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Enhancement of the Optoelectric and Photovoltaic
Responses of Al/PVP:ZnTiO;/p-Si Structure by Graphene

Nanoparticles

Ali Barkhordari,* Semsettin Altindal, Siileyman Ozgelik, Hamid Reza Mashayekhi,

Mustafa Muradov, and Yashar Azizian-Kalandaragh

In this work, the optoelectronic response of Al/p-Si photodiodes (PDs) with and
without (PVP:Gr-ZnTiO3) composite interlayer is investigated in dark and under
various light intensities (P). The manufacturing/surface preparation is thor-
oughly explained. The electric/optic parameters including leakage/saturation
current (o), series/shunt resistances (Rs/Rsp), barrier height (BH), ideality factor
(n), energy-dependent density distribution of surface/interface levels (Ns),
photoinduced current (I,;), photosensitivity (S), optical responsivity (R), and
specific detectivity (D*) are calculated from the /-V data in dark and under
illumination intensities. Raising the light intensity results in a drop in ®g, and R
quantities while increasing the Iy and n values due to photogenerated electron—
hole pairs under illumination. The ®gy-P and ®go-n graphs are used to calculate
the illumination factor and the ®g, in the ideal form. An acceptable linear
behavior appears in the I,,—P profiles for the negative-bias region, where the
illumination dependence of photocurrent is explored. It is found that the (PVP:
Gr-ZnTiOs) interlayer leads to an increase in the S, R, and D’ values of the PD to
~1200, 400mAW ', and 1.14 x 10™ Jones, respectively. These results show
that the used (PVP:ZnTiO;) interlayer displays an excellent photoresponse and
may effectively replace conventional PDs for applications in optoelectronic and

1. Introduction

Direct conversion of solar radiation to
direct current (DC) electricity is made pos-
sible by the photovoltaic effect in solar cells
(SCs), photodiodes (PDs), and photodetec-
tors. In order to accomplish this conver-
sion, an absorbent material that permits
the passage of these high-energy electrons
through an external circuit is required. The
form of the barrier height at the metal-
semiconductor (MS) interface, series resis-
tances (R;), applied bias voltage, surface
contamination, surface/interface states
density distributions (Ng), surface and fab-
rication preparations, and other factors all
affect the optical characteristics and charge
or current transport/conduction mecha-
nisms (CTMs, CCMs) into the aforemen-
tioned instruments.' ! Historically, the
fundamental scientific and technical issues
with these instruments have also been con-

photovoltaic devices.

nected to improving efficiency and lower-
ing cost and energy losses. Consequently,
a great deal of research has been done
on organic silicon-based electronic struc-
tures, which have long been a viable substitute for inorganic
silicon-based electronic structures in many ways.*! It has been
demonstrated that among the most appropriate possibilities for
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organic configurations interlaid at the MS contact are polymers.
Their controlled mechanical and electrical characteristics, sim-
plicity of manufacturing in optoelectronics and electronics devi-
ces, and commercial availability are some of the advantages that
set them apart from inorganic structures.”~”! Organic polymers’
structural properties also make major advancements in flexible
electronics applications, like curved imaging and wearable tech-
nology, possible.”~ Polymers have a long history of being used
as insulating interfaces in Schottky systems. Because of their
excellent transparency and previously described qualities, they
are commonly employed in organic SCs and PDs.' In today’s
steadily evolving optoelectronic applications, it may be argued
that it is frequently favored. 3! In these studies, polymers have
been employed as interfaces either in their pure form or doped
with different nanoparticles (metals, metal oxides, graphene, gra-
phene oxide, etc.) and even materials bound by cations and anion
bonds.["* 1]

It must be noted that surface contamination and the interface
density of states are known to play critical roles in the perfor-
mance of PDs, particularly in semiconductor-based devices.
Contaminants at the surface can introduce unwanted trap states
and degrade charge transport, while high-interface state densities
can lead to increased recombination rates, reducing the efficiency
of charge carrier collection. Various methods have been explored
to mitigate these effects, such as passivation layers, surface treat-
ments, and careful control of the deposition environment.
Passivation, for instance, has been shown to significantly reduce
surface trap states, improving both the stability and performance
of photodiodes. To ensure reliable performance and accurate char-
acterization, it is crucial to implement strategies that minimize
surface contamination and control interface quality.*®*”!

The considerable effects and range of applications provided by
these two wideband semiconductors, namely ZnO and TiO,,
have drawn significant interest to both single materials and
ZnO-TiO, composites.'®! ZnO has drawn interest in the litera-
ture due to its unique properties and applications in see-through
electronics, chemical sensing devices, spintronics, piezoelectric
devices, and ultraviolet (UV) light emitters.'*** When com-
pared to semiconductors that are frequently utilized for blue—
green light-emitting diode devices, such as ZnSe and GaN,
ZnO stands out due to its large exciton binding energy of
60 meV.2* On the other hand, TiO, is an inexpensive, nontoxic
semiconductor that remains stable in aqueous conditions. The
good photocatalytic qualities of TiO, have also been attributed
to its wide bandgap and the long lifespan of photogenerated
electrons and holes.**! A comparatively considerable rate of
electron-hole recombination commonly occurs in TiO, mate-
rial»®! ZnO doping can overcome these issues and increase the
TiO, photoreactivity.**! Within the ZnO-TiO, system, there are
several different compounds, including Zinc titanate (ZnTiOs,
with cubic and hexagonal configurations), Zn,TiO, (with cubic
configuration), and Zn,Ti;Os (with cubic configuration).””-**!
The oxide structure of ZnTiO; in perovskite form has multiple
applications, including microwave resonators,”” gas sensors>”
(for CO, NO, CH;CH,OH, and others), metal-air barriers,*"
high-efficacy catalysts®® for CO and NO reduction,*® paint
pigment,** and total oxidation of hydrocarbons.**>¢!

