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Here, a bicontinuous oxide heterostructure film based on zinc oxide (ZnO) and tin dioxide (SnO,) is proposed for
effiecient photodetection applications. XRF reveals that mixed ZnO/SnO, film contains about equal element
percentages of Zn (43.8 %) and Sn (41.7 %). XRD and SEM confirm the superior crystallinity of the hetero-
structure of the mixed ZnO/SnO, film. The bandgap energies of ZnO and SnO; films are calculated to be 3.17 eV
and 3.31 eV. On the other hand, the mixed ZnO/SnO3 heterostructure film has a lower bandgap energy of 2.92
eV, which can be attributed to the fact that the heterostructure can generate the electron from the valence band

of Sn0Oy, and the holes could assemble at the conduction band of ZnO. The photoresponsivity of mixed ZnO/SnOy
film is higher than that of pure ZnO and pure SnO, films. Additionally, the current of mixed ZnO/SnO film as a
function of time exhibits good consistency and repeatability with rectangular profiles. It can be concluded that
mixed ZnO/SnOs, film is considered a potential candidate for photodetector devices.

1. Introduction

Composite materials exhibit superior properties compared to their
constituent materials and benefit from functional enhancement result-
ing from adding a second phase. During fabrication, it is typical to mix
phases with desirable dimensions and sizes to achieve the desired
properties. Therefore, the attainment of improved properties depends on
the control of material distribution [1].

Self-assembled bicontinuous oxide heterostructures are composed of
two different oxides arranged in a bicontinuous pattern, which exhibit
unique electronic, optical, and magnetic properties [2]. This results in a
continuous network of one oxide phase fully interconnected with a
continuous network of the other oxide phase, providing a high interfa-
cial area between the two materials. The self-assembly of bicontinuous
oxide heterostructures is achieved through the precise control of depo-
sition parameters, such as temperature, pressure, and chemical
composition, during the fabrication process [3].

The main critical property of the self-assembled bicontinuous oxide

heterostructures is the presence of a bicontinuous network structure,
where the two different oxide phases are arranged in a highly inter-
connected pattern [4]. Compared to their constituents, these hetero-
structures exhibit exciting properties, such as improved -catalytic
activity, electrical conductivity, photoelectrical activity, and optical
properties [5]. K. Kim and J. Moon [6] reported three-dimensional
photoanodes based on bicontinuous BiVO4/ZnO structure for high
solar water splitting performance at low bias potential. P. Shao et al. [1]
reported a bicontinuous SnO3/NiO nanocomposite deposited via pulsed
laser deposition for high efficiency of solar cells and photodetector
devices.

Zinc oxide (ZnO) has been subjected to comprehensive studies due to
its distinguishing characteristics, including wide direct bandgap energy,
high transparency in the visible region, high exciting binding energy,
high thermal and chemical stability, and high semiconductor resistivity
[5,7-10]. These properties make the ZnO suitable for the development
of technological devices, such as optoelectronics [11,12], LED [13],
solar cells [14-16], sensors [17], and other optical coating applications
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[18]. On the other hand, Tin dioxide (SnO,) has a wide direct bandgap
(3.60 eV), high electrical conductivity, and a tetragonal rutile structure
brought on by oxygen vacancies [19]. These properties make the SnOy
suitable for the development of technological devices, such as opto-
electronics [20,21], sensors [22,23], and photocatalysts [24].

