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Inherent characteristics of ultra-photosensitive
Al/Cu—CeO2/p-Si metal oxide semiconductor diodes

V. Manikandané ¢ S. Vigneselvan,d

R. S. Mane,

*a R, Marnadu,be. Chandrasekaran,
Craig E. Banks and Ali Mirzaei¢

An ultrahigh photosensitive diode was developed using a Cu-doped CeO, thin film through spray
pyrolysis processing, which has made a unique contribution in the field of optoelectronic device
fabrication process. Phase identification revealed a good arrangement of atoms in the as-prepared
nanostructured thin films via structural analysis. The formation of wire-shaped nanorods was confirmed.
Elemental distribution and their valence states were systematically monitored using X-ray photoelectron
spectroscopy analysis, where the presence of Ce®* was evidenced. Good mechanical properties were
obtained owing to the Cu-doping in the cerium host matrix, which was investigated by nano-
indentation. Bandgap energy fluctuation was the root cause for electrical conductivity. The present
work revealed a decrease in the band gap energy upon Cu-doping alters the electrical conductivity.
An as-fabricated photodiode demonstrated superior detectability upon Cu-doping. In the depletion
region, on account of a high surface-to-volume ratio, the generation of electron—hole pairs increased

along with photoresponsivity with increases in the quantum efficiency and current gain.

1. Introduction

Photodetectors easily perceive light or electromagnetic radia-
tion and are widely used in communication systems, environ-
mental monitoring, flame monitoring, military surveillance,
chemical/biological analysis and missile tracking.!? According
to the thermo-ionic field emission, the reverse leakage currents
are produced under reverse bias condition in a Schottky diode.
To overcome the leakage of current, metal-oxide-semiconductor
diodes can be used. The leakage current influences the detec-
tion of UV light.> Metal-oxide-semiconductor diodes increase
the charge-carrier mobility, while they decrease the charge
leakage to ensures the device performance. Here, valence
compounds could be endowed with a high degree of ionic
bonding and their conduction band became a minimum,
whereas valence bands have metal and oxygen 2p orbitals. This
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increases charge-carrier transport during the interaction of the
metal and oxygen in the orbitals. So, the mobility is increased
in metal-oxide semiconductors.*® Owing to the insertion of an
oxide layer, the dark current of metal-oxide-semiconductor
diodes decreases. This means that the ideality factor and
barrier height can be reduced upon increasing the photosensi-
tivity of the device.®

Metal oxide thin films make it simple to integrate various
electronics and also allow encompassing a unique surface
morphology, and so are widely used in advanced electronic
devices. Traditionally, the doping of different material con-
structs different structures in the middle of a metal-oxide-
semiconductor interface, ensuring the ability of the device.”
Due to the doping, the surface-to-volume ratio, charge-carrier
life time, electrical conduction, and rapid light absorption are
improved. The mechanical strength of the thin film was found
to be good in terms of the surface morphology, which facili-
tated better housing for the charge carriers, which is important
as optical absorption plays a significant role in optoelectronic
devices. Further, the optical properties might be influenced by
the mechanical strength, which implies the surface roughness
of a material. Smooth surfaces often expediate electron transfer
that can be replicated in optical absorption. Also, a slight
change in surface roughness changes the light intensity passed
to thin films.® Weak optical absorption is beneficial for solar
cells, organic light-emitting diodes, and LCD panels, but it is
detrimental to active optoelectronic systems that require a
strong light-matter interaction.® Particularly, nanostructured
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thin films have strong light-matter interaction, whereas optical
absorption can be increased by two ways: nanostructured thin
films and doping. High optical absorption has led to the
utmost photoresponsivity of diodes.!® Wide-bandgap semicon-
ductors have also been shown to be a feasible material for
photodetector fabrication due to their high electrical conduc-
tivity. Wide-bandgap semiconductors have high intrinsic resis-
tivity because they are deposited under a fixed temperature
(500 1C) and also they possess temperature-dependent resistiv-
ity behaviour. The deposition or annealing temperature
increases the resistivity of thin films. Ultimately, temperature
plays a crucial role in the resistivity of a material.!! Here,
cerium was used as a host material and classified with lantha-
nide ions, which have attracted much attention owing to
the adequate adhesion to solid surfaces and better thermal
stability.!? It has unshielded 5d electrons, where the emission
bands induced via 5d—4f transitions are highly influenced by
doping. Also, the transitions become broad.!> Cerium invokes
redox activity, which ensures electrochemical behaviour.!# This
means that cerium encompasses oxidation and reduction
simultaneously.!s In addition, cerium has double valence states,
which enhances the mobility of charge carriers.'® Surface defects
are also involved in cerium materials, i.e. oxygen vacancies.
Oxygen vacancies increase during Cu-doping. Vigneselvan et al.
confirmed this feature by doping Cu into a cerium matrix for
a humidity sensor.!” Actually, they found that the resistivity
decreased whereas the conductivity increased owing to the
oxygen vacancy and carrier concentration. Here, oxygen vacan-
cies play the role of doubly ionized donors. Also, the surface
morphology of the thin film surface is an additional factor
to raising the conductivity, which is dominated by a doping
process, the thickness, concentration of doping and film
deposition temperature. The spray pyrolysis technique has
vigorously been employed to fabricate thin films of metal
oxides and chalcogenides, and offers a number of major
advantages, such as homogeneous coating, economical, huge
area coverage, and low deposition time.