It is necessary to note that one layer of hexagonal carbon
makes up the 2D structure known as graphene, which possesses
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remarkable mechanical, optical, and density/mobility quali-
ties.B”1 As a result, it is seen to be an excellent choice to replace
Si in photonic/electrical devices.*® A 3D bulk of graphite is
formed when single layers of graphene are stacked on top of
one another; the van der Waals force holds the plates together,
and the spacing between them is around 0.335 nm.*® Another
great polymer that is utilized to create metal-polymer—
semiconductor (MPS)-type schottky diode (SD) is polyvinylpyrro-
lidone (PVP), which can be made fast and cheap, has good
stability, appropriate conductivity, and no harmful side effects.”!
The physicochemical processes that underlie the inclination for
polymers and/or doped polymers as an active medium or interface
in photovoltaic instruments mostly stem from the photogenera-
tion of e ~h™ pairs, which depends on the energy directed onto
the device’s surface.***!! Furthermore, although there are few,
research has been done on the use of polymer/copolymer nano-
composition in such devices.*>**! To produce adequate photocur-
rent in terms of intensity and/or wavelength of the light is the
primary goal of a photovoltaic construction, regardless of the layer
deposition process or interface material selected.[**! At reverse bias
voltages, an analogous orientation may be seen in the internal and
external electric fields, contingent upon the applied voltage.[*! As a
result, compared to the forward bias voltage, the total electric field
in this scenario is stronger. At a point of PD that is exposed to
illuminations (=hc/q > E,), multiple e ~h™ pairs develop and elec-
trons may recombine. However, photocurrent increases because
of the higher field at the contact region, since the lighting effect
decreases the electro—hole pair recombination.!** Sensor develop-
ment and manufacturing that are sensitive to visible light and/or
its near-infrared radiation (UV or NIR) are becoming essential for
autonomous systems and instruments that are becoming more
prevalent in our daily lives.

Due to this need, the PVP:Gr-ZnTiO; nanocomposite is used
as an interfacial layer in PDs in the present study. Compared to
traditional methods, the microwave-assisted process provides
more homogeneous coating and deposition control, and this
is how the interface layer was made. In the dark and upon illu-
mination in the power range 40-100 mW cm 2, the -V mea-
surement of the produced structures of Al/p-Si (MS) and Al/
PVP:Gr-ZnTiO;/p-Si (MPS) is performed at certain voltage
ranges (£3V). For dark and illumination intensity, the con-
structed PDs resistance—voltage (R; versus V) and N versus
(Ess—E,) plots are obtained from the I-V data at room tempera-
ture (RT). Moreover, the relation between the photocurrent with
the light intensity is examined. At last, various photodetector
properties including S, R, and D* of the prepared structures
are calculated and compared with each other and with the Al/
PVP:ZnTiO;/p-Si PD introduced in ref. [45]. The findings are
thoroughly analyzed and compared to the PDs that are already
represented in the literature.

2. Experimental Section

TiCly (99%) and Zn(CH3COO),.2H,0 (99%) were provided by
ROYALEX and Merck Companies, respectively. We prepared
TiO, nanopowders, as reported in our published research.”
Before commencing the creation of ZnTiO; nanoparticles, we
first produced 20mL of TiO, (0.1 M), NaOH (0.2M), and
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Zn(CH;3CO,);, (0.2 M) solutions in separate beakers. The first two
solutions were gradually added to the last solution while it was at
RT and exposed to ultrasonic radiation. After that, the results
were placed inside a microwave and exposed to 800 W of radia-
tion for 10 min. The product was then washed under centrifuga-
tion and dried at RT. Finally, the resulting nanoparticle was
heated to 700°C for 120s. Figure 1 shows the schematic of
the preparation procedure of the ZnTiOs nanoparticles. To make
the (PVP:Gr-ZnTiOs3) nanocomposite, 0.1 g ZnTiO; and 0.05g
graphene (Gr) nanoparticles were combined with 10 cc of PVP
solution under ultrasonic radiation.

