lattice. Especially, disloca-
tion density value (3.85 to 1.37 × 1015 lines/m2) of films decreased
with increasing Ce concentration. The films with 6 wt.% of Ce
revealed a minimum average value of microstrain and stacking
fault (0.75 and 0.1510 × 10−2) owing to the removal of defects
in the lattice due to higher doping concentration of Ce, improved
crystallinity and of the quality film [10,12]. From these results, we
observe that small changes in Ce concentration of V2O5 films has
discreetly affected the crystalline parameters and improved the
crystallite size of Ce doped V2O5 films.

3.2. Surface morphology (FE-SEM) investigation

Fig. 4 illustrates the FE-SEM micrographs of the Ce-V2O5 films
with different Ce doping concentration. The pure V2O5 films dis-
played rod-like structures with average diameter of ∼55 nm [13]
Interestingly, N. S. Kumar et al. [14], also observed a nanorod-
like structures in V2O5 films at nanoscale regime [15]. Nanorodes
with tiny nanoplates were observed after adding 2 wt.% of Ce
concentration. The 4 wt.% of Ce displays both nanorods and
nanoplate-like structures which are irregular shaped. Minimum
amount of nanorods were transformed in to nanoplate-like struc-
tures. Interestingly, with 6 wt.% of Ce 90 % of nanorods are
transformed in to nano plate-like structure with uneven shape. It
is evident from the surface morphology changes that the crystallite
size has increased. This surface changes will enhance the electrical
properties of the V2O5 films. Similar Ce as a dopant and it exhibited
nanoplate-like structure has been observed by R. Mariappan et al.,
ratio of the V2O5 films [17]. FE-SEM of V2O5 films are supportive
with XRD results. Evidently Ce with 6 wt.  % in V2O5 doped film will
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Table  1
Crystaline parameters for pure and Ce-V2O5 films.

Ce (wt. %) Crystallite size(nm) (Dave) Dislocation density × 1015lines /m2 (�ave) Micro strain (�ave) Stacking fault × 10-2 (SFave)

0 42.07 3.85 1.211 0.1752
2  49.55 5.95 1.030 0.1635
4  53.56 2.57 0.822 0.1577
6  63.32 1.37 0.754 0.1510

f pure and Ce doped (x) wt.  %.
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Table 2
Surface roughness of pure and Ce-V2O5 films.

Ce ratio wt. % 2 4 6

Surface roughness (nm) 63 67 45
Fig. 4. FE-SEM images o

e appropriate interfacial layer for the device fabrication for photo
lectronic applications.

.3. Surface roughness analysis (AFM) investigation

AFM images of Ce doped V2O5 films with different Ce concen-
ration (2–6 wt%) scanned at 5 �m × 5 �m areas are displaced in
ig. 5. Generally, AFM images are used to the surface morphology
nformation of the coated films, which is helpful to investigating
he surface roughness and nature of the grains. The Root Square
RMS) for roughness can be calculated using the following relation.

MS =

√√√√ 1
N

N∑
i=1

Z2
i

(5)

here N-is the total number of pixels probed and Zi is the height
eviation in relation to the mean height of the surface films.

The calculated RMS  values are 104, 98, 77 and 53 nm,  for 2, 4 and
 wt% of Ce, which indicate that the surface of the Ce doped V2O5

lms is fairly smooth surface increased. This reduction in roughness
ccurs with the variation in crystallite size as evidenced from XRD
tudy. This RMS  values confirms the formation of a uniform layer
f the Ce-V2O5 on n-Si surface which would favour the diode fab-
RMS value nm 98 77 53
Thickness (nm) 579 587 595

rication [18,19]. Prior reports by C.V. Prasad et.al., P.P. Thapaswini
et.al., and V.R. Reddy et.al., reported that samples with fairly smooth
surface showed better diode performance [18–20]. The film with 2
wt. % of Ce shows a sharp needle and rod-like structures, which
are arranged more closely over the surface of the film. The grain
shape changes to hillocks-like structures for 4 and 6 wt%  Ce Con-
centration in V2O5 films. This is because the surface diffusion of
atoms have a significant role in the reorganisation of the particles
into a layer of elongated sheets [4,21]. Interestingly, M.M.  Margonia
et al [22] reported a similar change of surface structures, where the
rod-like structures transform into hillocks structure and also the
phenomenon of decreasing surface roughness of the V2O5 films.
Moreover, the agglomeration of shoulder to shoulder nanorods

leadings to the formation of microspheres [23]. In the fabrication
of Schottky diode interfacial layer thickness play a vital role. The
thickness of the V2O5 films increased with Ce concentration Table 2.
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Fig. 5. AFM illustrate picture of pure V2O5 with different doping concentration of Ce.

