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cations for national defense early warning, 
navigation, optical information, and other 
fields.[1]–[7] Most of the traditional thin-
film UV detectors[8]–[11] require a vacuum 
working environment. They also have other 
shortcomings, such as a bulky form factor, 
fragility, high cost, high working voltage, 
and sensitivity to magnetic fields. These 
characteristics limit the deployment of UV 
detection systems in aerospace and high-
end warning platforms. With the advance-
ments in materials science, newly developed 
low-dimensional materials[12]–[19] possess 
ultrathin thickness, and have shown excel-
lent photoelectric conversion characteris-
tics and much improved compatibility with 
existing microelectronics technology in 
comparison with the traditional thin-film 
semiconductors. UV photodetectors based 
on low-dimensional ZnO have been widely 
investigated to explore their potential appli-
cations due to high specific surface area and 

excellent optoelectronic properties, such as high performance at 
room-temperature, low power consumption, and low cost.

Nanostructure ZnO has a direct wide bandgap (3.4 eV), with 
many excellent physical and chemical properties, and is one 
of the most promising candidate materials for UV photode-
tection. An ultrahigh gain UV photoconductive detector based 
on a single ZnO nanowire, with a gain of up to 108, was dem-
onstrated by Moon et  al.[20] Jeong et al.[21] reported a vertical 
array of ZnO nanowire UV photodetectors. These detectors can 
achieve photodetection in the visible and ultraviolet ranges with 
a photoresponsivity up to 0.5 A W−1. Therefore, these impressive 
results greatly increased the interest of researchers to further 
study ZnO UV photodetectors. However, these previous studies 
on low-dimensional ZnO photodetectors mostly exhibited low 
carrier mobility and high dark current due to their high den-
sity of intrinsically unfilled traps and difficult to achieve p-type 
doping which leads to poor detectivity and, therefore, cannot 
meet requirements for practical application.[22] Fortunately, 
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) ferro-
electric polymer films have been verified to be widely applicable 
in nanostructure optoelectronic devices to enhance their perfor-
mance,[23,24] providing solutions to address the above issues of 
nano-ZnO. The function of the ferroelectric film is to introduce 
a localized electric field to tune the transport properties of the 

Zinc oxide (ZnO) nanosheets have demonstrated outstanding electrical and 
optical properties, which are well suited for ultraviolet (UV) photodetectors. 
However, they have a high density of intrinsically unfilled traps, and  
it is difficult to achieve p-type doping, leading to the poor performance for 
low light level switching ratio and a high dark current that limit practical 
applications in UV photodetection. Here, UV photodetectors based on ZnO 
nanosheets are demonstrated, whose performance is significantly improved 
by using a ferroelectric localized field. Specifically, the photodetectors have 
achieved a responsivity of up to 3.8 × 105 A W−1, a detectivity of 4.4 × 1015 
Jones, and a photocurrent gain up to 1.24 × 106. These device figures of merit 
are far beyond those of traditional ZnO ultraviolet photodetectors. In addi-
tion, the devices’ initial dark current can be easily restored after continuous 
photocurrent measurement by using a positive gate voltage pulse. This study 
establishes a new approach to produce high-sensitivity and low-dark-current 
ultraviolet photodetectors and presents a crucial step for further practical 
applications.

Ultraviolet Photodetection

1. Introduction

High-performance ultraviolet (UV) photodetectors, with a capa-
bility to detect remote UV signals, have been widely used in appli-
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optoelectronic devices. Therefore, the P(VDF-TrFE) films not 
only deplete the background charge carriers of ZnO channel, 
but also act as a surface passivation layer to passivate the natu-
rally unfilled traps of ZnO nanosheets, resulting in high UV-
photodetecting performance.

In this work, we demonstrate a high-performance UV photo
detector based on ZnO nanosheet with P(VDF-TrFE) as the 
ferroelectric-driven layer. By introducing a strong ferroelectric 
localized field, the dark current of the device is suppressed 
to 10−11 A, resulting in the switching ratio of photoresponse 
increasing to 107. A large enhancement in detectivity (104 times 
higher than that of device without depletion) has been achieved 
due to the ultrastrong ferroelectric localized field. In addition, 
the initial dark current of the photodetectors can be restored 
to the original state after their continuous photocurrent has 
been terminated by applying a positive gate voltage pulse. This 
increases the repeatability and reliability of the device’s photode-
tection in order to meet requirements for practical applications.