In this study, a self-assembled bicontinuous oxide heterostructure
based on ZnO/SnO; film was synthesized using the simple sol-gel
method. The reason for selecting the ZnO/SnO, system as the model
system for self-assembled bicontinuous oxide heterostructures is the
difference in the crystal structure, where the ZnO has hexagonal wurt-
zite structure [25,26] and the SnO, has tetragonal structure [27,28].
Moreover, they are both structurally compatible with ITO substrates.
Additionally, the ZnO/SnO5 system reveals excellent potential in device
applications such as gas sensors [29,30], photocatalysts [31,32], energy
conversion [33,34], and photodetectors [35,36]. Moreover, one of the
best strategies to reduce the recombination of electron-hole pairs is to
combine two semiconductors with varying bandgap widths [37].
Therefore, the crystal, chemical, and surface structures of the bicon-
tinuous oxide heterostructure based on ZnO/SnO5 film were full char-
acterized. After that, the optical, optoelectronic, electrical, and
photoelectrical properties of a bicontinuous oxide heterostructure based
on ZnO/SnO; film were investigated. Therefore, it can be concluded that
mixed ZnO/SnO; film is considered a potential candidate for
UV-photodetector devices.

2. Methods
2.1. Synthesis of mixed oxide solution

The pure ZnO solution was prepared by mixing zinc nitrate hexa-
hydrate (4.38 g, Zn(NOs3).6H20, Sigma-Aldrich), hexamethylenetetra-
mine (2.80 g, (CH2).6Ny), Sigma-Aldrich), and distilled water (50 mL)
under continuous stirring for 2 h. After that, the mixed solution is
transferred to an autoclave at a temperature of 95 °C for 6 h [38]. On the
other hand, the pure SnO5 solution was prepared by mixing tin (II)
chloride (4.38 g, SnCl,, Sigma-Aldrich) and absolute ethanol (50 mL,
>99.5 %, Sigma-Aldrich) under continuous stirring for 6 h until it yields
a transparent homogeneous solution [39]. After that, the final solutions
were filtrated with 0.45 pm filter paper before use. ZnO/SnO, mixed
oxide solution (0.50:0.50) was prepared by mixing pure ZnO solution
(20 mL) with pure SnO; solution (20 mL) under continuous stirring for
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24 h.

2.2. Deposition of mixed oxide films

Before film deposition, ITO glass substrates (250 nm ITO on glass)
were cleaned by sonicating in acetone and isopropyl alcohol for 30 min
at ambient conditions. The single layer of pure ZnO, pure SnO2, and
mixed ZnO/SnO; films were deposited on clean ITO substrates by
immersing them in the final solutions for 2 h. The three film samples
were dried in an oven at 110 °C for 30 min. Finally, the three film
samples were annealed in an oven at 500 °C for 2 h to get crystalline
oxide films [40,41]. The oxide films have an average thickness of 500
nm, measured by a cross-sectional view of SEM micrographs (Fig. 1a).

2.3. Characterizations of mixed oxide films

All measurements were performed at ambient conditions. The
structural, elemental, and morphological characterizations were studied
using an FTIR spectrometer (Bruker Tensor 27), XRD instrument (Mal-
vern Panalytical Ltd, Malvern, UK), XRF (NEX QC + QuantEZ, Rigaku),
and SEM (FEI Quanta FEG 450). In addition, the electrical conductivity
was measured by a Keithley 2450 source meter connected with a 4-point
probe station (Microworld Inc.). Optical transmittance and reflectance
measurements were performed using a UV-Vis spectrophotometer
(U-3900H).

The I-V characteristics and UV sensing (in a dark box and under UV
illumination conditions) were measured using a UV lamp (365 nm,
~4.0 pW). The photodetector device was composed of ZnO, SnO,, and
Zn0/SnO; films deposited on the ITO substrates and covered by the
silver paint layer to provide an Ohmic contact to the device. Finally, the
I-V characteristics were measured in the dark and under UV illumina-
tion using a Keithley 2450 source meter (Fig. 1b).

