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Abstract Abstract 
A GO:TiO2/n-Si heterostructure has been submerged in an anthocyanin dye solution that extracted from 
the red cabbage plant creates a high responsivity, self-powered UV, and visible photodetectors fabricated 
by the spray pyrolysis technique. The GO concentrations are varied, whereas TiO2 is fixed. Thin films' 
structure, shape, and optical characteristics were examined using X-ray diffraction, field emission 
scanning electron microscopy, and UV-Vis spectrophotometers respectively. Island-like polycrystalline 
film powders with grain boundaries and granular shapes are created. Two direct energy gaps between 
3.33-3.02 and 2.39-2.04 eV exist in all films. J-V characteristics were examined. The saturation current 
density (Jo), the ideality factor (n), the barrier height (φb), and the resistance (Rs) were estimated using 
the Cheung methodology and traditional methods. The GO concentration has massively lowered leakage 
current and the ideality factor. (C-V) properties were computed. As the GO concentration rises, (Vbi), (EF), 
and φb values rise, whereas the effective carrier concentration (Nd) and Δφb values decrease. 
Capacitance rapidly decreased as reverse voltage rose owing to the broadening of the heterojunction 
depletion layer led to improve photodetection. The photodetector devices were evaluated at 380–620 nm. 
These devices showed steady current across numerous cycles and great repeatability and stability. 
Calculated merit statistics included responsivity (Rλ), specific detectivity (D*), external quantum efficiency 
(EQE), photosensitivity (ξ), and noise equivalent power (NEP). The greatest values for Rλ, EQE, D* and 
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TiO2-AD/n-Si concentration. GO: TiO2-AD/n-Si self-power photodetectors have excellent weak light 
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Abstract

A GO:TiO2/n-Si heterostructure has been submerged in an anthocyanin dye solution that extracted from the red
cabbage plant creates a high responsivity, self-powered UV, and visible photodetectors fabricated by the spray pyrolysis
technique. The GO concentrations are varied, whereas TiO2 is fixed. Thin films' structure, shape, and optical charac-
teristics were examined using X-ray diffraction, field emission scanning electron microscopy, and UV-Vis spectropho-
tometers respectively. Island-like polycrystalline film powders with grain boundaries and granular shapes are created.
Two direct energy gaps between 3.33e3.02 and 2.39e2.04 eV exist in all films. J-V characteristics were examined. The
saturation current density (Jo), the ideality factor (n), the barrier height (4b), and the resistance (Rs) were estimated using
the Cheung methodology and traditional methods. The GO concentration has massively lowered leakage current and the
ideality factor. (CeV) properties were computed. As the GO concentration rises, (Vbi), (EF), and 4b values rise, whereas
the effective carrier concentration (Nd) and D4b values decrease. Capacitance rapidly decreased as reverse voltage rose
owing to the broadening of the heterojunction depletion layer led to improve photodetection. The photodetector devices
were evaluated at 380e620 nm. These devices showed steady current across numerous cycles and great repeatability and
stability. Calculated merit statistics included responsivity (Rl), specific detectivity (D*), external quantum efficiency
(EQE), photosensitivity (x), and noise equivalent power (NEP). The greatest values for Rl, EQE, D* and NEP were 0.96
A·W¡1 and 305.5%, 3.06 £ 1011 cm·Hz1/2·W¡1 and 8.39 £ 10¡13 W·Hz¡1/2 at 4: 4 GO: TiO2-AD/n-Si concentration. GO:
TiO2-AD/n-Si self-power photodetectors have excellent weak light detection, could be considered as an attractive can-
didates for optoelectronic devices such as hybrid or dye-sensitized solar cells and photodetectors.