2. Results and Discussion

Figure 1a shows the schematic diagram of ZnO nanosheet 
field-effect transistor (FET) enhanced by a localized ferroelec-
tric field and the thickness of ZnO nanosheet is about 15 nm 
(more details for ZnO nanosheet characterization can be found 
in the Supporting Information). In the device, 300  nm thick-
ness P(VDF-TrFE) was selected as the gate dielectric material 

and chromium (Cr)/aurum (Au) for the electrodes. In Figure 
1b, the output characteristics of the device under dark condi-
tions show good linearity and symmetry, indicating a good 
Ohmic contact between the Cr/Au electrodes and ZnO. The 
device was measured at a bias voltage (Vds) of 0.1  V in order 
to study the transfer characteristics, and the result is shown in 
Figure 1c. A significant positive memory window (about 8  V) 
is measured when sweeping the gate voltage (Vg) from – 30 to 
30  V. The threshold voltages (Vth) of the device are obtained 
at the point where Vg  = –11.2  V (negative to positive) and 
Vg  =  −19.1  V (positive to negative). The I–V curve reveals a 
completely counterclockwise hysteresis loop with a high on/
off ratio of more than 107, which is related to the ferroelectric 
polarization coercive voltage (Vc) of the P(VDF-TrFE) as shown 
in Figure 1d. The ferroelectric hysteresis loop was measured 
by an Al/P(VDF-TrFE)/Au capacitor with a voltage swept from  
– 60 to 60  V. The maximum remnant polarization field of 
P(VDF-TrFE) is over 7 µC cm−2 with excellent capacitance per-
formance as shown in the inset of Figure 1d. Vc is located at 
Vg  =  ±  20  V, which is measured with the same thickness of 
P(VDF-TrFE). Due to the fixed charges and high defect densi-
ties at the interface of P(VDF-TrFE)/ZnO, the Vth of the device 
is smaller and asymmetric in comparison with that of the 
Al/P(VDF-TrFE)/Au capacitor.[25]

In order to investigate the optoelectronic characteristics 
of ZnO nanosheet photodetector, we conducted a photore-
sponse measurement with a 375  nm laser under an inci-
dent power density of 8.04  mW cm−2. Figure 2a displays the 
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Figure 1.  Electrical characteristics of ZnO nanosheet field-effect transistor (FET) enhanced by ferroelectric localized field. a) A schematic diagram of 
ZnO nanosheet FET with P(VDF-TrFE) enhanced by ferroelectric localized field. b) I–V characteristics of the ZnO FET under dark. c) Transfer character-
istics of the ZnO FET at a bias voltage (Vds) of 0.1 V. d) Ferroelectric hysteresis loop of an Al/P(VDF-TrFE)/Au capacitor with a voltage sweeping from 
−60 to 60 V, and the corresponding C–F curve is shown at the inset.



1800492  (3 of 7)

www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

output characteristics curves under UV illumination without 
an external electric field. It indicates that the drain current 
increases with the increase of bias voltage and the light on/
off ratio is only ≈3. After the negative polarization ferroelec-
tric field was applied to the device, the output characteristics 
curves of the device were obtained and are shown in Figure 2b, 
demonstrating a depletion of the majority carriers in ZnO 
nanosheets. Due to the fact that the dark current with polari-
zation is ≈107 times smaller than that of without polarization, 
a >107 photocurrent on/off ratio is obtained in logarithmic 
coordinates as shown in Figure 2c. Because of the strong fer-
roelectric field induced by the negative polarized P(VDF-TrFE), 
the dark current of the ZnO nanosheet is greatly suppressed, 
which has a significant effect on the photoelectric properties of 
ZnO for use as ultraviolet photodetectors. In addition, we ana-
lyzed the results of the photoresponse under varying incident 
power densities at 375 nm as shown in Figure 2d. Increasing 
incident laser power density showed that the photocurrent was 
enhanced monotonically. This is mainly because of increased 
photon flux illuminating the device, so more electron–hole 
pairs can be absorbed, and more photocarriers separated under 
a bias voltage. This results in an increased drain current with 
increased incident light power.

