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Abstract: In recent years, ZnO nanomaterials have achieved great performance in solar energy
applications. How to synthesize a ZnO nanocomposite structure with high photoelectric conversion
efficiency has become an urgent problem to solved. In this paper, a narrow band gap bismuth trioxide
(Bi2O3) coated on a ZnO nanoarray by magnetron sputtering was used to prepare a composite hetero-
junction ZnO/Bi2O3. Studies have found that ZnO/Bi2O3 exhibits excellent photoelectric conversion
performance. By preparing a composite heterostructure of ZnO/Bi2O3, it can effectively compensate
for the insufficient absorption of ZnO in the visible light range and inhibit the recombination of
carriers within the material. The influence of Bi2O3 thickness on the microstructure and electronic
structure of the ZnO/Bi2O3 composite structure was explored and analyzed. The energy gap width
of the composite heterostructure decreases with the increase in the Bi2O3 thickness on the surface of
the ZnO nanorod array. At the same time, the conductive glass composite film structure is simple to
prepare and is very environmentally friendly. The ZnO/Bi2O3 composite heterogeneous material
prepared this time is suitable for solar cells, photodetectors, photocatalysis and other fields.

Keywords: heterojunction; nanoarray; photoelectric conversion; band regulation

1. Introduction

The efficient application of clean energy is the focus of current research. Among them,
the application of solar energy is particularly critical [1–3]. As a clean energy, solar energy
is widely used in many fields, such as photocatalysis, solar cells and so on [4–6].

Wide bandgap ZnO is a semiconductor material with a direct energy gap of 3.2 eV and
is an important material in the fields of sensors, varistors, pigments, electrophoresis, and
medical materials [7]. It can generate a large number of carriers under the action of light
and can be applied in the field of solar energy [8]. Compared with other semiconductor
materials, ZnO has the following basic advantages: (1) ZnO has high electron mobility,
can quickly transfer the generated photoelectrons, and effectively form photocurrent; (2)
it has a natural substrate and can be closely combined with the material deposited on
it; (3) wet chemical treatment (the method of liquid phase and preparation by chemical
reaction of the chemical reaction is collectively referred to the as wet chemical method, such
as chemical liquid phase deposition (CBD), electrochemical deposition (electroplating),
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solvent gel, etc.,) can be applied to various treatment methods [9]; (4) it has strong resis-
tance to radiation damage and can maintain good performance in extreme environments.
The commonly used ZnO crystal preparation methods are the sol–gel method, solution
evaporation decomposition method (EDS), wet synthesis, and gas-phase reaction [10–12].
These methods are cumbersome to operate and costly. The hydrothermal method is easy
to operate, low in cost, and can produce high-quality zinc oxide in large quantities. In
actual application, zinc oxide nanoarrays are more widely applied because of their high
electron mobility and easy preparation characteristics [13]. Because the effective surface
area of the ZnO nanoarrays structure is larger than that of the ZnO thin film, the smaller
size of the ZnO nanoarrays not only helps to improve photoelectric conversion efficiency
but also increases its signal-to-noise ratio. This is because the nanorod structure greatly
reduces the transfer of holes and electrons generated inside the crystal to the surface, and
improves the photoelectric conversion efficiency of the ZnO nanorod array. Although ZnO
has good photocatalytic properties, its energy gap is about 3.2 eV, and it can only absorb
ultraviolet light at a wavelength of less than 380 nm. Ultraviolet light only accounts for 5%
of solar energy, so its utilization efficiency of sunlight is low. The smaller the bandgap of
the photovoltaic semiconductor, the larger the light absorption range, but due to the rapid
recombination of surface photogenerated holes and electrons, its photoelectric conversion
efficiency is also very low. Therefore, traditional single-material catalysts find it difficult to
achieve high-efficiency photoelectric conversion due to their energy gap limitation. There-
fore, the modification of small molecules on the surface of inorganic nanostructures is an
effective strategy to improve its interface performance and material performance [14–18].
Bimaterial coupled semiconductors are an effective way to solve the above problems. The
two materials can form a heterojunction (i.e., a junction composed of two different elements
or materials with different components. The gap width of the materials on both sides of the
junction is different, and the heterojunction material has high magnification and response
speed) [19–21]. The electric field in the junction region helps charge transport, enhances the
electron–hole separation in the system, reduces recombination, and increases the carrier
concentration involved in the catalytic process.