In this work, Cu was doped into a cerium host matrix
through the spray pyrolysis technique. The as-obtained thin
films were examined for their structure, morphology, and
optical and electrical properties. The pristine cerium oxide
(CeO2) and Cu-doped CeO: films were sandwiched in the

middle of an Al and p-Si layer for increasing a photodetector
device performance. The as-fabricated photodetectors were
scrutinized for their photosensitivity (Ps), responsivity (R),
external quantum efficiency (EQE), specific detectivity (D*),
ideality factor (n), barrier height (fs) and saturation current
(o). To the best of our knowledge, the as-obtained Cu-doped
CeO:z thin films endowed ultrahigh photosensitivity, where the
diode parameters were amplified via Cu-doping. The specific
diode parameters were compared with reported works in
Table 1. From that table, it can be seen that the Al/Cu—CeQO2/
p-Si metal oxide semiconductor diode demonstrated notable
results and also ultra-photosensitive (weak signal detection)
and superior detectivity.

2. Experimental details

The precursor solution of the Cu—CeO2 mixture was derived
from CuCl2*2H20 and CeCl3*7H20 salts. These precursors were
prepared according to the stoichiometric composition of
x = 0.2, 0.4 M and poured in to dilute ethanol solution. The
precursor solution was stirred well until a partially transparent
yellow coloured solution was obtained, which was filled in to a
spray gun. The precursor solution was sprayed on borosilicate
glass substrate. Before deposition, the substrate was rinsed via
an ultrasonic gator and then dipped in isopropyl alcohol. The
substrate was clear and free from dust. The glass substrate was
heated to 500 1C and then the films were coated using the
spray. Throughout the process, the deposition temperature was
maintained at 500 1C. Finally, the expected Cu-doped CeO: thin
films were obtained.

2.1 Al/Cu—CeO2/p-Si metal oxide diode fabrication

First, the p-type silicon substrate (1 cm X 1 cm) was manipu-
lated for the semiconductor in diode manufacturing. Silicon
had a [111] orientation, 279 mm thickness and 60 O resistivity.
It also featured monolithic integrability, which refers to the
indirect bandgap of silicon. Silicon increases the photodetector
responsivity. Usually, a silicon substrate is obtained with
organic impurities and the substrates are dipped in a piranha
solution for 15-20 min to remove the impurities. Here, pristine
cerium oxide and Cu-doped cerium oxide solution were coated

Table 1 Al/Cu—CeO2/p-Si metal oxide semiconductor diode results compared with reported works

Photoresponsivity

Quantum efficiency Detectivity (D*)

Materials (Ps) (QE) (%) (Jones) Ref.
In,Ga, . Sb/InAs 072 AW™! 23.3 2.4 % 10° 18
Al/C60/PCPDTBT:PC70BM/PS-TPD-PFCB/PEDOT:PSS/ITO 0.22 mW cm™2 33 5.4 x 10" 19
Al/a-1GZO/Si0,/p-Si 1.9 x 103 A W™! — 6.9 x 10" 20
n-Si (111)/p-NiO heterojunction 0.44 mA W' 20 1.5 x 10" 21
Pt/PbSe CQDs 0.96 A W™! 78 8.1 x 10° 22
Pt-CH3NH;PbBr3;-Au 2 mA W! — 1.4 x 10'° 23
Al/CDC/p-Si 47 mA W' 18.3 — 24
Al/CusFeS, 1.52 A wW™! — 27.7 x 10° 25
Ti/AuWS,/SiO,/p-Si 0.52 mA W™! — 4.9 x 10° 26
SnS,/Si0,/Si 8.8 mA W! 2.4 2 x 10° 27
Al/Cu—CeO,/p-Si 612.10 mA W™! 237.34 0.5059 x 10 Present work



on the surface of the Si substrate. An aluminium (Al) metal
contact layered architecture was fabricated for CeO2/p-Si and
Cu—CeO2/p-Si. Silver paste was applied on both faces of the
diode, which eventually facilitated better electrical contact.
Finally, the as-fabricated diode was characterized by two modes
of operation: forward and reverse bias. Under this bias, the
width of the depletion layer was changed and it can be used in
different electrical circuits.

