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a b s t r a c t

Piezoelectric semiconductor zinc oxide (ZnO) shows promising applications in many fields, however, its
excellent piezoelectric performance is limited by the intrinsic screening effect. Forming p-n junction
through interface engineering is an effective strategy to enhance its piezoelectric output, but the unclear
regulation mechanism is a bottleneck in developing high-performance devices. In this work, the enhance-
ment mechanism of interface engineering on the piezoelectric performance of ZnO nanorods (NRs) based
devices is revealed from the perspective of carrier concentration. Both the theoretical and experimental
results show that the piezoelectric output is significantly correlated with the carrier concentration, which
is mainly attributed to the suppression of screening effect and the modulation of the device capacitance.
After a reasonable matching design of carrier concentration, the piezoelectric potential of the ZnO NRs-
based device is greatly enhanced by about 12 times. Apparently, these findings provide a fresh insight to
further understand the enhancement mechanism of interface engineering on the electrical output of
piezoelectric semiconductor devices, and provide effective support for the design of p-n junction piezo-
electric devices.

� 2022 Elsevier Inc. All rights reserved.

1. Introduction

With the rapid development of flexible electronics, functional
materials have been developed significantly in recent years [1–3].
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Among them, piezoelectric materials are widely studied due to
their excellent electromechanical coupling efficiency, fast response
capability and self-powered characteristics [4–9]. Especially,
piezoelectric semiconductor materials such as ZnO, GaN and CdS
demonstrate greater advantages over insulating piezoelectric
materials in many fields [10,11], such as piezoelectric transistors
[12,13], piezotronics [14–17], piezo-phototronics [18–20], due to
the attractive coupling of piezoelectric and semiconductor proper-
ties. However, the presence of intrinsic carriers in such materials
induces a screening effect that weakens the piezoelectric output,
which is one of the major challenges at hand. In the case of ZnO,
the piezoelectric potential appears at both ends of the c-axis under
external forces, but the directional migration of its intrinsic free
carriers neutralizes the piezoelectric potential and therefore weak-
ens the piezoelectric output [21,22]. To this end, a great deal of
effort has been devoted to improving the output performance of
ZnO-based piezoelectric devices [23,24]. Typically, the formation
of p-n junction through interface engineering has proven to be
an effective means of suppressing screening effect and improving
the electrical output of ZnO-based piezoelectric devices [25–27].
A range of p-type semiconductor materials (such as CuI, NiO,
PEDOT:PSS, P3HT) have been used to improve the piezoelectric per-
formance by forming p-n junctions on the surface of ZnO NRs [28–
31]. Theoretically, the properties of p-n junctions are not only
related to the material type, but also closely related to the carrier
concentration of the material. However, there are few studies on
the effect of carrier concentration of materials on the performance
of piezoelectric devices, leading to the mechanism of interface
engineering to regulate piezoelectric performance is still unclear.
As a result, it is difficult to design high-performance device
rationally.

In this work, we selected a series of p-type silicon (Si) as the
counterpart to form p-n junctions with ZnO and focused on the
effect of carrier concentration on the piezoelectric outputs. The
enhancement mechanism of carrier concentration-dependent
interface engineering on piezoelectric performance was theoreti-
cally and experimentally revealed in terms of depletion region,
built-in electric field and junction capacitance. As a result, the
piezoelectric potential of ZnO-Si p-n junction device was signifi-
cantly improved by about 12 times with the matched carrier con-
centration. Here, we believe that these findings can provide
reasonable ideas for the efficient design of p-n junction devices
and are expected to promote further development of piezoelectric
semiconductor devices in the future.

2. Experimental section

Synthesis of ZnO NRs and preparation of ZnO-Si p-n junction
piezoelectric devices. ZnO NRs were synthesized using the low-
temperature hydrothermal method as previously reported [32].
First, polyethylene naphthalate (PEN) substrate with indium tin
oxide (ITO) as the bottom electrode was cleaned with deionized
water and ethanol. Then, a ZnO seed layer was deposited on the
ITO by radio frequency (RF) magnetron sputtering. Next, the PEN
substrates sputtered with the ZnO seed layer were immersed in a
nutrient solution at 85 �C for 6 h, where the nutrient solution con-
sisted of 0.075 M zinc nitrate hexahydrate (Zn(NO3)2-6H2O) (Sino-
pharm Chemical Reagent Co., Ltd, AR, �99.0%) and
hexamethylenetetramine (Sinopharm Chemical Reagent Co., Ltd,
AR, �99.0%). Subsequently, it was washed with deionized water
and then dried in an oven at 50 �C. Then, five p-type Si films with
different doping concentrations were deposited on the surface of
the ZnO NRs by RF magnetron sputtering. During the deposition,
the working pressure, RF power, and gas flow rate were kept at
1.5 Pa, 100 W, and 30 sccm, respectively. To prevent the device