Table 3
Atomic ratio of the pure and Ce-V2O5 films under different concentrations.

Ce wt. % Atomic ratio (%)

Ce V O

0 - 16.51 83.49
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Table 4
Optical parameter of pure and Ce doped (x) wt. %.

Ce wt.  % Absorption
coefficient ×
107 (cm)−1

Extinction
coefficient

Optical band
gap (eV)

0 1.38216 0.5499 3.27
2  1.3709 0.5460 3.10
3  2.99 16.83 80.18

6  3.70 16.28 80.02
9  5.97 15.73 78.30

igher film thickness is obtained for 6 wt.% of Ce, which suggests
hat the Ce concentration improve the film thickness. Thickness of
he film can be effortlessly controlled by various parameters in spin
oating technique such as coating time, RPM/mints, the volume of
olution and annealing time etc., The calculated RMS  value, sur-
ace roughness and film thickness were tabulated in Table 2, which
learly indicate the V2O5 film with 6 wt. % of Ce has is considerably
mooth surface, low surface roughness and RMS  value with better
lm thickness when compared to other Ce-V2O5 films. These results
ight facilitate to improve the rectifying nature of MIS  junction and

chottky diode parameters.

.4. Elemental (EDX) investigation

Fig. 6 illustrates the EDX spectrum of pure and Ce doped V2O5
lms with different concentration (2–6 wt%). The spectrum con-
rms the presence of expected elements like vanadium (V), Cerium

Ce) and oxygen (O). No other foreign elements are present in EDX
pectrum, assuring the purity of the films. With increase in cerium
oncentration, the atomic percentage was found to be decrease
egularly up to 6 wt.% was noted to be the minimum atomic per-
entage of O when compared with other films. Table 3 displays the
onstituent atomic percentage of the pure V2O5 films and Ce-V2O5
lms. Results are one of the evidence to the stronger presence of

e in V2O5 films. The higher Ce concentration offered a minimum
mount of oxygen content which further showed a less defects,
ood crystallinity, and better electrical conductivity with lowest
ad gap, for the V2O5 films.
4  1.5949 0.6346 3.05
6  1.7030 0.6776 2.99

4. Optical property

To further investigate the coated thin films, we have studied the
optical properties of V2O5 doped films by UV–vis spectroscopy. The
optical properties, such as absorbance and band gap of films play a
crucial role in optoelectronic device applications.

4.1. Absorbance (A)

Fig. 7 illustrates the absorbance spectrum of V2O5 doped films
for the wavelength ranging from 200 to 900 nm.  Absorbance of the
films has swelling with Ce concentration (2−6  wt  %) owing to the
increase in film thickness. V2O5 films show cut-off wavelength at
around 360 nm and this edge exposed a good crystalline quality of
the prepared films [24]. Film thickness is one of the key aspects,
influencing optical property. Table 4 displays Ce doping concen-
tration, variation band gap Eg and optical parameters. Pure and Ce
doped V2O5 films show almost constant absorption in the UV–vis
region. Besides, films demonstrate unmistakable damping owing to
the high thickness and density of the free electrons [11]. Notably,
6 wt.% of Ce doped V2O5 film displays the maximum absorbance
due to the high crystalline size and smooth surface which is com-
paratively higher than other V2O5 films, as confirmed by XRD and

AFM images, respectively. Similar behaviour of Ce was  also reported
by R. Marandu et.al in Ce-WO3 films [6]. Moreover, a film with
high absorbance will be highly suitable for photovoltaic industrial
applications especially as photo diode.



6 V. Balasubramani, J. Chandrasekaran, T.D. Nguyen et al. / Sensors and Actuators A 315 (2020) 112333

Fig. 6. EDX graph of Ce doped different contraction (x).

