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For the first time, we report high-performance two-dimensional (2D) perovskite Pb 2 Nb 3 O 10 photodetec- 

tors (PNO PDs). The few-layer PNO nanosheets are obtained successfully through a simple calcination 

and liquid exfoliation method. The individual PNO nanosheet devices with various structures (Au-PNO- 

Au, Au-PNO-Ti, Ti-PNO-Ti) are fabricated and investigated. The Au-PNO-Ti device exhibits a high rectifi- 

cation factor ( ∼10 2 ) owing to a large Schottky barrier difference between the PNO nanosheet and two 

asymmetric electrodes. Notably, the Au-PNO-Ti device shows excellent self-powered performance, includ- 

ing high responsivity (2.8 A/W), high detectivity (1.1 × 10 12 Jones), and fast speed (0.2/1.2 ms) at 350 nm 

light illumination. This work not only suggests the performance of the PNO nanosheet PDs but also sheds 

light on the development of high-stability and high-performance devices based on 2D perovskite niobate 

in the future. 

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & 

Technology. 
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. Introduction 

Perovskites are a unique kind of ionic materials, including 

alide and oxide structures. The common chemical formula for 

erovskites is ABX 3 , where A and B are all cations and X is a

alide or an oxide anion. The replacement of ionic species leads to 

umerous perovskites with distinct characteristics and properties 

1–3] . In the field of optoelectronic applications, halide perovskites 

ABI 3 ) are excellent semiconductors owing to their remarkable op- 

ical and electrical properties, such as high absorption coefficients, 

ong carrier-diffusion lengths, high carrier mobilities, and tunable 

andgaps [ 4 , 5 ]. Therefore, the halide ABI 3 perovskites have impor- 

ant applications in the fields of photovoltaic, photoelectric detec- 

ion, catalysis, and luminescence [6–12] . However, the B-I bond of 

alide ABI 3 perovskites is a single bond with a small band gap 

nd weak bond energy. So the halide perovskites have poor stabil- 

ty, which limits their application conditions and fields. Conversely, 

he B-O bond of the oxide perovskite (ABO 3 ) is a double bond 

ith a large band gap and strong bond energy. Oxide perovskites 

an be regarded as insulators with ultra-high stability, but their 
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hotoelectric performance is rarely mentioned. Oxide perovskites 

ABO 3 ) display innumerous combinations of compounds with vari- 

us physical and chemical properties, which have been used exten- 

ively in dielectric, ferroelectric, superconductivity, magnetic, cat- 

lytic, and energy devices [13–16] . Therefore, it is of great research 

alue to explore and develop the application of oxide perovskites 

n the field of optoelectronics. 

Layered oxide perovskites are important multifunctional mate- 

ials, and have many interesting physical and chemical properties 

wing to strongly interacting d orbital electrons. Of particular 

nterest is the two-dimensional (2D) oxide perovskite structures. 

heir diverse characteristics, usually very different from their 

ulk features, provide an outstanding platform for revealing novel 

aradigms in physics, chemistry, and innovative applications 

17–20] . Nowadays, 2D perovskite niobate nanosheets exfoliated 

rom layered bulk AB 2 Nb 3 O 10 have attracted extensive attention. 

y intercalating tetrabutylammonium hydroxide (TBAOH), the 

nterlayer space of AB 2 Nb 3 O 10 can be swelled to the delamination 

oint and therefore colloidal (TBA 

+ )B 2 Nb 3 O 10 nanosheets are 

uccessfully obtained. The perovskite Pb 2 Nb 3 O 10 (PNO) nanosheet 

s a kind of layered oxide perovskite with a Dion-Jacobson struc- 

ure, as well as stable property, which makes PNO nanosheets 

 potential candidate for extensive applications. For example, 

revious studies have explored the high catalytic performance 

f Pb 2 Nb 3 O 10 nanosheets for hydrogen evolution and oxygen 
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eneration. The unique layered structure of the PNO nanosheets 

rovided rich active sites and promotes the migration of reactants 

21–23] . Meanwhile, in our recent work, 2D perovskite Sr 2 Nb 3 O 10 

nd Ca 2 Nb 3 O 10 UV photodetectors (PDs) were fabricated and 

emonstrated excellent UV detection capability [24–27] . In ad- 

ition, the self-powered PDs attract much attention without an 

dditional power supply [28–31] . However, little research has been 

onducted on PNO nanosheets, especially in the field of optoelec- 

ronics. Therefore, it is of great significance to explore efficient 

hotodetection based on the perovskite Pb 2 Nb 3 O 10 nanosheets. 

