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Abstract: The n-type Ce:ZnO (NL) grown using a hydrothermal method was deposited on a p-type
boron-doped nanoleaf diamond (BDD) film to fabricate an n-Ce:ZnO NL/p-BDD heterojunction. It
shows a significant enhancement in photoluminescence (PL) intensity and a more pronounced blue
shift of the UV emission peak (from 385 nm to 365 nm) compared with the undoped heterojunction (n-
ZnO/p-BDD). The prepared heterojunction devices demonstrate good thermal stability and excellent
rectification characteristics at different temperatures. As the temperature increases, the turn-on
voltage and ideal factor (n) of the device gradually decrease. The electronic transport behaviors
depending on temperature of the heterojunction at different bias voltages are discussed using an
equilibrium band diagram and semiconductor theoretical model.

Keywords: Ce-doped ZnO NLs; boron-doped diamond; heterojunction; photoluminescence; electri-
cal transport behavior; high temperature

1. Introduction

Nanomaterials (nanowires, nanorods, nanotubes, nanospheres, etc.) have become
a key research target for researchers due to their potential applications in transistors,
light-emitting diodes (LEDs), and sensing devices [1]. Nanostructured ZnO with unique
properties (wide band gap (3.3 eV), large saturation velocity, large exciton binding energy
(60 meV), etc.) is widely used to fabricate various nanodevices, including Schottky diodes,
photodetectors, chemical sensors, and surface acoustic wave devices [2–5]. It is consid-
ered one of the attractive semiconductors in the field of nanoscale electronic and photonic
devices. Various ZnO nanostructures have been fabricated into p–n heterojunctions with
excellent properties on numerous substrates (such as Si [6,7], SiC [8,9], CuO [10], and
graphene [11]). Compared with the conventional substrate materials above, boron-doped
diamond (BDD) has outstanding properties, such as wide forbidden band (5.47 eV), chemi-
cal stability, high thermal conductivity, high electron–hole mobility (2400 cm2/(V · s)), high
breakdown voltage (~107 V/cm), and radiation resistance, so it is considered a new type of
high-temperature-resistant p-type semiconductor material. To combine the outstanding
properties of ZnO and BDD, ZnO–BDD-related devices could be prepared to extend the
applications in optoelectronics, especially in harsh environments, such as high radiation
and temperature. In recent years, related work on the successful combination of p-type
BDD with n-type ZnO to fabricate heterojunctions has been reported [12–17], and typical
rectification characteristics and/or negative differential resistance at high temperature have
been exhibited. However, the optical and electrical properties of the heterojunction system
should be improved further for high stability in optoelectronic field applications.
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In order to enhance the optoelectronic properties of n-ZnO/p-BDD heterojunction
systems, high-quality p–n junctions have to be fabricated, and higher-quality n-type ZnO
semiconductors are required. Doping is a viable method to improve the quality and
performance of semiconductors. Rare earth (RE) doping of ZnO is very interesting and
attractive because the shielded 4f energy level of Re3+ can cause multifarious clearly
defined narrow optical jumps between the spin–orbit energy level splitting in different
manifold weak crystal fields, thus causing significant changes in the optoelectronics of
the semiconductor [18]. There have been some reports on RE elements doped with ZnO,
including Er, La, Yb, and Eu [19–21]. Among the RE elements, Ce is of interest due to
its unique property of readily forming oxygen vacancies and controlling the morphology
of the host, and the adaptability of Ce-doped ZnO has been demonstrated [22–24]. Up
to now, there has been no comparative study of the electronic and optical properties of
Ce-doped nanostructured n-ZnO/p-BDD heterojunctions. In this work, Ce-doped ZnO
nanoleaves (NLs) were deposited on p-BDD films by using a hydrothermal method, and the
photoluminescence (PL) properties of the n-Ce-doped ZnO NL/p-BDD heterojunction were
investigated in detail. The temperature-related electrical performance carrier transport
behavior was analyzed.

2. Results and Discussion

Figure 1a–c shows the scanning electron microscopy (SEM) of the BDD substrate and the
Ce-doped ZnO NLs grown on the BDD. In Figure 1a, the BDD films are mainly composed of
dense diamond particles with an estimated average dimension of 1.4 µm. With the doping
of Ce ions in the ZnO crystal lattice, the formation of NL-like and clearly identified three-
dimensional morphology clusters is observed (Figure 1b,c). They are mainly composed of NLs
with an average length (thickness) of 1.6 µm (7.9 nm) interspersed longitudinally.