3. Result and discussion

The synthesis methods of pure ZnO, pure SnO5, and mixed ZnO/SnO,
films are detailed in the experimental details section. X-ray fluorescence
and FTIR spectroscopy investigate the chemical structure and the sample
quality. Fig. 2a illustrates the typical XRF scans of pure ZnO, pure SnOs,
and mixed ZnO/SnOy films. The pure ZnO and pure SnOs films have Zn
and Sn element percentages of 96.5 % and 70.2 %, respectively. The

—

ZnO/SnO,
film

Fig. 1. (a) Schematic diagram of deposition process. (b) Schematic representation of the fabricated devices.
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Fig. 2. (a) XRF scans, (b) FTIR spectra, and (c¢) XRD patterns of pure ZnO, pure SnO,, and mixed ZnO/SnO, films, SEM micrographs of (d) pure ZnO film with inset

with scale of 500 nm, (e) pure SnO2 film, and (f) mixed ZnO/SnO, film.

other element percentages represent the organic impurities, as seen in
FTIR spectra (Fig. 2b). In addition, the mixed ZnO/SnO; film contains
about equal element percentages of Zn (43.8 %) and Sn (41.7 %), con-
firming the equal concentrations of ZnO and SnO; in the ZnO/SnO film.

The structural analysis was conducted using XRD patterns and SEM
micrographs to confirm the heterostructure of the mixed ZnO/SnOs film.
Fig. 2¢ illustrates the typical XRD patterns of pure ZnO, pure SnO,, and
mixed ZnO/SnO, films in 20 mode. Pure ZnO film exhibits different
diffraction angles located at 31.74°, 34.38°, 36.22°, 47.53°, and 56.60°
representing the Miller indices for (100), (002), (101), (102), and (110)
of a polycrystalline hexagonal wurtzite structure of ZnO (JCPDS
36-1451), respectively. On the other hand, Pure SnO; film exhibits
different diffraction angles located at 26.85°, 34.13°, 38.21°, 52.07°,
54.38°, and 58.13° representing the Miller indices for (110), (101),
(200), (211), (310), and (301) of a polycrystalline tetragonal structure of
SnO, (JCPDS 41-1445). Compared to the pure ZnO and pure SnO,, the
co-existence of both diffraction peaks for ZnO and SnO provides a single
out-of-plane orientation of mixed ZnO/SnO- films. More specifically,
Sn0,(101) and ZnO(002) diffraction peaks show different linewidth
values of 0.53° and 0.20°, respectively, confirming the superior crys-
tallinity of the heterostructure of the mixed ZnO/SnO, film. Addition-
ally, we can demonstrate the superior crystallinity of the heterostructure
by studying the lattice constants of the oxide films. The ZnO film has
lattice constants of a = 3.24 A and ¢ = 5.19 A, whereas the SnO, film
has lattice constants of a = 4.71 A and ¢ = 3.17 A. Mixed Zn0/Sn0-
film has two phases of hexagonal ZnO with a = 3.24 Aandc=519A
and tetragonal SnO; with a = 474A and c=3.18A (Table 1). The
lattice constants of ZnO and SnO; crystals are agreed with the literature
[26,38,42,43].

Williamson Hall (WH) method is one of the most common techniques
for investigating microstructural properties depending on the XRD
pattern, such as crystallite size D and microstrain e. Crystallite size and
microstrain can be investigated by the modified WH method [44],

Table 1
The Resultant microstructure parameters of pure ZnO, pure SnO,, and mixed
Zn0O/Sn0, films.

Film Phase a [j] c [A] D [nm] ex 1073
ZnO 3.24 5.19 45 1.04
SnO, 4.71 3.17 11 5.29
Zn0/Sn0Oy ZnO phase 3.24 5.19 47 1.01
SnO, phase 4.74 3.18 11 2.77
kA .
ﬂcos9:3+4ssm9 (€8]

where: f is the full width at half maximum (FWHM) in radians, and k is a
dimensionless shape factor equal to 0.94 [45,46]. The crystallite size
and microstrain can be calculated using the slope and the intersection
with the vertical axis of the linear slope relation between (f cos) and
(4 sin 0). The resultant values for the crystallite size D and microstrain &
for pure ZnO, pure SnO,, and mixed ZnO/SnO; films are tabulated in
Table 1. The crystallite size for pure ZnO film is about 45 nm, whereas
the crystallite size for pure SnO film is about 11 nm. Additionally,
mixed ZnO/SnO; film has two phases; the hexagonal ZnO phase has a
crystallite size of 24 nm, while the tetragonal SnO; phase has a crys-
tallite size of 11 nm. The crystallite size of both ZnO and SnO; films is
the same as ZnO and SnO; in the mixed ZnO/SnO;, film, confirming the
superior crystallinity of the heterostructure of the mixed ZnO/SnO film.

