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Abstract

In this study, we investigated the effect of different reducing agents (ascorbic acid and sodium
boron hydride) on optoelectronic properties of TiO,:Cu,0O nanocomposites. The TiO,:Cu,O
nanocomposites were characterized using X-ray diffractometry (XRD), Fourier transform
infrared spectroscopy (FTIR), Field Emission Scanning Electron Microscopy (FESEM), and
Energy dispersive X-ray (EDX). The electronic properties of the structure were calculated
with the density functional theory (DFT). Both devices showed good responsivity and detec-
tivity against light intensities. The photosensitivity of the devices had linear increasing profile
with increasing light power. It is noteworthy that both devices demonstrated well-rectifying
behaviors as a result of having low reverse bias and greater forward bias currents at the -V
characteristics in low light. The reduction of the band gap shifted the absorption band gap
from the visible light region to the red edge. Density Functional Theory (DFT) calculations
which has been done by using CASTEP are in good agreement with our experimental results.
Ti(; _Cu O, (7.5:1) band gap is 1.18 eV which is compared to the Shockley ve Quiser (SQ)
limit. Ti; _,)Cu,O, (15:1) band gap is 1.83 eV while the band gap is 2.28 eV for stoichio-
metric TiO, with our DFT calculations. Thus, the band gap narrowed with increasing Cu
amount. This provides an improvement in light absorption. In conclusion, the results demon-
strate that Al/TiO,:Cu,O/p-Si can be used in optoelectronic applications.

Keywords Nanocomposite - Photodiode - TiO,:Cu,O - Ultrasonic spray pyrolysis - DFT

1 Introduction

Despite the fact that modern semiconductor devices have only been around for 70 years, they
have had a significant impact on human society (Al-Ahmadi 2020). The ohmic junction and
the rectifying (also known as Schottky) junction are two perfect devices that come from close
contact between a metal and a semiconductor (Di Bartolomeo 2016). Schottky heterojunctions
function like a diode or rectifier, allowing carrier transmission at forward biases but prohibit-
ing it at reverse biases (Demircioglu et al. 2011). They collect charge and energy in the inter-
face when thought of as a capacitor. At reverse biases, they can also be used as a photodiode
or photodetector (Yildirim and Kocyigit 2018).
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Metal-semiconductor heterojunctions have a wide range of applications such as photovol-
taic cells, rectifiers, capacitors, photodiodes, photodetectors and transistors (Jin et al. 2015;
Kocyigit et al. 2018; Konenkamp et al. 2005; Munikrishana Reddy et al. 2013; Orak et al.
2017; Yakuphanoglu 2007a; Yildirim et al. 2022; Yiicedag et al. 2014). Among them, when
compared to pn junction diodes, Schottky diodes offer a higher switching speed and tempera-
ture stability (Kyoung et al. 2016). Because Schottky diodes rely on majority carriers to oper-
ate (Anthopoulos et al. 2006).

Photodiodes are one of the most effective devices for converting light intensity into an
electrical signal. The photodiode’s characteristics determine how effectively the conversion
process works. One of the most important advantages of photodiodes is that there quantum
efficiency is independent of the junction distance. In this case, the wide-bandgap material acts
as a transparent window for the incoming optical energy to pass through (Karatas et al. 2018;
Mekki et al. 2016). When heterojunction structures are polarized in the opposite direction,
their reverse current changes proportionally to the light falling on them. As is well known,
when diodes are polarized in the opposite direction, reverse currents occur at the level of A
or nA. Therefore, photodiodes are made on the principle that reverse currents increase as the
amount of light falling on them increases (Orak et al. 2017; Yilmaz et al. 2015). The active
layer should be thin, often less than 100 nm, because of the poor mobility of charge carriers
in these materials. Thinner layers allow better charge transmission, but they also lower the
amount of light that is absorbed (Nyberg 2004).