Herein, the 2D perovskite PNO nanosheets were successfully 

repared via a high-temperature solid-state reaction, proton ex- 

hange, and liquid exfoliation process. The morphology, structure, 

rystallinity, and optical property of the PNO nanosheets were 

haracterized in detail. In order to study its intrinsic character- 

stics, the individual few-layer PNO nanosheet devices (Au-PNO- 

u, T i-PNO-T i, Au-PNO-T i) were fabricated and investigated. Due 

o a large Schottky barrier difference between the PNO nanosheet 

nd two asymmetric electrodes, the Au-PNO-Ti device exhibits a 

igh rectification characteristic and demonstrates markedly differ- 

nt light responses at 3 V and –3 V. More importantly, this Au- 

NO-Ti device shows high responsivity, high detectivity, and fast 

peed under 350 nm light illumination at zero bias voltage. Our 

ork provides a new candidate for developing high-performance 

nd high-stability photodetectors based on perovskite Pb 2 Nb 3 O 10 

anosheets in the future. 

. Experimental 

.1. Synthesis of Pb 2 Nb 3 O 10 nanosheets 

The Pb 2 Nb 3 O 10 nanosheets were synthesized through typical 

alcination and exfoliation method. RbPb 2 Nb 3 O 10 was obtained 

hrough a conventional solid-state reaction. Rb 2 CO 3 , PbO, and 

b 2 O 5 were mixed at a molar ratio of 1.2:4:3 with 20% excess 

b 2 CO 3 to compensate for the loss owing to volatilization dur- 

ng the calcination process. The mixture was fully ground for one 

our by adding alcohol. The mixture was then transferred into a 

orundum crucible and calcined in air at 10 0 0 °C for 24 h. For

ufficient solid-state reaction, the mixture was ground and cal- 

ined at 10 0 0 °C for 24 h again. Subsequently, RbPb 2 Nb 3 O 10 and

 M HNO 3 solution were shaken slowly for 5 days, with a re- 

ewal of the nitric acid solution every day. Then the protonated 

orm (HPb 2 Nb 3 O 10 ) can be obtained. The HPb 2 Nb 3 O 10 products 

ere washed and dried. The resulting HPb 2 Nb 3 O 10 products were 

haken in TBAOH aqueous solution with an equimolar for 3 days 

o obtain the (TBA)Pb 2 Nb 3 O 10 . Finally, a colloidal suspension of 

b 2 Nb 3 O 10 nanosheets was collected by centrifugation. Therefore, 

he Pb 2 Nb 3 O 10 nanosheets have high stability to temperature, acid, 

nd alkali solutions. TBA + molecules can be burned out under UV 

ight exposure. The [Pb 2 Nb 3 O 10 ] 
– nanosheets can usually be abbre- 

iated as Pb 2 Nb 3 O 10 (PNO). 

.2. Characterization of Pb 2 Nb 3 O 10 samples 

The morphology and size of PNO nanosheets were investigated 

y field-emission scanning electron microscopy (Quanta 400 FEG, 

EI). The thickness of PNO nanosheets was observed by a Bruker 

tomic force microscope (Dimension ICON). The high-resolution 

tructure and morphology of PNO nanosheets were characterized 

y transmission electron microscopy (Tecnai G2 F20 S-TWIN). The 

rystal structure analysis of PNO samples was carried out by 

 Bruker D8 Advance diffractometer. The elemental composition 

f PNO nanosheets was conducted by X-ray photoelectron spec- 

roscopy (XPS, PHI 50 0 0 Versaprobell). The UV–vis spectroscopy 
96 
or PNO nanosheets was measured by a UV–vis-IR spectropho- 

ometer (Cary 50 0 0). 