Keywords: TiO2: GO thin films, Anthocyanin dye, Structural properties, Morphological properties, Optical properties,
Photodetector, Figure of merit of photodetector

1. Introduction

O rganic materials have been primarily used for
photodetectors because of their broad surface

area, cost-effectiveness, chemical stability, mechan-
ical flexibility, eco-friendliness, and capability to
detect specific wavelengths [1,2]. Among these solid
and long-lasting nanostructures, graphene oxide
(GO) is a compound made of carbon, oxygen, and
hydrogen that shows excellent potential in photo-
detection because of its high mobility and its high
band gap characteristics, since the combination of

both insulating sp3 and conducting sp2 regions. GO
exhibits p-type semiconductor properties [3].
Furthermore, the GO thin film demonstrates
outstanding properties in photodetectors, gas
sensing, and numerous other applications [4,5]. GO-
metal oxide hybrid structures exhibit distinct
structural and optoelectronic properties compared
to GO, making them highly suitable for detector
applications [6,7]. The metal oxide semiconductor
inorganic optical detector requires further features
to be suitable for commercial use, as it currently
exhibits slow switching speed, substantial noise
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levels, and high dark current [8,9]. Comparatively,
GO-metal oxide heterostructures show better
charge separation and reduced charge recombina-
tion [10]. Furthermore, the charges at the interface
might substantially improve the gadget's perfor-
mance. Because of this, it is essential to look into
different wide-band semiconductor nanostructures
to make a heterojunction with silicon. This will
make controlling one-color, dual-color, and multi-
color photodetection easier [11]. For example,
demonstrate that adding GO to titanium dioxide
(TiO2) decreases the optical band gap of the nano-
composite to a value lower than 2.50 eV [12]. Addi-
tionally, natural dye sensitizers are crucial to
enhancing the efficiency of photodetection.
The characteristics of a substance, such as its ab-

sorption spectrum and charge transfer properties,
primarily determine how it behaves. Natural dye is
readily accessible, simple to manufacture, cost-
effective, nontoxic, eco-friendly, and completely
biodegradable [13,14]. William et al. [15] found that
natural dyes from B. guineensis can be used to
sensitize TiO2eGO composite thin films, improving
their physical and chemical properties.
The anthocyanin family's presence typically cau-

ses their photoactivity [16,17]. Anthocyanin is a
pigment that gives fruits, flowers, and leaves a red,
blue, or purple color. The absorption spectrum of
anthocyanin falls within the visible range of light,
specifically between 450 and 580 nm. The dye
sensitizer employed can be derived from red cab-
bage [18]. It can bind to the surface of TiO2 and
transfer electrons to the conduction band of TiO2

[19,20]. In this study, a low noise, fast responding
multi-photodetector of GO:TiO2-Anthocyanin Dye
(AD)/n-Si heterostructure were fabricated using the
chemical spray pyrolysis method. This hybrid het-
erostructure is an exciting choice for detector uses
because it is good at separating charges, being
responsive, and being sensitive.

2. Experimental details

2.1. Materials

The process involved depositing GO:TiO2 films
onto n-Si substrates using the spray pyrolysis
technique and immersed them in anthocyanin dye
for 24 h. The Hummer technique is used to produce
graphene oxide by mixing 10 g graphite powder, 4 g
NaNO3, 6 g KMnO4, and 0.01 g boric acid with
100 ml of concentrated H2SO4 in an ice bath at
0e5 �C for 1 h. Gradually, 5 g of KMnO4 was added
and stirred at 35 �C for 2 h 50 ml of distilled water
was added and stirred at 95 �C for 30 min 12 ml of

H2O2 was added and mixed for 30 min at room
temperature. The suspension is then centrifuged,
washed, and filtered. The graphene oxide is then
dehydrated at 40 �C for 24 h. Amounts of 0.05, 0.1,
0.2, 0.3, 0.4, and 0.5 g of graphene oxide were dis-
solved in 10 ml of acidified ethanol solvent, yielding
ratios of 0.5%, 1%, 2%, 3%, 4%, and 5% (w/v),
respectively.
The precursor suspension was prepared by

combining 6 ml of titanium tetraisopropoxide
(TTIP), 1.2 ml of glacial acetic acid, 37 ml of deion-
ized water, and 1 ml of concentrated nitric acid. The
solution was agitated for 30 min, so a clear solution
is obtained. The mixture was then recondensed at
80 �C for 90 min. 0.4 g of titanium (IV) nanopowder,
specifically anatase from Skyspring Nanomaterials,
Inc., was added to the suspension with 10 ml of
precursor. 250 ml of deionized water and 12 ml of
acidic ethanol were added to the mixture, and the
solution underwent 10 min of sonication after
15 min of agitation.
The preparation of the anthocyanin process in-