4

V
s

(

Fig. 7. Absorption graph pure and Ce doped (x) wt. %.

.2. Optical energy gap (Eg)
Fig. 8 illustrates optical energy gap values of pure and Ce doped
2O5 films. The band gap values are estimated by extrapolating
traight line in Taue’s plot and using the flowing relation.

˛h�)n = B(h� − Eg) (6)
Fig. 8. Tauc’s plot of pure and Ce doped (x) wt.  %.

Where, n = 2 direct transition, � is the absorption co-efficient, h� is
the incident photon energy, B is the constant and Eg is the optical

band energy of the films. Usually, crystal momentum of electrons
and holes of the direct band gap materials are the same in both con-
duction and valance band [24]. Clearly, when an electron directly
emits the photons it is one of advantages for the photoelectric
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Table 5
Electrical parameters for pure and Ce-V2O5 films.

Ce wt.  % Resistivity
(� cm)

Conductivity
(S cm−1)

Activation
energy (eV)

0 1.2109 ×109 9.11×10−10 0.07477
2  8.49×1014 1.02 ×10−9 0.13368

metal/semiconductor interfaces are normally pinned due to metal
Fig. 9. Optical parameters of pure and Ce doped (x) wt. %.

evice applications [24]. We  have also calculated the important
ptical parameters like absorption co-efficient (�), extinction coef-
cient (�) using the following relation:

 =
(

1
d

)
In

(
1
T

)
(7)

 = ˛�

4�
(8)

here T is the transmittance, d is the thickness of the film, � is
he absorption coefficient and K is the extinction coefficient. Fig. 9
hows the changes of optical parameters for pure and Ce doped
2O5 films. The optical band gap values calculated by intercepts of

he plots are found to be 2.99, 3.05, 3.10 and 3.27 eV consistent for
e doped (0,2,4 and 6) concentration respectively. The absorption
oefficient 1.7030 × 107 (cm)−1 and extinction coefficient 0.6776.
g of 6 wt.% Ce-V2O5 film considerably lesser than other V2O5 film.

 similar trend was previously observed by M.A.M. Ahmed et al
12] and A.A. Dakhel et al., [25]. This different band gap values for
ndoped V2O5 and Ce doped films may  be due to the following
easons (i) increase in film thickness as well as density of localized
tates near the band edges. (ii) Line or planar defects in the crys-
alline film and the crystalline size effect [4]. Eg values decrease on
ncreasing the Ce doping concentration, which is related with the
ariation of peak shift in the absorption spectrum, red shift phe-
omena as well as quantum size effect and quantum confinement
ffect [26]. This widening optical band gap values could be due to
he well-known Moss-Burstein effect [27]. Moreover, the narrow-
ng of band gap comes as a consequence of the change in nature
nd strength of the crystalline potential by additional influence of
e impurity dopant including the effect of their 4f-electrons on the
rystalline electronic states [28]. Thus, due to the doping, the band
ailing or impurity band becomes broader and finally reaches to

erge at the bottom of the conduction band causing a decrease in
he effective optical Eg. In addition, the surface structure, oxygen
eficiency and crystallize size has also been reported as the reasons
ehind the band gap reduction [26–28].

. Electrical property

.1. DC electrical conductivity

The electrical conductivity (�dc) of the films were measured
sing Keithley electrometer with two probe setup. A voltage of
0–100 V was  kept constant, while the electrical conductivity was

easured for different temperatures (with the help of PID con-

rolled oven) ranging from room temperature to 150 ◦C at a rate
f 20 ◦C interval. I–V characteristics of the V2O5 and Ce- V2O5 thin
4  4.62 ×1012 2.03 ×10−9 0.08315
6  3.45 ×1012 2.43 ×10−9 0.06291

films with (0, 2, 4 and 6) concentration presented in Fig. 10. The �dc
can be calculated by the following equation. Fig. 11

Electrical conductivity (	dc) =
(

I
V

)
×

(
d
A

)
S/cm (9)

where I-is the output current, V-is the applied input voltage, d-is the
inter-probe distance of two  probe setup and A-is the cross-sectional
area of the pure V2O5 and Ce-V2O5 films. The calculated electrical
conductivity, resistivity and activation energy values were listed
in Table 5. The calculated conductivity is found to in the range
from 9.11 × 10−10 to 2.43 × 10-9 S/cm with different Ce concen-
trations. It is clear that the resistivity (8.49 × 1014 to 3.45 × 1012