The surface morphology of pure ZnO, pure SnO,, and mixed ZnO/
SnO; films is investigated by scanning electron microscope (SEM). Pure
ZnO film exhibits hexagonal rod-patterned formation (Fig. 2d) [47].
Additionally, pure SnO; film reveals the uniform distribution of small
tetragonal grains (Fig. 2e). On the other hand, mixed ZnO/SnO; film
reveals a heterostructure of mixed ZnO phase and SnO,, in which the
ZnO phase exhibits a hexagonal rod pattern, while the SnO5 phase ex-
hibits the distribution of small grains (Fig. 2f). SEM micrographs show
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that the hexagonal ZnO rods in the mixed ZnO/SnO, films are larger
than the hexagonal ZnO rods in pure ZnO, and in contrast, the ZnO has
the same crystallite size value for the two films. This can be attributed to
the fact that the ZnO nanorods contain small ZnO nanoparticles that
form the large ZnO nanorods, indicating that the larger ZnO nanorods
mean more ZnO nanoparticles agglomeration (The inset in Fig. 2d).

Electrical conductivity maps of films can provide information on the
spatial distribution of the electrical conductivity across the film surface.
Typically, electrical conductivity maps of pure ZnO, pure SnO,, and
mixed ZnO/SnOs films show regions of varying conductivity, which can
be related to the distribution of ZnO and SnOs in the film. The electrical
conductivity map of ZnO film shows a homogeneous distribution of
electrical conductivity values with an average conductivity value of
0.13S cm™ ! (Fig. 3a). Additionally, the electrical conductivity map of
SnO, film shows a homogeneous distribution of electrical conductivity
values with an average conductivity value of 56.26 S cm™* (Fig. 3b).
Mixed ZnO/SnO; film shows the co-existence of the SnO, region at
higher conductivity values region and the ZnO region at lower con-
ductivity values region (Fig. 3c), confirming the superior crystallinity of
heterostructure of the mixed ZnO/SnO- film.

The transmittance spectra of pure ZnO, pure SnO,, and mixed ZnO/
SnOs films are illustrated in Fig. 4a. The transmittance spectrum of pure
ZnO film demonstrates a sudden rise from 0 % to 72 % as incident light
wavelength increases from 300 nm to 400 nm. Then, the transmittance
values increase slightly from 72 % to 78 % as incident light wavelength
increases from 400 nm to 700 nm. The existence of a small shoulder in
the transmittance spectrum of ZnO film at 356 nm confirms the presence
of the excitonic absorption characteristics [40]. On the other hand, the
transmittance spectrum of pure SnO; film demonstrates a sudden rise
from 0 % to 60 % as incident light wavelength increases from 300 nm to
365 nm. Then, the transmittance values increase slightly from 60 % to
73 % as incident light wavelength increases from 365 nm to 700 nm.
Additionally, the transmittance spectra of mixed ZnO/SnO; film have
the same behavior as pure ZnO film with lower transmittance values, in
addition to shifting in the absorption edge into the red region, which
means a significant reduction in the bandgap energy of the mixed oxide
films.