We also evaluated another figure of merit, specifically photo-
conductive gain (G), which refers to the ratio of the number of 
carriers collected and the number of absorbed photons in the 
unit time under illumination. It can be expressed by the fol-
lowing equation

G
N

N

I e

PA h

/

/
e

ph

ph

ν
= =

� (1)

where Iph is the photocurrent, P is the illumination power den-
sity, A is the effective area of the device, e is the unit charge, 
and hν is the energy of an incident photon. Figure 2e presents 
the calculated G versus incident power densities, and G is up 
to 1.24 × 106 under an intensity of 5 × 10−4 mW cm−2. The high 
gain indicates that our ZnO nanosheet detector can produce 
high photocurrent signals under weak illumination conditions. 
It should be noted that as the UV power density increases, the 
photoconductive gain decreases gradually due to the saturation 
of the carrier traps.

The photoresponsivity (R) and detectivity (D*) are also 
important figures of merit for photodetectors, and can be calcu-
lated by the following equations

R
I

P
ph=

�
(2)

D RA el/(2 )* 1/2
dark

1/2= � (3)

where Iph is the photocurrent, P is the illumination power, A 
is the effective area of the detector, e is the unit charge, and 
the Idark is the dark current. According to these equations, R 
and D* values without polarization are 1.1 × 105 A W−1 and 
8.3 × 1011 Jones (for more details, please see the Supporting 
Information), respectively. However, the calculated R and D* 

Small 2018, 14, 1800492

Figure 2.  Optoelectronic characteristics of ZnO nanosheet photodetector. a) Output characteristics curves of ZnO photodetector under UV illumina-
tion with no external electric field applied. b) Output characteristics curves of the device under the negative polarization ferroelectric field, and c) light 
on/off ratio obtained over 107 in logarithmic coordinates. d) The output characteristics curves and e) photocurrent of ZnO photodetector under varying 
incident power density with a wavelength of 375 nm, and the inset shows the calculated G via varying incident power densities. f) Photoresponsivity 
and detectivity of the ZnO nanosheet photodetector, showing the maximum R and D* values of 3.8 × 105 A W−1 and 4.4 × 1015 Jones, respectively, 
when the incident power density is at 5 × 10−4 mW cm−2.
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values are 3.8 × 105 A W−1 and 4.4 × 1015 Jones under the power 
intensity of 5 × 10−4 mW cm−2, respectively, when the photode-
tector was depleted as shown in Figure 2f. The D* value of the 
depleted ZnO UV photodetector is more than 104 times higher 
than that without depletion, which is mainly due to the fact that 
the dark current is suppressed to 10−11 A.

To better illustrate the effect of P(VDF-TrFE) on the ZnO 
nanosheet photodetector, a positive voltage is applied to 
the P(VDF-TrFE) that exceeds its Vc (Figure 3a), where the 
domains rapidly turn over and neatly arrange to form a 
positive remnant polarization electric field in the film. With 
an increase of the positive polarization electric field of the 
P(VDF-TrFE), the electron concentration in ZnO nanosheet 
increases causing elevation of the Fermi level, leading to the 
increased drain current as shown in Figure 3b. After the UV 
light illumination, it induces the photogenerated current, 
which converges the hot electron tunneling current to pro-
duce the collected drain current, as shown in Figure 3c. Simi-
larly, the polarization direction is applied by a negative voltage 
that exceeds Vc, resulting in a negative polarization electron 
field as shown in Figure 3d. The strong ferroelectric polari-
zation field generated by the P(VDF-TrFE) can completely 
deplete the majority carriers in the ZnO channel, leading to 
its Fermi level being pulled down and the source–drain cur-
rent under dark substantially being suppressed under the 
illumination off state (Figure 3e). Under the state of the neg-
ative polarization, it results in a full depletion of the intrinsic 
carriers in the ZnO channel; however, this also produces 
the larger photogenerated current in the channel compared 

with the previously reported nanostructure 
photodetectors driven by the ferroelectric 
field (Figure 3f). This is because the ZnO 
nanosheet has abundant surface state 
defects, which could capture the photo
carriers to offset part of the photocurrent 
without an applied external electric field. In 
addition, the surface state defects of ZnO 
can be partially passivated by the strong fer-
roelectric field effect, which makes it pos-
sible to form increased photocurrent when 
illuminated. The ZnO nanosheet device 
with P(VDF-TrFE) achieves low-level power 
consumption and dark current in the nega-
tive polarization state with the removal 
of the external applied voltage in contrast 
to the traditional gate dielectric material. 
This is the key factor in achieving a high-
performance photodetector based on a ZnO 
nanosheet.