Figure 1. (a) SEM of the BDD substrate. (b,c) SEM of Ce:ZnO NLs deposited on the BDD substrate,
respectively. (d) XRD spectrum of the n-Ce:ZnO NL/p-BDD heterojunction and n-ZnO/p-BDD
heterojunction. (e) EDS spectra of the n-Ce:ZnO NL/p-BDD heterojunction.

Typical X-ray diffraction (XRD) peaks of the n-Ce:ZnO NL/p-BDD heterojunction are
given in Figure 1d. The peaks located at 31.73◦, 34.42◦, 36.22◦, 47.55◦, 56.59◦, 62.82◦, 67.99◦,
and 69.07◦ can be labeled as the (100), (002), (101), (102), (110), (103), (112), and (201) of the
hexagonal wurtzite structure ZnO, respectively, which coincides with the given standard
JCPDS data card (No. 36–1451). The peaks at 43.93◦ and 75.30◦ can be labeled as the (111)
and (220) crystalline phases of diamond, respectively, given by the corresponding standard
JCPDS data card (No. 06–0675). No other obvious impurity peaks exist. Compared with
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the n-ZnO/BDD heterojunction, XRD analysis results show that the crystal structure of
n-Ce:ZnO NLs has not changed, and keeps a good hexagonal wurtzite structure.

Energy-dispersive X-ray spectroscopy (EDS) spectra are used to evaluate the elemental
composition of the n-Ce:ZnO NL/p-BDD heterojunction, as shown in Figure 1e. The spectra
present peaks for the main components of the heterojunction, which are only associated
with Zn, O, and C elements and a small amount of Ce (the specific elemental composition
content is given in the upper right corner), and no other impurity-related peak positions are
detected. The quantitative data presented in Figure 1e show that the weight percentages
of Zn, O, C, and Ce of Ce:ZnO NLs are 79.36 wt%, 16.09 wt%, 4.36 wt%, and 0.20 wt%,
respectively. Hence, the top surfaces of the synthesized Ce-doped ZnO NLs are usually
rich in zinc due to the termination with Zn2+ [25].

The existence state of Ce ions in the sample is determined by XPS analysis. Full-scan
XPS of the n-Ce:ZnO NL/p-BDD heterojunction is shown in Figure 2a. Elemental zinc,
oxygen, silicon (mainly originating from the substrate material), and surface carbon (mainly
caused by the existence of C element in the diamond substrate and the pollution caused by
CO/CO2 adsorption on the sample surface) are detected in the spectrum, with no other
significant impurities in the sample.

Figure 2. XPS analysis of the n-Ce:ZnO NL/p-BDD heterojunction. (a) Full-scan XPS of the n-Ce:ZnO
NL/p-BDD heterojunction. High-resolution XPS spectra of (b) Zn2p, (c) O1s, and (d) Ce3d.

Subsequently, the important elements of Zn(2p), O(1s), and Ce(3d) in the samples are
scanned by XPS, and the corresponding high-resolution spectra are obtained (Figure 2b–d)
to analyze the apparent chemistry of the n-Ce:ZnO NL/p-BDD heterojunction. Figure 2b
shows the high-resolution XPS scan spectrum of Zn2p. The Zn2p signal consists of two
symmetrical peaks corresponding to Zn2p3/2 at 1021.6 eV and Zn2p1/2 at 1044.7 eV. Com-
parison of the magnitude of the binding energy between the two peaks indicates that the Zn
ion exists mainly in the 2-valent form [26]. The signal of O1s can be decomposed into three
symmetric peaks by Gaussian fitting (Figure 2c), which are defined as OI1 (530.8 eV), OI2
(532.1 eV), and OI3 (536.3 eV). Among them, the OI1 located at 530.8 eV is mainly related
to the O2- ion in the wurtzite structure, which is usually bound by the O2- ion closest to
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the Zn ion to form a complementary state [27]. The OI2 located at 532.1 eV is associated
with the O2- ion in the oxygen-deficient region of the ZnO matrix, which determines the
oxygen vacancies inside ZnO. The intensity of this component can reflect the concentration
of oxygen vacancies [28]. The OI3 located at 536.3 eV is mainly associated with adsorbed
water and oxygen at the grain boundaries or loosely bound oxygen at the sample inter-
face [29]. Figure 2d shows a high-resolution XPS image of Ce3d decomposed into 10
peaks by using a Gaussian function, labeled in order as W1 (881.4 eV), W2 (883.8 eV), W3
(885.9 eV), W4 (888.1 eV), W5 (897.3 eV), W6 (899.9 eV), W7 (901.9 eV), W8 (903.8 eV), W9
(907.3 eV), and W10 (915.6 eV). It is mainly associated with the two sets of spin orbitals of
Ce3d5/2 and Ce3d3/2. The peaks at 888.1, 897.3, 899.9, 901.9, and 915.6 eV can be attributed
to the Ce3d3/2 and Ce3d5/2 photoelectric emissions of CeO2 (888.1, 897.3, and 899.9 eV
correspond to Ce3d5/2 of Ce4+; 901.9 and 915.6 eV correspond to Ce3d3/2 of Ce4+) [30]. The
peak position of 888.1 eV suggests that a mixture of Ce (3d94f2)O(2p4) and Ce(3d94f0)O(2p5)
appears [31]. The peaks at 881.4, 885.9, 903.8, and 907.3 eV are mainly associated with the
Ce3d3/2 and Ce3d5/2 photoelectric emission of Ce3+. The peak of 881.4 eV corresponds to
Ce3d5/2 of Ce3+, and the peaks of 885.9, 903.8, and 907.3 eV correspond to Ce3d3/2 of Ce3+.
In addition, the peak of 883.8 eV can be attributed to the metallic phase of Ce [32]. From
the above results, the coexistence of Ce3+ and Ce4+ implies the appearance of oxidized and
metallic phases of Ce doped in the ZnO NLs. Ce ions are confirmed to enter the ZnO lattice.