The extinction coefficient spectra (k) are calculated using k = ai/
47, where 2 is the incident light wavelength, and « is the absorption
coefficient, which can be given by @ = (1 /d)In((1 — R) /T), with d is the
film thickness (d ~ 500 nm) [8]. Before the absorption edge, a sharp
decrease in extinction coefficient values was observed. Then, lower
extinction coefficient values in the visible light for all film samples show
that oxide films can permit visible light to pass through with low loss
(Fig. 4b). The refractive index spectra (n) are calculated using n =

(1+R/1—R) + <4R/(1 7R)2> _ k2 [41,48). Fig. 4c illustrates the

refractive index spectra for pure ZnO, pure SnO,, and mixed ZnO/SnO2

a EC[s.em’] b
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films. The refractive index spectra of all oxide films are divided into two
regions. The first region before 400 nm exhibits an anomalous dispersion
behavior, in which the photon-electron coupling occurs [49]. On the
other hand, at 2 > 400 nm, the refractive index spectra exhibit normal
dispersion behavior. The refractive index values of mixed ZnO/SnO4
film is higher than pure ZnO and pure SnO; films, which can be attrib-
uted to the interference regions between the ZnO region and SnO; re-
gion, increasing the light scattered at these interfaces.

The photoconversion process of mixed ZnO/SnOy film, including
light absorption, photocarrier generation, transportation, and trans-
portation, was investigated due to the existence of charge interactions at
the interfaces of ZnO/SnO,. First, Tauc plots were produced to investi-
gate the bandgap energy (E,) of pure ZnO, pure SnO,, and mixed ZnO/
SnO; films by plotting (ahv)® on the y-axis versus hv on the x-axis, ac-
cording to the equation (ahv)? = B(hv — E) for direct bandgap semi-
conductors [50]. The bandgap energies of ZnO and SnO, films are
calculated to be 3.17 eV and 3.31 eV based on the Tauc plot method. The
band structure, including the Eyp, Ecg, and bandgap energy, were
investigated using the ionization energy and the electron affinity energy,
according to the literature [51,52]. The band diagram of the ZnO and
SnO;, films is illustrated in Fig. 5a. Additionally, the mixed ZnO/SnO,
heterostructure film has a lower bandgap energy of 2.92 eV. S. Bibi et al.
[53] show that the bandgap energy of ZnO/SnO, binary films increases
linearly from 3.37 for pure ZnO film to 3.65 eV for pure SnO; film. In
addition, L. Xu et al. [54] show that the bandgaps of pure ZnO and SnO,
films are 3.26 and 3.91 eV, respectively; the optical bandgaps of ZnSnO
films are between the bandgap energies of ZnO and SnO». Therefore, the
bandgap energy of ZnO/SnO, binary films is found to be between the
individual ZnO and SnO; films. In contrast, the bandgap energy of
Zn0/Sn0O, bicontinuous heterostructure films is lower than ZnO and
SnO, films, which can be attributed to the fact that the heterostructure
can generate the electron from the valence band of SnO,. At the same
time, the holes could assemble at the conduction band of ZnO (Fig. 5a),
which is in agreement to P. Shao et al. study [1].

Current-voltage (IV) curves of pure ZnO, pure SnOy, and mixed ZnO/
SnO- films measured in the dark and under UV irradiation with a
wavelength of 365 nm and power of ~4.0 pW through +3 V bias voltage
is illustrated in Fig. 5b, ¢, d. All IV curves exhibit a semi-Schottky
behavior by alternating bias voltage from —3 to 3 V due to the exis-
tence of large defect concentrations across the films [55,56]. The current
in all samples increases with both the forward and the reverse voltage
under UV light. This can be attributed to the adsorption of oxygen
molecules by metal oxide film in the dark. Consequently, the free surface
electrons are trapped, and the carrier’s mobility decreases. On the other
hand, after UV irradiation, high-energy photons are absorbed by the
metal oxide film, and many hole-electron pairs are generated, conse-
quently increasing the free carriers concentration [57].