Bi2O3 is an important metal oxide semiconductor. Its valence bands relative to NHE
(it is a general hydrogen electrode which is an electrode formed by the platinum electrode
in a strong acid solution of 1 M. Here, the bandgap of Bi2O3 is under the electrode system,
since subsequent tests such as photocurrent tests will be completed in the system) are
0.33 and 3.13 V, respectively, and the direct energy gap is 2.8 eV, respectively, which is
suitable for light absorption in the visible light band [22]. Bessekhouad et al. [23] used
Bi2O3 semiconductors to degrade pollutants in water under visible light. Under the
conditions of ultraviolet light and visible light, nano-Bi2O3 particles or films can effectively
decompose Rb and methyl orange pollutants in water, respectively [24]. It can be seen
that it has good photoelectric conversion efficiency under visible light. As we all know,
the photogenerated carriers in micron-sized semiconductor particles cannot be effectively
transferred to the surface of the material, and the recombination effect is further weakened,
resulting in low photoelectric conversion efficiency. If the grain radius is adjusted from
micron to nanometer, the probability of recombination will be greatly reduced. Therefore,
the preparation of nano-scale Bi2O3 is a key activity to improve photocatalytic performance.
At present, it has been found that sonochemical treatment can quickly and effectively
prepare various nanostructures under normal pressure and normal temperature [25–28].
Among them, the specific surface area of Bi2O3 nanoparticles is very high, but the practical
application advantage is not obvious, because the suspended nanoparticles are easy to lose
during the reaction and separation process, and may pollute the treated water again [29].
The Bi2O3 film has the advantage of being easy to recycle. Therefore, the Bi2O3 film
can be modified with ZnO to form a coupled semiconductor and improve photoelectric
conversion performance. As a kind of transparent electrode, FTO-based (SnO2 conductive
glass doped with F on the surface, referred to as FTO, used as the substrate for this
experiment) conductive glass has become the focus of researchers’ attention due to its
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good conductivity, transparent optical performance, and low cost [30]. A large number of
studies have shown that the combination of the sol–gel method, magnetron sputtering (it
has realized high speed, low temperature, and low damage. It demonstrates high-speed
sputtering at low pressure by introducing a magnetic field on the target cathode surface,
using the magnetic field constraints on charged particles to increase the plasma density to
increase the sputtering rate), and other methods using oxides can change the Fermi energy
of the material, make the structure have excellent diode characteristics, and greatly increase
the positive current. Among them, magnetron sputtering has the advantages of low cost,
low temperature, good bonding force, good film uniformity, and good density [31].

At present, research is being conducted on ZnO/Bi2O3 composite structure at home
and abroad, but it is basically in the field of biomedicine and electrothermal physics [32–34].
There are few reports in the field of photoelectric conversion. Therefore, this article will
explore the photoelectric conversion of a ZnO/Bi2O3 nanocomposite structure.

In this study, ZnO was first sputtered on FTO conductive glass substrate, and then a
layer of high-quality ZnO nanorod array was grown by hydrothermal energy, and finally, a
layer of Bi2O3 film with controllable thickness was sputtered on the array. The structure
has excellent light absorption efficiency, and the ZnO nanorod array greatly increases
the effective surface area of the material. By changing the thickness of Bi2O3, the energy
bandwidth of the composite structure can be adjusted to broaden the wavelength range of
light absorption. Bi2O3 and ZnO, ZnO and FTO all form heterojunctions.

FTO/ZnO/Bi2O3 has a double heterojunction structure as a whole, which increases
the effective area of the built-in electric field. The carrier separation effect is enhanced, and
the carrier recombination is suppressed, which is beneficial to improve the photoelectric
conversion efficiency. The material also has excellent hydrophilic properties. Based on the
above advantages, the material is suitable for solar energy, sensors, electroluminescence,
and other fields.