from short-circuiting, a thin layer of polymethyl methacrylate
(PMMA) (Aladdin) was spin-coated on the surface of p-type Si
films. Finally, the ZnO-Si p-n junction piezoelectric devices were
encapsulated by polyurethane films after sputtering Ag as the top
electrode.

Materials characterization. The morphology of the synthesized
materials was characterized by scanning electron microscope
(SEM, JEOL JSM7800F). The type and distribution of elements on
the surface and cross-section of the samples were obtained by
energy dispersive X-ray spectrometer (EDS, probe of Oxford Instru-
ment). X-ray diffraction (XRD, DX-1000 diffractometer) and Raman
spectra (HORIBA Jobin-Yvon XploRA ONE) were used to determine
the phase structure of the samples. In addition, Mott-Schottky
(M-S) plots and impedance spectra were obtained by the CHI660E
electrochemical station. I-V curves were obtained by a Keithley
4200 semiconductor test system.

Device measurements. For electromechanical testing, a linear
motor (HS01-37� 166) applied pressure perpendicular to the sam-
ple and this pressure was measured by a digital dynamometer
(Mark-10, MR03-10). The open circuit voltages and short circuit
currents generated by the devices were collected by Keithley
6514 in real time. The relevant simulation in this work was imple-
mented by the COMSOL software package.

3. Results and discussion

Fig. 1a depicts a schematic diagram of ZnO-based p-n junction
piezoelectric device. The p-n junction is formed by sputtering a
p-type semiconductor Si film on the surface of the ZnO NRs, taking
advantage of the easy tuning of the Si film carrier concentration.
Fig. 1b illustrates the detailed preparation of the p-n junction
device, including magnetron deposition of ZnO seed layer on the
PEN substrate with ITO bottom electrode, low-temperature
hydrothermal growth of ZnO NRs, magnetron sputtering of p-
type Si film and Ag top electrode. The distribution of carriers in
the junction region of ZnO-Si device is schematically shown in
Fig. 1c. At the interface of ZnO-Si, free electrons from the surface
of ZnO NRs tend to diffuse into Si, and holes from the Si surface
tend to diffuse into the ZnO NRs due to the difference of carrier
concentration. When the electrons and holes at the interface reach
dynamic equilibrium, a depletion region and a built-in electric field
are formed, which directly affects the suppression of the screening
effect. Obviously, both the depletion region and the built-in electric
field are closely linked to the carrier concentration of the semicon-
ductor material. Therefore, Si films with different carrier concen-
trations were chosen as p-type semiconductor materials to
enhance piezoelectric output by forming p-n junctions (Fig. 1d).
Five p-type Si films with different carrier concentrations were
obtained by RF magnetron sputtering, defined as S-1, S-2, S-3,
S-4, S-5, and the corresponding ZnO-Si p-n junction devices were
defined as D-1, D-2, D-3, D-4, D-5, respectively. Fig. 1e (i) illus-
trates the presence of large number of free electrons in intrinsic
ZnO NRs, which is the root cause of the screening effect. The forma-
tion of depletion region and the built-in electric field in ZnO-Si p-n
junction devices will consume some of the free electrons in ZnO
NRs, thus reducing the number of electrons that can screen the
piezoelectric potential, as shown in Fig. 1e (ii). The p-n junction
device is therefore able to suppress the screening effect and thus
enhance the piezoelectric output.

