
Self-driven visible-blind photodetector based on ferroelectric perovskite oxides
Jian-kun Li, Chen Ge, Kui-juan Jin, Jian-yu Du, Jing-ting Yang, Hui-bin Lu, and Guo-zhen Yang

Citation: Appl. Phys. Lett. 110, 142901 (2017); doi: 10.1063/1.4979587
View online: http://dx.doi.org/10.1063/1.4979587
View Table of Contents: http://aip.scitation.org/toc/apl/110/14
Published by the American Institute of Physics

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1934020954/x01/AIP-PT/APL_ArticleDL_032917/FYI_HouseBanner_1640x440_v3.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Li%2C+Jian-kun
http://aip.scitation.org/author/Ge%2C+Chen
http://aip.scitation.org/author/Jin%2C+Kui-juan
http://aip.scitation.org/author/Du%2C+Jian-yu
http://aip.scitation.org/author/Yang%2C+Jing-ting
http://aip.scitation.org/author/Lu%2C+Hui-bin
http://aip.scitation.org/author/Yang%2C+Guo-zhen
/loi/apl
http://dx.doi.org/10.1063/1.4979587
http://aip.scitation.org/toc/apl/110/14
http://aip.scitation.org/publisher/


Self-driven visible-blind photodetector based on ferroelectric perovskite
oxides

Jian-kun Li,1,2 Chen Ge,1,a) Kui-juan Jin,1,2,3,a) Jian-yu Du,1 Jing-ting Yang,1 Hui-bin Lu,1

and Guo-zhen Yang1,2,3

1Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
2University of Chinese Academy of Sciences, Beijing 100049, China
3Collaborative Innovation Center of Quantum Matter, Beijing 100190, China

(Received 1 December 2016; accepted 20 March 2017; published online 4 April 2017)

Ultraviolet photodetectors have attracted considerable interest for a variety of applications in health,

industry, and science areas. Self-driven visible-blind photodetectors represent an appealing type of

sensor, due to the reduced size and high flexibility. In this work, we employed BaTiO3 (BTO) single

crystals with a bandgap of 3.2 eV for the realization of a self-driven ultraviolet detector, by utilizing

the ferroelectric properties of BTO. We found that the sign of the photocurrent can be reversed by

flipping the ferroelectric polarization, which makes the photodetector suitable for electrical manipu-

lation. The photoelectric performance of this photodetector was systematically investigated in terms

of rectification character, stability of short-circuit photocurrent, spectral response, and transient pho-

toelectric response. Particularly, the self-driven photodetectors based on BTO showed an ultrafast

response time about 200 ps. It is expected that the present work can provide a route for the design of

photodetectors based on ferroelectric oxides. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979587]

Ultraviolet (UV) photodetectors are devices that can cap-

ture UV light and convert it into electric signals. Such devices

have recently attracted a great deal of attention for their broad

potential applications in health, industry, and science areas,

including medicine, space exploration, environmental moni-

toring, astronomy, and security communications.1–3 In terms

of nomenclature, detectors with a response wavelength

shorter than 400 nm are called visible-blind UV photodetec-

tors, and detectors whose response wavelength is shorter than

280 nm are called solar-blind UV photodetectors.4,5 So far, a

variety of materials have been investigated for the fabrication

of these devices, such as perovskite oxides,6,7 ZnO,8 GaN,9

and SiC,10 in the form of bulk materials or thin films as well

as a number of different materials in the form of quantum

dots.11,12 In a UV photodetector, the incident UV light with

the photon energy higher than the bandgap of the detector

material is absorbed to excite electrons from the valence

band to the conduction band. Usually, in common UV photo-

detectors, the photogenerated electrons and holes are sepa-

rated by the electric field of the supplied bias in the

photoconduction mode to form photocurrent signals. This

working condition, however, requires external power sources

and supplies, which make the systems bulky and heavy.

Self-driven light sensors represent a type of sensor

which does not require external energy inputs. These sensors

can convert the incident light into electrical signals on their

own, by absorbing the energy of the detected light, which

allows the development of simpler equipment structures and

more flexible scopes of application.13–15 The self-driven UV

detecting methods based on the electric field in the space

charge region of a p-n junction16,17 or the Schottky barrier18

have been studied so far. Bie et al.19 studied p-n junction-

based self-powered visible-blind UV detectors with high sen-

sitivity, by fabricating junctions of a single n-type ZnO

nanowire with a p-type GaN film. Lu et al.18 fabricated self-

driven UV sensors based on a ZnO/Au Schottky junction,

obtaining significant improvements in the photoresponse.