volves chopping 50 g of red cabbage leaves with a
mixture of 100 ml of methanol, 50 ml of acetone, and
50 ml of distilled water according to the ratio (2:1:1).
The mixture is then placed in a water bath at 50 �C
for 1 h. After the time is finished, three drops of HCl
are added to the dye extract, and the solution is
filtered. The filtered solution is then placed in a
rotary evaporator to remove the ethanol, acetone,
and distilled water. The dye remains, and the solu-
tion is dried in an oven at 60 �C for 24 h. The 0.2 g of
desiccated dye is then dissolved in 40 ml of iso-
propyl alcohol and 3 ml of glacial acetic acid and
stirred for 10 min at 70 �C. Finally, 50 ml of HNO3

acid is added, causing the solution to turn red.
The experiment has been involved mixing

different concentrations of GO suspensions: 0.5%,
1%, 2%, 3%, 4%, and 5% (w/v) with a 4% (w/v) TiO2

suspension. The volume ratios were 0.5:4, 1:4, 2:4,
3:4, 4:4, and 5:4. After stirring for 30 min, the mix-
tures underwent sonication for 5 min. They were
subsequently sprayed onto an n-Si substrate. A
diluted hydrofluoric acid (HF) solution with deion-
ized water (1:10) was used to remove the SiO2 layer
already on the substrates before the spray was used.
The substrates were then dried after these processes.

2.2. Characterization of GO: TiO2-AD/n-Si films
and photodiodes

Using a Blazer union coating unit (BAE 370 ther-
mal evaporation system) under a vacuum of
10�6 mbar, aluminum pure finger-shaped metal
contacts were deposited on top of GO:TiO2-AD/n-Si
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thin films as electrodes. The aluminum electrode
mask consists of digitized fingers, each measuring
0.2 mm in width and 5 mm in length. The total size of
the device is 25 mm2, which includes an effective
transmission area of 16 mm2. Fig. 1a illustrates the
schematic diagram of a cross-section of one side
from metal contact on the photodiodes. Structural
and surface morphological properties were investi-
gated using PANalytical Aeris XRD and scanning
electron microscopy (FESEM,Model Inspect F50). An
optical analysis was conducted using a Shimadzu
1900 UV spectrophotometer to examine the optical
characteristics. The Keithley 4500 semiconductor
characterization equipment and the WK HF LCR
Meters 6500 P were used to measure the photodi-
odes' J-V and CeV characteristics. The study
measured the time-dependent photo switching using
LEDs emitting light at specific wavelengths: UV at
380 nm, blue at 460 nm, green at 550 nm, and red at
620 nm. The intensity of the LEDs was 6.17 mW/cm2

for UV, 5.61 mW/cm2 for blue, 10.38 mW/cm2 for
green, and 5.11 mW/cm2 for red. The measurements
were taken at room temperature without applying
any voltage. This can be seen in Fig. 1b.

3. Results and discussion

3.1. Structural and morphological properties

The XRD patterns of GO, TiO2 powders, and
GO:TiO2-AD are examined as shown in Fig. 2. The
GO produced showed a peak at 2q ¼ 11.7� (001)
plane and a peak at 2q ¼ 24.21� (002) plane, indi-
cating some of GO was reduced [21]. The diffraction
pattern of TiO2 indicates a maximum intensity peak
at 2q ¼ 25.28� in the (101) plane, indicating the
anatase phase [22] for tetragonal structure with
a ¼ b ¼ 3.77 Å and c ¼ 9.49 Å lattice constants
(JCPDS # 00-002-0387). The GO:TiO2 films showed
polycrystalline structure and distinct peaks at
2q ¼ 24.73�, 25.53�, 36.43�, 46.53�, and 53.56�, corre-
sponding to planes (002), (101), (004), (200), and
(211). The optimum peak is observed at the (101)

plane, which corresponds to the anatase phase of
the TiO2.The results depicted in Fig. 2 indicate dis-
appears only the GO single diffraction peak at 11.7�,
causing a clear peak at 24.21� from the (002) crys-
tallographic plane. This implies that synthesis
removes trapped within the material water. Addi-
tionally, van der Waals forces cause inter-sheet
restacking. Additionally, the ultrathin nanosheet
forms a conjugate network [23]. Crystallite size was
estimated using the Scherrer formula [24].