2.3 Characterization

Phase identification of the as-prepared thin films was explored
via X-ray diffraction (XRD, XPERT-PRO). The surface morpho-
logy was obtained by field-emission scanning electron micro-
scopy (FESEM, Model FEI quanta 250). A surface-sensitive
technique conferred the elemental composition, chemical state
and electronic structure of the thin films (AXIS Supra +). The
thin films absorbed ultraviolet light and conferred distinct
spectra (Model V-770PC). The emission of spontaneous light
through optical excitation for probing discrete energy levels
was studied by photoluminescence (Model FP8300). A nano-
indentation technique was utilized for obtaining the mechan-
ical properties, such as surface roughness, elastic modulus and
hardness (TI 700 Ubi; Hysitron). Electrical tests for voltage/
current measurements were accomplished on a Keithley elec-
trometer (6517B Electrometer). The fabricated device was scru-
tinized through dark/photocurrent measurements using a
portable solar simulator (Model PEC-L01) (wavelength range:
400-1000 nm).

3. Results and discussion

Fig. 1 presents the XRD spectra of the pristine and Cu-doped
CeO2 thin films according to the different Cu compositions.
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Fig. 1 XRD patterns of the pristine and Cu-doped CeO:z thin films.

The thin films yielded different orientations of reflection
planes, which were not limited to (111), (200), (311) and
(220). The orientation of the reflection planes confirmed that
the thin films were free from additional reflection planes,
namely impurity phases. In this characterization, the most
preferential orientation of (111) displayed a distinct peak. An
increased (111) intensity peak could be due to the association of
Cu into the cerium oxide lattice.'® The structural parameters
listed in Table 1 endowed the crystallite size from 9 to 19 nm
with the Cu concentration. Here, the excessive positive charge
could be substituted in octahedral or tetrahedral sites, which
were compensated through the cation vacancies. For this
reason, the smallest crystallite size was observed.!® The lattice
constant increased primarily for low level doping and then
decreased for further Cu-doping, which could be facilitated by
the ionic radii of the substituted cations. However, the sub-
stituted cation size was smaller than the displaced cations,
which led to unit cell shrinkage. The movement of cerium
atoms between the crystallite and grain boundaries led to a
decrease in microstrain in addition to the lattice imperfections.?’
This process can be termed as a recrystallization process.?! The
dislocation density decreased due to the decrease in the number
of nucleation sites.?? The stacking fault values simply overlooked
the crystal imperfections.?’ The mentioned crystal imperfection
decreased with the Cu substitution. From these structural
parameters, the unit cell was shrunken and the lattice imper-
fections could be compensated via Cu deposition on to the
CeOg2 thin film Table 2.

Fig. 2(a—c) show the FE-SEM images of the nanorods of the
pristine and Cu-doped CeO: thin films and their change in size
with the Cu concentration. The morphology of the nanorods
was confirmed using the length of the nanorods. Also, the size
of the nanorods was found to be 3-8 nm, calculated using
Image] software.?® As per the view of the surface morphology of
the films, the deposits were uniformly coated on the substrate
and there were no striking differences, although the pristine
cerium film revealed a difference as a result of the Cu incor-
poration into the cerium host matrix. From Fig. 2(b and c),
nanorods were obtained with a high surface area for better
conductivity owing to the electron transfer between the
grains.?*

Fig. 3 shows the excellent absorption spectra of the pristine
and Cu-doped CeO:z thin films. From the figure, the absorption
edge could existing at different wavelengths, i.e. 271, 300, 315
and 466 nm. Two different absorption edges at 271 and 300 nm
were noticed in the Cu-doped and pristine CeO2 thin films. Out
of these three films, the Cu-doped CeO: thin film with the
concentration of x = 0.4 showed the maximum absorption edge
at 315 nm. Here, the absorption intensity was increased due to
the doping. Commonly, the absorption edges of 271 and
300 nm are noticed for doped and undoped CeO2 thin films
atx = 0.2. At a higher Cu concentration, the absorption edge of
271 nm was present, but since the absorption edge of 300 nm
was shifted to 315 nm, this established the maximum absorp-
tion edge. The absorption edge of 271 nm was attributed to the
charge transition from O?~ to Ce**. The latter two absorption



Table 2 Physical parameters of the pristine and Cu-doped CeO: thin films

Crystallite Lattice Microstrain (e) Dislacation density (d) Stacking fault (SF)
Material size (nm) constant (A) (%1073 lines™2 m™%) (x10 linesm ) (x107?)
CeO, 09.69 5.385 4.81 2.62 1.71
Cu—CeO; (x=0.2) 19.60 5.394 3.04 1.11 1.04
Cu—CeO; (x=0.4) 14.84 5.387 3.34 1.23 1.14
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Fig. 3 Absorbance spectra of the pristine and Cu-doped CeO:z thin films.