An enlarged schematic of the ZnO-Si p-n junction is shown in
Fig. 2a. Such a layered structure was successfully verified by sur-
face and cross-sectional SEM images, as shown in Fig. 2b. As can
be seen, the ZnO NRs have a strict orientation along the c-axis with
an average height of 2 lm and an average diameter of 120 nm
(See the statistical average diameter plot in Figure S1), which is
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beneficial for the preparation of piezoelectric devices. In addition,
low-magnification surface and cross-sectional SEM images of the
ZnO NRs (Figure S1) and corresponding EDS mapping (Figure S2)
further confirm that the ZnO films exhibit good homogeneity. As
seen from the high-magnification SEM images of the ZnO-Si (D-
4) p-n junction device (Fig. 2c), the p-type Si films are uniformly
deposited on the surface of the ZnO NRs and wrapped around
the top of the nanorods. This structure is further demonstrated
by the corresponding cross-sectional (Fig. 2d) and surface (Fig-
ure S3) EDS mapping as well as the other four devices (Figure S4).
From the results, it can be observed that the carrier concentration
does not affect the morphology of the films, which facilitates the
subsequent preparation and characterization analysis. The X-ray
diffraction patterns (Figure S5) reveal the crystal structure of the
grown ZnO NRs and Si films. The remarkably intense diffraction
peak at 34.58� originates from the (002) plane of the ZnO NRs,
indicating that they preferentially grow along the c-axis perpen-
dicular to the ITO substrate, which is also verified by the cross-
sectional SEM images of the ZnO NRs [23]. In contrast, the Si films
show broad peaks, which indicates that the Si films obtained by
magnetron sputtering are amorphous. Also in the Raman spectrum
(Fig. 2e), there is no significant scattering peak, and only a scatter-
ing packet at 480 cm�1, which is perfectly consistent with the XRD
results of the amorphous Si films [33]. All these characterizations
demonstrate the successful preparation of ZnO NRs and Si films,
as well as the ZnO-Si p-n junction.

The accurate measurement of carrier concentration is essential
to evaluate the depletion region and the built-in electric field of the
p-n junction. To measure the surface carrier concentration of p-
type Si films and ZnO NRs, Mott-Schottky plots of the semiconduc-

tor electrolyte interface were obtained from AC impedance mea-
surements (Fig. 2f-h). The Mott-Schottky equation allows the
carrier concentration to be calculated [34,35]:

1
C

� �2

¼ 2

A2eese0N

 !
VR � VFBð Þ � kT

e

� �
ð1Þ

Where C denotes the capacitance of the space charge region, VR

is the externally applied bias voltage, A is the tested area, es is the
dielectric constant, e0 is the vacuum dielectric constant, VFB is the
flat band potential, k is the Boltzmann constant, T is the tempera-
ture, e is the meta-charge and N is the carrier concentration. The
slope of the curve was obtained by fitting the linear region of the
curve of 1/C2-V. From the results, the slopes of the fitted straight
lines are negative and positive in Si films and ZnO NRs, indicating
that the prepared Si films and ZnO NRs are p-type and n-type semi-
conductors, respectively. And the carrier concentrations of the pre-
pared ZnO NRs and Si (S-1, S-2, S-3, S-4, S-5) films are calculated to
be 1.6 � 1016 cm�3, 2.04 � 1017 cm�3, 4.77 � 1017 cm�3,
1.32 � 1018 cm�3, 7.88 � 1018 cm�3, 1.44 � 1019 cm�3, as shown
in Fig. 2i. Furthermore, the built-in electric field (Vbi) of the ZnO-Si
p-n junction can be estimated by the following equation [27].

Vbi ¼ kBT
e

ln
NdNa

np
i n

n
i

� �
ð2Þ

Where ni is the intrinsic carrier concentration of the material, Na

and Nd are the carrier concentrations of the p-type and n-type lay-
ers, respectively. From the equation, the built-in electric field
increases with the carrier concentration in the p-type layer when
the ZnO NRs are kept constant. The built-in electric fields of the

Fig. 1. The schematic diagrams of the device structure and interface engineering. The schematic diagram (a) and the detailed preparation (b) of ZnO-based p-n junction
piezoelectric device. (c) Schematic diagram of electrons and holes motion and distribution at the interface of ZnO-Si. (d) Si films with different carrier concentrations as p-
type semiconductor for interface engineering. (e) Schematic illustration of the electrons for screening effect in intrinsic ZnO NRs (i) and interface engineered ZnO NRs (ii).

H. Zhang, G. Tian, D. Xiong et al. Journal of Colloid and Interface Science 629 (2023) 534–540

536



ZnO-Si p-n junctions (D-1, D-2, D-3, D-4, D-5) are calculated to be
0.4359 V, 0.4578 V, 0.4840 V, 0.5202 V and 0.5458 V, respectively
(Fig. 2i). On this basis, the depletion region width (W) of the ZnO-Si
p-n junction can therefore be calculated according to the following
equation:

W ¼ 2esVbi

e
Na þ Nd

NaNd

� �� �1=2

ð3Þ

The depletion region widths of ZnO-Si (D-1, D-2, D-3, D-4, D-5)
p-n junctions were calculated to be 165.57 nm, 168.11 nm,
171.06 nm, 176.24 nm, 180.32 nm, respectively (Fig. 2j). Appar-
ently, both the depletion region width and the built-in electric field
of the ZnO-Si p-n junction increase with the carrier concentration
of the p-type Si films. The successful construction of ZnO-Si p-n
junction devices with different carrier concentrations has laid the
foundation for subsequent electrical performance studies.