The PL properties of the undoped n-ZnO/p-BDD and n-Ce:ZnO NL/p-BDD hetero-
junctions excited by 325 nm at RT are shown in Figure 3. Both n-ZnO/p-BDD and n-Ce:ZnO
NL/p-BDD heterojunctions exhibit intense UV emission (at 385 and 365 nm, respectively)
and blue emission (at 464 and 468 nm, respectively). The n-Ce:ZnO NL/p-BDD hetero-
junction also exhibits a broader green emission centered at 528 nm. The appearance of
the UV emission peak is related to the near band edge emission of ZnO, which is mainly
compounded by mutual collisions between free excitons [33]. The blue-green emission
of ZnO is mainly associated with defects, such as oxygen vacancies. It should be noted
that, here, oxygen vacancies include singly ionized oxygen vacancies (Vo+), doubly ionized
oxygen vacancies (Vo++), and neutral oxygen vacancies (Vo), oxygen gaps, zinc vacancies,
and zinc gaps (Zni). Among them, the cause of the green emission of ZnO has been contro-
versial, and the most mainstream view is that the combination of photogenerated holes
and singly ionized oxygen vacancies (Vo++) in ZnO causes green emission [34]. For the
n-ZnO/p-BDD heterojunction, the blue emission peaks at 464 and 469 nm are mainly due to
the transition of the zinc gap. Meanwhile, for the n-Ce:ZnO NL/p-BDD heterojunction, the
jump between Ce3+ and Ce4+ and the jump of Ce3+ ions from the Zni state to the valence
band are involved in the appearance of the blue emission peaks [35]. The emission peak at
483 nm is attributed to the transition between interstitial oxygen and oxygen vacancies [36].
The UV emission peak position of the n-Ce:ZnO NL/p-BDD heterojunction shifts from
385 nm to 365 nm, and the change in UV emission peak position is thought to be caused
by the doping of Ce ions in ZnO nanoparticles. The increase in the overall luminescence
intensity of the n-Ce:ZnO NL/p-BDD heterojunction indicates that the Ce-doped ZnO has
a high electron–hole complexation rate. Figure 3b plots the CIE color coordinates of the
n-ZnO/p-BDD and n-Ce:ZnO NL/p-BDD heterojunctions. The chromaticity coordinates of
the n-ZnO/p-BDD heterojunction change significantly in the visible region after doping
with Ce, shifting from (0.1418, 0.2385) to (0.1413, 0.1853). The emission intensity is also
enhanced, reaching from the light blue region to the dark blue region. These results indicate
that the n-Ce:ZnO/p-BDD heterojunction has good prospects for application in the dark
blue region of light-emitting devices.
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Figure 3. (a) PL spectra and (b) standard CIE color graphs of the n-ZnO/p-BDD and n-Ce:ZnO
NL/p-BDD heterojunctions.

Figure 4 (top inset) displays the device structure view of the n-Ce:ZnO NL/p-BDD
heterojunction. The positive and negative terminals of the device consist of wires leading
from the Ag contacts on the BDD and ITO sides, respectively. The linear I–V characteristics
between the ITO/Ag and BDD/Ag contacts show a linear relationship of an ohmic contact
(Figure 4 bottom inset). The ITO-ZnO also has ohmic contact characteristics, and the work
function is nearly the same [37]. The physical parameters of the p-type BDD are measured
in accordance with the Hall effect. The carrier mobility, resistivity, and carrier concentration
are 38.9 cm2 V−1 s−1, 1.09 × 10−1 Ω cm, and 1.46 × 1018 cm−3, respectively.