The use of organics, metal oxides, and nanocrystals materials to improve the electrical
properties of diodes is gaining popularity (Gullu et al. 2022; Karadeniz et al. 2022; Kocyigit
et al. 2022a, c; Kogyigit et al. 2021; Yathisha et al. 2019a, b; Yathisha and Nayaka 2020;
Yildirim et al. 2019). In electrical and optoelectronic applications, metal oxide semiconduc-
tors have received a lot of attention. The most versatile and well-known metal oxide com-
pounds include titanium dioxide (TiO,), copper(I) oxide (Cu,0O), cadmium oxide (CdO),
nickel oxide (NiO), zinc oxide (ZnO), and tin oxide (SnO,). Cu,O has been utilized in applica-
tion of solar cell (Wei et al. 2012; Zang 2018), photodetectors (Bai and Zhang 2016), diodes
(Watahiki et al. 2017) and transistors (Yao et al. 2012). On the other hand, TiO, is another
eminent metal oxide used in optoelectronic with a large bandgap of 3.2 eV (Dette et al. 2014).
In the wavelength range of 300-1000 nm, the average transmittance of TiO, monolayer depos-
ited on glass substrates was found higher than 95% (Shinen et al. 2018).

Within this study, we aimed to investigate the effects of different reducing agents on struc-
ture, morphology, and optoelectronic properties of the TiO,:Cu,O nanocomposites. To the
best of our knowledge, there is no study showing a minor change in synthesis of nanocom-
posites that could affect the efficiency of heterojunctions. On the scope this study, TiO,:Cu,O
complex is synthesized and utilized as interlayer in Al/TiO,:Cu,O/p-Si heterostructure.
Ti0,:Cu,0 layer is investigated morphologically via FESEM, EDX, XRD, and FTIR. The
electrical properties of TiO,:Cu,O are investigated in detail via current-voltage and current-
transient measurements via FY 7000 Solar Simulator.

2 Experimental
2.1 Material

All of the compounds used were of the analytical grade, and were employed without
further purification. Titanium(IV) isopropoxide, (C;,H,30,Ti, purity 99% Fluka) was
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used as a starting precursor for synthesizing crystalline TiO, particles. Copper nitrate as
a dopant precursor, propan-2-ol, ethanol, acetic acid, ascorbic acid, and sodium dodecyl
sulfate (SDS) were purchased from Merck (Germany). Ultra-pure water with a resistiv-
ity of 18.2 MQ cm was obtained from a Milli-Q system (Millipore, USA). Hydrofluoric
acid (HF, 48%), isopropyl alcohol ((CH;),CHOH, >99.7%), and acetone (CH;COCHS,,
>99.5%) were obtained from Merck. Boron doped Si with (111) orientation, 1-20 Q cm
resistivity and 500-550 pm thickness was purchased from Wafer World. 99.99% aluminum
(Al) was purchased form Sigma-Aldrich to obtain ohmic and metallic contacts.

2.2 The synthesis of TiO,:Cu,0 complexes

Synthesis of TiO,:Cu,O oxide complexes was carried out by hydrothermal method. In the
initial step, 24 mL of the solvent (propan-2-ol) and the required quantity of titanium(IV)
isopropoxide were added to a reactor using a Daihan-MSH-20D high-speed stirrer. Using
a burette, 0.1% copper nitrate aqueous solution was continuously added to this mixture.
At room temperature and 500 rpm, the mixture was stirred. To achieve pH 4.5, 3 mL
of a 0.2 mol/L acetic acid solution was then gradually added to the mixture. As reduct-
ant agents, 0.1 mL of 0.1 mol/L ascorbic acid and sodium boron hydride were used and
mixed with 1 mL of 0.1 mol/L. sodium dodecyl sulfate separately. After that, the resulting
mixture was added to the suspension. Resulting solution was stirred at room temperature
for 60 min. After which it was placed in an oven and hydrothermally treated for 12 h at
180 °C. The materials collected from the hydrothermal reactor were filtered and washed
three times with deionized water before being cooled at ambient temperature. The resulting
Ti0,:Cu,0O oxide complexes were dried at 60 °C for 6 h. TiO,:Cu,O complexes synthe-
sized via ascorbic acid and sodium boron hydride reducing agents were labled as M1 and
M2, respectively.