2. Experimental Part

Purchased acetone (C3H6O) (67-64-1), absolute ethanol (99.5% purity) (64-17-5), hexam-
ethylenetetramine (HMTA, C6H12N4) (100-97-0), zinc nitrate hexahydrate (Zn(NO3)2·6H2O)
(10196-18-6), and sodium sulfate solution (Na2SO4, 0.1 mol/L) (7757-82-6) from the chemi-
cal reagent company of Chinese medicine. All drugs and reagents are purely analytical.
The resistivity of the ultrapure water used in the experiment is about 18.2 mΩ·cm (Ω is
resistance unit). Conductive glass (FTO), target (specification: 60 × 5 mm2, purity 99.99%)
(1304-76-3), ZnO target (specification: 60 × 5 mm2, purity 99.99%) (1314-13-2) were all
purchased from Beijing Zhongnuo New Material Technology Co., LTD (Beijing, China).

Required instruments are as follows: high vacuum magnetron sputtering coating
system (JGP-560B, Shenyang Scientific Instrument Co., LTD., Chinese Academy of Sciences,
Shenyang, China): electronic balance (CP214, Aowus Instrument (Changzhou, China) Co.,
LTD.); high purity water plant (Direct-Q3, Millipore, Burlington, MA, USA); Ultrasonic
cleaning machine (JP-080ST, Shenzhen Jiemeng Cleaning Equipment Co., LTD., Shenzhen,
China); electric constant temperature blast drying oven (DHG-9036A, Shanghai Jinghong
Laboratory Equipment Co., LTD., Shanghai, China); electrochemical workstation (CHI760E,
Shanghai Chenhua Instrument Co., LTD., Shanghai, China); xenon lamp source (CEL-
LS500/350, Beijing Zhongjiao Jinyuan Technology Co., LTD., Beijing, China); ultraviolet-
visible spectrophotometer (UV-2700, Shimadzu Co., LTD., Kyoto, Japan); optical contact
angle measuring instrument (SDC-35OH, Dongguan Shengding Precision Instrument Co.,
LTD., Dongguan, China); X-ray diffractometer (X ‘Pert PRO, Panaco); scanning electron
microscope (ZEISS Ultra 55, ZEISS Instruments, Oberkochen, Germany).

First, follow the order of acetone (C3H6O), absolute ethanol (99.5% purity), and
ultrapure water to ultrasonically clean the FTO substrate for 15 min each. Then, make
high-pressure nitrogen to dry the water. The ZnO magnetron sputtering power is 60 W,
evacuated to 10−4 Pa and then argon gas is introduced, the flow rate is 40 sccm (gas
flow unit), the working pressure is 1 Pa during sputtering, and the surface impurities are
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removed by pre-sputtering for 10 min. In the experiment, ZnO sputtered for 2 min at
20 nm. Weigh 0.4486 g of hexamethylenetetramine (HMTA) and 0.9519 g of zinc nitrate
hexahydrate (Zn(NO3)2·6H2O), add 80 mL of ultrapure water, and put them into the inner
bladder (polytef) of the pressure reactor. Sonicate for 15 min to make it evenly mixed. Put
the FTO sputtered with ZnO face down into the inner container of the reactor and put the
inner container into the stainless steel reactor. Put the reaction kettle into an oven, start
timing when the temperature is raised to 98 ◦C, and heat at a constant temperature for 4 h.
After taking it out, wash away the remaining solution with ultrapure water, and let it dry
naturally in the air.

The growth of ZnO nanorods in precursor solution is driven by the following four
chemical reactions.
Decomposition:

(CH2)6N4 + H2O→ 6HCHO + 4NH3 (1)

Hydroxyl supply:
NH3 + H2O→ NH4+ + OH− (2)

Excessive saturation:
2OH− + Zn+ → Zn(OH)2 (3)

Growth of ZnO nanorods:
Zn(OH)2 → ZnO + H2O (4)

The Bi2O3 magnetron sputtering power is 60 W, evacuated to 10−4 Pa and then argon
gas is introduced, the flow rate is 40 sccm, the working pressure is 0.8 Pa during sputtering,
and the surface impurities are removed by pre-sputtering for 10 min. In the experiment,
Bi2O3 was sputtered 10, 15, 20, 25, 30 nm.

XRD is applied to determine the crystal orientation of the sample and compare it with
the standard document. Scanning electron microscopy (SEM) characterizes the morphology
of the sample. The solid-ultraviolet spectrophotometer measures its UV (ultraviolet)
reflectance and absorbance. The contact angle measuring instrument tests its hydrophilicity
and hydrophobicity. A three-electrode system is used to test its photoelectric performance
and endurance.

