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Abstract: In recent years, self-driven ultraviolet (UV ) photodetectors have become a central focus in both military and ci-
vilian fields as they can operate without any external power supply. As a wide bandgap ferroelectric material, Barium titanate
(BaTiO3, BTO) possesses good ferroelectric , piezoelectric, and pyroelectric properties , which could generate intrinsic spon-
taneous polarization field to separate photogenerated carriers, resulting in a self-driven UV photoelectric detection. Till now,
significant progress has been made on BTO-based self-driven photodetectors, however, the reported devices tended to exhibit
low responsivity (10107 A+ W™) except the use of high-quality single crystalline materials. In this work , we have fabricat-
ed a high-performance NiO/BTO/ITO p-i-n heterojunction structure self-driven UV photodetector using a low-cost RF sputter-
ing technique. By coupling the ferroelectric depolarization field of BTO with the built-in field of p-i-n junction, the separation
and migration of photogenerated carriers can be greatly promoted. Therefore, the responsivity at 255 nm of our device can
reach to 3.4x10” A+ W™ under the poling-up state, which is much higher than that of reported UV photodetectors prepared
from amorphous and ceramic BTO. In addition, our device exhibits a fast response speed of 0. 3 s/0. 4 s. The findings in this

work provide a new strategy for improving the performance of BTO-based photodetectors.
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1 Introduction

In 1920, Valasek!, a French scientist, discov-
ered Rochelle salt (potassium sodium tartrate, Na-
KCHO-4H,0) and proposed the concept of “ferro-
electricity” which is defined as a nonlinear dielec-
tric behavior under an electric field. In ferroelectric
materials, under normal conditions, electric dipole
moments form between positive and negative charge
centers in a unit cell, resulting in spontaneous polar-
ization without applying any electric field”. There-
fore, ferroelectric materials are diversely applied in
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devices®™. actu l6- 181
memory devices™ ', actuators’ ", sensors , energy stor-

0-12 .
" In recent years, self-driv-

age™ and photocatalysis'
en UV photodetectors have received extensive atten-
tion in both military and civilian fields because they

. . 13-16
can work without any external bias"'"

. Among vari-
ous ferroelectric materials, Barium titanate (BaTiOs;,
abbreviated as BTO) has a typical perovskite struc-
ture with a bandgap of ~3.2-4.6 eV, and thus it is
very suitable for UV detection. In addition, as an en-
vironmentally friendly ferroelectric material, BTO
possesses good ferroelectric, piezoelectric, and pyro-
electric properties, which could generate intrinsic
spontaneous polarization fields to separate photogen-
erated carriers, resulting in a self-driven photoelec-
tric detection'”™. Till now, although BTO self-driv-
en photodetectors have made significant progress,
the reported devices tended to exhibit low responsivi-
ty (10°-107 A+ W™) in addition to the use of expen-
sive high-quality single crystal materials® . Al-
though combining the photovoltaic effect with ferro-
electric, piezoelectric or pyroelectric effects can im-
prove the responsivity of the BTO-based devices, it

is still significantly lower than that of traditional
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semiconductor self-driven detectors™ ",

More recently, our group have achieved a high-
performance self-driven photodetector by construct-
ing an amorphous-BaTiOs/p-Si ferroelectric-semicon-
ductor heterojunction by coupling the ferroelectric
depolarization electric field and built-in electric
field at the heterojunction interface, and the respon-
sivities of the device could reach up to 0. 027 A+ W™
at 365 nm™'. However, due to the presence of a nar-
row bandgap of Si, this device has a strong response
to visible light, so it is not suitable for intrinsic UV
detection. Here, we have designed and fabricated a
NiO/BTO/ITO p-i-n heterojunction structure self-
driven UV photodetector using a low-cost radio-fre-
quency (RF) sputtering technique. The combination

) with the

of a ferroelectric depolarization field (E,,
p-i-n built-in field (E}.,) could enhance the sepa-
ration and migration of photogenerated carriers.
When the depolarization field of BaTiO; is in the
same direction as the built-in electric field of the p-i-n
junction (poling-up state), the responsivity is im-
proved to 3.4x10° A-W™, which is significantly
higher than that of reported photodetectors prepared

from amorphous and ceramic BTO.

2  Experiment

2.1 Fabrication of Heterojunction Photodetector

ITO, BTO and NiO films were successively de-
posited onto ¢-Al,03 substrate by RF magnetron sput-
tering method. Firstly, 50-nm-thick ITO film was
sputtered with a sputtering power of 100 W in an at-
mosphere of Ar and O, gas mixture (Ar: O, = 5: 1)
with a pressure of 1. 2 Pa. The as-grown ITO film was

then annealed at 750 °C for 1 hour in O, atmosphere
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in a tube furnace to increase crystal quality and to
improve conductivity.

After that, 200-nm-thick BTO film was grown
on ITO at a temperature of 290 °C in pure Ar gas at-
mosphere (0.8 Pa) with a sputtering power of 80
W. Then, the NiO film with a thickness of 50 nm
was prepared on BTO at room temperature, and a
mixture of Ar and O, gas (Ar: 0, = 2: 1) was select-
ed as the sputtering gas with a pressure of 0.8 Pa
and a sputtering power of 150 W.