�cm)  also decreases while increasing Ce concentration (2−6 wt%)
owing to good homogeneity and better hoping of electrons in the
films [29,30]. The decline resistivity values of V2O5 films with Ce
contraction is because the cerium exceeds the limit of maximum
solubility in the V2O5 host lattice, inducing a grain boundary sep-
aration of impurities leading to the dispersion of charge carriers
[31]. The obtained �dc values are more suitable to fabricate MIS
type Schottky device. The activation energy (Ea) minimum amount
of energy that is required to activate the atoms of the films were
calculated from the Arrhenius plot using the following equation
[32].

Activation energy (Ea) = slope value X
(

KB

e

)
eV (10)

where, KB-is the Boltzmann constant and e-is the electron charge.
The V2O5 coated films vary from 0.07477 to 0.06291 eV with (0–6
wt%) of Ce doping concentration. These varation are due to the
films thickness, defect of a crystal lattice, surface films and bet-
ter hopping of electrons [33,34]. Doping includes a substitution of
Ce ions in the V2O5 lattice, which liberates more conduction elec-
trons in the conduction band [35]. Notably, Ce doped with 6 wt.%
has minimum amount of activation energy with higher conductiv-
ity for V2O5 films. Furthermore, the smooth surface of the film with
minimum crystal defects and good optical property could possibly
enhance the MIS  type photo-diode parameters compared to other
doping concentrations of Ce. The addition of Ce ions have efficiently
improved the electrical behaviour of the Ce-V2O5 f

5.2. Photo diode performance of Cu/Ce-V2O5/n-Si MIS  structure
diode

I–V characteristics were performed for analysing the diode
parameter likes ideality factor, barrier height and photo-diode
performance of the fabricated Cu/V2O5/n-Si structured Schottky
diodes. V2O5 films with different wt.  % of Ce is used as interfacial
layer in the diodes. Fig. 12 (a, b) illustrates the schematic repre-
sentation of the Cu/Ce-V2O5/n-Si MIS  structured Schottky diode.
Historically, the structure of the MIS  diode and feasible energy
level band structure with metal work function, interface states,
electron affinity, Fermi level (EF), conduction level (EC) and the bar-
rier height (
B), are displayed in Figure. Generally, Fermi levels at
induced gap states [36]. In fact, at the direct metal semiconduc-
tor contact, metal wave function decays into the semiconductor
and creates metal induced gap states that results in Fermi level
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Fig. 10. I–V characteristics of of p

p
f
t
l
m
a
F
s
e
t
t

Fig. 11. Arrhenius plot of pure and Ce doped (x) wt.  %.

inning at the interface [37,38]. This may  be the reason that the
ree-states are directly diffused into the metal to the semiconduc-
or at the interface. However, insulating layer can reduce the Fermi
evel pining caused by metal induced gap states by suppressing the

etal wave function penetration into the semiconductor band gap
nd also by Passivation of the free-states [39]. In the present work,
ig. 12 (b) Ce-V2O5 acts as an insulating layer blocking the free-

tates at the real MIS  interface. Thus, it moderately increases the
ffective barrier height (BH) for the Cu/Ce-V2O5/n-Si MIS struc-
ured Schottky device. The interfacial layer thickness of the MIS
ype diode also play a dual role: it is semi-transparent for elec-
ure and Ce doped (x) wt. %.

trons moving from the metal to semiconductor, which ensures
favourable conditions for efficient minority carrier injection, and
blocks the hole current. Such a unique feature gives the possibil-
ity to suppress high leakage currents which are unavoidable in
meta-semiconductor Schottky contacts [40,41]. Fig. 13 illustrates
the I–V characteristic of fabricated diode measured under dark
and light condition. The semi-logarithmic plots of MIS  structured
Schottky diode is given in Fig. 14. The forward and reveres bias
I–V characteristic of the diode were measured by applying voltage
ranging from +4 to −4 V. The current conduction mechanism of
the Cu/Ce-V2O5/n-Si diodes were studied by thermionic emission
theory using following equations [42].