Figure 4. Current–voltage (I–V) characteristics of the n-Ce:ZnO NL/p-BDD heterojunction at various
temperatures. The top left inset shows the device structure schematic. The lower right inset shows
the ohmic contact test of Ag/ITO/Ag and Ag/BDD/Ag.

Figure 4 shows the current–voltage (I–V) characteristics of the n-Ce:ZnO NL/p-BDD
heterojunction at various temperatures of 25 ◦C, 100 ◦C, and 175 ◦C. The heterojunction
exhibits typical pn diode behavior in terms of I–V characteristics, and all curves exhibit
typical rectification characteristics with rectification ratios of 1.38, 1.29, and 29.37 at ±8 V at
25 ◦C, 100 ◦C, and 175 ◦C, respectively. The change in rectification ratio is usually directly
related to the change in leakage current [38]. When the bias voltage is higher than 4.6 V, the
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forward currents of the heterojunctions at 100 ◦C and 175 ◦C tend to decrease. The turn-on
voltage of the heterojunction is 0.6 V at 25 ◦C, while it decreases to 0.5 V (100 ◦C) and
0.4 V (175 ◦C) at higher temperatures. The I–V characteristics of the n-Ce:ZnO NL/p-BDD
heterojunction demonstrate favorable electrical performance with standard rectification
characteristics and low turn-on voltage at the high temperature of 175 ◦C. The reason
is probably that the regular normal diffusion current and excess current are injected for
the heterojunction at higher temperatures. These turn-on voltages are much lower than
our previous work reported for the undoped n-ZnO/p-BDD heterojunction [14,15], which
responds to the fact that the doping of Ce improves the electrical performance of the hetero-
junction from the n-side. The results show that the n-Ce:ZnO NL/p-BDD heterojunction
exhibits more excellent rectification characteristics and electrical performance at the high
temperature of 175 ◦C, which means that the n-Ce:ZnO NL/p-BDD heterojunction is more
suitable for high-temperature operation.

To explore the mechanism of the variation trend of I–V characteristics, the energy
band diagrams of the heterojunction at various temperatures are established, as shown in
Figure 5. Owing to the Ce element doping and small thickness (7.9 nm) of the ZnO NLs,
the morphology presents a large surface area-to-volume ratio and a great quantity of free
surface and oxygen vacancy [39], leading the Ce-doped ZnO NLs to the heavy doping
of degenerated semiconductors. For the degenerated n-ZnO, its Fermi level enters the
conduction band, and the shallow oxygen vacancy energy level expands to the defect band
close to the conduction band (the defect band contains a large number of oxygen vacancies).
There exists a common band of energies, in which there are filled states on the n-ZnO. Given
that the BDD is nondegenerated, the Fermi level exists in the bandgap. When n-degenerated
ZnO is bonded to p-nondegenerated diamond, the injected current is mainly controlled
by the holes at the valence band on the diamond side because the barrier height at the
conduction band (∆Ec) is much larger than that at the valence band (∆Ev). At RT, when
a bias voltage is applied, the holes will diffuse to the interface of the heterojunction and
can tunnel from the valence band of p-BDD to the common band of the n-Ce-doped ZnO
semiconductor. The large band-to-band tunneling current dominates the heterojunction,
which results in large forward and reverse currents for the heterojunctions at RT. At high
temperature, the Fermi energy level on the p-type diamond side moves and gradually
approaches the centerline of the forbidden band, and the bands are uncrossed. Neither
n-Ce-doped ZnO nor p-BDD has available empty energy states, resulting in a gradual
decrease in tunneling current. With the further increase in voltage, the natural diffusion
current and excess current state dominate. In addition, the doping of Ce increases the
concentration of oxygen vacancies on the ZnO side, which captures the holes in the excited
state and hinders the complexation of electrons and holes, thereby indirectly affecting
the conversion between the filled state and the empty energy state on the side of ZnO or
diamond and leading to a further decrease in the tunneling current to zero. Therefore,
although more thermal emission carriers are generated and injected at high temperatures,
as the tunneling current and the carrier complexation decrease, the total current tends to
the valley current. Therefore, the I–V characteristic curve at a high temperature of 175 ◦C
shows a gradually decreasing trend and exhibits more excellent rectification characteristics.
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Figure 5. Schematic of the energy band structure of the n-Ce:ZnO/p-BDD heterojunction at various
temperatures. (a) Room temperature, (b) high temperature.