edges at 300 and 315 nm were due to the charge transition from
0?2~ to Ce** and to interband transition.?> The charge transition
affected the crystallinity and optical properties of the thin
films. The Cu-doped CeOxz thin films unveiled strongest absorp-
tions compared to the undoped CeO:> thin film. The concen-
tration of Ce3" ions depends on the intensity of absorption
peak. Here, the Cu-doped CeO: thin films exhibited intensity
increases that established the formation of Ce3' ions and
increased oxygen vacancies owing to a charge compensation
mechanism.?® The absorption spectra analysis concluded
that the absorption edge was observed at 270—315 nm, whereas
no absorption edge could be found above 315 nm. Also, the
absorption edge moved progressively to the longer wavelength
side owing to the Cu-doping concentration, which designated
a red-shift.?” However, the absorption edge was shifted to
longer wavelength, which indicated a moderate size particle
formation.?®

4+/3+

, which
could form an interfacial phase. However, Cu?* ions could get

However, the Cu?" ions entered the site of Ce

one hole from Ce** upon producing one electron as a red-shift.
Usually, the obtained red-shift depends on the crystallite size
and oxidation state. The Cu-doping increased the crystallite
size with a red-shift in the visible region and the oxidation
state changed?’ from Ce** to Ce3", which might have caused the
charge transition between O?>~ to Ce*" and O>~ to Ce*'. The
absorption spectra of the pristine and Cu-doped CeO: thin
films unveiled a similar trend, suggesting the negligible impact
of the residual organic components on the red-shift for the thin
films. Fig. 4(a—c) present the photon energy vs. absorption
coefficient of the pristine and Cu-doped CeOz thin films, where
the band gap energies were calculated from Tauc plots. The
pristine CeOz thin film secured a band gap energy of 1.93 eV,
whereas the Cu-doping reduced the band gap energy values of
the CeO: thin films. From Fig. 4, the Cu-doped and pristine
CeO2 thin films presented a relatively small energy gap. Due to
the small band gap, few electrons could receive sufficient
energy at room temperature for entering into the conduction
band so as to promote electrical conductivity, whereby approving
the semiconductor behaviour. Here, the Cu-doping increased the
formation of Ce3* states by facilitating localized energy states,
i.e. nearer to the conduction band. Hence, the band gap values
were increased. Also, the localized energy states could create a
path for electrons to enter the conduction band upon increasing
the conductivity of the thin films.3°

Fig. 5 depicts the photoluminescence emission spectra of
the pristine and Cu-doped CeO: thin films taken from the
wavelength of 271 nm. The photoluminescence spectra demon-
strated a similar trend, but their intensities were varied according
to the Cu-doping. The emission peaks were found at 300—470 nm.
These emissions were related to the charge transfer between the
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Fig. 5 Photoluminescence spectra of the pristine and Cu-doped cerium
oxide thin films.

Ce 4f energy level to the O 2p level, which reflected a localization
of the energy level.3! From the photoluminescence spectra, violet
to blue emission was observed at the emitted wavelength and the
violet emission was shifted to blue emission at the wavelength of
466 nm. Usually, violet to blue emission is observed from rare
earth elements with a distinct peak of 418 nm. The distinct peak
correlated with a near-band edge emission.3? The near-band edge
emission was accredited to the recombination of holes and

Photon cnergy (eV)

15 0.0 LE 15 20

5 10
Photon energy (cV)

electrons in the valence and conduction bands. Undoped and
doped CeO:z thin films unveiled violet to blue emission around
393 nm. At a higher concentration of Cu, the distinct peak at
418 nm observed from the shift of 393 nm. This shift corre-
sponded to oxygen vacancies and surface defects and these
defects facilitated a trapping centre in the band gap, leading to
visible emission.>* Here, we propose a mechanism for the violet to
blue emission transition. The electron transition from the donor
level was caused via interstitial Ce atoms to the valence band.
Oxygen defects caused electron transition from the conduction
band to the acceptor level, resulting in different band gap energies
of the undoped and doped CeO: thin films (Fig. 4). This different
band gap caused a blue emission shift.>* The emission peak at
466 nm indicated that the oxygen vacancies and intensity varia-
tion was due to Cu-doping, confirming the increase in the oxygen
vacancies.?® All three samples showed common emission peaks
close to B2.4 eV, demonstrating the different energy levels of
oxygen vacancies in the as-prepared thin films. Therefore, the
photoluminescence spectra confirmed the emissions in the
visible region were due to the oxygen vacancies. These oxygen
vacancies played the role of trapping the excitation energy and
this excitation energy was emitted via light from the recombi-
nation of electrons and holes from the valence band Ce**
trapped holes.3°