3. Result in Analysis

X-ray diffraction was performed on the prepared FTO/ZnO/Bi2O3. As shown in
Figure 1, the Bi2O3 deposited thereon are, respectively 0, 10, 15, 20, 25, and 30 nm. The
(110), (101), (200), (211), (220) peaks of FTO conductive glass (SnO2) correspond to 2θ
values of 26.48◦, 33.7◦, 37.77◦, 51.58◦, 54.52◦, respectively. The 2θ values of the prepared
ZnO on (002), (101), (102), (103) correspond to 34.43◦, 36.24◦, 47.5◦, 62.84◦, respectively.
Compared with the standard picture (JCPDS card no. 36-1451) [35–37], it is wurtzite
ZnO. In Figure 1, it can be observed that several newly grown peaks with 2θ values of
31.76◦, 47.5◦, and 61.67◦ correspond exactly to the (002), (−141), (232) peaks of α-Bi2O3
(JCPDS no. 71−2274) [38]. It can be judged that Bi2O3 exists in wurtzite ZnO as α-Bi2O3
(monoclinic crystal form). The (002) peak of ZnO has relatively high intensity, showing
anisotropic growth. As the thickness of Bi2O3 increases, the intensity of (002), (−141), (232)
diffraction peaks corresponding to α-Bi2O3 in the sample will gradually increase. Among
them, the (−141) peak of Bi2O3 over laps with the (102) peak of ZnO. It can be seen in
the Figure 1 that as the thickness of Bi2O3 increases, the height of the overlapped peak
increases continuously, which proves that the Bi2O3 (−141) is contained in this peak. In
each set of data, the peak of ZnO did not move significantly, proving that Bi2O3 did not
affect the lattice orientation of ZnO. It just attaches to the ZnO nanoarrays.
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Figure 1. Shows the XRD pattern of ZnO nanoarrays + Bi2O3. 1. Pure ZnO nanoarrays; 2. ZnO
nanoarrays + Bi2O3 (10 nm); 3. ZnO nanoarrays + Bi2O3 (15 nm); 4. ZnO nanoarrays + Bi2O3 (20 nm);
5. ZnO nanoarrays + Bi2O3 (25 nm); 6. ZnO nanoarrays + Bi2O3 (30 nm).