Finally, gold (Au) and indium (In) are chosen
as the Ohmic contact electrodes with NiO and ITO
layers, respectively, which are deposited by DC mag-
netron sputtering technology using a shadow mask.
2.2 Characterizations

The crystal structure was characterized using
X-ray diffraction (XRD) (Bruker D8GADDS, Cu
Ka radiation, A = 0. 154 1 nm). Scanning electron
microscope (SEM) (HITACHI S-4800, the mode of
measurement: secondary electrons) was used to eval-
uate the surface morphology and cross-sectional mor-
phology of the sample. Optical properties were char-
acterized by a UV3101 (PC) scanning spectropho-

tometer technique. The current-voltage (I-V) curves

(a)

NiO

ITO
Sapphire

and photo response characteristics of the photodetec-
tor were tested by an Agilent BISOOA semiconductor
device analyzer. The electrical properties of n-ITO
and p-NiO films were investigated by the Lakeshore
7707 Hall measurement system. All the measure-

ments were performed at room temperature.

3 Results and Discussion

As shown in Fig. 1(a), the NiO/BTO/ITO p-i-n
heterojunction structure was fabricated by sputtering
n-type ITO, intrinsic BTO and p-type NiO onto
¢-ALO; in sequence. Au and In Ohmic contact elec-
trodes were prepared on p-NiO and n-ITO surfaces,
respectively. Hall measurement results illustrated
that the NiO film exhibits p-type conductivity. Its
carrier concentration was found to be 3. 8x10"” c¢m™
with a Hall mobility of 0.37 c¢m’-V™'-s™. Mean-
while, ITO film shows typical n-type conductivity
with a carrier concentration of 1. 8x10* e¢m™ and a

1

mobility of 2. 1 em®+V'+s™. A cross-sectional SEM
image of the NiO/BTO/ITO p-i-n heterojunction was
presented in Fig. 1(b). And the thicknesses of NiO,
BTO and ITO layers have been estimated to be 50 nm,

200 nm and 50 nm, respectively.
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Fig.1 (a)Schematic of the self-driven UV photodetector. (b) Cross-sectional SEM image of the device. (¢)XRD pattern of NiO/

BTO/ITO p-i-n heterojunction. Transmission spectra(d) and Tauc plots(e) of NiO, BTO and ITO films

In Fig. 1(c¢), XRD patterns have been acquired
to determine the crystal structure of NiO/BTO/ITO

p-i-n heterojunction on ¢-Al,O; substrate. A strong

(0006) diffraction peak of c-Al,0; is at around 26 =
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41.68°. In addition, two peaks at 260 = 30. 8° and
35.7° can be clearly observed, corresponding to
(222) and (400) diffraction peaks of BCC ITO,
respectively (JCPDS No. 44-1087)%%.

the diffraction patterns of NiO and BTO are absent,

Moreover,

indicating that they are both fully amorphous. Due
to the presence of small, ordered clusters within the
amorphous network, ferroelectricity is exhibited in
amorphous BTO, although with a remnant polariza-
tion lower than that observed in crystals™

Fig. 1(d) represents the transmission spectra of
each film on sapphire substrates. Clearly, both BTO
and ITO films exhibited high transparency of over
90% in the visible region, while only ~50% transmit-
tance in the range of 400—700 nm can be observed for
NiO. Moreover, the band gaps of NiO, ITO and BTO
thin films were estimated to be 3. 45 eV, 4. 01 eV and
4.55 eV using the Tauc plot method in Fig. 1 (e),

respectively. It is worth noting that the band gap of
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Fig.2 I-V curves of Au/p-NiO/Au and In/n-1TO/In(a),

Given that the Curie point of BTO is ~120 C**,
the device was heated at 150 ‘C for 5 min to attain an
unpolarized state. After applying +10 V and - 10 V
bias to the device for 200 s, the poling-up and pol-
ing-down states can be achieved in the p-i-n photo-
detector, respectively (Fig. 3(a) ). In the poling-up
state, the depolarization field (E,,) in BaTiOs is con-
sistent with the built-in electric field of the p-i-n
junction (E}.,) in direction, and thus the overall
electric field is intensified. Conversely, when the de-
polarization field is opposite in direction to the built-
in electric field, that is, the poling-down state, the to-

tal electric field is weakened.