Fig. 6(a—c) denote the XPS spectra of the pristine and Cu-doped
CeO:2 thin films. From the spectra, the resultant peaks were for C
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(1s), O (1s), Ce (3d), Ce (4p) and Cu (2p). The C 1s peak was
positioned at 287-276 eV, which implied the presence of adsorbed
impurities. The major peaks of Ce (4p) and Ce (3d) were posi-
tioned at 233-199 eV and 924-874 eV. Here, the binding energy of
Ce 3d showed doublets, such as Ce 3dz» and Ce 3ds». Those
doublet peaks of (916/885) Ce 3ds2 and Ce 3ds.2 (898/882) were
attributed to the Ce®* state. This doublet was seen in all samples
with spin orbit splitting. The peak area of Ce 3d was wider,
describing the characteristics of the Ce>* oxidation state. The O
1s spectrum was positioned at 535-519 eV, which confirmed the
oxygen defects or surface oxygen ions.?’ This peak was assigned to
CQ0 bonding.?® The peak area of O was related to the Cu, while
the area for O was reduced due to the doping, which indicated the
enrich surface of the Cu-doped cerium material. Additionally, the
Cu 2p (933 eV) peak appeared with a weak satellite peak around
940-944 eV, which indicated the Cu?" oxidation state.?® This
satellite peak could be indicative of a small quantity of a second-
ary phase (CuO). A peak shift was observed from the resultant
peaks of O (1s) and Cu (2p), and the remaining peaks were
consistent with previous samples. The shift of the O 1s peak

was due to the increase in oxygen vacancies. Similarly, the peak
shift was detected for Cu (2p), which implied the decrease in
binding energy due to the increase in Cu concentration. The
binding energy decreased with the increase in the valence electron
density.*® Also, the higher binding energies of O 1s peak sup-
ported the formation of Ce*. On account of the results mentioned
here, the material showed the co-existence of Ce*" and Ce*", and
the doping suggested the increase in Ce3" ions. 142

The mechanical properties and surface roughness of the
pristine and Cu-doped CeO:z thin films were examined using
nano-indentation tests (Fig. 7(a—f)). The measurements of the
root-mean-square (RMS), hardness (), elastic modulus (Er)
and surface roughness parameters are listed in Table 3. From
the figure, the load displacement curves and 3D images
deviated, which corresponded to Cu doping. There was a
sudden decrease in the hardness and elastic modulus owing
to the Cu doping. On the other hand, the progress of the
crystallite size changed the hardness and elastic modulus
significantly.** The oxidation change of cerium could be
responsible for this reduction.** The mechanical properties of
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Fig. 7 (a—f) Nano-indentation parameters of the pristine and Cu-doped CeO:2 thin films.



Table 3 Nano-indentation parameters of the pristine and Cu-doped
CeO0:z thin films

Surface RMS Hardness Elastic modulus
Materials roughness (R.) (R,) (H) GPa (£, GPa
CeO, 71.09 85.25 80.18 489.91
Cu—CeO, (x=0.2) 45.53 55.38 15.21 246.67
Cu—CeO, (x=0.4) 131.58 150.67 1.22 64.51

the hardness and elastic modulus parameters correlated for the
pristine and Cu-doped CeOz thin films. From this correlation,
the pristine CeO: thin film revealed the higher parameters, and
the undoped CeOz thin film revealed a smaller crystallite size
and intense (111) plane. Increased Cu doping provoked
a growth in the grain size, which reduced the hardness and
elastic modulus.® The largest crystallite size of the Cu (x = 0.4)-
doped CeO: thin film led to many dislocations and these
dislocations were heaped at the grain boundaries. The move-
ment of dislocations from one grain to neighbouring grains
across the grain boundary could be easily achieved and only
needed a minimum force, resulting in a decrease in the
hardness.*® From this investigation, the Cu-doped CeO: thin
film could have sophisticated mechanical properties. From
Fig. 7, the loading and unloading curves deviation confirmed
the surface smoothness of the thin films. Fig. 7b shows the
least deviation compared to the other figures. The figure
concludes that the Cu (x = 0.2)-doped CeOz thin film had a
smooth surface. On the other hand, the surface roughness and
root-mean-square parameters were changed upon Cu doping.
First, both parameters were reduced but then progressed with
further doping, as evident from Table 3. Surface roughness is
directly related to the electrical conductivity of the thin films.
The as-obtained smooth surface of the Cu-doped CeOz thin film
expedited electron transfer with high electrical conductivity.*’
In addition to this, the root-mean-square parameter showed a
similar change in surface roughness. The root-mean-square
parameter supported a high value for Cu (x = 0.4)-doped CeO2
thin film with the increase in optical absorption. The progress
in optical absorption stimulated the photon carriers. Therefore,
the responsivity of the photodiode was escalated by Cu
doping.4®