2.3 Fabrication

Ti0,:Cu,0 nanocomposite synthesized via ascorbic acid as reducing agent (M1) and
Ti0,:Cu,O nanocomposites synthesized via sodium boron hydride as reducing agent (M2)
were used as interlayers to fabricate Al/M1/p-Si (D1) and Al/M2/p-Si (D2) photodiode
device, respectively. Si wafers were cut into 15 mm? pieces after being cleaned using the
RCA cleaning technique (Kern and Puotinen 1970). To remove the contaminants, p-type
Si pieces were subjected to an HF:H,O (1:10) treatment. They were then transported to a
thermal evaporator to make ohmic contacts after cleaning. At 6x 107 Torr, a 100 nm Al
layer was deposited on the back of Si wafers. They were then subjected to a 500 °C temper-
ature for five minutes in a N, environment. TiO,:Cu,O nanocomposites were added to dis-
tilled water (5 g/L concentration), then put onto magnetic stirrer for 1 h. TiO,:Cu,O solu-
tion was deposited on the front surface of the wafer via ultrasonic spray pyrolysis (USP).
5 mL of the TiO,:Cu,O solution was placed in ultrasonic nebulizer vibrated at a frequency
of 50 kHz. With 3 cm spacing between the plate and the nozzle and a 25 mL/h spray rate,
USP was carried out as the nozzle moved on a hot plate that had been annealed at 200 °C.
Al was evaporated onto the TiO,:Cu,O surface using a 1 mm hole array mask to produce
metallic contact at 5x 107 Torr. Figure 1 displays a schematic representation of the fabri-
cated heterojunction.
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Fig. 1 Schematic structure of the
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Fig.2 XRD pattern of a M1 and b M2

3 Results and discussion
3.1 Morphological analysis

Particularly for crystalline materials, X-ray diffraction (XRD) is a trusted and common
identification method (Barakat et al. 2013). Using the XRD, the crystal characteristics of
the produced binary oxide systems were investigated. It was performed at 40 kV and 40 mA
with a 0.02° step angle in the 20=10°-90°. DiffracPlus and Win-Metric applications were
used to index the XRD powder pattern; and to determine the unit cell parameters.

As can be seen from Fig. 2, the samples show peaks corresponding to the tetragonal and
orthorhombic phases at two values of green and blue peaks respectively. Additonally, the
sample peak (01-073-6237, red peak) is Cu,O. This is attributed to reactions of tetragonal
and orthorhombic TiO, which is compared with JCPDS Card No. (21-1272). (101), (110),
(111), (200), (115), (213), (220), (222), and (224) planes were observed at 20=25.4°,
30.6°, 37.7°,47.9°, 54.6°, 63.0°, 69.6°, 75.2°, and 82.9°, respectively.

Parameters such as crystallite size (D), microstrain (¢), texture coefficient and dislo-
cation density (p) can be calculated as described in (Yathisha et al. 2016; Yathisha and
Arthoba Nayaka 2018). Sharp diffraction peaks indicate the crystallinity of the materials,
whereas irregular or curved surfaces indicate amorphous structure. The texture coefficients
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of the synthesized TiO,:Cu,O films provide a numerical description of the texture of the
planes. The values of the planes’ (TC ) coefficients are given by the following relation:

Loy / oy
N=YX o Ty Moguay

1 g stands for the peak intensities, Iy, is the standard reference intensity value for the
(hkl) planes, and the number of diffraction lines overall is N. To investigate the influence
of the microstructural characteristics, parameters such as the crystallite size (D), micro-
strain (&), and dislocation density (p) were calculated from XRD graphs using the follow-
ing equations:

TC(hkl) = (1)

0.941
D=
P cosf @)
P cosf
15¢
P=-5 )

@, p, and A stand for the Bragg’s diffraction angle, the peak’s FWHM value, and the X-ray
wavelength, respectively. Considering the lattice constant of TiO, as 4.84 A and Cu,O0
as 4.26 A (Wisz et al. 2023), parameters of D, ¢ and p values were calculated for (101),
(110), (111), (200), (115), (213), (220), (222), and (224) planes, as shown in Table 1. M1
and M2 indicate mean crystallite sizes of 4.70 nm and 4.57 nm, respectively. Mean micro-
strain values for M1 and M2 were calculated as 8.782x 10~ and 8.363 x 107>, respectively.
Mean dislocation density values for M1 and M2 were calculated as 8.188x 10" cm~2 and
6.719x 107 cm~2, respectively.

The surface morphology of TiO,:Cu,0O binary oxide system was investigated by FESEM
(Zeiss Gemini 500) with EDX to carry out the characterization studies of the materials pre-
pared in the present study.

FESEM images of TiO,:Cu,O microspheres synthesized at pH~4.5, for 12 h at 180 °C
is shown in Fig. 3. The surface of the chemically synthesized TiO,:Cu,O powder was com-
posed of small particles, as seen in the FESEM images. At 180 °C, the nanoparticles were
compacted together, making it challenging to measure the size of each particle. Although
all of the FESEM images of the compositions are identical to one another, their sizes vary.
Therefore, the hydrothermal method creates stable gels that result in smaller nanoparticles.
They are observed to be in a moderate aggregation state. The particles are finer but their
edges were not sharp, and their distributions were homogeneous when FESEM images
were examined. Using measurements taken while varying the temperature and pH param-
eters, the optimal experimental conditions were found as a consequence of all optimization
studies. The ideal calcination temperature is 180 °C for 12 h, and the ideal pH is 4.5.

Particle measurements were calculated by Imagel] program, shown in Fig. 4. M1 has
average particle size of 38 nm, whereas M2 particles were smaller compared to M1 with an
average particle size of 29 nm.

Additionally, EDX was used to identify the components of the composite materials, as
shown in Fig. 5. The synthesized materials are compatible with the synthesized stoichiom-
etry, according to the EDX studies.
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Table 1 Parameters extracted from XRD graphs

Nanocomposite ~ Planes ~ Peak intensity ~ TCg,,,  Crystallite ~ Microstrain  Dislocation den-
size(am)  (&)x 107 sity (107 xcm™2)

Ml (101) 2934 2.52 7.39 4.89 221

(110) 903 0.77 2.22 16.3 24.47

(111) 1126 0.97 2.86 12.66 14.76

(200) 1191 1.02 4.76 7.6 5.32

(115) 1184 1.02 3.97 9.13 7.67

(213) 903 0.77 4.10 8.83 7.18

(220) 773 0.66 4.75 7.62 5.35

(222) 751 0.64 5.39 6.72 4.15

(224) 730 0.63 6.84 5.29 2.57
M2 (101) 3323 2.67 7.69 4.70 2.04

(110) 1020 0.82 3.34 10.82 10.78

(111) 1180 0.95 3.47 10.44 10.04

(200) 1238 0.99 4.93 7.34 4.96

(115) 1204 0.97 5.07 7.14 4.70

(213) 952 0.76 4.21 8.60 6.82

(220) 792 0.63 3.97 9.12 7.66

(222) 768 0.61 4.13 8.76 7.07

(224) 742 0.59 4.35 8.31 6.37

Fig. 3. 10,000x magnfied images of a M1 and b M2 nanocomposites, 50,000 magnified images of ¢ M1

and d M2 nanocomposites
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The TiO,:Cu,O microsphere created using the hydrothermal method’s FTIR spectrum
is shown in Fig. 6 and its spectrum displays a number of distinctive peaks. The stress in
the metal oxide’s vibration mode (M—O) may be responsible for the peaks in the range of
47-458 cm™!. The XRD evidence that supports the formation of the metal oxides Ti and
Cu:Ti is supported by the stretching vibration mode of the metal oxide.