.3. Photoelectric measurements 

The PNO nanosheet devices were fabricated by photolithogra- 

hy, deposition of metal electrodes (Au or Ti), and lift-off process. 

ll the electric and photoelectric characteristics were measured by 

he Keithley 4200 semiconductor characterization system. A Xenon 

amp with a monochromator was used as the light source, and its 

ower density was conducted with a NOVA II power meter. The 

ulse response measurement was carried out by a digital oscillo- 

cope and 355 nm Nd:YAG pulsed laser system. All the measure- 

ents were performed in the atmosphere at room temperature. 

. Results and discussion 

The Pb 2 Nb 3 O 10 (PNO) nanosheets were prepared by a simple 

igh-temperature solid-state sintering, proton exchange with nitric 

cid, and shaking-exfoliation in TBAOH aqueous solution. The scan- 

ing electron microscopy method (SEM) was utilized to investigate 

he corresponding products in each step, as shown in Fig. 1 (a–c). 

he first step is the synthesis of RbPb 2 Nb 3 O 10 (RPNO) products via 

olid-state calcination. As exhibited in Fig. 1 (a), the RPNO crystals 

re well-crystallized, and the lateral dimension of the large grains 

an reach up to a ten-micron level. RPNO displays a layered na- 

ure, leaving room for the next interlayer and exfoliation. Secondly, 

he HPb 2 Nb 3 O 10 (HPNO) products are obtained by replacing Rb + 

f RPNO products with H 

+ in nitric acid, displaying a well-defined 

ayered structure with some clearly visible cracks, as exhibited in 

ig. 1 (b). Finally, the PNO nanosheets are achieved by shaking the 

xfoliation process, and the H 

+ can be exchanged with TBA 

+ in 

BAOH aqueous solution, as exhibited in Fig. 1 (c). The size of PNO 

anosheets ranges from 500 to 50 0 0 nm. It is noteworthy that the 

verage size of PNO nanosheets can be controlled through centrifu- 

ation at different speeds. The samples of low-speed centrifuga- 

ion will be removed, and the samples of high-speed centrifugation 

re employed to characterize and fabricate devices. In addition, the 

nergy-dispersive X-ray spectroscopy (EDS) mapping method was 

tilized to investigate the elements distribution of PNO nanosheets. 

ig. S1 in the Supplementary Material shows the transmission elec- 

ron microscopy (TEM) image of the PNO nanosheets for the EDS 

apping pattern. Fig. 1 (d–f) exhibits the EDS mapping images of 

he PNO nanosheets. It can be observed that Pb ( Fig. 1 (d)), Nb

 Fig. 1 (e)), and O ( Fig. 1 (f)) are distributed evenly for the PNO

anosheets. Due to the thick thickness of the PNO nanosheet, many 

ampling points are displayed. Therefore, 2D PNO nanosheets are 

uccessfully achieved and can be dispersed in ethanol or deionized 

ater with long-term stability. This simple, large-scale, and low- 

ost preparation of PNO nanosheets is conducive to constructing 

caled-up devices. 

The morphology, structure, and crystalline phase of PNO 

anosheets were further characterized by the TEM analysis. As 

hown in Fig. 2 (a), the size of the PNO nanosheets is observed 

learly in low magnification TEM. Many PNO nanosheets with 

ifferent thicknesses are stacked together, and some nanosheets 

re almost transparent, indicating that the thickness of the PNO 

anosheets is very thin. The high-resolution TEM (HRTEM) pat- 

ern in Fig. 2 (b) displays the distances between planes in both 

ertical directions, which are measured as 0.39 nm, correspond- 

ng to the (100) and (010) planes of PNO nanosheets. As seen in 

ig. 2 (c), the distinct diffraction spots from selected area electron 

iffraction (SAED) measurements prove the high quality of PNO 

anosheet crystals. The labeled spots are indexed as (010) and 

100) planes, respectively, indicating the zone axis as [001]. Fur- 

hermore, Fig. 2 (d) shows the 3D structural diagram of a mono- 
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Fig. 1. Morphology and elemental composition of PNO nanosheets. (a–c) SEM images of RPNO samples after calcination, HPNO samples after proton exchange, and PNO 

nanosheets after liquid exfoliation, respectively. (d–f) EDS mapping images of Pb, Nb, and O elements, respectively. 