The speed of photoresponse is another 
important factor to evaluate the perfor-
mance of photodetectors. To explore the 
response speed of our device, we measured 
the performance of the device under the 
depleted state under ambient conditions 
as shown in Figure 4a, while maintaining 
its dark current at a level of 10−11 A.  
As the light illumination turns on, the 
drain current rises rapidly and reaches 

saturation at a current level of 10−6 A, however the drain 
current is slightly reduced even if the light is turned off, 
and it maintains a level that is close to the saturation cur-
rent for a long time. Because of the abundant oxygen 
defects in the ZnO crystal, the defect energy levels form in 
the ZnO bandgap.[14,26,27] Moreover, the positively charged 
oxygen vacancy defects show a strong electron-capture capa-
bility and capture the photogenerated electrons. On the 
other hand, the minority carriers are holes in a n-type ZnO 
nanosheet; thus, the photogenerated holes can continue to 
participate in conductivity resulting in a phenomenon of 
persistent photoconductivity. When the light is turned off, 
the oxygen chemisorption process dominates and assists 
photoconductivity relaxation.[28] After the light is turned 
off, the source–drain current is restored to the original level 
under a backgate voltage pulse of 30  V for 143  ms. Based 
on the results shown in Figure 4b, the captured rise and fall 
times of the device are 280 and 440  ms, respectively. This 
indicates that the reduced electron density of the conduc-
tion band leads to a decrease in the photocurrent when the 
illumination is off. By applying a forward gate voltage pulse, 
the carrier concentration in the ZnO channel is increased, 
thus enhancing the probability of the hole recombination 
in the valence band, which solves the problem of persistent 
photoconductivity to a certain extent.

In Figure 5, we summarize the performance of ZnO 
nanosheet photodetectors and our ZnO nanosheet photode-
tector enhanced by the ferroelectric field. Our device clearly 
shows advantages compared to previously reported work.[29–36] 
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Figure 3.  Mechanistic diagram of ZnO nanosheet photodetector enhanced by a ferroelectric 
localized field. a) Structure diagram of ZnO device with negative polarization state. The energy 
band diagrams of ZnO nanosheet photodetector b) in the dark and c) under illumination.  
d) Structure diagram of ZnO device with positive polarization state, and the energy band 
diagrams of the device e) in the dark and f) under illumination.
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Although most of the UV detectors mentioned above are using 
an applied external continuous gate voltage to reduce the 
dark current, leading to the better light switching ratio, these 
photodetectors are limited by a huge power consumption in 
practical applications. In addition, there are many reports that 
confirm the superiority of P(VDF-TrFE) in ferroelectric-FET 
structure devices. In addition, our devices exhibited superior 
performance compared to nanostructured ZnO photodetec-
tors composited with other organic ferroelectric films (for 
more details, please see the Supporting Information). In com-
parison, our ZnO detector shows excellent optoelectronic per-
formance and ultralow dark current, under ultralow additional 
power consumption, leading to its far-reaching significance in 
high-performance wearable photodetector and a wide variety of 
weapons and equipment.

3. Conclusion

Ferroelectric localized field–enhanced FET photodetectors 
are capable of high-sensitivity and low dark current without 
external applied gate voltage, resulting in high signal-to-noise 
ratio (SNR) and low power consumption performance. This is 
because the extremely strong ferroelectric localized field can 
effectively deplete the intrinsic carriers of the channel mate-
rial, leading to the very low dark current to improve SNR of 
the device. On the other hand, the novel nanostructured (ZnO 
nanosheet) materials have many excellent properties such as 
small effective volume, large specific surface area, easiness to 
modulate the carriers, and high photoelectric conversion capa-
bility, which break through the theoretical limits of the photo-
electric response of conventional thin-film photodetectors. In 