3.2 Electrical properties

Electrical characteristics of the TiO,:Cu,O interlayered photodiode was obtained by /-V
measurements. Figure 7a and b show the In/ — V characteristics of the D1 and D2 photo-
diodes under 0, 20, 40, 60, 80, and 100 mW/cm? illumination intensities. Given that light
causes the current to increase at both zero and the reverse bias voltage, the constructed
heterostructures exhibit excellent photodiode behavior.

Rectifying ratio (RR) plots of the D1 and D2 photodiodes has been calculated using
RR = Iforward/Ireverse formula at +3 V, and illustrated in Fig. 8. The highest RR value
was obtained under dark condition. It had good rectifying qualities because in the dark,
it had a higher forward bias current and a lower reverse bias current. Generally, the RR
values of the devices were decreased by increasing illumination. The D1 Photodiode has
higher RR profile compared to D2 device.

Several methods, including thermionic emission, Norde and Cheung approximations, can
be used to determine the photodiode parameters. The values for the ideality factor (n), series
resistance (R,), and barrier height (@) were computed using the methods indicated above and
are shown in Table 2. According to the thermionic emission theory, V> 3kT is assumed and
the following equations can be used (Yildirim 2017):

30
B M1
2
254
20
)
2]
82 154
=
=2
7]
=
104
5-
0-4

10 20 30 40 50 60 70 80

Diameter (nm)

Fig.4 Diameter calculation of M1 and M2 nanocomposites
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100 pm

Fig.5 EDX pattern of a, b M1, and ¢, d M2
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here, 1, stands for saturation current, n is ideality factor, ¢ is electronic charge, A is con-
tact area used in measurements, A* is Richardson constant (for p type silicon, A*=32 A/
cm? K?), & barrier height and T is the absolute temperature. The 7 and @ are calculated
via the following equations for V > 3kT/q.
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Saturation currents of M1 and M2 interlayered devices were increased to 5.40x 107 A
and 1.78 x 107 under 100 mW/cm?. Ideality factor was calculated as 2.33 and 1.47 under
100 mW/cm? for the M1 and M2 interlayered devices, respectively. Barrier height were
calculated according to /,, values and were found as 0.514 eV and 0.542 eV under 100 mW/
cm? for M1 and M2 interlayered devices, respectively. Ideality factor and barrier height of
the both devices were calculated under 0, 20, 40, 60, 80 and 100 mW/cm? illumination,
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shown in Fig. 9a and b. As seen in Fig. 9b, the increase in charge carriers with illumina-
tion is what causes the drop in barrier height values with an increase in light intensity (Li
et al. 2017). For all devices, the ideality factor values increased as the light power intensity
increased due to an increase in forward bias current velocity (Kocyigit et al. 2022b).
According to Cheung’s approach, the current is given by the following equation:

g(V - IR,
1= I&xp(—%) )

where IR, is the voltage difference falling across the series resistance. The following rela-
tions can be obtained for the Cheung approximation:

dv kT

=IR —
d(Inl) st q ®)
vV N L
HI)=V n< 7 >ln<AA*T2> )
where H(I) is rearranged:
H(I) = IR, + n®y (10)

The functions listed above result in a linear variation in current when Egs. (8) and (9)
are plotted versus current. The values where this graph cuts the slope and the y-axis,
respectively, can be used to determine R, and n% if the dV/(d(Inl)) — I change is plotted.