From the I-V curves, the ZnO-Si p-n junction devices (Fig. 3a)
exhibit excellent rectification characteristics compared to that of
ZnO NRs (Figure S6), which also demonstrates the successful
preparation of ZnO-Si p-n junction devices. In addition, the cur-
rents of the devices (D-1 to D-5) gradually increase at the same for-
ward bias, indicating a gradual increase of carrier concentration in
the Si film (S-1 to S-5), which corroborates the results of previous
carrier concentration tests. Furthermore, the piezoelectric output
voltages and currents (Fig. 3b) of the devices were measured 3

times for each device with a periodic pressure of 2 MPa. The
detailed output voltages and currents are shown in Figures S7
and S8, respectively. A set of samples are selected to investigate
the relationship between p-type carrier concentration and piezo-
electric output (Fig. 3c). From the results, it can be seen that the
piezoelectric outputs increase significantly after forming the p-n
junction through interface engineering. Specifically, the average
output voltage and current of ZnO-Si (D-4) reach 0.89 V and
44.6 nA, respectively, which is about 12 times higher than that of
ZnO-pure device. The polarity switching test shown in Fig. 3d
demonstrates that the polarity of the output signal flips with the
switching of the electrode connection, confirming that the output
performance originated from piezoelectric effect rather than the
friction of the test. The detailed output voltages (Figure S9) and
currents (Figure S10) of all devices were also measured under
other different pressures, and their variations are shown in
Fig. 3e. As can be seen that the output of all devices increased with
pressure, and the device D-4 showed the best performance over
the entire pressure range. Furthermore, the sensitivities of the
devices were calculated by fitting the piezoelectric output voltage
at different pressures (Fig. 3f). Obviously, the sensitivity shows a
trend of increasing and then slightly decreasing from D-1 to D-5,
with the highest sensitivity of D-4 reaching 384.7 mV MPa�1. In
addition, the piezoelectric output voltage remained essentially
constant after 2700 cycles with a loading pressure of 1.5 MPa at
1.5 Hz, clearly revealing the high mechanical stability and

Fig. 2. The microscopic morphology and structural characterization. (a) Schematic cross-section of a ZnO-Si p-n junction device. Cross-sectional and surface morphology SEM
images of ZnO NRs (b) and ZnO-Si (D-4) (c). (d) Corresponding cross-sectional EDS mapping of ZnO-Si (D-4) p-n junction device. (e) Raman spectra of Si (S-1, S-2, S-3, S-4, S-5)
films on glass substrate. (f-g) Mott-Schottky plots of the ZnO NRs and Si (S-1, S-2, S-3, S-4, S-5) films on ITO substrate from electrochemical analysis in an aqueous system. (i)
Carrier concentration and built-in electric field of ZnO-Si (D-1, D-2, D-3, D-4, D-5) p-n junction devices. (j) Depletion region width of ZnO-Si (D-1, D-2, D-3, D-4, D-5) p-n
junction devices. All the scale bars are 1 lm.
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durability of ZnO-Si p-n junction device prepared by interface engi-
neering (Fig. 3g). In summary, the piezoelectric output of ZnO NRs
is significantly enhanced by the construction of ZnO-Si p-n junc-
tions, and exhibits excellent stability.

To further investigate the enhancement mechanism of ZnO-Si
p-n junction devices, a series of theoretical simulations and exper-
imental tests were conducted. Fig. 4a schematically depicts the
carrier distribution and energy band structure at the interface of
the ZnO-Si p-n junction with different carrier concentrations.
Among them, the depletion region width and the built-in electric
field of the p-n junction increase with the carrier concentration,
as demonstrated in Fig. 2i and 2j. From the carrier concentration
distribution in the depletion region of p-n junction (Figure S11),
the number of carriers confined in the depletion region can be cal-
culated by integrating the carrier concentration over the width of
the depletion region. This means that a higher p-type semiconduc-
tor carrier concentration and a wider depletion region can confine
more carriers, which further reduces the number of free electrons
in the ZnO NRs that can screen the piezoelectric potential and thus
increase the piezoelectric output. In addition, the larger built-in
electric field in the p-n junction attenuates the depolarizing elec-
tric field that drives the screening charges on the surface of the
ZnO NRs, thus suppressing the screening effect more effectively.
Therefore, as the carrier concentration of the p-type Si film