The lnI–V characteristic curves at various temperatures are plotted in Figure 6. The
ideal factor (n) of the heterojunction is fitted using the following standard diode equation:

I = Is

[
exp

(
qV
nkT

)
− 1
]

, (1)

where Is is the reverse saturation current, V is the applied voltage, q is the charge, k is the
Boltzmann constant, and T is the absolute temperature. Given that the turn-on voltage of
this heterojunction is mainly in the range of 0.4–0.6 V, the fitted voltage interval is limited
to 0–0.6 V in accordance with the linear part of the curve, and the ideal factor at various
temperatures is calculated. The ideal factors (n) calculated at 25 ◦C, 100 ◦C, and 175 ◦C are
6.72, 5.43, and 4.61, respectively. In general, the ideal value of an ideal diode is about 2 [40].
At lower temperatures (25 ◦C), the n value much larger than 2 is due to structural defects
near the interface in the heterojunction, lots of surface states, parasitic rectification junctions,
or tunneling effects [41]. Although the value of n at RT is not particularly ideal, it is better
than the reported heterojunction related to the reported undoped ZnO and Al-doped
ZnO heterojunctions [15,42]. When the temperature rises to a higher level, the thermally
activated carriers fill most of the defect traps, and the enhanced production–recombination
process in the depletion region directly or indirectly leads to the decrease in n value [43,44].

Figure 6. Semilogarithmic current–voltage characteristics of the heterojunction at various temperatures.

The logI–logV characteristics of the heterojunction at various temperatures are shown
in Figure 7. In accordance with the applied bias voltage, the three temperature plots are
classified into three different regions. In the low-voltage region (region I), the fitted I–V
characteristics at 25 ◦C, 100 ◦C, and 175 ◦C follow the power exponential law with I–V1.17,
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I–V1.22, and I–V1.11, respectively. The exponents are all close to 1, indicating the ohmic
behavior of the region. At moderate forward voltage (region II), because of the compound
tunneling mechanism of wide-bandgap semiconductor heterojunction devices, the forward
current follows the I–exp(αV) relationship. The fitted injection efficiencies α are obtained
in the order of 0.50 (25 ◦C), 0.52 (100 ◦C), and 0.57 (175 ◦C), and these values are located
in the semiconductor junction (0.45–1.5 V−1) range [45]. The slight increase in α values
with increasing temperature indicates improved carrier injection and the appearance of
more thermally excited carriers. At higher forward voltages (region III), the fitted I–V
characteristics at 25 ◦C, 100 ◦C, and 175 ◦C continue to follow the power exponential law,
which are I–V2.2, I–V1.2, and I–V1.4, respectively. At low temperatures (25 ◦C), the curve
exhibits a power exponential relationship of I∝V2, which is associated with the space
charge-limited current (SCLC) mechanism. The trap-limited SCLC conduction model can
explain exponents greater than 2 [46]. Typically, the high density trap states from oxygen
surface defects in the n-Ce:ZnO NL/p-diamond heterojunction could capture carriers at
low temperatures. At high temperatures (100 ◦C and 175 ◦C), the curve exhibits a linear
relationship with ohmic behavior because the absence of available states relative to the filled
state, with an exponent value of about 1. At this point, the thermal emission carriers no
longer flow and tunnel from p-BDD valence band side to the oxygen defect level common
band of n-Ce:ZnO NLs.

Figure 7. LogI–logV plots of the n-Ce:ZnO NL/p-BDD heterojunction at various temperatures.

A plot of ln(I/V2) versus 1/V is given in Figure 8 to investigate the interfacial carrier
migration mechanism in heterojunctions. In general, the carrier migration mechanisms in
heterojunction interfaces can be classified into three categories [47]. (I) When the external
temperature is high, lots of carriers cross the interface through the energy generated by
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thermal excitation to overcome the interfacial potential barrier, and the carrier transport
mechanism is mainly thermionic emission, which could be expressed as

I = AA∗ exp

−
(

φb −
√

q3V/4πε0εrd
)

kT

, (2)

where A is the area of the heterojunction, A* is the Richardson constant, ε0 is the dielectric
constant of the vacuum, εr is the dielectric constant of the semiconductor, φb is the height
of the potential barrier at T = 0 K, and d is the height of the potential barrier at the interface.
Therefore, the hot electron emission is mainly related to the height of the potential barrier
at the interface. The higher the potential barrier at the interface is, the higher the required
excitation temperature will be. When the temperature is low, the carrier cannot overcome
the barrier caused by thermal energy, so the carrier migration at this time mainly depends
on the tunneling mechanism at the interface barrier, which is consistent with the energy
band diagram analysis of the heterojunction. (II) When a lower voltage is given, the
interfacial carrier transport mechanism at this time is mainly direct tunneling, which can
be expressed as

ln
(

I
V2

)
∝ ln

(
1
V

)
−

4πd
√

2mφb

h
, (3)

where h is Planck’s constant, and m is the effective mass of the charge carrier. (III) When
higher voltage is given, the interfacial carrier transport mechanism at this time is mainly
Fowler–Nordheim (F–N) tunneling, which could be expressed as [48]

ln
(

I
V2

)
∝ − 1

V

8πd
√

2mφ3
b

h

. (4)

