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A B S T R A C T

Ferroelectric materials have exhibited immense promise for the control of optoelectronic processes in emerging
devices. However, the utilization of ferroelectric materials to directly modulate the energy band at the junction
interface has rarely been investigated. Here, a ferroelectric V-doped ZnO nanosheets/p-Si heterojunction pho-
todetector (VZnO/Si PD) has been prepared, and the effect of ferroelectricity on the photoresponse performance
of the VZnO/Si PD is studied deeply. Due to the existence of aligned ferroelectric spontaneous polarization
charges under applied electrical field, the junction interface energy band can be modulated directly and effec-
tively, which greatly improves the generation, separation and transportation efficiency of photogenerated
electron-hole pairs. In contrast with the non-ferroelectric ZnO/Si PD, the VZnO/Si PD has a large enhancement
in photoresponse performance with a twelve-fold increase in the photoresponsivity (R) under +1 V bias, ac-
companied by fast response speed in a broad spectral range. Interestingly, even under the −1 V bias voltage, the
reverse ferroelectric polarizations also can improve the photoresponse behavior. These results prove the feasi-
bility of direct modulation on energy band structure at the junction interface by ferroelectricity, which provides
a new perspective for energy band engineering.

1. Introduction

Ferroelectric materials with spontaneous polarizations can change
the direction of the build-in electric field by applying an external
electric field, showing great potential in regulating the electronic and
optoelectronic processes. For example, ferroelectric photovoltaic effect
can achieve solar energy harvest in ferroelectric materials [1–4]. In
addition, some ferroelectric materials also can harvest energy from a
variety of sources, such as mechanical vibration, thermal fluctuations,
and light [5–8]. However, most applications of ferroelectricity are
limited to inorganic dielectric (BaTiO3 [9], Pb(Zr,Ti)O3 [10], or BiFeO3

[11–13]) or polymer (poly(vinylidene fluoride-cotrifluoroethylene) or P
(VDF-TrFE)) [1,14] ferroelectric materials, while semiconductor ferro-
electric materials will have a greater application prospect in the field of
optoelectronics.

As a direct band-gap semiconductor, ZnO has long been investigated
as a desirable optoelectronic material in photodetectors [15–17], lasers
[18,19] and solar cell [20] for its advantages, such as wide band gap,
large exciton binding energy, environmentally friendly feature, and
superior tolerance to high-energy radiation damage compared with
other common semiconductors [21,22]. The well-developed facile
fabrication of large-area ZnO through thermal growth or wet chemical
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processing has made it a cost-effective semiconductor material [23].
Moreover, ZnO is a kind of piezoelectric material, and it can be con-
verted into ferroelectric materials by doping [24–28]. However, the
utilization of ferroelectric ZnO with spontaneous polarization charges
in energy band engineering at the junction interface in optoelectric
devices has rarely been investigated.

Here, we demonstrate a V-doped ZnO nanosheets/p-Si heterojunc-
tion photodetector (VZnO/Si PD) by hydrothermally synthesizing the V-
doped ZnO nanosheets (VZnO NSs) on a p-type Si substrate. By the
introduction of ferroelectricity, the aligned ferroelectric spontaneous
polarization charges (ferro-charges) under applied electrical field can
be obtained, and how the ferro-charges at the junction interface mod-
ulate the transport process of photogenerated carriers during the op-
toelectronic process is revealed carefully. Compared to the non-ferro-
electric ZnO/Si PD, the photoresponsivity (R) of the VZnO/Si PD is
enhanced from 70mAW−1 to 828mAW−1 at +1 V forward bias, ap-
proximately increased by twelve times. Interestingly, even under the
−1 V bias voltage, the reverse ferro-charges also can improve the
photoresponse behavior. These results show the feasibility of direct
modulation on the energy band at the junction interface by ferroelec-
tricity, which provides a good route and perspective for energy band
engineering.

2. Results and discussion

The structure of the VZnO/Si PD is sketched in Fig. 1a. A p-type Si
wafer was ultrasonically washed in acetone, ethanol, and deionized
water. A thin layer of ZnO was prepared on the surface of the Si wafer
as the seed layer, on which VZnO NSs could grow via the one-step
hydrothermal solution method. Finally, the bottom electrode with a
copper (Cu) and the top electrode with an indium tin oxide (ITO) were
deposited on the Si wafer and VZnO NSs (Fig. S1a in Supporting In-
formation) by radio frequency magnetron sputtering. As a comparison,
by using aluminum (Al) as a seed layer instead, pure ZnO NSs without V
doping were synthesized under the same growth condition with VZnO
NSs. The detailed processes abour fabrication are described in the Ex-
periment Section. The scanning electron microscopy (SEM) images are