In this investigation, MS structures with/without
(PVP:Gr-ZnTiOs) interlayer were grown onto the same p-Si
(B-doped) wafer that had a single-side polish, a thickness of
~300 pm, an orientation of (100), a diameter of 2”, and a resis-
tivity of 1-10 Q cm. In order to clear any native oxide layer from
the wafer’s surface, this wafer was first ultrasonically cleaned for
5min in a chemical solution of (HF + 10H,0) before being
cleaned with deionized water (DW). It was then cleaned in
the chemical solutions of (H,SO4:H,0,:H,0) with (5:1:1) and
(HCL:H,O) with (1:1) ratios for 4 min. Following that, it was
adopted in high-purity DW with an 18 MQcm™' resistivity
and dried with high-purity nitrogen (N,) gas. Second, to achieve
excellent or low-resistivity back Ohmic contact, the entire rear
part of the wafer was thermally evaporated by high-pure Al
(99.999%) at 150 nm thickness at 1 pTorr and then annealed
at 500 °C for 5min in N, environment.

Third, the (PVP:Gr-ZnTiOs) solution was ready and spun onto
the opposite or front side of the Si wafer at 3000 rpm for 1 min.
The interlayer thickness (d;) was estimated as 60 nm from the
measured interlayer capacitance (C; = ¢;60A/d;). Finally, similar
circular Schottky contacts of Al with a diameter of 1.0 mm
and a thickness of 150 nm were also thermally evaporated onto
the interlayer. A quartz metal thickness meter was used to con-
trol the Ohmic and rectifier metal contacts’ thickness.

Both the schematic and energy band diagram of the Al/pSi
(MS) and Al/(PVP:Gr-ZnTiOs) (MPS) type PDs are schematically
depicted in Figure 2. It should be mentioned that the I-V char-
acteristics of the manufactured device were measured using a
Keithley 4200 current/voltage source meter both in the dark
and under various illumination intensities in a wide voltage
range. Additionally, the MS and MPS-type PDs were exposed
to illumination in the solar spectrum using a Newport-Oriel

&

\; FANN
9 @
TiO, NaOH

@Zn(CH,CO;)Z

ZnTiO;
Nano powder

Figure 1. Schematic of the preparing procedure of ZnTiO; nanostructures.
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69931, whose power ranges are 30-100 W cm 2. A cooling fan

was used to prevent the samples from heating under high illu-
mination intensities.

3. Results and Discussion

Semilogarithmic I-V curves of the MS and MPS-type PDs in a
voltage range (43 V) and illumination powers (40-100 mW cm™?)
are illustrated in Figure 3. The I-V profiles exhibit a linear
behavior corresponding to the rectification effect at smaller pos-
itive voltages while deviating from linearity due to the presence
of deposited (PVP:Gr-ZnTiOs) interlayer, R, and Ny because
the applied voltage on the PD will be shared between of them
and depletion layer. The thermionic emission (TE) theory is
applied to study the performance of the constructed Si-based
MS and MPS-PDs at the forward-bias region in the linear part
of In(I)-V plots both in dark and different illumination inten-
sities. Thus, in this case where the structure has large enough
R and n values are considerably deviated from unity (n > 1), the
I-V relationship for the voltages greater than 3 (kT/q) is
described as follows.[*¢~3]

I=1 [exp (711(‘/;]:;&)) - 1} (1)

In Equation (1); the Iy, g, n, T, and IR quantities are the
leakage/saturation current (Iy) at zero-bias voltage, electronic
charge, quality/ideality factor (n), temperature in K, and voltage
drop on Ry, respectively. The quantity of I, calculated by extrapo-
lating the linear part of In(I) versus V plot at zero-bias voltage is
given as follows.!*®!

I, = AA* Tzexp(— %) 2)
where A and A* are the rectifier-contact area of the diode and the
Richardson constant. Therefore, the amount of I, is determined
using the intersection point of the In(I)-V curve for dark and
each illumination intensity between 0.19 and 0.38 V. Thus, using
the experimental value of I, and diode area (=7.85 x 10> cm?),
the value of ¢g, was calculated as a function of illumination
intensity like the other basic electrical parameters (Ip, n, and
Ry

kT AA*T?
PBo = ?Ln( I, ) )

The —1 value inside the square brackets (Equation 1) is small
enough to be ignored compared to the exponential function next
to it at room and above temperatures. Therefore, Equation (1) can
be expressed as In(Ig) = In(lo) + dln(I)/d VE for the linear part of
In(If) versus Vg plot. Thus, the value of n for MS and MPS-PDs
was also calculated from the slope of In(I)-V curves,
tand = din(I)/dV as follows.[*#*%!

_ q dVF
"TRT (dln(IF)) “

All these basic electrical parameters as a function of illumina-
tion power are shown in Table 1. When the fabricated PDs are

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH

85U8D1 7 SUOLIWIOD BAITE8.D 3|l |dde ay) A peusenob ae Sejonte YO ‘8sN JO S8 10} Akeiq1 8UIIUO 8|1/ UO (SUONIPUOD-PUR-SWBIWOY A3 1M Afe1q 1 pulUO//:SdL) SUOIIPUOD pUe SWis 1 8y18eS *[6Z0z/S0/ET] Uo Aelq18uliuo A8 |1 ‘(ou| eAnde) aqnopesy Aq T/T00VZ02 1dPe/z00T 0T/I0p/Woo" A8 | 1w Aelq Ul JUO" peoUeApe; /Sy WOy pepeojumod ‘0 ‘6266692


http://www.advancedsciencenews.com
http://www.adpr-journal.com

ADVANCED

SCIENCE NEWS

www.advancedsciencenews.com

ADVANCED

PHOTONICS
RESEARCH

(a)

(b)

Figure 2. Schematic of the a) MS- and b) MPS-type PDs with their energy-band diagrams under illumination.
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Figure 3. The semilogarithmic plots of /-V values for the a) MS- and b) MPS-type PDs in the dark and under illumination.
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Table 1. The illumination-dependent primary electronic parameters of the fabricated PDs calculated by TE theory.