Fig. 2. Structure and morphology of PNO nanosheets. (a–c) TEM image, HRTEM image, and SAED pattern of PNO nanosheets, respectively. (d, e) Schematic illustration of the 

3D and 2D structure for monolayer PNO nanosheet. (f) AFM image of PNO nanosheets and insert presents the height profiles. 
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ayer PNO crystal, where three NbO 6 octahedral lamellae share cor- 

ers to form a single-layer PNO nanosheet. The 2D structural illus- 

ration of the PNO crystal is clearly observed in Fig. 2 (e), and the

 -axis is along [001] zone axis direction. The c -axis in Fig. 2 (e) is

quivalent to the [001] axis in Fig. 2 (c). Additionally, according to 

he atomic force microscope pattern (AFM) in Fig. 2 (f). The thick- 

ess of a single-layer CNO nanosheet with three NbO 6 octahedra 

amellae is measured as 1.5 nm. The thickness of the two-layer 

NO nanosheet is measured as 3.0 nm from the height profiles. 

herefore, monolayer or few-layer PNO nanosheets have ultrathin 

hicknesses and good dispersion, which are convenient for their 

ombination with different substrates. 

To investigate the phase structure of samples throughout 

he whole preparation process, the X-ray diffraction technique 

XRD) was employed to study corresponding products after 

igh-temperature reaction, proton exchange, and exfoliated PNO 
97 
anosheets, respectively. As exhibited in Fig. 3 (a–c), the crys- 

al phases of products substantially change during the three ex- 

erimental steps. As a common Dion-Jacobson perovskite, RPNO 

s built by negative [Pb 2 Nb 3 O 10 ] 
– nanosheets and interlayer dis- 

ersive Rb + , and the XRD pattern of RPNO is exhibited as the 

omparison in Fig. 3 (a). The HPNO samples display single-phase 

iffraction patterns in Fig. 3 (b). And the HPNO samples were in- 

exed to a structure of stacked perovskite slabs with a tetrag- 

nal unit cell ( a = 0.39 nm, c = 1.5 nm), which is consistent

ith Refs. [ 21 , 22 ]. The characteristic diffraction peaks at 5.8 °, 11.6 °,
8.3 °, 32.2 °, and 46.5 ° corresponded to (0 01), (0 02), (103), (110),

nd (200) planes, respectively. The (001) and (002) diffraction 

eaks from (TBA/H)Pb 2 Nb 3 O 10 nanosheets were also observed in 

ig. 3 (c), suggesting that the structure of perovskite crystal slabs 

n HPNO remained unchanged during the exfoliation process. It 

s worth noting that the relative intensity of the (00l) peak for 
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Fig. 3. (a–c) XRD patterns of RPNO samples after calcination, HPNO samples after proton exchange, and PNO nanosheets after liquid exfoliation, respectively. (d, e) UV–vis 

absorption spectrum and the corresponding Tauc curve of the PNO nanosheets, respectively. 

Fig. 4. The PNO nanosheet devices based on the Schottky junction. (a–c) The structures and energy band diagrams for PNO devices with different metal electrodes. (d–f) 

Typical I –V characteristics of PNO devices with different contacts, respectively. 
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TBA/H)Pb 2 Nb 3 O 10 nanosheets is considerably weaker than that of 

PNO, indicating that the periodic layered structure was destroyed 

pon the intercalation and exfoliation. The structural information 

f PNO nanosheets by XRD pattern agrees with the TEM results. 

eanwhile, the chemical state and surface elemental composition 

f the exfoliated PNO nanosheets were confirmed by X-ray photo- 

lectron spectroscopy (XPS), as illustrated in Fig. S2. In addition, 

he optical property of PNO nanosheets was measured. As shown 

n Fig. 3 (d), the PNO nanosheets exhibit gradual absorption in the 

isible area and an obvious absorption edge near 450 nm from 

he UV–vis absorption spectrum. As seen in Fig. 3 (e), the optical 

andgap was calculated as 2.65 eV by the Tauc plots. The few-layer 

NO nanosheets with high crystallinity are beneficial for investi- 

ating their photoelectric properties. 