presented in Fig. 1b and Fig. S1a in Supporting Information, which
indicate the VZnO NSs were vertically uniformly grown on the surface
of p-Si wafer, with an average height of about 1 μm and an average
thickness of 20–25 nm. Because the addition of V2O5, VO2(OH)2- ions
would be generated and work with the Zn2+- terminated (0001) polar
plane, which can effectively inhibit the grown of ZnO along the [0001]
direction and facilitate the VZnO NSs formation [29]. The elemental
mapping images and energy dispersive spectrometer (EDS) of VZnO NSs
are shown in Fig. S1c-d, respectively, confirming the V element is
uniformly doped into the VZnO NSs. Fig. 1c displays the select area
electron diffraction pattern (SAED), which exhibits the polycrystalline
nature of VZnO NSs. The measured d-spacing values of ~0.28 nm are
obtained from the high-resolution transmission electron microscope
(HRTEM) image (Fig. S1b), which can be ascribed to the {10(‐)10}
planar spacing in wurtzite structure ZnO with the suppressed along the
c-axis. In addition, by using Al as seed layer, the ZnO growth along the
direction of [0001]-axis would be shielded by Al(OH)4-, favoring the
growth along the six a-axis< 10(‐)10> directions [29]. For pure ZnO
NSs, the similar structure to the VZnO NSs could be obtained under the
same growth conditions (Fig. S2). Moreover, Fig. 1d and Fig. S3 depict
the absorbance and transmission spectra of the VZnO NSs and pure ZnO
NSs synthesized on the FTO (fluorine-doped tin oxide) glass, which both
display low broad-spectrum absorption from the visible to near-infrared
waveband range.

The ferroelectric hysteresis loops of the VZnO NSs and pure ZnO NSs
synthesized on the substrate of Cu were characterized using the ferro-
electric tester, as illustrated in Fig. 2a. It is clear that the VZnO NSs
show ferroelectricity, whereas the pure ZnO NSs show a typical char-
acteristic of paraelectricity. The ferroelectric behavior of the VZnO NSs
could be attributed to the occupation of V5+ ions in the non-central
positions with the ionic valence and radii difference between the do-
pant V5+ ion (0.495 Å) and Zn2+ ion (0.74 Å), which results in the
generation of spontaneous electric dipoles in VZnO NSs. The randomly
oriented electric dipoles can be aligned easily under externally applied
electric field. However, for pure ZnO NSs, there is no ferroelectricity
existing due to the absence of off-centered positions. It is important to
note that, since the layer of the VZnO NSs has an inhomogeneous

Fig. 1. Device fabrication, structural characterization and property. (a) Schematic structure of VZnO/Si PD. (b) SEM image of VZnO NSs on a p-type Si wafer. (c)
SAED image of VZnO NSs. (d) Absorption spectra from 300 nm to 1100 nm of VZnO NSs and pure ZnO NSs, respectively.
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thickness (Fig. 1b) and the area value of the aurum (Au) electrode is
difficult to calculate, specific polarization values are not given in
Fig. 2a. In addition, some other factors, such as contact resistance be-
tween probe and electrode, will have effect on the measurement of the
true values for the coercive field and polarization.

Current-voltage (I-V) curves of VZnO/Si and ZnO/Si PDs were tested
for the sake of investigating the effect of the ferroelectricity on the
photoresponse performance (Fig. 2b and Fig. S4). Fig. 2b depicts the I-V
characteristics of the ZnO/Si PD with and without V-doping in dark and
under a 1064 nm laser illumination of 3mW cm−2 power density. The
difference of the two I-V curves is insignificant under dark condition.
However, the photocurrent (Iph= Ilight - Idark, the Ilight is the output
current under light, and Idark is the output current in dark, respectively)
[30] of VZnO/Si PD is 621 μA, which is significantly improved by
twelve times when compared with that (53 μA) of the pure ZnO/Si PD
at +1 V forward bias. This can be ascribed to the ferroelectricity of the
VZnO NSs, promoting the generation, transportation and separation of
photogenerated holes and electrons greatly. Nevertheless, the differ-
ence between the photocurrents of two heterostructure photodetectors
at −1 V reverse bias is small.

For better understanding the photoresponse performance of the

VZnO/Si PD device, the I-V characteristics were measured under
1064 nm (Fig. 3a) and 442 nm wavelength (Fig. S5a) with different
power density conditions (from 0 to 3mW cm−2 and from 0 to
10mW cm−2, respectively). The output current under a reverse bias of
−1 V is very small, but the output current under a forward bias of +1 V
gradually increases with rising laser illumination power density. The
output current enhances from 6.37 μA to 627 μA under a forward bias
of +1 V, when the power density changes from 0 to 3 mW cm−2.