The forward and reverse bias /—J characteristics of the
Al/CeOz2/p-Si and Al/Cu-doped CeO2/p-Si diodes are shown in
Fig. 8. Both in the dark and under light, the photocurrents of
the fabricated MOS structure diodes were measured from —3 to

+3 V. From Fig. 8, all the MOS diodes showed a drastic variation
carriers’ long lifetime and the short transit time. From Fig. 8,

the value of the photocurrent increased exponentially
with increasing the forward voltage. The distance between
the sample and illumination head was fixed at 10 cm for all
the
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Fig. 8 Forward and reverse bias -V characteristics of the undoped and
doped diodes.

diodes. When compared to pristine CeOz, the thin oxide layer
of Cu-doped CeO: between the metal and semiconductor
interface showed the larger photocurrent in the order of
103 Am. The obtained higher photocurrent suggested that
the Al/Cu-doped CeOz2/p-Si diode was ultrasensitive under light
conditions. The current flow through Al/CeO2/p-Si and Al/Cu-
doped CeO2/p-Si diodes was investigated using the following
equation based on the thermionic emission theory,**°

Y L
€3 1
\p(nh'ﬂ'.r )II}

The reverse saturation current is given by:

gibg
Kgl

=447 fcxp(

gfs |
Kn ':J

where /o is the reverse saturation current, g is the charge of an
electron, ¥ is the bias voltage, n is the ideality factor, Fg is the

Iy = .T.T".r:exp(



effective barrier height, 4 is the active area of the diode, Kz is
the Boltzmann constant, 7 is the temperature and 4* is the
effective Richardson constant. The measured /o changed from
2.54 to 4211 x 10—° A under dark conditions which was 1.23—
2.56 x 10—* A under illumination conditions. In a semiconduc-
tor diode, the /o values are influenced by the diffusion of
minority carriers from one region to another. The improvement
of o under light-exposed conditions was assigned to the
increase in photogenerated carriers. Typically, the diode ide-
ality factor (n) is equal to unity (i.e. n = 1), implying the ideal
nature of the device, whereas the ideality factor (n) here is more
than unity (i.e. n = 1), suggesting a non-ideal nature. The diode
ideality factor was determined from the intercepts of semi-
logarithmic plots of In J vs. voltage (Fig. 9) using the following
equation’!32 as listed in Table 4.

n 1/4_(1_ M (3)
kT délnd/pp

For both the dark and light conditions, the device ideality
factor (n) lowered as the Cu concentration increased (Table 4).
The presence of Cu ions in the CeO2 matrix lowered the ideality
factor, as shown in Table 4. Moreover, the Al/Cu-doped CeO>/
p-Si with x = 0.4 concentration revealed a better ideality factor
(n = 2.29) under light conditions. The conversion efficiency of
the interfacial oxide layer (Cu-doped CeO2), creation of addi-
tional charge carriers, suitable absorption of the oxide layer,
lesser recombination and large separations of electron—hole pairs
could be major reasons for the minimum ideality factor under
illumination conditions. Besides, the deviation of the ideality
factor from the ideal value was attributed to the presence of a
thin oxide layer (SiO2), image force lowering, density distribution
of the interface states or interface traps at the metal-semiconductor
interface and barrier inhomogeneity.’>> The experimental barrier
height of the Al/Cu-doped CeO2/p-Si diodes was determined using
the following equation,>*>>

KT AA°T? Io

fB 1/4 — In
q

“4)

where 4* is the Richardson constant (32 A cm—2 K2 for p-type
silicon). It can be seen from Table 4 that the estimated barrier
height (Fs) of the MOS devise was reduced with increasing the Cu
concentration up to x = 0.2, both in the dark and light. The
decrease in barrier height with increasing the doping concentration
was due to the interfacial oxide layer and interface states.’®>’ Also,
the higher doping level of x = 0.4 concentration showed an
improvement in the Fs (Table 3). The higher s was one of the
reasons for the decreasing ideality factor at the higher Cu concen-
tration (x = 0.4). Moreover, the variation of the barrier height in the
MOS diodes was attributed to the existence of potential difference
across the interfacial oxide layer, the formation of a chemical
reaction between the metal-semiconductor interfaces, develop-
ment of a depletion region and the thickness of the interfacial
layer. Also, the structural and morphological changes were
inhomogeneous at the MS interface.>’
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Fig. 9 Semi-logarithmic plots of the undoped and doped diodes.