To investigate the Schottky junction characteristics of PNO 

anosheets, the individual PNO nanosheet diodes with different 

etal contacts were fabricated by typical photolithography, de- 

osition of metal electrodes, and lift-off method. The asymmet- 

ic Schottky junction based on PNO nanosheets was also achieved 

uccessfully by constructing asymmetric metal contacts. As seen in 

ig. 4 (a–c), three different devices with metal-semiconductor-metal 

ontact electrodes (Au-PNO-Au, Ti-PNO-Ti, Au-PNO-Ti) and corre- 

ponding energy band descriptions were investigated, respectively. 

u and Ti with work functions of 5.1 and 4.3 eV were selected 

s metal electrodes, respectively. The barrier height of the Schot- 

ky junction can be simply expressed as the difference between 

he metal work function and the electron affinity of the semicon- 
98 
uctor. A Schottky barrier difference can be produced between Au- 

NO and Ti-PNO interfaces. Therefore, the main depletion area is 

ormed mainly on the PNO-Au interface to yield a built-in elec- 

ric field. When the PNO device is irradiated with incident light, 

hoton-generated carriers can be separated effectively through the 

uilt-in electric field without an additional power supply to pro- 

uce photocurrent. 

To evaluate the junction between a single PNO nanosheet and 

etal electrodes, several metal-semiconductor-metal devices based 

n PNO nanosheets were fabricated with Au and Ti contact elec- 

rodes. As seen in Fig. 4 (d–f), the I –V curves of the fabricated

u-PNO-Au, Ti-PNO-Ti, and Au-PNO-Ti devices under dark condi- 

ions were measured, respectively. The dark current ( I d ) of a device 

an reveal the rectifying characteristic of the Schottky contact. The 

hermionic emission diffusion theory of a Schottky junction can be 

mployed to describe the I –V features. Therefore, the I d through a 

etal-semiconductor junction can be given as follows: 

 d = AA ∗ T 2 exp ( 
−�B 

kT 
) exp ( 

qV 

nkT 
) (1) 

In the equation, A and A 

∗ represent the effective contact area 

nd the Richardson constant, �B , and q denote the Schottky bar- 

ier height and elementary charge, k and T refer to Boltzmann 

onstant and absolute temperature, V and n are the applied bias 

nd the ideality factor of 1, respectively. Fig. 4 (d) displays the I –

 curve from Au-PNO-Au contact, revealing a lower dark current 

nd displaying a back-to-back Schottky contact characteristic. The 
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Fig. 5. Photodetecting performance of the Au-PNO-Ti device. (a) Optical microscope photograph of the Au-PNO-Ti device. (b) I –V curves of the Au-PNO-Ti device under 

different light illumination. (c, d) I–t curves of the Au-PNO-Ti device at 350 nm at 3 V and –3 V, respectively. (e, f) I –V curves of the Au-PNO-Au (e) and Ti-PNO-Ti (f) devices 

at 350 nm, respectively. 
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chottky barrier height for Au-PNO contact can be calculated as 

