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ABSTRACT

In this study, a facile and effective approach for the preparation of Cu2O/ZnO heterostructures on flexible carbon materials to enhance the
piezoelectric performance is reported. The Cu2O/ZnO heterostructures are deposited directly on carbon fibers (CFs) by a two-step method
using plasma–liquid interaction strategy. The Cu2O microparticles are first deposited on the surface of CFs, and then, the ZnO nanostructures
are grown on the surface of Cu2O microparticles and CFs. The as-prepared CFs show an improved piezoelectric response of d33¼ 7.95 pm/V
compared to intrinsic CFs (d33 ¼ 2.64 pm/V), which is based on the nano-heterostructures principle. This work demonstrates a simple and
feasible approach to prepare flexible carbon materials with enhanced piezoelectric performance, which may provide an ecologically friendly
option for the deposition of semiconductor heterostructures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0177759

With the development of wearable and flexible electronics, semi-
conductor heterostructures on flexible carbon fibers (CFs) have
attracted considerable attention for optoelectronic applications.1,2

Typically, the design of carbon materials based semiconductor hetero-
structures can be employed as a promising piezoelectric material for
converting mechanical energy into electricity.3 Versatile semiconduc-
tor heterostructures have been emerged as a result of continuous
research, and significant effort has been devoted to enhance the piezo-
electric performance. Among various metal oxide heterostructures,
Cu2O/ZnO heterostructures are considered potentially interesting can-
didates due to their diverse characteristics such as environmentally
friendly, natural p–n characteristics, and low-cost.4,5 They can increase
the piezoelectric potential significantly by suppressing the screening
effect.6

Up to now, there are varieties of techniques available to prepare
the Cu2O/ZnO heterostructures, such as hydrothermal reaction, pho-
todeposition, and so on.7–9 However, most of the available reports

have used two different methods to fabricate the ZnO and Cu2O layers.
For example, the heterostructures can be prepared by hydrothermal
method and magnetron sputtering.10 Despite that great achievements
on this strategy have been made, there is still an unmet need for more
effective and less toxic. It is expected to construct heterostructures by
simply using single fabrication technique. Recently, ZnO and Cu2O
heterojunctions have been deposited by the co-sputtering system using
ZnO and Cu targets.11 Unfortunately, limited reports are available for
the deposition Cu2O/ZnO heterostructures on CFs by this simple strat-
egy. Only ZnO@TiO2 array heterostructures and MoS2/CoS hetero-
structures on CFs have been fabricated by atomic layer deposition and
hydrothermal procedure, respectively.12,13

Compared to the deposition process with high vacuum and high
temperature, atmospheric pressure plasma deposition has been
attracted much more attention due to the advantages of low synthesis
temperature and highly cost effective.14,15 Nevertheless, the reports on
the Cu2O/ZnO heterostructures on CFs are still limited. Thanks to the

Appl. Phys. Lett. 123, 233903 (2023); doi: 10.1063/5.0177759 123, 233903-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

 06 D
ecem

ber 2023 02:48:48

https://doi.org/10.1063/5.0177759
https://doi.org/10.1063/5.0177759
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0177759
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0177759&domain=pdf&date_stamp=2023-12-05
https://orcid.org/0000-0001-9785-996X
https://orcid.org/0000-0001-9969-5831
https://orcid.org/0000-0002-5726-0829
https://orcid.org/0000-0003-1095-3959
https://orcid.org/0000-0003-3619-3994
mailto:ming.gao@siat.ac.cn
https://doi.org/10.1063/5.0177759
pubs.aip.org/aip/apl


great versatility of the plasma, plasma–liquid interaction is emerging
as a highly efficient method for preparing composite materials with
different compositions.16,17 The plasma–liquid interaction can achieve
high reaction yields with the potential of more selective chemistry at
atmospheric pressure and room temperature.18 Inspired by these pre-
vious reports, this study brings a way of fabricating Cu2O/ZnO hetero-
structures on CFs by using plasma–liquid interaction. Cu2O
microparticles and ZnO nanostructures have been deposition on CFs
by a two-step process in a single plasma–liquid configuration. The pie-
zoelectric performance of the CFs can be significantly enhanced with
the heterostructures.

Here, a two-step aqueous solution method is applied to deposit
Cu2O/ZnO heterostructures on CFs by plasma–liquid interaction. In
the first step, the CFs with the desired size of 1.5� 2.5 cm2 are succes-
sively cleaned in ethanol for 3min and then dried in an oven at 80 �C.
The cleaned fibers are connected to the negative electrode of the power
supply and immersed in the CuSO4 solution (22 g/l). A stainless steel
needle was fixed 2mm above the liquid level and connected to the pos-
itive electrode of the power supply. The applied voltage is fixed at
1.5 kV, and the stable discharge of the plasma can be obtained. The
Cu2O microparticles have been deposited on the as-cleaned fibers by
the plasma discharge generated between the needle and the liquid sur-
face for 30min. Subsequently, the as-prepared fibers are washed with
ultrapure water, and then, the fibers are connected to the negative elec-
trode again and immersed in the ZnSO4 solution (40 g/l). The plasma
discharge process is carried out via the same procedure. After dis-
charge for 30min, the ZnO nanostructures have been deposited, and
the as-prepared fibers are washed and dried. Then, the Cu2O/ZnO het-
erostructures on CFs are prepared.