Figure 8. ln(I/V2) vs. 1/V plot of the n-Ce:ZnO NL/p-BDD heterojunction at various temperatures.
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Thus, the conduction of thermal ion emission is mainly temperature dependent, while
the direct and F–N tunneling are mainly voltage dependent. At a lower temperature (25 ◦C),
the curve shows a more distinctive feature, namely, the appearance of a voltage inflection
point (Vt). The appearance of this inflection point indirectly indicates the presence of
direct and F–N tunneling. When Vt > 4 V, 1/V shows a negative slope trend, signifying the
appearance of the F–N tunneling effect. When Vt < 4 V, the electrical transport properties
change, and 1/V takes a logarithmic form, indicating the presence of the direct tunneling
effect. At higher temperatures (100 ◦C and 175 ◦C), the curve changes significantly, and
the inflection point disappears. Therefore, the carriers can generate enough energy to pass
through the potential barrier region and be injected by the common nondegenerated pn
heterojunction without tunneling current at high temperature.

3. Materials and Methods

BDD films were prepared by hot filament chemical vapor deposition (HFVVD) with a
thickness of about 4 µm [49]. Ce:ZnO NLs were synthesized using a hydrothermal method.
A ZnO seed crystal layer of approximately 20 nm was prepared on the BDD films through
magnetron sputtering. The precursor solution for growing Ce-doped ZnO nanomaterials
was prepared with 0.2 M zinc acetate dihydrate (Zn(CH3COO)2 · 2H2O), 11 mM cerium
nitrate hexahydrate (Ce(NO3)2 · 6H2O), 3 mM hexamethylenetetramine (CH2)6N4), and
a certain amount of anhydrous ethanol. Then, the drug was stirred thoroughly with a
magnetic stirrer to dissolve rapidly. During the stirring process, a proper amount of NaOH
was added to make the pH of the precursor solution 10. After the drug was fully dissolved,
the prepared precursor solution was transferred to an autoclave and treated at 150 ◦C for 24
h. After the reaction, it was rinsed repeatedly with an absolute ethanol solution for 5 min
and dried at RT.

The morphology of the samples was examined using scanning electron microscopy
(SEM, Carl Zeiss, Oberkochen, Germany). The elemental composition of the samples
was analyzed by energy-dispersive X-ray spectroscopy (EDS, Carl Zeiss, Oberkochen,
Germany). The phase structure and phase purity of the samples were examined using X-ray
diffractometry with Cu Kα radiation (XRD, Rigaku SmartLab, Tokyo, Japan). PL properties
were characterized using an FLS920 spectro-fluorophotometer (Edinburgh Instruments,
Edinburgh, UK). The I-V performance of the heterojunction was measured using a Keithley
2400 source (Keithley Instrument, Cleveland, OH, USA).

4. Conclusions

We have successfully grown the Ce-doped ZnO NLs on p-type BDD films using
a hydrothermal method to fabricate the n-Ce:ZnO NL/p-BDD heterojunctions. The PL
properties and electrical properties and carrier transport behavior at high temperatures
of the heterojunctions were investigated. The PL results show that the doping of Ce
enhances the defect concentration inside ZnO, which improves the luminescence intensity
and causes a significant blue shift of the UV emission peak. The prepared devices exhibit
thermal stability and more excellent rectification characteristics and electrical performance
at high temperatures. The ideal factor and turn-on voltage decrease with the increase
in temperature. The temperature-dependent carrier transport behavior of the n-Ce:ZnO
NL/p-BDD heterojunction devices was investigated in depth via energy band diagrams
and semiconductor properties. This study extends the design and application of BDD-
related heterojunction systems and provides essential insight into the relevant interfacial
carrier injection mechanism of the doped metal oxide/diamond heterojunction at high
temperatures and in other harsh environments.