Many factors limit the growth of ZnO nanoarrays. The reaction temperature and
time, and the concentration of the precursor solution have an influence. According to
referenced literature and experimental results, we chose 40 mol/L mixed solutions of
hexamethylenetetramine (HMTA) and zinc nitrate hexahydrate (Zn(NO3)2·6H2O) as the
precursor solution, 4 h reaction time, and a reaction temperature of 98 ◦C was used to
prepare the required ZnO nanoarrays. Figure 2A clearly shows the SEM photo of ZnO
nanoarrays (FTO/ZnO). It can be observed in the figure that there are a large number of
well-grown ZnO nanoarrays on the FTO substrate, every nanoarray is separated and not
adhered to. In the figure, it can be seen that the zinc oxide nanoarrays grow vertically on the
FTO. The SEM images of Figure 2B–E correspond to FTO/ZnO/Bi2O3 (10, 15, 20, 25 nm),
respectively. You can see the Bi2O3 particles deposited on the nanoarrays. These particles
adhere well to the ZnO nanoarrays, which increases the roughness of the ZnO nanoarrays.
Additionally, more nanoclusters are formed between the Bi2O3 particles and the ZnO
nanoarrays. However, it can be seen that the originally vertical ZnO nanoarrays have
become somewhat curved. The SEM images of Figure 2F correspond to FTO/ZnO/Bi2O3
(30 nm). At this time, the ZnO nanoarrays become thicker, and the bending angle and
the lodging area are further enlarged. This is because as the thickness of Bi2O3 increases,
a large number of Bi2O3 particles accumulate at the bottom, which bends due to gravity.
This will reduce the photoelectric performance of the structure, so the thickness of Bi2O3 is
not as big as possible. Only with proper thickness can the maximum difference between
performance increase and performance decrease be reached. Inferred from the morphology,
20, 25 nm may have the best performance.
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Figure 3 shows the hydrophilicity of the sample. According to Young’s formula, the
hydrophilicity of an object is judged by the static contact angle (θ) between the liquid and
the solid. When θ > 90◦, the surface of the material is hydrophobic, that is, the material
is not easily wetted by liquid. When θ < 90◦, the surface of the material is hydrophilic,
that is, the material is easily wetted by liquid [39–41]. It has good hydrophilicity it can be
in closer contact with pollutants in water. If it is applied in the field of photocatalysis, its
photocatalytic effect will be very good. It can be seen that the contact angle of the pure
ZnO nanoarray without Bi2O3 is 65◦. The contact angles of deposited (10, 15, 20, 25, 30 nm)
Bi2O3 are 36.48◦, 24◦, 14.99◦, 13.41◦, 22.08◦, and it can be seen that the 25 nm thick Bi2O3
has the best hydrophilic properties. The gradual increase in hydrophilicity from 0 to 25 nm
occurs because the Bi2O3 particles change the roughness of the contact surface with water,
allowing the material to have a larger area in contact with water. Up to 30 nm, the lodging
of ZnO nanoarrays increases, and the filling effect of the Bi2O3 particles on the gully is
intensified, which reduces the contact area, so hydrophilicity decreases.
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Figure 4 shows the reflection of the composite structure in the 200–850 nm band. It
can be seen that the reflectance in the ultraviolet band of 200–400 nm is almost zero, as
ZnO has a forbidden bandwidth of 3.2 eV, which has a strong absorption effect in the
ultraviolet band [42,43]. By increasing the thickness of Bi2O3, the reflectivity in the visible
light region gradually decreases. This is closely related to the 2.8 eV energy gap of Bi2O3,
which matches the visible light band. When the thickness of Bi2O3 increases to 25 nm,
the reflectivity is the lowest. At this point, the reflection at 850 nm is 21.224%. At 30 nm,
the reflectivity increases again. This is likely due to the fact that as the thickness of Bi2O3
increases, the trenches in the formed ZnO nanoarrays are filled, the surface gradually
changes from a three-dimensional structure to a flat film, and its reflectivity to light begins
to increase.
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Figure 5 shows the absorption of the composite structure in the 200–850 nm band. The
absorption is consistent with the reflection pattern. In the ultraviolet band, it is mainly
absorbed by the ZnO nanoarrays, and the influence of Bi2O3 on the absorption is not
significant. When it reaches about 380 nm, the absorption value of each group is the same,
the wavelength continues to increase, and the influence of Bi2O3 on the absorption can
be clearly seen. In a certain range, the absorption value increases with the increase in
Bi2O3 thickness and then decreases with the increase in Bi2O3 thickness. The decrease
in the 30 nm absorption value is related to the increase in the reflectivity of the structure
surface, and also to the filling of the trenches between the ZnO nanoarrays, the surface
area of the structure decreases, and the absorption of light will also decrease. The efficient
absorption of light is a fundamental means to improve photocatalytic performance [44–46].
Experiments show that coupled two materials with different energy gap widths are an
effective means of wideband and high absorption. It can be seen from the figure that
the Bi2O3 composite structure with a thickness of 25 nm has the highest light absorption
efficiency.
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By processing the UV absorption data by the Tacu plot method, the energy gap of the
compound semiconductor can be calculated [47–49]. The formula is:

(αhv)1/n = Q(hv − Eg) (5)

where α is the light absorption index, h represents Planck’s constant, h = 6.6260755 × 10−34

J·s, v is the photon frequency, Q is a constant, and Eg is the energy gap of the material.
The value of n is related to the energy band structure of the material. Direct energy gap
semiconductor (such as ZnO) n = 1/2, indirect energy gap semiconductor n = 2. Ultraviolet
absorption value (Abs) is proportional to α. For the sake of simplicity, the ultraviolet
absorption value (Abs) is used instead of α in the calculation. The specific method is to use
the value of (αhv)1/n as the y-axis, and the hv value as the x-axis. After the curve is drawn,
there is a straight line in the curve. Extend the straight line to intersect the x-axis. The
x-coordinate value of the intersection is the forbidden bandwidth of the material [50–52].
When calculating the pure ZnO nanoarrays, n = 1/2. When calculating the ZnO/Bi2O3
composite structure, n = 2. Since electrons do not directly excite the valence band to
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the conduction band at this time, electrons first transition from the valence band to the
conduction band of ZnO and then the vector moves to the conduction band of Bi2O3.