this way, we have fabricated ZnO nanosheet 
UV photodetectors driven by ferroelectric 
thin-film P(VDF-TrFE), which integrated 
the advantages of these two materials and 
achieved high performance with low power 
consumption. In this structure, the P(VDF-
TrFE) film is used to introduce a localized 
electric field to deplete the background 
charge carriers without external applied gate 
voltage and also acts as a surface passivation 
layer to passivate the naturally unfilled traps 
of ZnO nanosheets. In addition, nano-ZnO 
as the absorption layer in the device has the 
advantages of natural direct bandgap, large 
specific surface area, etc., which provide a 
basic guarantee for high-performance photo
response. Thus, ZnO nanosheet UV photo-
detectors driven by P(VDF-TrFE) reveal an 
improved optical response and detectivity 
up to 3.8 × 105 A W−1 and 4.4 × 1015 Jones, 
respectively. Moreover, the photocurrent 
gain is 1.24 × 106, which is far better than 
other ordinary ZnO UV photodetectors. In 
addition, the photodetector dark current can 
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Figure 4.  Time-resolved photoresponse characterization of ZnO nanosheet photodetector enhanced by a ferroelectric localized field. a) Photoresponse 
measurement of the ZnO nanosheet under the depleted state. The drain current rises rapidly as the light illumination, and it maintained at the level 
that is close to the saturation current for a long time even if the light turned off. b) After the light turned off, the current is restored to the original 
dark current level by providing a positive 30 V backgate voltage pulse to the device for 143 ms. The rise and fall times are reduced to 280 and 440 ms, 
respectively.
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violet photodetector are comparable and superior to other ZnO detectors.
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be restored to the initial state after continuous photocurrent 
measurement by using a positive gate voltage pulse demon-
strating the potential of integrating the ZnO nanosheets with 
ferroelectrics for novel optoelectronic devices.

4. Experimental Section
Synthesis and Characterization of ZnO Nanosheet: The single-crystalline 

ZnO nanosheets were synthesized via a chemical vapor transport 
method. Specifically, equal amounts of ZnO (Alfa Aesar 99.99%) and 
graphite (Alfa Aesar 99.9%) powders with a 2.5% weight percentage 
of phosphor pentoxide (Alfa Aesar 99.99%) nanopowders were mixed, 
and carefully ground as the precursors. These powders were loaded into 
a high-purity alumina boat (Al2O3 99.5%), while an a-plane sapphire 
substrate coated with 1  nm thick Au film was placed at the surface of 
the powder source. High purity Ar and O2, with flow rates of 70 and 
40 sccm, were used as the carrier gases. Then, the powder was heated 
to 1000 °C with a heating rate of 45 °C min−1. After 5 min of growth, the 
temperature was cooled down to room temperature naturally. All of the 
ZnO nanosheets were grown under ambient atmospheric pressure.

Device Fabrication: To fabricate a ferroelectric localized field–enhanced 
ZnO ultraviolet photodetector, the as-grown ZnO nanosheets were 
carefully scraped from the substrate and then ultrasonically dispersed 
in ethanol. The uniformly dispersed ZnO solution was spin-coated onto 
a p-type Si/SiO2 substrate with a SiO2 layer thickness of 300 nm. Then, 
the thin layer of methyl methacrylate was spin-coated onto the above-
mentioned substrate. Next, the other polymethyl methacrylate layer was 
fabricated by the same process. Then the electron-beam lithography 
technique was used to define the source–drain electrodes to fabricate  
Ti/Au (15 nm/50 nm) electrodes onto the two sides of the ZnO nanosheet. 
After that, a P(VDF-TrFE) (70:30 mol%) solution was used to fabricate 
the P(VDF-TrFE) layer on top of the ZnO, with 4 h of heating. Finally, 
the gate electrode of 10 nm thick aluminum was deposited on top of the 
P(VDF-TrFE) film.

Photoelectrical Performance Evaluation: In photocurrent 
measurements, a 375  nm laser diode (Thorlabs, LD375P70MLD) was 
selected as the light source to evaluate the optoelectrical performance. 
The laser beam was passed through a collimating lens to obtain a 
parallel beam, and then it illuminated the sample. The photocurrent was 
produced when the 375  nm laser beam illuminated the ZnO channel, 
and the signal was recorded by using an Agilent2912 Source Meter 
instrument. The photoresponse speed was measured by turning the 
laser on and off using the laser controller (Thorlabs, LDC4001), and 
the signal was amplified (Stanford, SR570) and detected by a digital 
oscilloscope.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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