Author Contributions: Conceptualization, Q.W. (Qinglin Wang) and D.S.; methodology, Y.Y. and
X.S.; investigation, Y.Y., X.S. and L.Z.; formal analysis, Y.Y. and S.G.; writing—original draft, Q.W.
(Qinglin Wang), Y.Y.; data curation, D.S., X.W., J.F. and Q.W. (Qinglin Wang); writing—review and
editing, D.S., J.F. and Q.W. (Qinglin Wang); supervision, D.S.; software, L.Z., S.G., X.W., D.Z. and Q.W.
(Qingru Wang); visualization, L.Z.; validation, D.S. and X.W.; resources, D.Z., Q.W. (Qingru Wang)



Nanomaterials 2022, 12, 3773 11 of 12

and H.Z.; funding acquisition, D.S., X.W. and Q.W. (Qinglin Wang). All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant Nos. 62104090
and 11604133), the Natural Science Foundation of Shandong Province (Grant No. ZR2017QA013), the Science
and Technology Plan of Youth Innovation Team for Universities of Shandong Province (Grant No. 2019KJJ019),
the Introduction and Cultivation Plan of Youth Innovation Talents for Universities of Shandong Province, the
Open Project of State Key Laboratory of Superhard Materials (Jilin University, Grant Nos. 201503 and 201612), the
Research Funding of Liaocheng University (Grant Nos. 318012016, 318051610, 318052136, and 318051612).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lu, J.G.; Chang, P.; Fan, Z. Quasi-one-dimensional metal oxide materials—Synthesis, properties and applications. Mater. Sci. Eng.

R Rep. 2006, 52, 49–91. [CrossRef]
2. Ahmed, M.; Meyer, W.; Nel, J. Structural, optical and electrical properties of a Schottky diode fabricated on Ce doped ZnO

nanorods grown using a two step chemical bath deposition. Mater. Sci. Semicond. Process. 2018, 87, 187–194. [CrossRef]
3. Kind, H.; Yan, H.Q.; Messer, B.; Law, M.; Yang, P. Nanowire Ultraviolet Photodetectors and Optical Switches. Adv. Mater. 2002,

14, 158. [CrossRef]
4. Müller, J.; Weißenrieder, S. ZnO-thin film chemical sensors. Anal. Bioanal. Chem. 1994, 349, 380–384. [CrossRef]
5. Shih, W.-C.; Wu, M.-S. Growth of ZnO films on GaAs substrates with a SiO2 buffer layer by RF planar magnetron sputtering for

surface acoustic wave applications. J. Cryst. Growth 1994, 137, 319–325. [CrossRef]
6. Hwang, J.-D.; Chiou, Y.-J.; Zeng, W.-E. High performance NiO/Ag/NiO transparent conducting electrodes for p-Si/n-ZnO

heterojunction photodiodes. Ceram. Int. 2021, 47, 28729–28735. [CrossRef]
7. Koksal, N.E.; Sbeta, M.; Atilgan, A.; Yildiz, A. Al–Ga co-doped ZnO/Si heterojunction diodes. Phys. B Condens. Matter 2020,

600, 412599. [CrossRef]
8. Guziewicz, M.; Schifano, R.; Przezdziecka, E.; Domagala, J.Z.; Jung, W.; Krajewski, T.A. n-ZnO/p-4H-SiC diode: Structural,

electrical, and photoresponse characteristics. Appl. Phys. Lett. 2015, 107, 101105. [CrossRef]
9. Wu, J.; Gao, F.; Shao, G.; Du, Z.; Yang, W.; Wang, L.; Wang, Z.; Chen, S. Enhanced Piezoresistive Behavior of SiC Nanowire by

Coupling with Piezoelectric Effect. ACS Appl. Mater. Interfaces 2020, 12, 21903–21911. [CrossRef]
10. Ma, R.; Pathak, R.; Zheng, D.; Zhang, Y.; Xing, J.; Liu, J.; Jiang, Y.; Xiao, M.; Wu, F. Preparation and photoelectrochemical

properties of hierarchical heterostructure ZnO/CuO array. Appl. Phys. A 2021, 127, 100. [CrossRef]
11. Lu, Y.-M.; Tseng, C.-F.; Lan, B.-Y.; Hsieh, C.-F. Fabrication of Graphene/Zinc Oxide Nano-Heterostructure for Hydrogen Sensing.

Materials 2021, 14, 6943. [CrossRef] [PubMed]
12. Sang, D.; Li, H.; Cheng, S.; Wang, Q.; Liu, J.; Wang, Q.; Wang, S.; Han, C.; Chen, K.; Pan, Y. Ultraviolet photoelectrical properties

of a n-ZnO nanorods/p-diamond heterojunction. RSC Adv. 2015, 5, 49211–49215. [CrossRef]
13. Li, H.; Sang, D.; Cheng, S.; Lu, J.; Zhai, X.; Chen, L.; Pei, X.-Q. Epitaxial growth of ZnO nanorods on diamond and negative

differential resistance of n-ZnO nanorod/p-diamond heterojunction. Appl. Surf. Sci. 2013, 280, 201–206. [CrossRef]
14. Sang, D.D.; Li, H.D.; Cheng, S.H.; Wang, Q.L.; Yu, Q.; Yang, Y.Z. Electrical transport behavior of n-ZnO nanorods/p-diamond