increases, the suppression of the screening effect becomes more
pronounced and the piezoelectric output shows a significant
enhancement as displayed in Fig. 4b. However, the piezoelectric
potential of the device does not always increase with decreasing
the free electrons in ZnO NRs. From the simulation results of the
piezoelectric potential versus carrier concentration in ZnO NRs
(Fig. 4c), it can be observed that the piezoelectric potential first
increases significantly and then tend to be stable with decreasing
the carrier concentration of ZnO NRs. This indicates that the
screening effect on the piezoelectric potential of ZnO NRs is negli-
gible when the carrier concentration is below a certain level (The
screening effect can be considered invalid). On the other hand,
when the carrier concentration of p-type semiconductor keeps
increasing, the total capacitance of the p-n junction device also
increases, which is detrimental to the piezoelectric output. The
total capacitance of the p-n junction device includes the capaci-
tance of the ZnO NRs and the ZnO-Si p-n junction connected in ser-
ies, and is less than either one of them. According to Q = CV, where
Q is the charge, C is the capacitance, and V is the voltage, a lower
device capacitance can boost the piezoelectric potential under
the same piezoelectric charge density. To further test the variation
in total device capacitance, the electrochemical impedance spectra
of ZnO NRs and ZnO-Si p-n junctions were measured as shown in
Fig. 4d and 4e. The two typical semicircular arc plots with negative

Fig. 3. Electrical performance measurement of devices. (a) The I-V curves of ZnO-Si (D-1, D-2, D-3, D-4, D-5) p-n junction devices. (b) The output voltages and currents of
ZnO-Si p-n junction devices under the pressure of 2 MPa. (c) Relationship between p-type carrier concentration and piezoelectric output voltages. (d) Schematic illustration of
forward and backward connection and the corresponding piezoelectric outputs. (e) The effect of pressure on the output voltage of ZnO-pure and ZnO-Si p-n junction devices.
(f) The sensitivity of ZnO-pure and ZnO-Si p-n junction devices. (g) Durability test results of ZnO-Si (D-4) p-n junction device.
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fictitious impedance imply the presence of an RC circuit where the
equivalent resistance R is close to the diameter of the arc [36,37].
Combined with the characteristic frequency fc, the device capaci-
tance C can be calculated (s ¼ RC ¼ 1=2pf c) as shown in Fig. 4f.
With the increasing of the carrier concentration of p-type Si film,
the equivalent resistance decreases and the total capacitance
increases, which is undoubtedly detrimental to the piezoelectric
output. As the carrier concentration of p-type Si film continues to
increase, the reduction of the device capacitance on the piezoelec-
tric output outweighs the enhancement of suppressing screening
effect on the piezoelectric output, resulting in a decrease in the
final output of the device. Thus, the piezoelectric output tends to
increase and then decrease from D-1 to D-5, and reaches the max-
imum at D-4. Undoubtedly, the carrier concentration of p-type
semiconductor is particularly important for p-n junction piezoelec-
tric devices based on ZnO NRs. There is a matched design for the
carrier concentration, which balances the trade-off between the
screening effect and the device capacitance to obtain the optimal
electrical output of piezoelectric semiconductor devices.

4. Conclusion

In summary, the enhancement mechanism of carrier
concentration-dependent interface engineering on piezoelectric
performance has been systematically investigated in ZnO
NRs-based p-n junction piezoelectric devices. The p-type Si films
with different carrier concentrations were fabricated on the
surface of ZnO NRs to form p-n junctions, which significantly

improved the piezoelectric performance (about 12 times) by sup-
pressing the screening effect. More importantly, the piezoelectric
output of p-n junction devices shows a trend of increasing and
then slightly decreasing with increasing p-type semiconductor car-
rier concentration. When designing ZnO NRs-based p-n junction
devices, the screening effect and the device capacitance on the
piezoelectric output need to be considered simultaneously, and a
matched p-type semiconductor carrier concentration will be avail-
able to achieve the optimal piezoelectric performance of the
device. Notably, this work provides further insight into the mech-
anism of interface engineering on the regulation of ZnO NRs-based
piezoelectric devices and offers a reasonable idea for the design of
efficient p-n junction piezoelectric devices.
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