D¼ 0:94l
b cosq

ð1Þ

where b is the peak's full width at half maximum
(FWHM) height, l represents the incident wave-
length of X-ray, and q represents Bragg's diffraction
angle. The crystallite sizes were found by taking the
preferred (hkl) plane of GO (001) and (101) for TiO2

and GO:TiO2 powders. It was 4.46 nm for GO,
15.65 nm for TiO2, 19.84, 19.38, 18.52, 17.32, 16.61, and
15.04 nm for GO:TiO2 ratios of 0.5:4, 1:4, 2:4, 3:4, 4:4,
and 5:4 respectively. The results show that increasing

Fig. 1. (a) Schematics of a cross-section of one side from metal contact, (b) photodetector measurement circuit.

Fig. 2. X-ray diffraction of (a) GO, (b) TiO2, (c) 0.5:4, (d) 1:4, (e) 2:4, (f)
3:4, (g) 4:4 and (h) 5:4 % GO:TiO2-AD powders.
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GO concentrations reduces crystallite size, which
increases surface area and photodetectivity.
Figure 3 illustrates that GO:TiO2-AD films have a

surface morphology defined by several clusters or
agglomerates randomly dispersed on the upper
surface of the films. The TiO2 nanoparticles were
effectively deposited onto the GO plane, which ex-
hibits a flat shape with slight creases. Because the
TiO2 nanoparticles tended to aggregate into large
particles, the TiO2 nanoparticles were well distrib-
uted on the GO nano-sheets [21].
The increment in GO concentration forms a

continuous network with TiO2, due to the conduc-
tance properties of graphene. This network is
characterized by path wayes that facilitate the
mobility of charge carriers, resulting in a low level of
electrical resistance. Moreover, the agglomeration of
TiO2 enhance the photodetectivity activity by effec-
tively separating the photogenerated charge pairs
through inter-particle charge transfer inside the
agglomerates [15,25].

3.2. Optical properties

Figure 4a exhibits the absorption spectra in the
visible region of the GO:TiO2 nanocomposite films

immersed in anthocyanin dyesensitized. The films
have distinctive absorbance at around 580 nm also
at the range 400e800 nm. One can observe that the
absorbance decreases with increasing wavelength
from 300 to around 500 nm, while it increases with
increasing GO ratio. On the other hand, the absor-
bance becomes constant for wavelengths more than
700 nm. The energy band gaps of prepared thin
films can be determined by analyzing Tauc plot
using Equation (2) [26].

ahn¼Aðhn�EgÞn ð2Þ

where a represents the absorption coefficient, A is
the constant of proportionality, hy is the incident
energy, and Eg is the material's band gap. The pre-
pared films have allowed a direct energy gap; the
value of n is assumed to be 1/2. Consequently,
Equation (2) can be expressed as

ahn¼A
�
hn�Eg

�1
2 ð3Þ

Figure 4b depicts the relationship between the
(ahy)2 and the photon energy of GO:TiO2 eAD thin
films. This data suggests that all films have direct
energy gap characteristics. The addition of antho-
cyanin, a natural sensitizer, enhances the visible

Fig. 3. . FESEM images of GO:TiO2-AD thin films at varies GO ratio% (a) 0.5:4; (b) 1:4; (c) 2:4; (d) 3:4; (e) 4:4; (f) 5:4.
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region of the electromagnetic spectrum. Anthocya-
nins possess chromophore groups in its their
chemical structure, allowing them to selectively
absorb light within a specific range of the electro-
magnetic spectrum. The experimental results
revealed the existence of two distinct energy gaps,
one includes the ultraviolet wavelength due to p-p*
transitions of aromatic bonds C¼C and n-p* for
transitions of aromatic bonds C¼O corresponds to
the range of visible wavelengths [27,28]. The value
of the first energy gap viration between 3.33 and
3.02 eV, while the second energy gap have values
2.39 to 2.04 eV. Another significant change is that the
GO concentration increase caused a reduction in the
energy gap. This has significantly affected the
photodetector characteristics of GO:TiO2eAD thin
films under visible light exposure [15].