The employment of ferroelectric polarization as an

electron-hole separation driving force can take advantage of

the fact that the electric field originating from polarization is

electrically adjustable and free from the band structure.20–22

Ferroelectric materials are endowed with a spontaneous ferro-

electric polarization that can be switched between two states

by using an electric field. The photovoltaic phenomenon

in BaTiO3 (BTO) single crystals was first reported by

Chynoweth.23 It was demonstrated that above the Curie tem-

perature, pyroelectric currents can be produced in BTO single

crystals without the applied electric field. The polarization

remaining at these temperatures is ascribed to the space-

charge fields at the surface. In 1975, steady-state photocur-

rents proportional to the light intensity were observed in melt-

grown BTO.24 More recently, UV detectors based on ferro-

electric materials have received great interest. Lai et al.25

and Zomorrodian et al.26 employed La-doped Pb(Zr,Ti)O3

(PLZT) ferroelectric epitaxial films as self-driven UV sensors

by exploiting ferroelectric polarization. In addition, since the

bandgap of ferroelectric materials is generally located in the

UV region, ferroelectric materials are natural candidates to

perform as ideal UV photodetector materials. By employing

ferroelectrics as the absorbers, photo-generated electron-hole

pairs can be effectively separated by the electric field induced

by spontaneous polarization. Therefore, stable photocurrents

are present even in the absence of external electric fields.27

The photocurrents increase with the intensity of the incident

light, which can allow achieving the purpose of UV detection.
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As a result, ferroelectrics-based UV detectors provide great

potential in device design and preparation and show more

prominent advantages in conditions of limited available

power such as space or underwater environment.

In the present work, we demonstrate the realization of a

self-driven visible-blind UV photodetector based on a ferro-

electric BTO single crystal. The cutoff wavelength of BTO

single crystals in our experiment is approximately 392 nm,

corresponding to a bandgap of about 3.2 eV. Therefore, BTO

can work in the absence of filters to block visible light.

Moreover, BTO is an ideal photovoltaic material with a high

Curie temperature, excellent chemical stability, and thermal

stability. In our experiments, a sandwich-type metal/BTO/

metal structure is fabricated for photoelectric measurements.

The open-circuit voltages, short-circuit currents, ultrafast

responses of unpolarized BTO, negative polarized BTO, and

positive polarized BTO were measured in our experiments,

finding stable open-circuit voltages, short-circuit currents,

ultrafast zero-bias responses, and recovery times. Our experi-

ment results indicate that ferroelectric BTO is suitable for

the preparation of self-driven visible-blind UV detectors.

As shown in Fig. 1(a), commercial unpolarized BTO sin-

gle crystals (MTI Corporation) with a size of 5� 5� 0.5 mm3

were prepared for photoelectric measurements. Au top electro-

des with a diameter of 420 lm and a thickness of 100 nm were

deposited on the BTO wafers by thermal evaporation. Silver

paint electrodes were applied to the bottom of the wafers to

perform the measurements. Since the photo-ferroelectric effect

is proportional to polarization for ferroelectric materials, a

large external electric field of 642 kV/cm was applied for

500 s to flip the electric polarization. For convenience, the

unpolarized BTO sample is labeled as UN-BTO, the downward

polarized BTO sample is labeled as DOWN-BTO, and the

upward polarized BTO sample is labeled as UP-BTO.

Figure 1(b) displays the parallel view of two atomic

structure schematic diagrams of DOWN-BTO (left) and UP-
BTO (right) in the tetragonal phase at room temperature, in

which the displacement of the titanium atom is exaggerated.