I = Io [exp(qV/nkT) − 1] (11)

Where Io is the reverse saturation current, q is electron charge, V
is the applied voltage, n is the ideality factor, k is the Boltzmann
constant and T is absolute temperature.

The barrier height (
B) and ideality factor (n) are highly
sensitive parameters affecting the device performance it can be
calculated by the following relation [43].

Ideality factor(n)  = q
KBT

dV
d (In I)

(12)

barrier height (�B) = KB

q
In

(
AA*T2

I0

)
(13)

The fabricated MIS  structured Schottky diode shows that the

calculated ideality factor (n) values are not equal to one and if
n equals one, pure thermionic emission happens but n is usually
greater than unity. Upon doping, the V2O5 ideality factor decreases
and barrier height increases as depicted in Table 6. This indicates
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Fig. 12. (a) schematic illustration of MIS  SBD’s (b) Energy level band illustration of the Cu/Ce-V2O5/n-Si MIS SBD’s interfacial layer and interface states.

ructur

t
i
b
f
i

Fig. 13. I–V characteristics of Cu/Ce-V2O5/n-Si st

hat the doping concentration affectes the electrical properties thus
mproving the diode performance. A high ideality factor which is

igger than one could be attributed to various things in the diode
or instance interface states, non-uniformity distribution of the
nterfacial charges, recombination-generation, series resistance,
ed Schottky device with Ce contraction (x) wt.%.

tunnelling effect, image force effect, additional capacitance, volt-
age drop present at the insulating layer and possibilities may  be

the presence of inhomogeneity barrier height [44,45]. Our  n value
is very small and can be compared to literature [28]. Results indi-
cating that the insertion of the rare earth ions produces (Ce-V2O5)
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Fig. 14. Semi-logarithmic plots of MIS  structured Schottky device with Ce doped (x) wt. %.

Table 6
Photodiode parameters like n, ФB, I0, Ps, R, QE and D* are tabulated.

Ce (wt.%) 	B(eV) n Light condition

Current gain (g) Photo-Sensitivity Ps (%) Responsiviy R (mA/cm2) Quantum efficiency QE (%) Detectivity D* Jones
Dark  Light Dark Light

0 0.66 0.67 6.95 5.09 20.70 748.82 13.38 5.97 8.87 × 109

9

i
b
u
b

l
t
S
f

P

w
c
f
o
a

2 0.69 0.70 3.97 3.78 27.45 2071.23 

4 0.74 0.77 2.39 2.13 35.80 65543.46 

6 0.79 0.82 1.95 1.73 48.90 96090.78 

nterlayer leading to a reduction of the ideality factor (n), increase
arrier height (
B) and decrease in the saturation current (I0) val-
es. Predominantly Ce 6 wt.% produce high I–V performance with
etter n = 1.73, 
B = 0.82 and (I0) 5.06 × 10−4 values.

The photodiode performance were evaluated using parameters
ike Photo-sensitivity (PS), Responsivity (R), Current gain (g), Quan-
um efficiency (QE) and Detectivity (D*) for the Cu/V2O5/n-Si MIS
BD’s. The photosensitivity of the diode can be calculated using the
ollowing reaction [6].

hotosensitivity (PS%) = IPh − ID

ID
× 100 (14)

here, Iph- is photocurrent of the Schottky device and ID is the dark

urrent. Maximum photosensitivity of 96090.78 %, was obtained
or the diode with 6 Ce wt.%. This may  be due to the separation
f electron-hole pairs at the junction corresponds to photo gener-
ted carriers light condition [6]. This value revel, that the fabricated
24.92 8.13 9.87 × 10
36.38 14.20 1.99 × 1010

65.86 25.54 2.99 × 1010

diode is very sensitive under light condition, which will be more
suitable for optical fibre communication systems.

The photo responsivity (R) of fabricated Schottky device can be
calculated the following relation [46].