.59 eV by fitting the linear region from the I –V curve. As for the

i-PNO junction, a larger current reveals a smaller Schottky junc- 

ion (0.46 eV) between Ti and PNO ( Fig. 4 (e)). As for the Au-PNO-Ti

evice, the I –V curve shows typical diode characteristic ( Fig. 4 (f)), 

nd the diode displays a high rectification factor of ∼100 (2.0 nA @ 

 V; 21 pA @ –3 V). Additionally, to eliminate the differences of the 

s-prepared PNO nanosheets by aqueous solution exfoliation pro- 

ess, I –V curves of another three Au-PNO-Ti devices were also car- 

ied out. As displayed in Fig. S3, these devices exhibit similar rec- 

ification behaviours based on different PNO nanosheets. The PNO 

anosheets are obtained by the liquid exfoliation process and have 

ifferent shapes, sizes, and thicknesses. Therefore, the different Au- 

NO-Ti nanosheet devices are fabricated and investigated, and ex- 

ibit different electronic properties. These results indicate that the 

NO Schottky junction can be successfully fabricated by utilizing 

u and Ti contacts, which provides additional possibilities for fab- 

icating self-powered photodetectors based on PNO nanosheets. 

To explore its photoelectric properties and self-powered fea- 

ures, the Au-PNO-Ti devices were constructed with different metal 

ontacts (Au and Ti) by a twice lithography process. The photo- 

lectric properties of the Au-PNO-Ti devices were carried out us- 

ng a two-probe technique at room temperature. Fig. 5 (a) exhibits 

he optical photograph of an individual PNO nanosheet PDs with 

u and Ti electrodes. Fig. S4 displays the optical microscope pho- 

ographs of three other PNO nanosheet devices with asymmetric 

etal contacts. Fig. 5 (b) displays the typical current–voltage ( I –V ) 

urves of an Au-PNO-Ti device in a logarithmic plot in the dark and 

nder different light irradiation. The I –V features of the Au-PNO-Ti 

evice indicate the rectifying characteristic, revealing the success- 

ul formation of the asymmetric Schottky junction. Especially, the 

u-PNO-Ti device displays a large on-state at the reverse bias and 

 small on-state at the forward bias. The photodiode exhibits a rec- 

ification factor of 100 at ± 3 V, similar to the Au-InSe-In photo- 

iode in Ref. [32] . The high rectification factor of this photodiode 

ay be attributable to the high quality of the interface between 

he PNO nanosheet and metal contacts. 

As displayed in Fig. 5 (b), the photoresponse of the Au-PNO- 

i device can be observed clearly under different light illumina- 
99 
ions. An obvious enhancement in photocurrent can be seen and 

he photocurrent can reach 6.0 nA at –3 V under 350 nm light ir- 

adiation, which is much higher than the dark current at the re- 

erse bias of –3 V and lower than photocurrent (14 nA) at the 

orward bias of 3 V. Notably, the photocurrent of the Au-PNO-Ti 

evice is up to 200 times that of its dark current (30 pA) at –3 V,

nd is as low as 7 times that of its dark current (2 nA) at 3 V

nder 350 nm light illumination. In particular, an evident shift of 

he I –V feature indicates the generation of an open-circuit voltage 

 ∼0.25 V) from the Au-PNO-Ti device under different light illumi- 

ation. It is worth noting that the noticeable difference between 

he photocurrent and dark current at zero bias indicates the pos- 

ible self-powered characteristic of the Au-PNO-Ti device. There- 

ore, this Au-PNO-Ti device exhibits typical photodiode characteris- 

ics and displays different photoresponse performances at different 

ias voltages. The PNO Schottky junction device formed between 

wo asymmetric electrodes indicates great potential for work in a 

elf-powered feature. 