The calculated energy gaps of each group are listed in Table 1. The results show that
the energy gap width of ZnO is 3.233 eV, which is close to that reported in the literature. As
the thickness of Bi2O3 increases, the energy bandwidth of the composite structure decreases,
and the absorption range becomes wider. When the thickness of Bi2O3 is 25 nm, the energy
gap decreases to 2.942 eV, and when the thickness of Bi2O3 increases, the energy gap width
increases again. These data indicate that the energy band of ZnO can be modified by
changing the thickness of Bi2O3. Additionally, for ZnO with a thickness of 20 nm, the best
matching Bi2O3 thickness is 25 nm.

Table 1. Energy gap widths of each experimental group.

Bi2O3 Content (nm) Energy Gap (eV)

0 3.233
10 3.114
15 3.092
20 3.061
25 2.942
30 3.055

Under a bias voltage (photoelectrons move incompetently towards the electrode under
the external anode bias, avoiding the simple combination of the electron–hole and thus
prolonging the life of the hole) of 1.5 V, the calomel electrode is used as the reference
electrode, and the Pt electrode is used as the auxiliary electrode, and the sample is clamped
on the working electrode. The metal piece of the electrode touches the coated side. To make
0.1 mol/L Na2SO4 solution as electrolyte. The formed three-electrode system performs
photocurrent tests on the sample [53–55]. The sample is 20 cm away from the light source,
and the side coated with the composite film structure faces the light source. The dark–light
conversion is performed every 40 s to test the net photogenerated current density and the
response to light. The total test time is 400 s. We judge the photocatalytic performance of
the composite structure based on the generated photocurrent density.

It can be seen in Figure 6 that the photoresponse characteristics of each control group
are all excellent. The photocurrent density of the ZnO nanoarrays with the thickness
of Bi2O3 increased within a certain range from the dark to the light response group is
significantly higher than that of pure ZnO. As the thickness of Bi2O3 deposited on the
ZnO nanoarrays gradually increases, the resulting photocurrent density also increases, and
reaches the maximum photocurrent density of 0.458 mA·cm−2 at a thickness of 25 nm,
which is about 5.5 times that of the pure ZnO nanoarrays (the photocurrent density of
the pure ZnO nanoarray is 0.088 mA·cm−2). This is because the smaller energy gap
of Bi2O3 has a good absorption effect on visible light, and the heterojunction structure
formed by ZnO/Bi2O3 has the effect of inhibiting the recombination of photogenerated
electrons and holes. The generated carriers can have a longer lifetime. That is, there is a
higher concentration at the reaction interface, which greatly improves the photoelectric
conversion efficiency, while the photocurrent density at 30 nm is reduced. Additionally,
the photocurrent density at 25 nm is the largest. It is proved that the quantum traps in the
combined system are the least, and only a small part of the generated photoelectrons are
used for trap filling [56–58]. More photoelectrons form the photocurrent.

Electrochemical Impedance Spectroscopy (EIS) is used to measure the ratio of the AC
potential to the current signal (the impedance of the system) changes with the frequency
α of the sine wave by applying a small amplitude alternating sine potential wave with
different frequencies to the electrochemical system, or the change of the phase angle ϕ
of the impedance with α. An external voltage signal can produce a current signal, which
is somewhat similar to a normal circuit. Levie et al. [59] made an equivalent circuit to
the impedance diagram that appeared to analyze the working state of the material. This
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experiment uses a bias voltage of 0.1 V and a frequency from 1 Hz to 100 kHz to test the
impedance of the composite structure.
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The impedance diagram of each group can be seen in Figure 7, which can be seen
in two parts. Part I is that the impedance diagram at high frequency, which resembles
an exponential function. According to Levie’s theory, the working state of the material at
this stage can be equivalent to a collection circuit composed of many tiny resistors and
capacitors. As the frequency decreases, the effect of capacitor C increases. As the frequency
increases, the effect of the resistance R increases. When the frequency is low, it can be
equivalent to the resistance R and the capacitor C in series, and when the frequency is high,
it mainly shows the characteristics of the resistance R.
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Part II demonstrates that when the low-frequency part changes from a semicircle to
close to zero, the curve becomes warped upwards at a certain angle. According to the
equivalent circuit model shown in Figure 8, this section can be equivalent to the circuit
shown in the figure. When the frequency is relatively high, Zω approaches zero. At this
time, the impedance diagram is semicircular, and the material is mainly based on charge
transfer at this time. When the frequency approaches zero, it is mainly material transfer.
The reason why the impedance curve tilts upward at a certain angle is most likely due to
the rough surface of the electrode, which makes a part of the diffusion process equivalent
to spherical diffusion. The height of the apex of the impedance curve of the 25 nm thick
Bi2O3 is the smallest, indicating that it has the least hindrance to the photocurrent.