heterojunction device at higher temperatures. J. Appl. Phys. 2012, 112, 036101. [CrossRef]
15. Sang, D.; Wang, Q.; Wang, Q.; Zhang, D.; Hu, H.; Wang, W.; Zhang, B.; Fan, Q.; Li, H. Improved electrical transport properties of

an n-ZnO nanowire/p-diamond heterojunction. RSC Adv. 2018, 8, 28804–28809. [CrossRef]
16. Davydova, M.; Laposa, A.; Smarhak, J.; Kromka, A.; Neykova, N.; Náhlík, J.; Kroutil, J.; Drahokoupil, J.; Voves, J. Gas-sensing

behaviour of ZnO/diamond nanostructures. Beilstein J. Nanotechnol. 2018, 9, 22–29. [CrossRef]
17. Sang, D.; Liu, J.; Wang, X.; Zhang, D.; Ke, F.; Hu, H.; Wang, W.; Zhang, B.; Li, H.; Liu, B.; et al. Negative Differential Resistance of

n-ZnO Nanorods/p-degenerated Diamond Heterojunction at High Temperatures. Front. Chem. 2020, 8, 531. [CrossRef]
18. Xia, C.; Hu, C.; Zhou, P. Low-temperature growth and optical properties of Ce-doped ZnO nanorods. J. Exp. Nanosci. 2013, 8,

69–76. [CrossRef]
19. Zamiri, R.; Lemos, A.; Reblo, A.; Ahangar, H.A.; Ferreira, J. Effects of rare-earth (Er, La and Yb) doping on morphology and

structure properties of ZnO nanostructures prepared by wet chemical method. Ceram. Int. 2013, 40, 523–529. [CrossRef]
20. Najafi, M.; Haratizadeh, H.; Ghezellou, M. The Effect of Annealing, Synthesis Temperature and Structure on Photolu-minescence

Properties of Eu-Doped ZnO Nanorods. J. Nanostruct. 2015, 5, 129–135. [CrossRef]
21. Lupan, O.; Pauporté, T.; Viana, B.; Aschehoug, P.; Ahmadi, M.; Cuenya, B.R.; Rudzevich, Y.; Lin, Y.; Chow, L. Eu-doped ZnO

nanowire arrays grown by electrodeposition. Appl. Surf. Sci. 2013, 282, 782–788. [CrossRef]

http://doi.org/10.1016/j.mser.2006.04.002
http://doi.org/10.1016/j.mssp.2018.07.021
http://doi.org/10.1002/1521-4095(20020116)14:2&lt;158::AID-ADMA158&gt;3.0.CO;2-W
http://doi.org/10.1007/bf00326603
http://doi.org/10.1016/0022-0248(94)90968-7
http://doi.org/10.1016/j.ceramint.2021.07.032
http://doi.org/10.1016/j.physb.2020.412599
http://doi.org/10.1063/1.4930307
http://doi.org/10.1021/acsami.0c04111
http://doi.org/10.1007/s00339-020-04242-6
http://doi.org/10.3390/ma14226943
http://www.ncbi.nlm.nih.gov/pubmed/34832345
http://doi.org/10.1039/C5RA06054K
http://doi.org/10.1016/j.apsusc.2013.04.126
http://doi.org/10.1063/1.4745039
http://doi.org/10.1039/C8RA03546F
http://doi.org/10.3762/bjnano.9.4
http://doi.org/10.3389/fchem.2020.00531
http://doi.org/10.1080/17458080.2011.559591
http://doi.org/10.1016/j.ceramint.2013.06.034
http://doi.org/10.7508/JNS.2015.02.007
http://doi.org/10.1016/j.apsusc.2013.06.053


Nanomaterials 2022, 12, 3773 12 of 12

22. Kulandaisamy, A.J.; Elavalagan, V.; Shankar, P.; Mani, G.K.; Babu, K.J.; Rayappan, J.B.B. Nanostructured Cerium-doped ZnO thin
film—A breath sensor. Ceram. Int. 2016, 42, 18289–18295. [CrossRef]

23. Chelouche, A.; Touam, T.; Tazerout, M.; Djouadi, D.; Boudjouan, F. Effect of Li codoping on highly oriented sol-gel Ce-doped
ZnO thin films properties. J. Lumin. 2017, 188, 331–336. [CrossRef]

24. Ge, C.; Xie, C.; Cai, S. Preparation and gas-sensing properties of Ce-doped ZnO thin-film sensors by dip-coating. Mater. Sci. Eng.
B 2007, 137, 53–58. [CrossRef]
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