3.3. Electrical properties

The ideality factor and barrier height values of the
diodes were determined by analyzing the J-V char-
acteristics using the thermionic emission mecha-
nism, as described by the following Equations [29].

J0¼A*T2 exp
��q4b

kBT

�
ð4Þ

4b¼
kBT
q

ln
�
A*T2

J0

�
ð5Þ

where 4b the barrier height, J0 is the saturation
current density, kB is the Boltzmann constant, T is

the absolute temperature and A* is the Richardson
constant (A ¼ 45.84 A/cm�2K�2) which is calculated
from relation [30]:

A*¼
�
4pem*k2

B

�
h3 z120

m*

m0
ð6Þ

where m* effective mass of GO and TiO2 are 0.41m0

and 5.6m0, respectively. The value of the ideality
factor, n, was calculated from the slope of the linear
region of the forward bias ln(J)-V plot in Fig. 5 using
the following relation [29]:

Fig. 4. (a) Absorbance spectra (b) Variation of (ahn)2 vs photon energy of GO:TiO2-AD thin films, whereas the inset (a) Anthocyanin dye (b) the
second energy gap.

Fig. 5. The forward and reverse bias semi logarithmic JeV character-
istics for GO:TiO2-AD/n-Si.
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n¼ q
kBT

�
dv
dlnJ

�
ð7Þ

The values of n obtained are significant, allowing
for the analysis of the J-V characteristics of the di-
odes using the Cheung and Cheung technique [31].
This is due to the deviation of the ideality factor
from the ideal value (n > 1), caused by both the
series resistance and the non-uniform thickness of
the films [32]. The series resistance is a crucial
parameter that considerably impacts the electrical
properties of Schottky barrier contacts. The interface
layer between the metal and the semiconductor af-
fects the resistance (Rs) and deviates from the ideal
current densityevoltage characteristics under for-
ward bias. Barrier height (4b), ideality factor, and
resistance (Rs) values are calculated using Equations
[18]:�

dv
dlnJ

�
¼nkBT

q
þ JRs ð8Þ

HðJÞ¼V�nkBT
q

ln
�

J
A*T2

�
ð9Þ

and H(J) is given by

HðJÞ¼n4b þ JRs ð10Þ
The term JRs in Equation (8) refers to the voltage

drop across the series resistance of the device. The
plots of dV/d(lnJ) and H(J) versus J for various GO
ratio are displayed in Fig. 6. A plot in Fig. 6a shows
dV/d(lnJ) versus J. The slope of the linear regression
plot gives Rs. Simultaneously, nkBT/q is the y-axis
intercept from Equation (8).
The ideality factor derived from this method is

lower than that obtained from the thermionic

emission method due to the voltage drop across the
series resistance.
Plotting the correlation between H(J) and J, as

illustrated in Fig. 6b. The slope provides a different
determination of Rs by employing the calculated
ideality factor from Equation (5), the value of barrier
height, 4b, is determined from the y-axis intercept
and Equation (10) [22]. This is relatively consistent
with the barrier height in the thermionic emission
model. Table 1 demonstrates the GO ratio's signifi-
cant impact on reducing the leakage current density
and ideality factor. The higher barrier height
resulting from the numerous surface states on the
nanostructured films can account for this decrease.
The presence of surface states can be attributed to
the higher concentration of oxygen vacancies and
the anthocyanin dye layer. These surface states
occur between the metal's native oxide layer and the
contamination present at the metalesemiconductor
interface. This implies that the barrier height may
be regulated by choosing suitable interface mate-
rials, which is a significant benefit for the MOS
junctions [33].
Figure 7 illustrates the relation between 1/C2

versus applied voltage at 1 MHz and 308 K. The
linear relationship observed in the plot suggests an
abrupt junction. The relationship between the slope
of the plot and the effective carrier concentration Nd

has been demonstrated, as indicated by Ref. [34].