In order to further explore the photoelectric performance, the 

urrent–time ( I –t ) features of the Au-PNO-Ti device at –3 V and 

 V were measured, respectively. As displayed in Fig. 5 (c, d), the 

u-PNO-Ti device both shows a stable and reproducible photore- 

ponse under 350 nm light irradiation at 3 V and –3 V. However, 

he Au-PNO-Ti device displays significantly different photoelectric 

erformance at –3 V and 3 V owing to their different on-states. As 

he light is switched on and off, the current of this Au-PNO-Ti PD 

ncreases rapidly to 17 nA and decreases rapidly to 3.5 nA at 3 V, 

hile the current increases quickly to 3.8 nA and declines quickly 

o 42 pA at –3 V. The on/off ratio of a device is described as the

atio of the photocurrent to the dark current ( I ph /I d ). By contrast- 

ng the results, it is found that the Au-PNO-Ti PD at –3 V displays

lightly a lower photocurrent (3.8 nA) and a much larger on-off

atio (90) than that of 17 nA and 5 at 3 V, respectively. In addi-

ion, the Au-PNO-Au and Ti-PNO-Ti devices were also fabricated 

nd measured, respectively. As shown in Fig. 5 (e, f), the I –V fea-

ures of the Au-PNO-Au and Ti-PNO-Ti PDs in dark conditions and 

nder light illumination exhibit nearly symmetrical characteristics. 

his suggests that the symmetrical Schottky barrier between Au (or 

i) electrodes and the PNO nanosheet is difficult to produce the 
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Fig. 6. Photodetecting performance of the Au-PNO-Ti device at 350 nm at 0 V. (a) I –t curves for the device under different light illumination. (b) The normalized pulse 

response of the device. (c, d) The responsivity and detectivity for the Au-PNO-Ti device, respectively. (e) Electronic band structure of monolayer HPNO nanosheet. (f) Band 

alignment of the Au-PNO-Ti device. 
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elf-powered performance. As seen in Fig. S5, the Ti-PNO-Ti device 

isplays a much higher photocurrent than that of the Au-PNO-Au 

evice owing to a relatively low barrier height. The built-in electric 

eld is mainly produced on the PNO-Au interface and can be used 

s the driving force to separate electron-hole pairs in light irradia- 

ion and generate a stable photocurrent without any power supply. 

herefore, the Au-PNO-Ti device displays clearly different photo- 

lectric performances at 3 V and –3 V separately and may operate 

t different biases to realize multifunctional detection. These re- 

ults confirm that the Au-PNO-Ti device not only has the ability to 

etect light in the UV–vis region but also indicates potential self- 

owered performance. 

To evaluate the self-powered performances of the Au-PNO-Ti 

evice, it was measured at zero voltage bias upon 350 nm light 

rradiation, and the results were exhibited in Fig. 6 . The repeata- 

ility of a photodetector is an important parameter to assess its 

erformance. Fig. 6 (a) displays the I –t curves of the Au-PNO-Ti de- 

ice at 0 V under different light illumination. These curves exhibit 

ood reproducibility and fast photo-response without delay. The 

hotocurrent of the Au-PNO-Ti device remains stable under con- 

inuous light irradiation at 0 V, indicating that the built-in electric 

eld can efficiently work without an external power source. When 

he light is switched on and off, the photocurrent of the Au-PNO- 

i device increases quickly to 0.1, 0.3, and 0.7 nA and quickly de- 

reases to the initial state (1.0 pA) under 450, 400, and 350 nm 

ight illumination, respectively. The on-off ratios of the Au-PNO-Ti 

D are measured as 10 0, 30 0, and 70 0, respectively. To evaluate

he response time accurately, fast response measurement equip- 

ent was employed for the Au-PNO-Ti device. Fig. 6 (b) displays 

he normalized feature of the pulse response as a function of time 

t 0 V using a 355 nm pulsed laser. The rise time can be described

s the peak of photocurrent ascending from 10% to 90%. The de- 

ay time can be described as the peak of photocurrent descending 

rom 90% to 10%. The rise and decay times are measured to be 0.2 

nd 1.2 ms for the Au-PNO-Ti PD, respectively. The surface state 

f the PNO nanosheet may block carrier transport and recombi- 

ation, thereby producing a long decay time. Therefore, the PNO 

evice exhibits good repeatability, a high photocurrent (0.7 nA), a 

arge on-off ratio (700), and a fast speed (0.2 and 1.2 ms) at zero 

ias at 350 nm light illumination, demonstrating its great potential 

n the development of microscale photodetectors. 