PD MS-type MPS-type

P [mW cm™?] I [BA] Do [eV] n R, [Q] Rsn [2] Io [pA] Dy [eV] n R [k Rsn [kQ]
0 74.26 0.591 2.55 76.05 75.87 0.08 0.768 2.75 1.04 9921
40 89.65 0.586 2.56 71.74 73.81 5.68 0.658 5.26 0.58 23.84
50 90.92 0.586 2.57 70.38 71.01 6.23 0.655 5.37 0.56 22.85
60 92.98 0.585 2.58 69.4 67.57 6.7 0.653 5.42 0.53 19.4
70 102.17 0.583 2.58 68.67 67.3 71 0.652 5.5 0.49 17.36
80 116.79 0.58 2.59 58.47 62.46 7.69 0.65 5.64 0.44 15.59
90 117.79 0.579 2.59 49.65 56.46 8.02 0.649 5.67 0.42 14.59
100 120.38 0.578 2.59 48.47 54.25 8.23 0.648 5.69 0.4 14.11

exposed to illumination, the value of I, increases from 74.26 and
0.08 pA and in dark conditions to 89.65 and 5.68 pA at the illu-
mination power of 40 mW cm 2 for the MS- and MPS-type struc-
tures, respectively. This rise is continuing by the growing
illumination power up due to the increment of photocurrent gen-
erated in the structures. The barrier height (BH) created at the
M/S interface is also sensitive to light and starts to reduce for
both structures after exposure to the light. Additionally, the n
of the considered PDs increases with the light intensity. It is use-
ful to mention that the quality of prepared PDs is represented by
the value of n, which is expected to be nearly 1 at the ideal form.
However, according to [n =1+ d;/es(es/ Wa + qNgs)], it may sig-
nificantly deviate from the unity (n =1, ideal case) in the usage
because of several factors, including the presence of an interlayer
thickness (d;), and electric permittivity (¢;), the dopant concentra-
tion of donor/acceptor atoms, the width of depletion layer (Wg), a
specific Ny distribution at the interface between the semicon-
ductor and the interlayer, image-force lowering of the BH,
production-recombination electrical charges, tunneling through
interface states, and barrier nonuniformities at the interface
between metal and semiconductor.?***>!

The existence of Ny with energies located in the bandgap of
semiconductor acts as recombination centers, so they may
capture/emit many electrons. The formation of an inhomogeneity
of BH at the M/S interface is also more effective on the CCMs.
The electrons do not have enough energy to pass over mean or
higher BHs but can easily pass through these patches, leading
to an increase in the current or ideality factor. Under external
effects such as light and temperature, these traps become more
effective in the CCMs because they have a special density dis-
tribution at the junction in the semiconductor bandgap due to
the restructuring and reordering of electrons in these traps.
Experimental results show that the use of a (PVP:Gr-ZnTiO;)
organic interfacial layer between Al and p-Sileads to an increase
of BH, leakage current, and Ry when compared to MS diode.
As shown in Figure 6, in dark, the interfacial traps are located
between (0.1-0.51eV) in the MS structure, while they are
located deeper (0.45-0.73eV) in the MPS structure. There-
fore, in the MS structure, the charges in these traps can easily
be excited to the valence band under light, while in the MPS
structure, they transit between the traps rather than the valance
band (E,). This situation causes both the BH and the ideality
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factor to change considerably with the illumination intensity
in the MPS structure.

It should be noted that the R, and Ry, quantities may also be
found using the forward and reverse bias parts of the I-V pro-
files. The efficiency or output of PDs and SCs is significantly
impacted by these two features. Since the Ry and Ry, amounts
relate to high-/low-enough forward and reverse bias, in turn,
Ohm’s law can be used to calculate how the resistance (R;) of
the structures increases in terms of voltage (R; = Vi/I;).l*? As
a result, Figure 4 shows the voltage dependence of R; profiles
for the produced MS- and MPS-PDs in the dark and under vari-
ous illumination powers. This figure made it clear that when illu-
mination power rose, photocurrent increased as well, which
caused the R, values to decrease. The variation of resistance
in the structure without an interlayer is represented in
Figure 4a. It is observed that R~ R, which can be attributed
to the direct contact between the metal and the semiconductor
interfaces, where both resistances arise from similar interface
properties. Since the native SiO, insulator layer has not been
completely removed in the washing process, the created photo-
current under illumination due to generation electron-hole pairs
will be divided between the insulator layer, depletion layer of the
diode, R, and surface states in the MS-type structure. In this
case, the value of photocurrent becomes lower. It is clear that
the native SiO, insulator layer cannot decrease the leakage cur-
rent and passivated unwanted surface states. As expected, both
the R and Ry, in the MPS-type structure decrease under illumi-
nation due to increase in the conductivity. Because many elec-
trons (Ng) can be given the energy to stimulate from the E; to
the conduction band under illumination, as a result, the conduc-
tivity is enhanced (6= guNy = 1/p).