To illustrate the sensitivity of the PD device, the photocurrents of
the VZnO/Si PD were calculated. As shown in Fig. 3b, under the illu-
mination of 1064 nm, the photocurrent of the VZnO/Si PD at first
greatly increases at relatively low power density (less than
0.84mW cm−2) and then increases slowly as the power density further
increases. The possible reason for this is that the number of photons
produced is limited at relatively weak power densities, and the fer-
roelectricity of the VZnO NSs plays a major role in improving the ef-
fectivity of photogenerated holes and electrons about the generation,
separation and transportation. However, as the power density is larger
than 0.48mW cm−2, the number of photons becomes sufficient. At this
time, the ferroelectricity plays a relatively weak role in the generation
of photocurrent, and thus the growth rate of photocurrent decreases.

Fig. 2. Ferroelectric effect and photoresponse
property. (a) Ferroelectric hysteresis loop of the
VZnO NSs and pure ZnO NSs, which confirms the
ferroelectric behavior of VZnO NSs. (b) I-V char-
acteristics of the PD devices with VZnO and pure
ZnO NSs in dark and under the illumination of
1064 nm wavelength at a power density of
3mW cm−2. The inset shows the schematic illus-
tration of the measurement configuration.

Fig. 3. Photoresponse properties of VZnO/Si PD. (a)
I-V characteristics of the PD device under 1064 nm
illumination with different power densities. (b)
Photocurrent under 1064 nm illumination with
different power densities, biased at +1 V. (c)
Photoresponsivity, and (d) detectivity under
1064 nm illumination with different power densities
when the forward bias is +1 V. The five-pointed
star in these figures represents the corresponding
performance of the pure ZnO/Si PD under 1064 nm
illumination with a power density of 3 mW cm−2.
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Photoresponsivity (R) and detectivity (D*) are two crucial criterions
to evaluate the photoresponse performance. The definition of photo-
responsivity is R= Iph/Pill, where Pill (= S× Iill) is the illumination
power, S is the effective area of the photodetector (5 mm×5mm), and
Iill is the illumination power density. Detectivity can be obtained by
equation D*= R/(2qJd)1/2, where Jd is the current density in dark and q
is the electron charge [31]. The photoresponsivity and detectivity were
calculated for all the power densities at the +1 V forward bias under
1064 nm laser illumination, as displayed in Fig. 3c-d, respectively.
Clearly, when the power density is 0.48mW cm−2, the values of pho-
toresponsivity and detectivity both show an inflection point, corre-
sponding to the variation point of photocurrent growth rate (Fig. 3b).
When the power density is 0.48mW cm−2, the R could achieve the
maximum of 2.7 AW−1, and the D* could achieve the maximum of
9.4×1011 Jones (cm Hz1/2W−1). With the further increase of power
density, the photoresponsivity and detectivity decrease gradually.
Therefore, it can be concluded that, under the condition of relatively
weak power density, the ferroelectricity has a more important influence
on the photoresponse performance of VZnO/Si PD device. The R and D*
values of VZnO/Si PD reach to 828mAW−1 and 2.9×1011 Jones at
3 mW cm−2 power density, respectively, which are still much larger
than those of non-ferroelectric ZnO/Si PD (indicated by blue five-
pointed star in Fig. 3c-d), presenting a great enhancement of photo-
response by the ferroelectricity. In addition, under 442 nm laser illu-
mination, the similar results are also acquired for VZnO/Si and pure
ZnO/Si PDs (Fig. S5), proving the great effect of ferroelectricity in a
wide spectral range.

In addition to the photoresponsivity and detectivity, the photo-
response time is also an important parameter. To better explore the
response time of the VZnO/Si PD, the response speed and repeatability
were characterized by switching the illumination of 1064 nm wave-
length with different power densities at +1 V forward bias (Fig. 4a).
The output current exhibits good consistency and repeatability under

different illumination conditions. Meanwhile, the rise time (recorded as
τr, referring to a change of time from 10% to 90% of the photocurrent
peak value) and fall time (recorded as τf, referring to a change of time
from 90% to 10% of the photocurrent peak value) of the VZnO/Si PD
and the pure ZnO/Si PD were calculated (Fig. 4b and Fig. S6) [32]. It
can be observed from the curves that the τr and the τf of the VZnO/Si
PD are 1.4 ms and 1.6 ms at +1 V forward bias under a power density
of 3 mW cm−2, while the τr (0.6 ms) and τf (1.4 ms) of pure ZnO/Si PD
are obtained under the same test condition. The reason for the slight
increase in response time of VZnO/Si PD is the large increase in output
current from 6.37 μA to 627 μA compared with pure ZnO/Si PD (from
0.58 μA to 53 μA). The VZnO/Si PD presents excellent stability and
repeatability (Fig. 4c) with no obvious change after 40 cycles. Table 1
compares the photoresponse performance of VZnO/Si PD with some
reported PDs, demonstrating that our PD device has competitive pho-
toresponse behavior.