Nd¼ �
 

2
q3s30A2

!�
d
�
1
�
C2

dv

��1

ð11Þ

where 3S and 3ο represent the relative permittivity of
the semiconductor and vacuum, respectively, A is

Fig. 6. Plot of (a) dv/dlnJ vs current density, (b) H(J) vs current density for GO:TiO2-AD/n-Si.
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the cross-section area of diode, the intersection of
line 1/C2 with the x-axis represents the built-in
voltage, Vbi. Based on the CeV plot, the curve
intersecting the y-axis reveals the device's capaci-
tance Co. This value is obtained at zero bias, indi-
cating the thickness of the depletion region Wd,
calculated using the relation [35].

Wd¼ 330A
C0

ð12Þ

The CeV characteristics were used to determine
the Fb, Fermi energy (EF), effective density of states
(Nc) for electrons in the semiconductor conduction
bands (EC). The image force lowering of barrier
height and Emax using the following relations [34,35]:

4bðc� vÞ¼Vbi þ kBT
q

þEF �D4b ð13Þ

EF¼kBT
q

�
Nc

Nd

�
ð14Þ

Nc¼4:82� 1015T
3
2

�
m*

e

m0

�3
2

ð15Þ

D4b¼
�
qEmax

4p303

�1
2

ð16Þ

Emax¼2Vbi

Wd
ð17Þ

The calculated values are listed in Table 2. Vbi, EF,
and 4b values rise as the GO ratio increases. How-
ever, the values of Nd and D4b showed declinations
except for 5% GO. Additionally, it has been noted
that the barrier height increases as the image force
barrier decreases. The photodiode's (CeV) charac-
teristic exhibits the p-n junction's typical behavior.
The capacitance exhibited a rapid declination as the
reverse voltage increased, owing to the widening of
the depletion layer in the heterojunction. A growth
in the depletion layer width could be advantageous
for enhancing photosensitivity and improving
response speed. Based on the aforementioned
experimental findings, Fig. 8 depicts the schematic
energy band diagram for the heterojunction at zero
bias. The dye was adsorbed onto TiO2 molecules
through chelation, creating a TieOeC link. It is
connected to GO sheets through pep* stacking
through the carboxyl group, which possesses hole
transfer capabilities [36]. When the GO: TiO2 com-
posite is applied to silicon, it equilibrates the Fermi
energy. Under thermal equilibrium conditions,
electron and hole diffusion and drift create a
depletion zone at the interface, resulting from a
positively charged Si site with a negatively charged
TiO2 at the GO:TiO2/n-Si junction. This creates an
inherent, integrated electric field that persists
without external influence in the self-powered
photodetector.
Furthermore, Anthocyanin dye is inserted be-

tween GO:TiO2 nanocomposites and Si, altering the
energy band structure. GO possesses several char-
acteristics, including nuclei, bonded chemical en-
tities, and an elongated p-p* configuration of
carbon atoms, allowing for manipulating surface

Fig. 7. The reverse bias (1/C2eV) and CeV plot (in the inset) of
GO:TiO2-AD/n-Si.

Table 1. The values of n, Rs, Fb and Js for GO: TiO2-AD/n-Si.

GO:TiO2-AD/nSi J-V Cheung Js mA

n Fb eV H(J) dv/dlnJ

n Fb eV Rs U$cm
�2 Rs U$cm

�2

0.5:4 4.8 0.70 4.7 0.68 707 462 9.8
1:4 3.1 0.72 3.1 0.70 662 653 8.9
2:4 2.7 0.73 2.6 0.71 67 41 5.93
3:4 2.4 0.75 2.3 0.73 40 39 3.96
4:4 2.2 0.77 2.1 0.75 36 30 3.21
5:4 2.6 0.71 2.6 0.70 42 38 9.17
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states and intrinsic emissions. The interaction be-
tween GO sheets, TiO2 defect centers, and antho-
cyanin dye creates chemical bonds and a boundary
effect, creating sublevels (traps) that facilitate elec-
tron transitions; the interface trap charges substan-
tially impact the improvement of photocurrent and
lead to novel characteristics in the detection
behavior [37]. Following exposure to visible irradi-
ation, anthocyanin molecules absorb light, gener-
ating electronehole pairs (excitons) that migrate to
the interface between anthocyanin and the TiO2