@5 and R, value can be calculated using these values. However, if a graph of H(/) versus /
is drawn, Rs and n®y values can be calculated from the point where this graph cuts the
slope and y-axis, respectively (Cheung and Cheung 1986). The Cheung plots of the D1 and
D2 devices were shown in Fig. 10a and b, respectively. Calculated n and @, are in good
agreement with the outcomes of the thermionic emission theory, according to Table 1.
Additionally, the device’s Rs values as determined by dV/(d(Inl))—I and H(I)—I graphics
are in good accord with one another and support the validity of Cheung technique.

Additionally, Norde’s technique can be used to calculate the barrier height and series
resistance. The parameters provided by the Norde’s technique are presented in the fol-
lowing equations (Norde 1979):

—e—Ideality Factor

—e— Ideality Factor
24 (@) % ) (b) —=— Barrier Heighty

—8— Barrier

1 . \ il Loso
kT

Barrier Height

Ideality Factor
-\/
)
2 2
Barrier Height
Ideality Factor

B |

T T T
60 80 100

Power (mW/cm®) Power (mW/cm’)

Fig.9 n-@, plots of the a D1 and b D2 devices
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Fig. 10 Cheung plots of the a D1 and b D2 devices

[

_V _kr, IV)
F(V) = i s (11)

The closest integer higher than the ideality factor is vy, and (V) is the voltage-depend-
ent current that is expressed. The following equations are used to determine @ and Rs:

OB = F(V0) + [V—O — k—T (12)
14 q
and,
Yy —nkT
Rs = —
= (13)

here V| is the minimum voltage in the F(V) graphics. Figure 11 shows the F(V) versus V
plots of the the photodiodes. The calculated @, and R, values are given in Table 1 for both
devices. The y values were determined as 3 and 2 for D1 and D2 devices at 100 mW/cm?,
respectively. V,, was found as 0.505 and 0.500 for D1 and D2 at 100 mW/cm?, respectively.
The obtained @, and Rs values agree well with other approximations. The @5 and Rs val-
ues may differ slightly due to approximation (Yilmaz et al. 2020).

The device’s optical detector parameters are determined by its current transient prop-
erties. /- plots can be used to determine the device’s photocurrent (1), photosensitivity
(K), responsivity (R), and specific detectivity (D¥*). I-t plots of the D1 and D2 devices
have been shown in Fig. 12a and b. For every light power illumination, the devices were
seen to respond instantly. The current amount increased with the TiO,:Cu,O complexes
addition. With illumination, these values clearly increase in Fig. 12, and when illumina-
tion is inhibited, the trend is reversed. The production of free charge carriers is sparked
by illumination, which then increases current flow. With a rise in the quantity of charge
carriers, the photocurrent reaches its saturation threshold under these circumstances.
These carriers are held at lower levels when the light is turned off, and the initial level
of current is seen in roughly a second (Gullu et al. 2022; Yakuphanoglu 2007b).

The following equations, respectively, are used to formulate the values for photocurrent
() photosensitivity (K), responsivity (R), and specific detectivity (D*).
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A stands for the effective detector area, and P for incident power density. The three cru-
cial criteria for photodiode or photodetector applications are responsiveness, photosensi-
tivity, and specific detectivity. Specific detectivity is the detection of a weak signal, pho-
tosensitivity is the degree of incident light detection, and responsiveness is the response
of incident light (Dayan et al. 2020; Yenel et al. 2021). Photosensitivity, responsivity, and
specific detectivity of the heterostructures were listed in Table 3. Increasing light intensity
causes an increase in values at constant TiO,:Cu,O concentrations, which is connected to
an increase in the diode’s photo-sensitivity properties.

Photosensitivity of the D1 and D2 devices are shown in Fig. 13. While the D2 device
nearly exhibits linear change as light power increases, the D1 device exhibits some devia-
tion from linearity at illumination intensities of 100 mW/cm?. Moreover, both devices
exhibit a rather high photoresponsivity.