The hybridization between the Ti 3 d states and the O 2 p

states leads to the displacement of Ti atoms, which makes

the BTO crystals ferroelectric.28

Figure 1(c) shows a typical polarization-electric field

(P-E) hysteresis loop for the BTO single crystal at 2 Hz with

a field amplitude value of 44 kV/cm measured by a piezo-

electric test system (Radiant RT6000HVS), which confirms

the good ferroelectric properties of the BTO samples. A rem-

nant polarization of 23 lC/cm2 and coercive field amplitudes

of �28.4 kV/cm and þ21.8 kV/cm were observed at room

temperature. In order to determine the bandgap of BTO,

the absorption and transmission spectra of UN-BTO were

measured, as shown in Fig. 1(d). The transmission edge is

located at about 392 nm, which is a little smaller than the

edge of the visible light wavelength range (400 nm), indicat-

ing the effective coverage of UV light and shielding of visi-

ble light. The bandgap obtained from the transmission

spectrum is about 3.2 eV. In order to identify the polarized

domains of BTO samples, we achieved polarization patterns

of UN-BTO and DOWN-BTO by the piezoreponse force

microscopy (PFM) technique (Asylum Research MFP-3D)

as displayed in Figs. 1(e) and 1(f). The PFM images were

collected along the out-of-plane direction over 10� 10 lm2

areas. In UN-BTO, irregular ferroelectric domains with dif-

ferent polarization directions can be clearly observed as

shown in Fig. 1(e). However, as can be seen from Fig. 1(f),

FIG. 1. (a) Sketch of the setup for elec-

trode covered BTO single crystal, inci-

dent UV laser, and measuring circuit.

(b) Parallel view of the atomic structure

schematic diagrams for DOWN-BTO
(left) and UP-BTO (right). The blue

arrows represent the direction of polar-

izations. The Ba, Ti, and O sites are dis-

played by green, blue, and right circles,

respectively. (c) Typical polarization-

electric field loops of BTO with 2 Hz

frequency, indicating a remnant polari-

zation of 23 lC/cm and coercive fields

of �28.4 kV/cm and þ21.8 kV/cm. The

value of the field amplitude is 44 kV/

cm. (d) Transmission spectra of UN-
BTO. (e) and (f) Images of out-of-plane

PFM for UN-BTO before (e) and after

(f) þ42 kV/cm polarization process over

10� 10 lm2 areas. The images show

that þ42 kV/cm electric field induces a

homogeneous state with downward

polarization.
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only one polarization direction is present in DOWN-BTO
after the application of the external electric field. The com-

parison between the two PFM panels indicates that our polar-

ization method can effectively change the polarization

direction of BTO.

The photovoltaic characteristics of UN-BTO, DOWN-
BTO, and UP-BTO were studied in a sandwich electrode con-

figuration under continuous UV laser illumination with a

wavelength of 375 nm, and the results are respectively shown

in Figs. 2(a)–2(c). The experimental data were collected by a

Keithley 4200 A-SCS. The corresponding open-circuit volt-

age and short-circuit current density of the three samples illu-

minated with different light intensities are shown in Figs.

2(d)–2(f), respectively. Current density-voltage (J-V) curves

of UN-BTO displayed rectification characteristics as shown in

Fig. 2(a). The maximum applied bias is 1 V (20 V/cm) for

the three samples, which is far below the coercive field

for polarization switching. Open-circuit voltage and short-

circuit current are almost unaffected by variations of the light

intensity (Fig. 2(d)). Figures 2(b) and 2(c) show the rectifying

curves of DOWN-BTO and UP-BTO in the dark environment

and under laser illumination, respectively. From the measure-

ments, we obtained an open-circuit voltage of Voc� 0.7 V

and Voc��0.6 V for DOWN-BTO and UP-BTO, respec-

tively. These open-circuit voltages are almost independent of

light intensity. The corresponding photo-induced open-circuit

electric field is about 14 (�12) V/cm for DOWN-BTO (UP-
BTO). In the light intensity range of 0–8.05 mW/mm2, the

values of the short-circuit current density (Jsc) of DOWN-
BTO and UP-BTO increase monotonically with increasing

laser intensity (see Fig. 2(e)–2(f)). Jsc values for the two sam-

ples are up to �111 nA/cm2 and 136 nA/cm2, respectively, at

an incident laser power density of 8.05 mW/mm2.