The essential parameters of PDs (I,, @po, n, and R/Ryy) are
determined from the measurements and computations with TE
theory as shown in Table 1. Based on common TE theory, it is
supposed that the ideality factor is ideally equal to 1; therefore, a
high amount of n implies a deviation from the TE hypothesis. In
addition to n, the BH of the MS and MPS configurations might
be a function of applied voltages at forward-bias region.
Furthermore, the structure may include a lot of lower barriers
or routes at mean BH, which would allow a lot of low-energy elec-
trons to get through and raise the quantities of n and I,. As
shown in Table 1, the amounts of I, and n grow as the
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Figure 4. The RV curves of the a) MS- and b) MPS-type PDs in dark and under illumination conditions.

illumination intensity increases, whereas the quantities of ®go,
Ry, and Ry decrease. This behavior is brought on by an increase
in photocurrent in both voltage regions.

Several techniques, such as conventional TE theory and mod-
ified Norde function, may be used to identify the three most
important electronic variables, ®gy, n, and R;. However, each
of these techniques corresponds to a different voltage region.
Many mathematical techniques, including Ohm’s law and modi-
fied Norde function, may be used to determine the true value of
R, from the forward bias I-V data; however, their properties may
change depending on the selected or researched bias voltage. For
instance, the Norde function is appropriate only in cases when
the In(I)-V diagram has a distinct linear part, and Ohm’s law
states that larger forward-bias voltages are correlated with the
true value of Ry in optoelectronic instruments.

Generally, the modified Norde method is used if the profiles of
In(I)-V at the forward bias region do not have enough linear
parts. According to another study,®” the modified Norde techni-
que’s F(V) function for n > 1 is as follows.

-l 5]

where y stands for a positive dimensionless integer larger than n.

Using the amounts of Vi, and Iy, which are taken from the
F(V) functions (see Figure 5), it is possible to compute the ®g,
and R, contents as follows.’?

\% kT

@y = F(Vipin) + r;in r (6a)
KT n)
RS B ? Imin (Gb)

Table 2 reports the two electrical features (®@po and R;) of the
fabricated PDs based on the modified Norde function in the dark

Adv. Photonics Res. 2025, 2400171 2400171 (6 of 13)

and under different light intensities. As the illumination power
increases, both quantities, ®py and R decrease. In addition, the
findings produced using TE theory and the Norde function can
be compared with each other. While the findings exhibit a good
agreement, differences might be attributed to the distinct regions
employed in these techniques to ascertain voltage-dependent
characteristics. The observed discrepancies in the BH and R,
obtained from the Norde and TE models arise from the nature
of the calculated method.

The optical response of the fabricated PDs is also more effec-
tively affected by the presence of N at the M/S interface, and
this has a significant effect on the functionality and construction
of electrical devices, such as SCs, MIS, and MPS PDs. Thus,
using the following equations, which are extracted by the posi-
tive quantities of the electronic current and voltage and taken
into account the ®po and n(V) depending on the applied volt-
age,®*! the energy-dependent variations of Ny, are computed
as follows.

Ess - Ev = (qq)e - qV) (73')

®, — Dyy + AV — IR,) = (1—%‘/))(v—ms) (7b)
EO 81 ES

N(¥) = [di (n(V) 1) - W—] 79)

The interfacial layer thickness (d;), the depletion layer width
(Wp), the permittivity of the semiconductor (&), and the permit-
tivity of the interlayer (e) are all parameters given in
Equation (7a)—(7c). It should be noted that the estimation of
the d; and depletion width (Wp) is crucial for accurately deter-
mining the extracted interface states density. The interlayer
thickness was calculated using capacitance—voltage (C-V) meas-
urements, where the slope in the depletion region provided
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Figure 5. The variations of the F(V)-V curves of the a) MS- and b) MPS-type PDs at in the dark and under different illumination intensities.

Table 2. Two electronic variables (®go & Rs) of the prepared PDs in the
dark and under illumination obtained by the modified Norde function.

PD MS-type MPS-type
P [mWcm 7] Do [eV] R [Q] Dpo [eV] Rs [kQ]
0 0.581 192.79 0.725 411.70
40 0.569 68.81 0.673 75.96
50 0.571 67.69 0.672 74.38
60 0.578 64.12 0.667 68.38
70 0.578 57.07 0.671 59.12
80 0.578 53.78 0.665 51.90
90 0.574 53.03 0.666 51.85
100 0.571 4813 0.671 46.17
a
( ) 1.4
—=— Dark
- —o— 40 mW/cm’
’ ~—A— 50 mW/cm?
—v— 60 mW/cm?
& 107 —o— 70 mW/cm?
s —<— 80 mW/cm?
T 089 —>— 90 mW/cm?
2 —e— 100 mW/cm?
= 0.6
—
Ry
77 041
0.2
0.0
T T T T T
0.40 0.42 0.44 0.46 0.48 0.50 0.52
E-E, (eV)

insights into the capacitance based on known dielectric proper-
ties. For the depletion width, we utilized the doping concentra-
tion obtained from previous characterization studies and
determined the built-in potential from the C-V characteristics.
These methodologies ensure that both parameters are reliably
estimated, reflecting their significant influence on the interface
states density.