Scanning electron microscopy (SEM, Carl Zeiss Supra 55) was
used to observe the surface morphology of the samples. Energy disper-
sive spectroscopy (EDS, Carl Zeiss X80) was applied to confirm the
content of the samples. X-ray photoelectron spectroscopy (XPS,
Thermo Fisher ESCALAB 250 Xi) was used to analyze the chemical
composition of the samples. The piezoelectric response of the samples
was measured by piezoresponse force microscopy (PFM). A conduc-
tive silver paste was coated onto the sample disk, and the sample was
submerged horizontally into the paste. The tip of a silicon probe was
placed on top of the samples with an AC voltage of 0–5V applied.
Data sampling was performed using a continuous read mode, which

allowed the voltage to vary continuously with time at a fixed frequency,
and recorded 100 data points in the range of 0–5V.

The schematic diagram of the whole fabrication process is shown
in Fig. 1, including Cu2O microparticles deposition and Cu2O/ZnO
heterostructure construction. When the voltage applies to the electro-
des, the cationic species (Cu2þ) in the solution will move toward the
negative electrode (CFs) by the electric force based on the applied elec-
trical polarity. When the plasma is in contact with the liquid, plasma-
injected solvated electrons can be produced in the liquid phase.19 In
addition to the electron, the plasma–liquid interaction will lead to the
decomposition and ionization of water molecule, producing various
active species in a liquid phase, such as hydrogen atom and OH radi-
cal.20 These reactive species quickly change to other long-lived species,
such as H2, OH

�, and so on, due to their high activity.21 These
plasma-induced liquid species can be responsible for the reduction
chemistry.22 Therefore, the possible reactions are described as follows:

2H2O þ 2e� ! H2 þ 2OH�; (1)

Cu2þ þ H2O þ 2e� ! Cu2O þ 2Hþ; (2)

Cu2þ þ 2OH� þ 2e� ! Cu2O þ H2O: (3)

FIG. 1. Schematic diagram of the fabrication process of Cu2O/ZnO heterostructures.

FIG. 2. SEM images of (a) Cu2O microparticles and (c) Cu2O/ZnO heterostruc-
tures on the surface of CFs. (b) and (d) Higher magnification of the respective
samples.
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After the deposition of Cu2O microparticles, the ZnSO4 solution
will be in place for the deposition. Similarly, Zn2þ ions also move
toward to the CFs electrode by the electric field, and the ions will bind
to OH- to initiate the growth of ZnO.23 The plasma–liquid interaction
can produce lots of active radical, leading to the formation of ZnO
nanostructures on the surface of CFs. These main reactions can be
described as follows:

Zn2þ þ 2OH� ! Zn OHð Þ2; (4)

Zn OHð Þ2 ! ZnO þ H2O: (5)

Figure 2 depicts the SEM images of the samples, including Cu2O
microparticles and Cu2O/ZnO heterostructures. Compared to the
pristine carbon fiber with clear surface (Fig. S1 of the supplementary

material), it can be observed from Fig. 2(a) that Cu2O microparticles
are uniformly distributed on the surface of CFs. Figure 2(b) shows the
high-magnifications of a single fiber with the monodisperse Cu2O
microparticles, and the average diameters of the microparticles are
about 5lm. The microparticles exhibit cubic and tetradecahedral shape
in a good manner. From Fig. 2(b), it can be seen that ZnO nanostruc-
tures are also grown densely on the surface of CFs and Cu2O micropar-
ticles. According to the high magnification image from Fig. 2(d), it
shows that the ZnO nanostructures cover the fiber entirely, and the
nanostructures grow all over the Cu2O microparticles surface. Moreover,
the nanostructures on the Cu2O microparticles seem to be more com-
pact, due to the large gap in lattice parameters between ZnO and
Cu2O.

24 It can be concluded that the Cu2O/ZnO heterostructures are
uniformly synthesized on the CFs surface.

FIG. 3. EDS analysis (a)–(d) and XPS spectra (e) and (f) of Cu2O/ZnO heterostructures on the surface of CFs.
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The EDS is also characterized for the samples, and the mapping
of the distribution of the atoms is illustrated in Fig. 3. As shown in
Figs. 3(a)–3(c), the elements Cu (blue), Zn (red), and O (green) are
obtained. Compared to the individual elemental in the Cu2O micro-
particles (Fig. S2 of the supplementary material), it also can be seen
that Zn and O elements are distributed throughout the fiber, which is
consistent with the SEM images. In addition, previous works have
shown that the regions of interfacial contact between the two oxides in
the formation of the CuO/ZnO heterostructure can be observed.25

Therefore, the EDS clearly reveals the geometry in the Cu2O/ZnO
heterostructures.