The photoelectric behaviors of the UN-BTO, DOWN-
BTO, and UP-BTO are closely related to the polarization

direction.29 In UN-BTO, since the micron-scale ferroelectric

domains are randomly distributed, almost no ferroelectricity

is observed at a macroscopic level. Therefore, no open-

circuit voltage and short-circuit current were detected in UN-
BTO (Fig. 3(a)). After a þ42 kV/cm electric field applied to

the top electrode of DOWN-BTO for 500 s, a ferroelectric

polarization is formed in the downward direction and caused

the existence of the additional dipole layer close to the

electrodes. In other words, as depicted in Fig. 3(b), the com-

prehensive effect of depolarized electric field Ede (purple

arrow) and dipole layers close to the electrodes (represented

by the plus sign and minus sign in Fig. 3(b)) resulted in a

measurable open-circuit electric field of 14 V/cm. The

photo-generated holes (white circles with a plus sign in Fig.

3(b)) and electrons (black circles with a minus sign in Fig.

3(b)) are separated by Ede, and a short-circuit current density

of �111 nA/cm2 is measured under the 375 nm UV laser illu-

mination with a light intensity of 8.05 mW/mm2. If a

�42 kV/cm electric field is applied to UP-BTO, ferroelectric

polarization points to the upward direction, and the polarity

of the charge layer is reversed. Under the action of Ede and

dipole layers, an open-circuit electric field of �12 V/cm and

a short-circuit current density of 136 nA/cm2 are measured in

UP-BTO.

In order to assess the photoelectric performance of our

photodetectors, we also investigate important parameters

such as the external quantum efficiency (EQE) and the detec-

tivity D*. The EQE geqe under short-circuit conditions was

calculated for DOWN-BTO and UP-BTO. This quantity is

defined as the number of carriers generated per incoming

photon

geqe ¼ Rihx=e; (1)

where Ri is the spectral current responsivity at the selected

wavelength, h is Planck’s constant, and x is the frequency of

the incident light. Accordingly, at an incident photon wave-

length k¼ 375 nm, the geqe of DOWN-BTO and UP-BTO is,

respectively, 4.56� 10�5% and 4.41� 10�5% if surface

reflection is not taken into account. The quantum efficiencies

of ferroelectric visible-blind detectors working at zero bias

are g� 3.51� 10�5% for PbTiO3 and g� 4.42� 10�6% for

La-doped Pb(Zr,Ti)O3.26,30 For non-ferroelectric visible-

blind detectors, the quantum efficiencies are g� 5.4% for

ZnO and g� 14.7% for the TiO2/SnO2 branched heterojunc-

tion nanostructure.31,32 The quantum efficiency of our device

is higher than those of other ferroelectric oxides, but lower

than those of conventional semiconductors, possibly due to

the relatively poor crystal quality.

The detectivity D* is also a widely used parameter char-

acterizing the normalized signal-to-noise performance of

detectors, and it can be defined as follows:

FIG. 2. The photocurrent density

dependence of voltage bias for UN-
BTO (a), DOWN-BTO (b), and UP-
BTO (c) using different light intensi-

ties. The open-circuit voltages and

short-circuit currents density with dif-

ferent light intensities of UN-BTO,
DOWN-BTO, and UP-BTO are shown

in (d), (e), and (f), respectively.

142901-3 Li et al. Appl. Phys. Lett. 110, 142901 (2017)



D� ¼ ðADf Þ1=2Ri=In; (2)

where A is the effective area of the device, Df is the fre-

quency band, and In is the noise current source.

There are three sources of noises that contribute to low-

ering D*: shot noise from dark current, Johnson noise, and

thermal fluctuation “flicker” noise. As the thermally limited

mode is not applied,33 shot noise is the main source of noise

in our experiment.

In is given by the following relation:

In ¼
4kBT

Rdark
þ 2qIdark

� �1=2

Df 1=2; (3)

where T is the temperature, Rdark is the differential resistance

at the bias point, Idark is the zero-bias dark current, kB is

Boltzmann’s constant, and q is the electron charge. Non-zero

short-circuit currents are presented in the dark. The low dark

data at zero-bias may be caused by instrument noise. Therefore,

the detectivity is meaningless at zero bias. In order to test the

detector performance of our samples, we calculated the detec-

tivities at 1 V bias. According to Equations (2) and (3), the D*
of DOWN-BTO and UP-BTO under light illumination with a

wavelength of 375 nm was found to be 1.56� 108cm �Hz0.5/W

and 1.05� 108cm �Hz0.5/W, respectively.