The resulting value of Ny, which is around 10*%/(eV cm?) for
the MS-type PD and 10'%/(eV cm?) for the MPS PD, is shown as a
function of energy for different illumination intensities in
Figure 6. The observed discrepancies or locations in Ny cause
the resetting and reordering of the Ny distribution under an illu-
mination and an electric field. Figure 6 illustrates how the N
amounts effectively grow with illumination intensity, from near
the semiconductor’s middle bandgap toward the border of the E,,

b
( ) 1.8
~—=— Dark
—e— 40 mW/cm?
1.5 —&— 50 mW/cm?
—¥— 60 mW/cm’
& 124 ——70 mW/cm?
5 —<€— 80 mW/cm?
T —>—90 mW/cm’
2 094 —e—100 mW/cm’
)
-
X
\'; 0.6
4
0.3 4
0.0 T T T T T
0.45 0.50 0.55 0.60 0.65 0.70 0.75
E-E, (eV)

Figure 6. Variations of the interface states density in terms of energy for the a) MS and b) MPS PDs in the dark and under illumination.
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decreasing from 1.299 x 10" to 1.394 x 10'°/(eV cm?) for the
reference structure (Figure 6a) and from 1.604 x 10'* to
1.019 x 10'°/(eV cm?) for the MPS-type PD (Figure 6b).

This reduction is due to the reorganization and rearranging of
the N distribution under an illumination-induced electric field;
the energy levels or traps are a center of e ~h* recombination,
absorbing and emitting electrons based on their lifetime and the
intensity of the light. As a result, the illumination-induced
interface/surface states can be reorganized and reconfigured upon
an electric field, and their location moves to the top of the valance
band. The presence of both R, and N is known to have a signifi-
cant impact on the I-V characteristics of the MS and MPS PDs at
forward bias. The sources of R, are an Ohmic or rectifying junc-
tion, the probe wires used to the gate, the semiconductor bulk
resistance, the atoms nonuniformly doped in the semiconductor,
and the native/deposited thin film at the M/S interface.”® The
generation of N is typically caused by the disruption of the peri-
odic configuration of the semiconductor surface, surface prepa-
ration and cleaning, certain contaminants on the semiconductor,
and organic contamination in the grown ambiance."*”

On the other hand, the distribution of interface states, N is
primarily concentrated in the lower half of the silicon bandgap.
This phenomenon can be attributed to several factors, including
the presence of defects, impurities, and dislocations formed dur-
ing fabrication processes, which create trap states that influence
the electronic properties of the interface. Additionally, interac-
tions between silicon and the insulating layers often lead to
the formation of deeper energy states, further contributing to
the predominance of interface states in this region.
Understanding this distribution is essential, as it significantly
impacts the performance of silicon-based devices.

The variations in the potential BH (®p) of the MS and MPS
PDs in relation to light intensity (P) are depicted in Figure 7. As
shown in Figure 7a, there is a link between ®p, and P in the
reference structure, with the equation ®po(P)=®py— aP=
0.593 4 (—1.506 x 10~ *)P (eV). Moreover, the ®g, of the MPS PD
depends on light intensity, with the equation ®po(P)=
®po— aP = 0.664 + (—3.423 x 10" %P (eV). The illumination

(a)

0.588
[ o
0.585 - .. ® @p=(-1.506 x 10*)P +0.593
s ".',
3 .
~ 0.582
2 .
=)
° .
0.579 0
a = d®g,/dP = -1.506 x 10
0.576 . . : :
40 60 80 100

Light Intensity (mW/cm?)

Figure 7. The ®go—P plots of the a) MS and b) MPS PDs.
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coefficient, represented by a in these equations, may be calculated
as —1.506 x 10™* and —3.423 x 10™* for the MS- and MPS-type
PDs, respectively. These values are near the negative temperature
coefficient for the Si bandgap, which is —4.73 x 10 *eV K .’
The dependence of the built-in ®g, on light power is a critical fac-
tor that reflects changes in carrier concentration and the associated
thermal effects under varying illumination conditions. As light
power increases, the generation of charge carriers enhances, influ-
encing the potential barrier within the device and ultimately affect-
ing its performance. The temperature coefficient is particularly
relevant, as it describes how BH varies with temperature changes,
which can be further influenced by the thermal energy associated
with increased light power.[""!

Additionally, Figure 8 illustrates how the ®g, of the fabricated
PDs varies with n. As shown in Figure 8a, the equation
Dpo(n) = (—0.228 n+ 1.170) eV indicates that ®po and n are
related in the MS-type PD. Furthermore, the ideal case value of
®p, for n=1 is found to be 0.942eV. In the case of the MPS
PD, the value of ®py changes in terms of n with an equation
Dpo(n) = (—0.021 n 4 0.769) eV, which gives Ppy=0.748eV at
n = 1. [t must be noted that several factors, including the thickness
of the PVP:Gr-ZnTiO; thin film at the M/S interface, the depletion
region width (Wy), the content of acceptor/donor atoms used as
dopants (Ng), Ngs, and the nonuniformity of ®g, cause the n val-
ues obtained for various illumination to be higher than 1.5+

Figure 9 illustrates how photocurrent depends on light inten-
sity in the manufactured MS- and MPS-type PDs. It is obvious
that the photocurrent value increases with increasing light inten-
sity. The data were fitted using the power law as follows.