Mixed ZnO/SnO; film demonstrates a higher distinction between
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Fig. 3. Electrical conductivity maps of (a) pure ZnO film, (b) pure SnO, film, and (c¢) mixed ZnO/SnO, film.
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Fig. 5. (a) Band diagram of pure ZnO and pure SnO, films estimated by optical properties, electron affinity, and first ionization energy. I-V characteristics of (b) pure
ZnO, (c) pure SnO,, and (d) mixed ZnO/SnO,, films based on UV photodetector measured in the dark and under UV light. (e) The photocurrent response curve of
Zn0/Sn0,, film irradiated by UV-light (365 nm) at an applied bias voltage of 3 V. (f) Photoresponsivity of pure ZnO, pure SnO,, and mixed ZnO/SnO- films based UV

photodetector.

dark current and photocurrent compared to pure ZnO and pure SnO,
films. For instance, at a bias voltage of 3 V, the distinctions between dark
current and photocurrent ZnO and SnO, films are 0.97 pA and 5.55 pA,
respectively (Fig. 5b and c). On the other hand, the distinction between
dark current and photocurrent of mixed ZnO/SnO; film is 12.00 pA
(Fig. 5d). The current of mixed ZnO/SnO; film as a function of time at a

bias voltage of 3 V is used to investigate the photocurrent response in
on/off states (Fig. 5e). The current of mixed ZnO/SnO5 film as a function
of time exhibits good consistency and repeatability with rectangular
profiles. There are two primary components that make up the response
time of the mixed ZnO/SnO; film rising time of about 0.58 s and a
decaying time of about 0.13 s. The photoresponsivity of pure ZnO, pure
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Sn0O,, and mixed ZnO/Sn0O; films can be calculated using Resp. = L,p/ Po
[A/W] (Fig. 5f) [58]. The photoresponsivity of mixed ZnO/SnOx film is
higher than that of pure ZnO and pure SnO- films, which can be
attributed to the fact that the heterostructure can generate the electron
from the valence band of SnO,. At the same time, the holes could
assemble at the conduction band of ZnO. In addition, The photo-
resposivity of the proposed mixed ZnO/SnO2 film is higher than
NiO/ZnO heterojunction photodetector [59], ZnO nanorods [60], cu?t
doped ZnS/ZnO nanorods [60], and SnOs film [61].

4. Conclusions

This study demonstrates a self-assembled bicontinuous oxide heter-
ostructure based on ZnO/SnO- film. XRF indicated that the mixed ZnO/
SnO, film contains equal concentrations of Zn and Sn elements. XRD
reveals the superior crystallinity of the heterostructure of the mixed
Zn0/Sn0y, film by investigating the diffraction peaks and lattice con-
stants. More specifically, SnO5(101) and ZnO(002) diffraction peaks
show different linewidth values of 0.53° and 0.20°, respectively. In
addition, the SEM image of mixed ZnO/SnO, film reveals a hetero-
structure of mixed ZnO phase and SnO,, in which the ZnO phase exhibits
a hexagonal rod pattern, while the SnO, phase exhibits the distribution
of small grains. The electrical conductivity map of mixed ZnO/SnO; film
also confirms the bicontinuous oxide heterostructure due to the co-
existence of the SnO, region at higher conductivity values region and
the ZnO region at lower conductivity values region. The bandgap en-
ergies of ZnO and SnO;, films are calculated to be 3.17 eV and 3.31 eV
based on the Tauc plot method. On the other hand, the mixed ZnO/SnO,
heterostructure film has a lower bandgap energy of 2.92 eV, which can
be attributed to the fact that the heterostructure can generate the elec-
tron from the valence band of SnO,. At the same time, the holes could
assemble at the conduction band of ZnO. In addition, mixed ZnO/SnO-
film demonstrates a higher distinction between dark current and
photocurrent compared to pure ZnO and pure SnO films. The current of
mixed ZnO/SnO; film as a function of time exhibits good consistency
and repeatability with rectangular profiles. The photoresponsivity of
mixed ZnO/SnO; film is higher than that of pure ZnO and pure SnO»
films, which can be attributed to the fact that the heterostructure can
generate the electron from the valence band of SnO,. At the same time,
the holes could assemble at the conduction band of ZnO. Therefore, it
can be concluded that mixed ZnO/SnO; film is considered a potential
candidate for photodetector devices.
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