The responsivity of the D1 and D2 devices are shown in Fig. 14. The devices showed
strong responsivity values. Responsiveness of both devices increased as light power inten-
sity increased.

Specific detectivity profiles of the D1 and D2 devices, respectively, for varying light
power intensity, are shown in Fig. 15. The D* values of the D1 device increased as the
light power intensity approached 80 mW/cm?, and they subsequently started to decline at
100 mW/cm? light power intensity. In other device, it decreased at 40 and 60 mW/cm? and
increased toward 100 mW/cm?,

4 DFT calculations

Calculations based on Density Functional Theory with molecular modeling method were
performed to solve Kohn—Sham equations using projective combined wave (PAW) poten-
tial (Hohenberg and Kohn 1964). Energy calculations were obtained using the CASTEP
simulation module by Materials Studio. Electronic exchange and correlation effects are
taken into account with the Generalized Gradyent Approach (GGA) developed by Perdew,
Burke and Ernzerhof (PBE) (Perdew et al. 1996). In this study, Cu*! ion was added instead
of Ti** jons in TiO, Anatase crystal form. The electronic and structural properties of the

Table 3 Photodetector parameters under various illumination intensities

Devices Power (mW/ Photocurrent (A) Photosensitivity — Responsivity  Specific

cm?) (A/W) detectivity
(Jones)

Al/M1/p-Si 20 1.22%107 6.92 0.078 9.16x10°
40 3.24%107 14.69 0.103 1.09%10'°
60 5.63%x107 32.65 0.120 1.43x10'°
80 8.02x107° 75.60 0.128 1.94x 1010
100 1.05x 107 75.48 0.134 1.78x10'°

Al/M2/p-Si 20 3.28x107 2.89 0.209 9.70x 10°
40 5.87x107 4.83 0.187 8.40x10°
60 8.92x107° 6.91 0.189 8.25x10°
80 1.46x 107 10.47 0.232 9.73%10°
100 2.07x107* 13.90 0.264 1.07x 10"
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Fig. 14 Responsivity profile of the a D1 and b D2 devices

stoichiometric TiO, and non-stoichiometric Ti; _,Cu,O crystal forms obtained in this way
and investigated as 2x 1 x 1 super cell (Fig. 16). Kinetic energy cut-off values for all crystal
forms were determined as 800 eV. It is used to get the integration of the Brillouin zone in

inverse space.
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Fig. 16 Stoichiometric TiO, and Non-stoichiometric Ti; _,Cu,O crystal forms (2x1x 1) Red atoms: O .
, Gray Atoms: Ti and Orange Atoms: Cu . for Stoichiometric TiO, Super Cell, b Ti;_,Cu,O (15:1)
Super cell, and ¢ Ti; _,Cu,O (7.5:1) Super cell

In the calculations, in order to calculate the lattice constants in the equilibrium state of
the crystal phases and the structure with the smallest energy, the atoms dispersed accord-
ing to crystal symmetry. It could be separated from their positions in three directions, the
force and stress applied to them, the volume and shape of the unit cell could be changed,
and the outer layer was applied on the crystal system is allowed. By iterating the pressure
to approximately O kbar and the total force applied on each atom to ~0.01 eV/A per length,
the crystal structure with the lowest energy was obtained. In the Fig. 17, it is seen that the
energy is minimized with the energy optimization steps graph.