I, o« P )

yielding a strong linear connection between photocurrent and
light intensity, with power exponents of 0.48 and 0.87 for MS- and
MPS-type PDs, respectively. The presence of trap states between
the conduction band edge and the Fermi level led to an exponent
value of less than 1 in the MS-type PD.*® At the same time, they
decreased by the PVP:Gr-ZnTiO; nanocomposite sandwiched

(b)
0.660
0.658 °
0.656 - @y, = (-3.423 x 104)P + 0.664
.,
2 0.654
z ‘.
o 0.652 ...
0.650 - o,
..
0.648 a = ddgy/dP =-3.423 x 10 ..®
0.646 T T T T
40 60 80 100

Light Intensity (mW/cm?)
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Figure 8. The ®go—n profiles for the a) MS- and b) MPS-type PDs.
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Figure 9. The variations of I, versus light intensity for the a) MS and b) MPS PDs.

between metal and semiconductor layers; hence, this value
increased to 0.87 for the MPS-type PD.

In the following, optical parameters of PDs, such as S, R, and
D¥*, are computed to examine the photodetecting performance to
better understand the PD features under illumination. The
photosensitivity of the PD is defined as the ratio of its dark to
photoconductivities, which is given by>®

Iph - Idark

S =
I dark

©

The value of S for the manufactured MS- and MPS-type PDs at
the reverse bias, which ranges from —3 to 0V, is shown in
Figure 10. The results are presented with a reference structure
(MS-type PD) to aid in understanding (see Figure 10a). The
MPS PD with a structure of Al/PVP:Gr-ZnTiO;/p-Si has a signifi-
cant photosensitivity at the negative-bias region, as demonstrated
in Figure 10b where the photosensitivity quantity grows as a

Adv. Photonics Res. 2025, 2400171 2400171 (9 of 13)

function of light intensity throughout all recorded reverse bias vol-
tages. In the literature, similar findings for PDs with the MPS
structure have recently been reported."’-*!) Compared to the
PD described in studies,®* " the produced silicon-based PD pro-
vided in this study has a photosensitivity of around ~1200, which
is greater. Moreover, adding the graphene nanoparticles to the
PVP:ZnTiO; nanocomposite remarkably improves the photosen-
sitivity of the MPS-type PD compared with our previously publi-
cation,! which was equal to ~500. It should be noted that a
variety of factors, including the thickness of the interlayer, electric
permittivity, nonuniform BH at the M/S interface, the interface
states density (Ng) distributed particularly at the semiconductor’s
bandgap, applied voltage dependency, and construction techni-
ques, can influence the photosensitivity observed in PDs.

The ratio of the electric current relative to the optical power
exposed to a PD gives the optical responsivity (R), which is
expressed as(®?

© 2025 The Author(s). Advanced Photonics Research published by Wiley-VCH GmbH
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Figure 10. The S-V curves of the a) MS- and b) MPS-type PDs illuminated by different intensities.

R— Iph - Idark (10)
Popy X A

where Poy, denotes the power of the light illuminating on the PD
surface (A) in W cm 2. Figure 11 displays the results of the opti-
cal responsivity for the MS- and MPS-type PDs that were deter-
mined at various illumination powers at the reverse bias region.
As seen, the quantity of R increases with reducing light intensity
and reached 0.06 mA W~ for the MS-type PD and 0.13 mA W™*
for the MPS-type PD under a light intensity of 40 mW cm™* at
0V, which is related to higher carrier recombination dynamics by
increasing light intensity. Furthermore, a high value of R in the
MPS-type PD is 400 mA W' at a bias voltage of —3 V, while this
extreme value of R is equal to 125 mA W' for the MS-type PD.
Figure 11b demonstrates an approximately constant trend in
optical responsivity with bias voltage in the MPS-type PD, which

(a)
10°
10?
< 10" 4
2
<
E 2
& 100 B 40 mW/em
10° A 5
® 50 mW/cm
A 60 mW/cm?
wl Y7 mW/cm’
¢ 80 mW/cm®
< 90 mW/cm?
, L > 100 mW/cm?
10~ T T T T T
3.0 25 2.0 15 -1.0 0.5 0.0

V)

is due to the activation of e —h™ pairs generated by the incident
light. However, it continuously decreases by the bias voltage in
the MS-type PD (see Figure 11a). It is clear that the use of PVP:
Gr-ZnTiOs; nanocomposite significantly increases the optical
responsivity of the MS-type PD. These findings are in good
agreement with those reported by Yahia et al.l®*! who demon-
strated the device’s suitability for photodiode/photosensor
applications.