layer. GO enhances electron transfer efficiency due
to its electrical properties and large surface area,
potentially facilitating charge transport between the
layers. The transferred electrons in the TiO2 layer
move toward the electrode, while the holes in the
anthocyanin layer move toward the n-Si substrate.
This movement creates a potential difference across
the heterojunction. Fig. 9 depicts the shifts in the
conduction band sublevels induced by the GO sheet
toward the valence band of TiO2.
Titanium dioxide absorbs ultraviolet (UV) light at

a wavelength of 380 nm in its valence band. Absorbs
blue light with a wavelength of 460 nm through the
GO:TiO2-AD nanocomposite when the sp2 clusters
move from being alone to joining with the sp3 CeO
matrix. The defects and vacancy concentration have
increased transitions from the conduction band to

the valence band, particularly from V.B. (C. B/Oi,
/VTi, VO/V.B, and Oi). These transitions are
linked to the absorption of wavelengths between 520
and 620 nm [38,39].

3.4. Photodetector properties

Figure 10(a-d) display the photodetector device's
current versus time (I-t) graph. The device was
tested at wavelengths of 380, 460, 520, and 620 nm,
with power intensities of 6.17, 5.61, 10.38, and
5.11 mW/cm2, respectively. These tests were con-
ducted without applying any bias voltage. The
gadget demonstrated consistent current during
multiple cycles, displaying excellent repeatability
and stability. The photodetector's rise time (tRise) is
the duration for the photocurrent to reach 90% of its
maximum value, starting from its initial dark cur-
rent value. The photodetector's decay time (tDecay)
refers to the duration it takes for the photodetector's
dark current value decrease to 10% of its initial
photocurrent value [40]. Photoresponsivity (Rl) re-
fers to the ratio between the output electrical signal
and the incident optical power at a specific wave-
length [41].

Rl¼
Iphoto
PinS

ð18Þ

Fig. 8. Schematic energy band diagrams for the heterojunction at zero
bias of GO:TiO2-AD/n-Si.

Fig. 9. Schematic energy band diagrams under illumination for
GO:TiO2-AD/n-Si heterojunction.

Table 2. The electrical parameters from (1/C2eV) characteristics for GO:TiO2-AD/n-Si.

GO:TiO2-AD C0 nF Vbi Volt Nd ˟ 1016 cm�3 Emax˟10
4 V/m Wd nm EF eV Fb eV DFb meV

0.5:4 7.80 0.67 2.74 8.36 160 0.14 0.83 1.09
1:4 6.62 0.52 1.44 6.49 160 0.16 0.70 0.84
2:4 5.52 0.57 1.15 6.49 175 0.16 0.76 0.84
3:4 3.52 0.59 0.473 3.96 297 0.19 0.80 0.51
4:4 2.56 0.61 0.249 3.22 378 0.20 0.84 0.41
5:4 5.82 0.61 1.21 6.27 194 0.17 0.80 0.81
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The generated photocurrent is denoted as Iphoto,
the active area of the photodetector is represented
by S, and the strength of incident radiation or light
is indicated as Pin. External quantum efficiency (h)
refers to the ratio of the number of charge carriers a
device generates to the number of photons incident
on the device. It provides insight into the efficacy of
photodetectors in converting photons into distinct
charge carriers. The term refers to the proportion of
holes or electrons that are transformed through the
stimulation of photons by an energy source. The
evaluation is conducted by employing the following
Equations [39,41]:

EQEðhÞ¼ Iphoto
PinS

�hc
ql

� 100% ð19Þ

EQEðhÞ¼R�hc
ql

� 100% ð20Þ

where h represents the Planck constant, c represents
the velocity of light, and q is the unit of electric
charge. Photosensitivity (x) refers to the variation in
current about the dark current. The photosensitivity
is the quotient of the change in current (DI) divided
by the dark current [42].

x¼ Iphoto�Idark

Idark
ð21Þ

Specific detectivity (D*) of photodetector refers to
its capacity to detect low-intensity signals given by
Ref. [43]:

Fig. 10. The variation of photocurrent with time for GO: TiO2-AD/n-Si self-power photodetectors (SPPDs) under various wavelengths and light
intensities (a) 380 nm with 6.17 mW/cm2 (b) 460 nm with 5.61 mW/cm2 (c) 520 nm with 10.38 mW/cm2 (d) 620 nm with 5.11 mW/cm2.
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D*¼
ffiffiffiffiffi
Sf

p

NEP
ð22Þ

where f is the bandwidth, the acronym NEP stands
for noise equivalent power. It is appraised.

NEP¼ in
R

ð23Þ

where in represents the dark current noise.
Fig. 11(a-d) shows the values of photosensitivity
(x), responsivity (Rl), noise equivalent power(NEP)
and specific detectivity (D*) versus wavelengths of
GO:TiO2-AD/n-Si thin films. Table 3 illustrates
that the most significant values of x, Rl, h, NEP,
D* and rise time (tRise) of the GO:TiO2-AD/n-Si
photodetector were evaluated at concentration 4:4
GO:TiO2-AD/n-Si at wavelength 380 nm to be
8851, 0.96 A$W�1, 305.5%, 8.39 � 10�13 W$Hz�1/2,

3.06 � 1011 Jones and 0.79 s respectively, indi-
cating the detection ability of the GO:TiO2-AD/n-
Si SPPDs. These values are closed to that pub-
lished in SPPDs literatures [44e48].
EQE slightly decreases at wavelength 520 nm,

possibly due to the loss of high energy photons at
the heterojunction surface. The high concentra-
tion of GO may be useless as it may reduce the
external quantum efficiency and responsivity of
the device, as noted at concentration 5:4
GO:TiO2-AD/n-Si. This may be attributed to the
photo desorption of oxygen on the GO:TiO2-AD
surface, leading to a reduction in the photocur-
rent. The oxygen molecules act as electron ac-
ceptors and confer p-type doping on GO [49], so
the conductivity will decrease when oxygen is
desorbed from the GO:TiO2-AD surface under
illumination.

Fig. 11. Variation of (a) photoresponsivity vs wavelength (b) EQE vs wavelength (c) D* vs wavelength (d) NEP vs wavelength for GO: TiO2- AD/n-Si
self-power photodetectors (SPPDs).
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4. Conclusions

The GO: TiO2-AD/n-Si photodetectors synthe-
sized successfully with different concentrations of
GO have been deposited using a spray pyrolysis
deposition technique. Through XRD examinations,
the polycrystalline structure of GO: TiO2 films with
anatase phase were confirmed. The crystallite sizes
were decreased with increasing GO concentration.
The morphology for films has several agglomerates
randomly dispersed on the upper surface of the
films. As the GO concentration increases, a contin-
uous network with TiO2 forms. The data reveals that
all films have allowed direct energy gap which are
decreased with increasing the GO concentration.
The type of junction is abrupt. The width of deple-
tion layer and 4b increase with increasing GO con-
centration from 1 to 4%, whereas the Nd decreases.
The increment of GO concentration caused increase
in photoresponsivity, photosensitivity and specific
detectivity for various wavelength. The prepared
detector for 4: 4 GO: TiO2-AD/n-Si concentration
has greatest values for figure of merit. This study
presents a rapid response multi photodetector with
low noise constructed using a GO:TiO2-AD/n-Si
heterostructure. The demonstrated effective charge
separation capabilities, responsivity, and sensitivity
make this heterostructure an exciting choice for
detector applications. These results are promising
for the development of next generation optoelec-
tronic devices, such as hybrid or dye sensitized solar
cells, ultraviolet and visible detectors.
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