Current/mA

amorphous films (4.2-4. 6 eV )" is higher than that
of the crystalline films and bulk single crystals
(~3.2eV)"

To facilitate the creation of Ohmic contacts, we
opted for indium with low work function (4. 12 eV)
as the electrode for the n-ITO layer and gold with
high work function (5.1 eV) for the p-NiO layer™.
Fig. 2(a) shows the I-V characteristic curves of Au/p-
NiO/Au and In/n-ITO/In under dark condition. The
linearity of I-V characteristics suggested the formation
of excellent Ohmic contacts both between Au and p-
NiO and between In and n-ITO. Therefore, only the
built-in electric field generated at the p-i-n hetero-
junction interface and the ferroelectric depolarization
field in BTO can be responsible for separating the
photogenerated e-h" pairs and helping produce the
rectifying behavior. As shown in Fig. 2 (b), the I-V
curve of the NiO/BTO/ITO p-i-n heterojunction in

dark condition shows an obvious rectifying behavior.
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and NiO/BTO/ITO p-i-n heterojunction(b) in dark

The photocurrent response properties of the de-
vice were investigated by periodically switching the
255 nm light (2.33 mW-em™) ON and OFF at 0 V
under different polarization states as shown in Fig.
3(b). And the result indicates that the device exhib-
its robust and consistent photoresponse to intermit-
tent illumination, characterized by its rapid and sta-
ble behavior. When the device is in the poling-up
state, the K}y, is in the same direction as the Eg,
thus increasing the photocurrent from 7. 6 nA to 8.9
nA. In contrast, when the device is in the poling-

down state, the E, i, and E,, are in opposite direc-

dp

tions, and a significant drop in photocurrent can be
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observed from 7.6 nA to 4.2 nA. As a result, the
photoelectric response of the p-i-n heterojunction de-
vice can be effectively adjusted by an external volt-
age. In particular, the responsivity is calculated to
be 3.4x107 A+ W™ for the device in poling-up state
Additionally,
10% - 90% rise and 90% — 10% decay time of the
p-NiO/i-BTO/n-ITO device in poling-up state are es-

with a sensitive area of 0.112 cm’.

timated to be 0.3 s and 0. 4 s, respectively. The ef-
fect of polarization state on response speed is not sig-
nificant (Fig. 3(¢) ), however, the introduction of po-
larization slightly decreases the rise time, which may
be related to the F,, accelerating the separation of

charge carriers. The wavelength-dependent responsivi-
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ty of the device in three states is shown in Fig. 3 (d)
from 255 nm to 660 nm. It has been shown that the
device does not respond to visible light and achieves
maximum responsivity at the wavelength of 255 nm.
It’ s worth noticing that, despite the fact that both
NiO and ITO possess relatively narrow bandgaps,
the photoresponse is mainly located in solar blind ar-
ea. This may be because the response can be largely
attributed to the BTO layer, which exhibits a high ab-
sorption rate of ultraviolet radiation. Consequently,
within the structure of the device, BTO acts as the
fundamental photosensitive layer, while NiO and
ITO primally establish the internal electric field and

supply charge carriers.
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Fig.3 (a)Schematic of the p-i-n heterojunction device in poling up and poling down states. Photocurrent responses (b) , rise

time and fall time in one cycle(c) and response spectra(d) of the photodetector at 0 V bias in various polarization states

Tab. 1 provides a comparative summary of the re-
sponsivity and rise/fall time of the self-driven photode-
tector developed in this study with the reported devices
The p-NiO/i-
BTO/n-1TO device presented in this work exhibits a su-

utilizing BTO ferroelectric materials.

perb self-driven photodetection performance. To the
best of our knowledge, this device is superior in respon-

sivity (3.4x10° A+W™) to the other reported BTO-

based self-driven UV photodetectors due to the effi-
cient combination of the depolarization field in BTO
and the built-in electric field in the p-i-n heterojunc-
tion. And the response speed of our device is also
faster than or comparable to the reported results. Addi-
tionally, the fabrication process of the present p-NiO/i-
BTO/n-ITO device is advantageous due to its low-cost

and suitability for large-scale production.
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Tab.1 Comparison of the key parameters of our device and other BaTiO,-based self-driven photodetectors reported previously

Device structure Wavelength/nm tltls Responsivity/(A-W™) Ref.
ITO/BTO/Ag 365 0.57/31. 8 2.4x107* [35]
Ag/BTO/Ag 365 0.5/23 0. 48x10™ [36]
ITO/BTO/Ag 405 0.4/1.6 <3.5x107 [24]

ITO/BTO/ITO 365 0.5/0. 2 2.3x107 [37]
ITO/BTO/Ag 365 0.6/0.5 ~107 [22]
Ag/BTO/Ag 365 0. 65/13. 44 ~107 [21]

NiO/BTO/ITO 255 0.3/0. 4 3.4x107° This work

4 Conclusion cantly higher than that of other reported self-driven

photodetectors based on amorphous and ceramic
In summary, a high-performance self-driven p-NiO/

i-BTO/n-ITO UV photodetector was fabricated by a

BTO. Additionally, our device exhibits a very fast

response speed with rise and fall time of 0.3 s and

low-cost RF sputtering method. It is demonstrated that 0.4 s, respectively. Our device structure and design

the device could enhance the separation and migration concept provide a simple and feasible way for realizing

of the photogenerated carriers through the combination high-performance self-powered photodetectors.

of the E,, of BTO with the E ., of the p-i-n junction,

thus exhibiting higher photocurrent. As a result, we Response Letter is available for this paper at: http:/
have successfully achieved a high responsivity of 3. 4% cjl. lightpublishing. cn/thesisDetails#10. 37188/CJL.
10° A+ W™ at 255 nm under 0 V bias, which is signifi- 20240118.
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