The most important parameter of merit for a photonic device
is specific detectivity (D*), which directly affects the sensitivity
and performance of the detecting behavior of the device, espe-
cially in high-precision measurement and imaging applications
that require the detection of weak signals. It is used to represent
the photosensitivity of photonic devices such as photodiodes
(PDs), solar cells (SCs), photosensors (PSs)/photodetectors (PDs),
and is given by!®*®

(b)
10°
10%
g
ERUE
E’ B 40 mW/cm?
® 50 mW/cm’®
A 60 mW/cm?
10°3 v 70 mW/em?
¢ 80 mW/cm?
< 90 mW/cm?
» 100 mW/cm? 4
10! T T T T T
3.0 25 2.0 -1.5 -1.0 0.5 0.0
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Figure 11. The variations of R-V plots of the a) MS- and b) MPS-type PDs exposed by different intensities.
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Figure 12. The changes of D-V graphs of the a) MS- and b) MPS-type PDs illuminated by different intensities.

. | A R 1
D'=R\ o —= T VAR = s V/ARS (11)

where I, refers to the noise current, Af denotes the noise band-
width, and NEP stands for the noise equivalent power. On the
other hand, the R, g, I3, and A quantities are the photo or optic
responsivity, dark current, electronic charge, and the effectively
illuminated or rectifier contact area of the photonic device, respec-
tively. The D* is inversely proportional to the illumination inten-
sity and decreases gradually with the increase in incident light
density. That is, when the incident light intensity is low, the num-
ber of photogenerated electron-hole pairs is proportional to the
number of incident photons. However, the number of photogen-
erated electron-hole pairs will be saturated with increasing light
intensity, so the specific detection rate of them decreases nonli-
nearly. It is well known that only high-quality semiconductor
crystals can suppress the dark current, resulting in high D* photo-
detection performances. Figure 12 shows the voltage-dependent
D* plotted against different light intensities for both PDs
prepared in this work. The value of D* increases with decreasing
light intensity, and at zero-bias voltage, it reached 1.78 x 10°
Jones (1Jones=1cm Hz'?W™') for the MS-type PD and
2.25 x 10" Jones for the MPS-type PD under a light intensity
of 40 mW cm ™2, originating from the increment of recombination
processes as the light intensity increases. It is also possible to see
that a high D* of 9.78 x 10'° Jones for the MS-type PD occurs at a
bias voltage of —3 V, while a maximum D* of 1.46 x 10 Jones for
the MPS PD is appeared at a bias voltage of —1.2V.

The manufactured MPS PD shows strong photosensitivity at
the negative-bias voltage, as seen by the progressive changes in S,
R, and D* values with the applied reverse voltages. These find-
ings show that the PVP:Gr-ZnTiO3 nanocomposite interlayer is
more sensitive to light and that the diodes’ sensitivity changes
significantly with the bias voltage, compared to the PVP:
ZnTiO; nanocomposite interfacial layer used by Barkhodari
et al.l*®! On the other hand, the density distribution of the trap
levels (Ng) at the structure-structure interface might be

Adv. Photonics Res. 2025, 2400171 2400171 (11 of 13)

considered the cause of the differences, including the peaks
and fluctuations that show up in the voltage-dependent varia-
tions.[°®®”] Furthermore, the drop in R and D* values around
zero bias is unmistakably linked to a decrease in photocurrent
(Opn), and the decrease in S values with rising reverse bias is cou-
pled with an increase in dark current (Ign)-

4. Conclusion

In this study, using the spin-coating technique, a thin film with
the composition of (PVP:Gr-ZnTiOs) was utilized to create a PD
rather than producing MS-type SDs utilizing an insulator layer
produced by the traditional methods. Some important electric
and optoelectronic parameters were then obtained by evaluating
the I-V plots of the PDs subjected to illuminations within a range
40-100 mW cm ™2 at RT. In order to ascertain the voltage depen-
dency of the essential optoelectronic characteristics of the exam-
ined PDs at every power of illumination, the TE theory and
modified Norde functions were used to acquire the ®py and
R and compared them. It was observed that as light power is
increased, the amount of R, and ®g, decreases while the value
of n increases. Furthermore, measurements of the energy-
dependent N values were made in both dark and light conditions.
Based on the results of the experiment, ®g,’s value decreases lin-
early as P and n increase. Specifically, the graphs of ®py—P and
®po—n yield the illumination coefficient (@ = —1.506 x 10™* for
the MS PD and a = —3.423 x 10~ * for the MPS PD) and ®pg
(0.942 eV for the MS PD and 0.748 eV for the MPS PD) at an ideal
form (n=1). Owing to the e -h™ pairs that arise at the negative
bias voltage due to growing illumination intensity, an increment of
Iy, was also observed. The exponent values for the MS- and MPS-
type PD were 0.48 and 0.87 due to the trap states formation
between the valance band and the intrinsic level. The PVP:Gr-
ZnTiO; nanocomposite at the M/S interface results in decreasing
the trap states and hence, the exponent value increased. The
Si-based MPS PD has a photosensitivity (S) of around 1200, an
optical responsivity (R) of 400 mA W™, and a specific detectivity
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of 1.46 x 10" Jones, which is greater than the MS-type PD and
other PDs reported in the literature. Based on these results, it
is possible to use the fabricated MPS PD with a configuration
of Al/PVP:Gr-ZnTiOs/p-Si for applications in optoelectronic
and photovoltaic devices.
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