To better illustrate the working mechanism of the ferroelectricity-
enhanced photoresponse performance, Fig. 5 shows the energy band
structure for VZnO/Si PD according to Anderson's model under dif-
ferent conditions [33]. The electron affinity values and band gap of Si
and ZnO are χSi = 4.05 eV, Eg,Si = 1.12 eV and χZnO=4.35 eV,
Eg,ZnO= 3.37 eV, respectively [34]. Once forming a n-ZnO/p-Si junc-
tion, a large valence band offset ΔEv= 2.55 eV and a small conduction
band offset ΔEc= 0.3 eV are produced at the junction interface. Under a
forward bias, the photogenerated electrons and holes are gathered by
the Cu and ITO, respectively, forming the photocurrent [35].

When the VZnO/Si PD is under 0 V bias, the spontaneous electric
dipoles are randomly oriented in ferroelectric VZnO NSs (Fig. 5a).
When the VZnO/Si PD is under a forward bias, the randomly distributed
electric dipoles could be aligned to the direction of external electric
field, and a build-in electric field is formed in the VZnO/Si PD (Fig. 5b),
which can speed up the separation of photogenerated carriers and lead
to an increase in output current compared to non-ferroelectric ZnO/Si

Fig. 4. Time response characterizations of VZnO/Si
PD. (a) Time response of the PD device under
1064 nm illumination with different power den-
sities. (b) Enlarged the time response characteristics
of the “off” and “on” states, the rise and fall of the
photocurrent. The PDs were measured under
1064 nm illumination with 3mW cm−2. (c)
Repeatability and time response of the device under
1064 nm illumination with a power density of
3mW cm−2 at +1 V bias voltage.
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PD. Meanwhile, because the negative ferro-charges are accumulated at
the junction interface, the free electrons could be repelled and the free
holes could be attracted, inducing the energy band of ZnO and Si up-
ward, accompanied with a narrowed electron depletion region toward
the ZnO side (the red line in Fig. 5c) [30]. Taking into account the band
gap of ZnO, the photogenerated carries are generated mainly at the p-
type Si side under 1064 nm and 442 nm light illuminations. Due to the
large energy barrier (> 2 eV), the probability of holes at the Si side
being collected by ITO is small, so the photocurrent mainly comes from
the contribution of photogenerated electrons under +1 V forward bias.
Therefore, the upward energy band and the narrowed electron deple-
tion region at the Si side for VZnO/Si PD greatly facilitates the trans-
portation of photo-generated electrons to the Cu electrode at +1 V
forward bias, contributing to improved photoresponse behavior
(R≈ 2.7 AW−1).

While the VZnO/Si PD is under reverse bias, the electric dipoles also

would be switched to the opposite direction in VZnO NSs, and the
positive ferro-charges are accumulated at the junction interface under a
reverse bias of −1 V, as shown in Fig. S7a. Therefore, the free holes
would be repelled and the free electrons would be attracted by the
attraction, leading to the energy band of ZnO and Si downward (the red
line in Fig. S7b). However, the downward energy band at the side of Si
for VZnO/Si PD also facilitates the generation, separation and trans-
portation of photo-generated electrons to the ITO electrode under −1 V
reverse bias, contributing to increased photocurrent when compared to
the non-ferroelectric ZnO/Si PD (Fig. 2b).

3. Conclusion

In summary, a ferroelectric VZnO/Si PD has been prepared, and the
effect of ferroelectricity on the photoresponse performance is system-
atically investigated under 1064 nm and 442 nm light illuminations. By
introducing the ferroelectricity, the aligned ferro-charges under applied
electrical field can be obtained, greatly enhancing the efficiency of
generation, separation and transportation of photogenerated charges.
Largely improved photoresponse performance with fast response speed
in a broad spectral range has been achieved for VZnO/Si PD at +1 V
forward bias, and the photoresponsivity (R) increases by a twelve-fold
when compared with the non-ferroelectric ZnO/Si PD. Interestingly,
even under −1 V bias voltage, the reverse ferroelectric polarizations
also can improve the photoresponse behavior. During the optoelec-
tronic process, how the ferro-charges at the junction interface modulate
the transport behavior of carriers is revealed carefully. These findings
confirm the feasibility of direct modulation on the energy band near the
junction interface by ferroelectricity, which provides a good route to
develop high-performance optoelectronic devices.