XPS is further used to determine the chemical state of the Cu ele-
ment and the Zn element in the as-synthesized nanostructures. In the
high-resolution Cu 2p spectrum [Fig. 3(e)], the peaks of Cu 2p1/2
(952.55 eV) and Cu 2p3/2 (932.75 eV) clearly indicate that the depos-
ited layer is Cu2O rather than Cu or CuO.26,27 In comparison with the
spectrum of the Cu2O microparticles on the surface of CFs (Fig. S3 of
the supplementary material), these peaks are slightly shifted (0.5 eV) to
high binding energy, due to an interaction between the Cu2O and
ZnO. For the high-resolution Zn 2p spectrum, four different peaks
appear, owing to the ZnO nanostructures grown on the surface of CFs
and Cu2O microparticles. The peaks of Zn 2p1/2 (1044.10 eV) and Zn
2p3/2 (1020.95 eV) correspond to the ZnO nanostructures on the sur-
face of CFs, which agrees well with previous studies.28 Since it is known
that Cu2O–ZnO heterostructures can have a significant effect on the
energy band shift of ZnO, the peaks at 1047.05 and 1023.82 eV shifted
to higher energy levels can be assigned to the ZnO nanostructures on
Cu2O microparticles surface.29,30 Moreover, the shifted energy is
approximately 2.90 eV, which fits the similar reports well. In a previous

study, Yang et al. demonstrated that the type of Cu2O–ZnO hetero-
junction is related to its growth order, leading to different valence
band offsets (VBO).31 This difference in VBO might be attributed to
the different arrangement of atoms at the heterogeneous interface
resulting from the varied growth order. The corresponding valence
band offsets could be calculated as follows:

DEi
V ¼ ECu2O

Cu2p ið Þ � EZnO
Zn2p ið Þ

� �
þ ECu2O

Cu2p � ECu2O
VBM

� �

� EZnO
Zn2p � EZnO

VBM

� �
: (6)

According to the above equation, the VBO of the Cu2O–ZnO
heterojunction (ZnO grown after Cu2O) is calculated to be 2.91 eV.
Thus, the above-mentioned results indicate that the Cu2O/ZnO heter-
ostructures have been deposited on the surface of CFs. Moreover, it is
shown that the resulted heterostructures has been prepared without
other harmful products, which is due to the deposition process does
not need any additional chemicals. The high quality of the heterostruc-
tures on the surface of CFs will provide the basis for the next piezoelec-
tric performance tests.

PFM has emerged as advanced scanning probe tools used to
detect the piezoelectric properties of materials at the nanoscale.32,33

Figure 4 shows the piezoelectric properties of the as-prepared sample.
In the continuous DC mode (�5 to þ5V), the phase-voltage hystere-
sis loop of the sample in Fig. 4(a) exhibits a high residual polarization
intensity with and a narrow width, which is similar to the behavior of
the single crystal. This result indicates that the sample can exhibit
polarization rotation behavior with a phase angle change close to
180�.34 The amplitude–voltage butterfly curve depicts a good linear

FIG. 4. Piezoresponse hysteresis loop of the sample: (a) phase, (b) amplitude, and (c) d33.
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relationship between the applied voltage and the sample amplitude,
indicating that the sample has the partial piezoelectric response with
low hysteresis.35 To accurately calculate the piezoelectric constant d33
of the samples, the amplitudes are measured continuously in the AC
mode (0 toþ5V). From the slope of the linear fit of amplitude vs volt-
age, the d33 value of the sample is determined to be 7.95 pm/V, while
the original carbon fiber had a d33 value of 2.64pm/V (Fig. S4 of the
supplementary material). Based on the above-mentioned results, it can
be concluded that the additional Cu2O microparticles may effectively
reduce the potential screening from intrinsic free electron carriers in
ZnO, resulting in an enhanced piezoelectric response.36

In summary, a plasma–liquid interaction strategy has been
applied for the deposition of Cu2O/ZnO heterostructures on CFs
toward to enhanced the piezoelectric performance. The preparation of
Cu2O/ZnO heterostructures is confirmed with the help of microscopic
morphology and chemical analysis, and the heterostructures exhibit
high residual polarization intensity with and a narrow width and par-
tial piezoelectric response with low hysteresis. By adding a layer of
Cu2O microparticles between ZnO nanostructures and surface of CFs,
the piezoelectric constant d33 of the CFs is enhanced from 2.64 to
7.95pm/V. This study brings a simple and feasible strategy to fabricate
semiconductor heterostructures on flexible CFs, which can potentially
provide more environmentally friendly manufacturing options.
Moreover, the integration of semiconductor heterostructures in flexible
CFs has been exhibited in this study, which can be considered as alter-
native carbon materials for flexible optoelectronic applications.

See the supplementary material for the SEM images of CFs, EDS
analysis of Cu2Omicroparticles, Cu 2p XPS spectra of Cu2Omicropar-
ticles, and piezoelectric performance of CFs.
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