Figure 4(a) shows time-resolved measurements of the

short-circuit photocurrent density as the light is switched on

and off for our UN-BTO, DOWN-BTO, and UP-BTO sam-

ples. The current strongly depends on the ON/OFF switching

of the 375 nm UV laser, and its value becomes larger with

the increase in the incident light intensity. In order to investi-

gate the stability of DOWN-BTO and UP-BTO, the steady

state short-circuit photocurrent density responses of DOWN-
BTO and UP-BTO were measured for over 104 s as shown in

Fig. 4(b), indicating good stability over time.

As shown in Fig. 4(c), the transient photoelectric

response behaviors of UN-BTO, DOWN-BTO, and UP-BTO
were acquired at zero bias by a 2.5 GHz bandwidth oscillo-

scope and a 355 nm UV laser with a pulse duration of 18 ps.

A 0.5 X resistance was connected in parallel with the sam-

ples. Almost no photovoltaic signal was detected for UN-
BTO. However, for DOWN-BTO and UP-BTO, the measured

photovoltages were �33.6 mV and 37.8 mV, respectively.

The rise time and full width at half maximum (FWHM) were

270 ps and 310 ps for DOWN-BTO and 220 ps and 230 ps

for UP-BTO, respectively. The faster response and recovery

times confirmed the low carrier transit time and the rapid

electron-hole pair recombination process in BTO crystals.

Compared with other oxide materials such as ZnO,19

LiNbO3,34 and KTaO3,35 polarized BTO crystals displayed

FIG. 3. (a) Schematic diagram of distribution of photo-generated charge in UN-BTO. The photo-generated holes (white circles with plus sign in center) and elec-

trons (black circles with minus sign in center) are randomly distributed without external bias. (b) and (c) Causes of open-circuit voltage and short-circuit current

in DOWN-BTO (b) and UP-BTO (c). With the comprehensive effect of depolarized electric field (purple arrow) and dipole layers close to the electrodes (repre-

sented by the plus sign and minus sign in (b) and (c)), open-circuit voltages are detected and photo-generated carriers are oriented to form short-circuit currents.

FIG. 4. (a) Jsc of UN-BTO (green),

DOWN-BTO (blue), and UP-BTO
(magenta) crystal under a continuous

375 nm UV laser, with periodic on/off

states. (b) Steady-state Jsc responses

of DOWN-BTO and UP-BTO. (c)

Transient photoelectric responses of

UN-BTO, DOWN-BTO, and positive

UP-BTO without voltage bias. The

experiment results were measured by

a 2.5 GHz bandwidth oscilloscope and

a 355 nm laser with the pulse width of

18 ps. (d) Spectral responses of the

UN-BTO, DOWN-BTO, and UP-BTO
at 0 V bias.

142901-4 Li et al. Appl. Phys. Lett. 110, 142901 (2017)



ultrafast response. As a key factor for detection performance,

the ultrafast response time can naturally expand the applica-

tion possibilities of BTO.

Figure 4(d) represents the spectral responses of UN-BTO
(green), DOWN-BTO (blue), and UP-BTO (magenta) at zero

bias. There is almost no short-circuit current in UN-BTO,

regardless of the wavelength. Conversely, DOWN-BTO and

UP-BTO exhibit a cutoff wavelength of 388 nm, consistently

with the� 3.2 eV bandgap of BTO. When the wavelength is

lower than the cutoff wavelength, the responsivity increases

with decreasing wavelength, until saturation at 320 nm with a

photocurrent responsivity of 0.01 mA/W. We define the UV-

to-visible contrast ratio as the ratio of the responsivity mea-

sured at 320 nm to the responsivity measured at 400 nm. The

UV-to-visible contrast ratio, which indicates the signal-to-

noise ratio, is about 15 for DOWN-BTO and 20 for UP-BTO.

In summary, we employed BTO as a promising ferro-

electric material for self-driven visible-blind UV detecting.

The absorption edge and transmission edge are at about

390 nm, indicating activities in the UV range. With the mod-

ulation of polarization direction, stable photocurrents in dif-

ferent directions are found in the absence of external electric

fields due to the ferroelectric polarization in BTO and

become larger as the intensity of the incident light increases.

An ultrafast response time and a FWHM of �200 ps were

observed in our samples, indicating the feasibility and the

unique potential of BTO for UV detection applications.

These results indicate that BTO crystals are promising self-

driven UV detecting candidates for future applications.
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