4. Experimental section

Preparation of VZnO NSs and pure ZnO NSs. VZnO NSs were grown on
substrate (FTO glass and Si wafer) via hydrothermal method. In detail,
the seed layer of ZnO was prepared by using a spin-coating method
(KW-4A Spin Coater). The seed solution prepared by ethanol solution
with zinc acetate dehydrate with a concentration of 0.04M was dripped
onto the substrate. The spin coating speed is 1000 rpm and the spin
coating time is 1min. Then the spin-coated substrate was dried on a
150 °C hot plate for 10min. The spin coating and drying process was
repeated for eight times. Subsequently, the substrate with a seed layer
of ZnO was set into the growth solution (25mM hexamethylenete-
tramine (HMTA), 25mM Zn(NO3)2·6H2O, 2mMV2O5 and deionized
water) in an oven at 95 °C for 2 h [36]. As-synthesized VZnO NSs on
substrate were washed with deionized water and heated on a hot plate.
For comparison, the pure ZnO NSs were synthesized on the Si wafer
with a Al seed layer of approximately 15 nm thickness by the hydro-
thermal solution method at 95 °C for 2 h in the oven. The hydrothermal
solvent is 25mM HMTA and 25mM Zn(NO3)2·6H2O [37].

Device Fabrication Process. First, the Si wafer of p-type (1–10Ω cm,
B-doped (100) wafer) was ultrasonically rinsed by using acetone,

Table 1
Comparison of the characteristic parameters for the VZnO/Si PD and some reported PDs based on Si.

Device type Wavelength (nm) Bias (V) R (A W−1) Rise/Fall time (ms) Refs.

p-Si/VZnO NSs 1064 (0.48mWcm−2)
442 (10mW cm−2)

+1 2.7
0.072

1.4/1.6
1.14/1.14

This work

ZnO/Si branched nanowires 900
480

−1 0.0128
0.01

– [38]

p-Si/ZnO nanowires 442 +2 ~5.5 101/57 [39]
p-Si/CdS radial nanowire 700 −1 1.37 – [40]
p-Si/CdS nanowires 1064 (0.46mW cm−2) +2 ~0.1 63/36 [33]
p-WS2/n-Si 631

~900
−2 1.15

1
42/76 [41]

Fig. 5. Working mechanism. The distribution of ferro-charges in VZnO NSs
under (a) 0 bias and (b) a forward bias of +1 V. (c) The energy band diagram of
the heterojunction device. The red line is under a forward bias of +1 V, and
black dotted line is under 0 bias.
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ethanol and deionized water for 2min. Afterwards, the VZnO NSs and
pure ZnO NSs were prepared on a Si wafer via the hydrothermal solu-
tion method as mentioned above. To fabricate the device, Cu was de-
posited as the bottom electrode on the Si wafer, and a thin ITO layer of
approximately 150 nm was deposited on as-prepared samples using
magnetron sputtering as the top electrode. Finally, for packaging the
device, the polydimethylsiloxane (PDMS) was spin coated to a thin
layer at room temperature.

Characterization and Measurement. The microscopic structures of
VZnO NSs and pure ZnO NSs were examined employing scanning
electron microscopy (SEM, Hitachi SU-8020), transmission electron
microscopy (TEM, Titan G2 TEM), and energy dispersive spectrometer
(EDS, Oxford X-Max). The spectra image of absorption and transmission
were obtained by using a UV–visible spectrophotometer (UV-3600).
The hysteresis loops about ferroelectric polarization were measured by
a ferroelectric analysis tester (TF Analyzer 2000, Aixacct, Germany) at
1 Hz. I-V and I-t characteristic curves of the devices were tested and
noted by a measurement system linked to a computer with a voltage
preamplifier that has low noise (Model No. SR560, Stanford Research
Systems), a current preamplifier that has low noise (Model No. SR570,
Stanford Research Systems), and a controller by GPIB (NI 488.2, GPIB-
USB-HS). The laser input stimuli of 1064 nm and 442 nm wavelengths
were supplied by a dual-color laser of He-Cd (KI57511-G, Kimmon Koha
Co., Ltd.). The light intensity was controlled using a laser source cou-
pled by fiber (MCLS1, Thorlabs Inc.) and measured according to a
thermopile powermeter (Newport Model 1919-R).
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