Responsivity (R) = IPh

PA
(15)

where, Iph- is photocurrent of the Schottky device, P-is the input
source optical power of the incident light sources and A-is the area
of the Schottky device. The calculated responsivity of device val-
ues varied in of 13−65 mA/W with Ce concentration (2−6  wt%).
Improved R value is owing to the higher surface to volume ratio of
V2O5 films [47]. The photo-current values and responsivity of the

diode is inclined on the crystalline nature of film because photo
generation and recombination depends on the quality of film [48].
When Electron hole pairs are generated, the photo-generated holes
diffuse to the surface of V2O5 films to trap more oxygen. Electron
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ole recombination rate is reduced and the remaining free elec-
rons exhibit longer lifetime, which increases the photocurrent and
ause the photo response of the diode [47,48]. A higher responsiv-
ty of 65.86 mA/cm2 was recorded for MIS  Schottky diode with 6

t % of Ce as interfacial layer, This is useful in high-speed operation
iode.

The current gain (g) is defined as the ratio between the number
f electrons collected per unit time in the dark to the number of
bsorbed photons required to create photoelectron per unit time
49] The current gain (g) of fabricated Schottky diode can be calcu-
ated using the following relation

urrent gain (g) = IPh

Id
(16)

here, Iph- is photocurrent of the Schottky device at the light condi-
ion and Id- is photocurrent of the Schottky device at dark condition.
he calculated gain is found to be varying from 21 to 49 with differ-
nt Ce concentration. The similar tendency was observed by V.N.M.
bd-Alghafour et al [49]. The Schottky barrier diodes with high cur-

ent gain values are also used in high power applications, like Power
ectifiers [48].

Quantum efficiency (QE) is an important parameter in the evalu-
tion of the performance of a photodetector the number of charge
arriers gathered to produce the photocurrent created for every
umber of incident light power on the fabricated device, which
as calculated using the following relation [47]

uantum efficiency (QE) = Rhc
q�

(17)

here, h-is Planck’s constant value, c-is the incident light velocity,
-is the electron charge and �-is the wavelength of the light source.
enerally rare earth ions enhance the luminance property, there-

ore quantum efficiency of the fabricated diode may  increase with
e concentration [49]. The high quantum efficiency was attained at

 wt.% which also matching with the results of H.Y. Kim et.al., [50].
he MIS  diode made with 6 wt%. Showed maximum QE of 25.34 %.
hich is more favourable for photodetector applications.

The equation for another key parameter of photodetectors
pplication is detectivity (D) can be represented as the following
quation [51].

etectivity (D) = R

(2qID)1/2
(18)

here, D is the detectivity, R is the responsivity, ID is the dark
urrent and q is the charge of an electron. As increase in doping
oncentration, the measured detectivity of the diode were found to
e increased from 9 × 109 to 3 × 1010Jones. Diode with high detec-
ivity is most suitable for detecting a weak signal. It can be used in
ptoelectronic communication systems [51–55]. From the outcome
f Cu/Ce-V2O5/n-Si Schottky device results, we conclude that the
e concentration can strongly influnce the photodiode properties
f the device. Predominantly Ce with 6 wt.% in V2O5 film is more
uitable for the future design of modern photodetector application
nd optical fibre communication systems.

. Conclusion

A highly sensitive Cu/Ce-V2O5/n-Si structured Schottky diode
here effectively fabricated with various concentration Ce. The

tructure, optical and electrical properties of the interfacial layer
Ce-V2O5) where investigated through various technique. From
tructure analysis, the Ce concentration continually improved the

rystallite size from 42.07 to 63.32 nm.  Also, a tetragonal crystal
tructure was observed without any phase changes. The FE-SEM
mages showed a irregularly arrange nanorod and nanoplate-like
tructures. Incorporation of Ce ions reduce the surface roughness

[

[

l. / Sensors and Actuators A 315 (2020) 112333 11

value of the V2O5 films. The minimum roughness value of 45 nm.
Was  recorded at 6 wt%. In UV–vis Study, the higher Ce concentra-
tion of 6 wt% exhibited maximum optical absorbance with lesser
band gap 2.99 eV. The I–V characteristics of the Cu/Ce-V2O5/n-Si
diode revealed a superior performance in under light condition.
The diode with 6 Wt%  achieved a remarkable photosensitivity of
96090.78 %. Which is 100 times higher than that of pure diode.
Overall, the presence of Ce-V2O5 layer in between Cu/n-Si is more
suitable for the development of MIS  photo detector application.
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