The modelling structure of TiO, had been chosen according to our XRD results
which is compared with JCPDS Card No. (21-1272). The lattice parameters are accord-
ing to JCPDS card a=3.7852 b=3.7852 ¢=9.5139. Stociyometric TiO,’s lattice
parameters were calculated after copper addition and geometric optimization of super
cell 2x1x1) and the lattice parameters are a=7.300444 b=3.778885 ¢=9.992898
and cell angles; alpha=beta=gamma=90 and non-stoichiometric Tij _,,Cu,0, (15:1)
a=7.552000 b=3.776000 ¢=9.486000 and non-stoichiometric Tij _,,Cu,0, (7.5:1)
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Fig. 177 Geometric Optimization of the Crystal System of a Ti, ,Cu,0O, (7.5:1), b Ti, _,Cu,0, (15:1) and, ¢
Stoichiometric TiO,

a=7.300444 b=3.778885 ¢=9.992898. Ti—O bond length is 1.930 A. The bond lenght
for Ti( _4,Cu,0, (7.5:1) is Ti-O 1.965 A; Cu-0 is 2.026 A (Fig. 18) and it is in line
with the literature (Jiang et al. 2021). The bond length increased with the addition of
copper oxide. Also our supercell parameters which are anatase form match very closely
with our experimental XRD results that have been shown in Fig. 2.

Electronic properties of Tij _,Cu,0, (15:1) structure are examined from the pDOS
graphs given in Fig. 19. The lowest valence bands around — 5 eV are predominantly due
to the 3s, 3p and 3d, 4s states of Ti atoms. The Fermi level and the valence band around
—3 eV are predominantly composed of the s and p states of O atoms. The s, p and d

Fig. 18 Bond lenghts of
Ti(; _)Cu O,
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states of Ti atoms are dominant in the contributions to the conduction band, which is
distributed between 2 and 6 eV, especially in the lower parts of the band. At 3 eV and
above, contributions from both Ti and O and above 6 eV contributions from Cu atoms
are observed.

Contributions from Cu atoms come from the 3d'® 45! states. The band gap for TiO, is
2.20 eV with DFT calculations. The band gap of Ti(; _,,Cu,O, (7.5:1) is 1.18 eV which
is at the top of the valence band and at the bottom of the conduction band. This value
is compared to the SQ limit. Ti(; _4,Cu,O, (15:1) band gap is 1.83 eV as it can be seen
from Fig. 19. The band gap is 2.28 eV for stoichiometric TiO, with our DFT calcula-
tions (Fig. 20). The band gap narrowed with increasing copper addition. This depends
on the electron state density. Our DFT calculations are in agreement with our experi-
mental results. The reduction of the band gap shifted the absorption band gap from the
visible light region to the red edge. This provides an improvement in light absorption.
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Fig. 19 The band gap and PDOS graphics of the a Ti,_,Cu,O, (15:1), b Ti, _,Cu,0, (7.5:1) and, c¢ stoi-
chiometric TiO, PDOS
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5 Conclusion

TiO,:Cu,0 nanocomposites were chemically synthesized using two different reducing
agents ascorbic acid and sodium boron hydride via hydrothermal method. These chemi-
cally synthesized TiO,:Cu,O nanocomposites were then used as interlayers via ultrasonic
spray pyrolysis to obtain Schottky-type photodiode devices. -V and I-t measurements
were performed to calculate the diode and photodetector parameters.

As can be seen from the results, although it has the same molecular structure and the
production processes are the same, the change in the reducing agent in the production
method can change the electronic properties. It can be attributed to average particle diam-
eter differences changing from 29 to 38 nm.

Both devices have shown significant responsivity and detectivity. However, the D2 device
has shown better photodetector properties compared to the D1. D1 has shown 1.94x 10'°
Jones detectivity and 0.128 A/W responsivity at 80 mW and 100 mW light powers, respec-
tively. D2 has shown 1.07x 10'° Jones detectivity and 0.264 A/W responsivity at 100 mW
light power. The photosensitivity of the device has linear increasing profile with increasing
light power. It is noteworthy that both devices demonstrated well-rectifying behaviors as a
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result of having low reverse bias and greater forward bias currents at the /-V characteristics
in low light. According to the results of our DFT calculations, the band gap narrowed with
the addition of Cu,O which improves the optoelectronic properties. In conclusion, the over-
all results show that both devices can be utilized in optoelectronic applications.
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