The photodetector’s quality determines the MOS diode’s
photosensitivity (Ps). The following equation was used to
calculate the sensitivity of the fabricated diodes at 3 V.

Ien — |
P3%bPYa "L % 100 )
Ip
where Ip is the dark current and /pn is the photocurrent. The
photosensitivity (Ps) of the Al/Cu-doped CeO2/p-Si diodes
increased gradually with the Cu-doping level. The MOS diode



Table 4 MOS structured diodes parameters with different concentrations
of Cu

Barrier height

Ideality factor (n) Fg (eV) Saturation current /, (A)
Diode Dark Light Dark Light Dark Light
A (x=0.0) 4.99 3.28 072 0.67 322x107° 1.97 x 10~
B (x=0.2) 3.38 2.59 071 0.66 4.11 x 107° 2.56 x 10~
C(x=04) 3.28 2.29 073 074 254 x107° 1.23 x 107

with x = 0.4 concentration exhibited a maximum photosensi-
tivity (Ps) of 38492.8%, which was 18 times higher than that of
the undoped and 5 times that of the doped diode (x = 0.2). The
higher photosensitivity indicated the prominence of the oxide
layer at the metal-semiconductor contact. The photosensitivity
(Ps) of the Al/Cu-doped CeO2/p-Si diodes increased linearly as
the forward voltage was increased from 0 to 3 V (Fig. 9),
implying that the addition of Cu ions into the CeO: lattice
uplifted the photosensitivity of the Al/Cu-doped CeO2/p-Si
diodes. Furthermore, the increased photosensitivity (Ps) of
the MOS device was due to optical amplification based on the
stimulated emission, which was confirmed by Tanaka.’® In
addition, the presence of light induced e~ and h* pairs at the
depletion layer, especially near the heterostructure interface of
the MOS.3%3° The ratio of the photocurrent (/ph) to the incident
optical power (P) represents the responsivity (R) of the MOS
device, which was calculated using the following equation,

Ipy
PA

Ry, ©)

where /ph is the photocurrent A4 is the area of the diode and P is
the irradiation of the lamp. From Fig. 10, all the MOS diodes
exhibited a similar behaviour of an exponential increment in
the responsivity (R) with the applied voltage. Particularly, at 3 V
maximum responsivities were recorded of 130.47, 263.64 and
612.10 mA W~ for x = 0.0, 0.2, 0.4, respectively. In fact, the
lifetime of the photogenerated charge carries and the penetra-
tion depth of external light were increased with the responsiv-
ity. Comparatively, it was found that a lower wavelength
facilitates the light photons penetrating more easily over long
distances. The number of e~ and h™ pairs generation at the
depletion region is increased, which improves the overall
photoresponsivity of the device. However, the obtained lower
responsivity of the undoped diode was due to the short lifetime
of the charge carrier due to the higher wavelength.®® The
fabricated MOS device achieved 612.10 mA W™ responsivity,
which was much higher than other reported values.®’*> The
quantum efficiency (QE) of the fabricated MOS diodes (in terms
of %) was calculated using the obtained responsivity (R) by the
following equation,®?
Rhe
QE Va — (7
gl

where R is the responsivity, /4 is Planck’s constant, ¢ is the light
velocity, g is the charge of electron and 1 is the wavelength. The
variations of QE with applied voltage for each diode are shown

in Fig. 10. The QE of the Al/Cu-doped CeO2/p-Si diodes varied
from 50.59% to 237.34% with the Cu-doping level. The
presence of nanostructured films (Cu-doped CeO2) with a
higher surface-to-volume ratio at the MS interface improved
the charge-separation behaviour owing to the increase in the
possibility of the oxygen-related h*-trapping process and the
number of surface trap states. Suppose, the energy of external
light photons is larger than the band gap of semiconductors
(i.e. Si = 1.12 eV), whereby the photogenerated electron—hole
pairs in the depletion region can be separated by the built-in
electric field in the depletion region. Therefore, the photocreated
holes (h*) in the diffusion area away from the depletion edge can
also reach the depletion region by the effect of diffusion (Fig. 11).
The holes can tunnel through the oxide layer (Cu—CeO2) and reach
the metal (Al), while the e~ move to the back contact due to the
relaxation process. Moreover, the depletion region must be as
close to the surface as possible in order to reach the optimum
responsivity in the ultraviolet region. With the formation of
electron—hole pairs at the depletion region of the MOS (tunnelling
structure), the MOS photodetector can preserve extreme quantum
efficiency. This could be a reason for the increasing QE of the MOS
device after doping.®* Actually, the difference between Eg may be
rooted in the acceptor-type (for p-Si) surface states above the
valence band (eV) near to the junction. These states or traps are
also recombination centres, which can capture and release an
electron under illumination or a temperature effect. In other
words, the charge in these traps can be easy excited from traps
to other traps or to the conduction band when compared to the
charge at the valence band. The energy value of these acceptor-type
surface states is about 0.10 eV (=Ess — Ev) and this value is closer
to the difference between Eg for three different metal oxide
compositions.