Coatings 2021, 11, x FOR PEER REVIEW 11 of 15 
 

 

 
Figure 7. In a 0.1 mol/L Na2SO4 (PH (Hydrogen ion concentration index) =7) solution, keeping the 
bias voltage at 1.5 V, using a standard calomel electrode as the reference electrode to test the J-T 
image of the sample. 

Part II demonstrates that when the low-frequency part changes from a semicircle to 
close to zero, the curve becomes warped upwards at a certain angle. According to the 
equivalent circuit model shown in Figure 8, this section can be equivalent to the circuit 
shown in the figure. When the frequency is relatively high, Zω approaches zero. At this 
time, the impedance diagram is semicircular, and the material is mainly based on charge 
transfer at this time. When the frequency approaches zero, it is mainly material transfer. 
The reason why the impedance curve tilts upward at a certain angle is most likely due to 
the rough surface of the electrode, which makes a part of the diffusion process equivalent 
to spherical diffusion. The height of the apex of the impedance curve of the 25 nm thick 
Bi2O3 is the smallest, indicating that it has the least hindrance to the photocurrent. 

 
Figure 8. Part II equivalent circuit diagram. 

The working principle of ZnO/Bi2O3 can refer to the scheme proposed by Medina et 
al. [60]. As shown in Figure 9, the photogenerated electrons on ZnO move in the direction 
of Bi2O3, and the holes on Bi2O3 move in the direction of ZnO. This process not only 
accelerates the generation of carriers but also promotes the migration of carriers in Bi2O3 
to ZnO. However, also, we also introduced the FTO substrate. According to the report of 
Saha et al. [61], the combination of FTO and oxide also forms a heterojunction, which 
greatly improves the response to light. Therefore, compared with ZnO/Bi2O3 composite 
materials, FTO/ZnO/Bi2O3 has better photoelectric conversion performance and is more 
convenient to recycle. 

Figure 8. Part II equivalent circuit diagram.

The working principle of ZnO/Bi2O3 can refer to the scheme proposed by Medina
et al. [60]. As shown in Figure 9, the photogenerated electrons on ZnO move in the
direction of Bi2O3, and the holes on Bi2O3 move in the direction of ZnO. This process not
only accelerates the generation of carriers but also promotes the migration of carriers in
Bi2O3 to ZnO. However, also, we also introduced the FTO substrate. According to the
report of Saha et al. [61], the combination of FTO and oxide also forms a heterojunction,
which greatly improves the response to light. Therefore, compared with ZnO/Bi2O3
composite materials, FTO/ZnO/Bi2O3 has better photoelectric conversion performance
and is more convenient to recycle.
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4. Conclusions

In summary, the ZnO/Bi2O3 composite heterostructure was successfully prepared
on the FTO base using magnetron sputtering and hydrothermal growth methods, and
characterized. The XRD analysis showed that the (−141) crystal orientation of Bi2O3 and
the (101) crystal orientation of ZnO exist in the heterostructure. In the SEM image, it can
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be seen that the ZnO nanoarrays grow well, have the same direction, and that the Bi2O3
adheres well. Ultraviolet absorption is several times higher than that of the pure ZnO
structure, and the photocurrent performance is improved several times. This is mainly due
to the formation of heterostructures between ZnO nanoarrays and ZnO and Bi2O3. The
ZnO nanoarrays can effectively improve the system signal-to-noise ratio. It also promotes
the movement or transfer of electrons and holes generated inside the crystal to the surface.
The electric field in the heterojunction region facilitates charge transport, improves electron–
hole separation in the system, reduces recombination, and increases the concentration
of photogenerated carriers. Bi2O3 is used as a light absorber and ZnO photogenerated
electron transmitter, which helps to improve photoelectric conversion efficiency. Through
this research, it is found that the materials prepared this time have great research and
application prospects in the field of solar cells. However, the current problem is mainly
that the stability of thin film materials needs to be improved, which is also a problem that
we need to continue to study and solve.
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