Generally, if the energy of the light photon is greater than
that of the band gap of the material, this enhances the photo-
conduction process. Moreover, the photon energy of visible
light ranges from 2 to 2.75 (eV), which was higher than that of
our band gap energy. From optical studies, pure CeO: films
have a bandgap energy of 1.93 eV, which was reduced slightly as
1.89 eV and 1.83 eV after Cu doping (x = 0.2 and 0.4). The
reduction in the optical band gap will improve the charge-
transfer properties of the material. Consequently, the Cu-doped
MOS diodes exhibited superior photoresponsivity, detectivity
and device performance as compared to undoped diode.
The specific detectivity (D¥*) is a key parameter to analyse the
photodetector performance, which can be defined as the
inverse of the noise-equivalent power. The following equation
was used to calculate the D* of the MOS diodes,%*

D® 1/4# (8)
82qIpb'™?

The specific D* of the Al/Cu-doped CeO2/p-Si diodes was
enhanced continuously with the increase in doping (Table 5).
The D* values varied with the forward voltage. The specific
detectivity of the MOS device was strongly influenced by doping
and the applied voltage. Notably, the MOS device prepared with
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Fig. 10 Variations of the photodetector parameters of the undoped and doped diodes.

x = 0.4 concentration revealed a high detectivity of D* = 0.5059 %
10'2 Jones, which is comparatively higher than by Su and
Ouyang et al.®*7> The obtained higher detectivity suggests a
low noise level of the fabricated MOS diodes. The fabricated
MOS diode with superior detectivity (i.e. x = 0.4) was highly

appropriate for detecting a weak signal.

From Fig. 12, the lower wavelength (250—450 nm) showed a
higher sensitivity when compared to higher wavelength (700—
100 nm). The shorter wavelength has higher energy, which
improves the photoresponse of the device. Prominently, the
energy of the light photons must be higher than that of
the band gap energy of the material. In order to increase the
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Table 5 Calculated photodetector parameters of the MOS structured diodes at 3 V

Diode Photosensitivity (%) Responsivity (mA W) Quantum efficiency (%) Detectivity (Jones) Current gain
A(x=0.0 2137.1 130.47 50.59 7.545 x 10" 22.37
B(x=02 85072 263.64 10223 1778 % 10" 86.07
C(x=04) 38492.8 612.10 237.34 0.5059 x 10" 385.92
photon can still form a carrier at a lower energy. Thus, the
304 photosensitivity becomes larger at longer wavelengths.
i, However, if the wavelength is too long and the energy of the
—— Cu-CeO _(x=0.2) . e . .
26 2 photon is too low, the photosensitivity will rapidly drop to zero
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Fig. 12 Photosensitivity of the undoped and doped diodes.

sensitivity at shorter wavelengths, the width of the oxide layer
(Cu—Ce0O2) might be smaller. Moreover, when the wavelength
increases, the energy per photon becomes lesser and each

because the necessary condition (i.e. iv 4 Ey) is not satisfied.
Here, higher Cu doping showed the maximum responsivity,
particularly the wavelength range between 250—450 nm, com-
pared with other doping. From this result, we concluded that
the fabricated MOS device was highly sensitive under illumina-
tion conditions.

4. Conclusions

Cu-doped CeO2 nanostructured thin films were prepared by a
spray pyrolysis technique and the prepared films were employed
as interfacial layers in metal oxide semiconductor diode devices.
The thin films were found to have reflection planes and the
smallest crystallite sizes. Besides, the diffraction values of
Cu-doped CeO2 were close to the pristine cerium oxide thin
films, implying Cu was fully infiltrated in the cerium host
matrix. The FE-SEM study confirmed the presence of small-sized



grains and a uniform coating on the films. Eventually, the
appearance of the cerium 3+ oxidation state was detected in the
Cu-doped CeO:2 nanostructured thin films. A smooth surface
was observed in the prepared thin film, which could ensure a
better electrical conductivity of the device. The near-band edge
emission was observed in the Cu-doped CeO: thin films, thus
establishing a recombination of holes and electrons in the
valence and conduction bands. Also, the band gap energy
variation assured a blue-shift in emission and oxygen vacan-
cies. From the diode evaluation, Cu-doped cerium (x = 0.4) had
significant detectivity of D* = 0.5059 X 10'2 Jones, which
suggests a low noise level of the diodes. The fabricated diode
was highly suitable to sensing weak signals, which indicated its
ultra-photosensitive nature.
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