The spectral responsivity ( R λ) and detectivity ( D 

∗) are two cru-

ial parameters for evaluating the self-powered property of the Au- 
100 
NO-Ti device. The responsivity describes as the photocurrent per 

nit of incident light intensity, revealing how efficiently a device 

esponds to light signals. The detectivity ( D 

∗, typically defined as 

ones) represents the ability to detect weak light signals from the 

urrounding noise environment. The major contribution of back- 

round noise is to act as the shot noise in the dark current. The 

esponsivity and detectivity of a detector can be defined as the fol- 

owing equation [ 33 , 34 ]: 

 λ = 

(
I ph − I d 

)
/ ( P λS ) (2) 

 

∗ = R λ/ ( 2e I d /S ) 
1 / 2 (3) 

here I ph and I d represent photocurrent and dark current, e and 

represent the electronic charge and irradiation light wavelength, 

nd P λ and S represent the light power density and the effec- 

ive light illumination area, respectively. Fig. 6 (c, d) exhibits the 

pectral responsivity ( R λ) and specific detectivity ( D 

∗) of the Au- 

NO-Ti device for the incident light wavelength ranging from 600 

o 300 nm at zero bias, respectively. As displayed in Fig. 6 (c), 

he maximum responsivity of the Au-PNO-Ti device is 2.8 A/W at 

50 nm light illumination, demonstrating high detecting sensitiv- 

ty to the UV light signals. It is found that the responsivity quickly 

ncreases near 450 nm, which corresponds to the bandgap of the 

NO nanosheet. As seen in Fig. 6 (d), the detectivity of the Au-PNO- 

i device displays a similar changing trend to responsivity with the 

avelength ranging from 600 to 300 nm at 0 V. Due to the low 

ark current and the high responsivity, the detectivity of this de- 

ice can reach up to 1.1 × 10 12 Jones at 350 nm light irradiation at 

 V. 

The electronic band structure of the monolayer HPNO 

anosheet is calculated by density functional theory, and the re- 

ult is exhibited in Fig. 6 (e). In fact, the interior of the few-

ayered PNO nanosheets inevitably contains H ions. So the calcu- 

ation of the monolayer HPNO nanosheet is reasonable [35] . The 

PNO nanosheet is found to have an indirect band gap of 2.7 eV, 

hich is in good agreement with the experimental value. The rel- 

tive positions of the different work functions for the Au-PNO-Ti 

evice are illustrated in Fig. 6 (f). Under dark conditions, PNO and 

u (Ti) have different Fermi energies formation before contact with 

ach other. The contact of PNO with Au and Ti results in differ- 

nt Schottky barriers at the interfaces. The formation of a deple- 

ion region by the Schottky barrier mainly occurs at the Au-PNO 
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nterface, which introduces a built-in field. Subsequently, the gen- 

ration and separation of electron-hole pairs could produce a sta- 

le photocurrent during light illumination. These results demon- 

trate that the Au-PNO-Ti device exhibits excellent self-powered 

erformances, including a high on-off ratio (700), fast speed 

0.2/1.2 ms), high responsivity (2.8 A/W), and high detectivity 

1.1 × 10 12 Jones). Meanwhile, the PNO nanosheets were prepared 

n a large scale via a simple and low-cost calcination-exfoliation 

ethod. In addition, the PNO nanosheets have long-term stability, 

ar superior to most 2D materials and halide perovskites. There- 

ore, the PNO nanosheets may be a promising candidate for prac- 

ical optoelectronic applications. 

. Conclusions 

In summary, 2D perovskite PNO nanosheets were prepared 

uccessfully via a high-temperature solid-state reaction, proton 

xchange, and liquid exfoliation method. The PNO nanosheets 

ere characterized by SEM, AFM, TEM, HRTEM, and XRD, which 

howed their high crystallinity and thicknesses down to 1.5 nm. 

he individual few-layer PNO nanosheet devices (Au-PNO-Au, 

i-PNO-Ti, and Au-PNO-Ti) with different electrode configurations 

ere fabricated and investigated. In particular, the Au-PNO-Ti 

evice exhibits a high rectification behavior ( ∼10 2 ) owing to a 

arge Schottky barrier difference between the PNO nanosheet and 

wo asymmetric electrodes. More notably, this Au-PNO-Ti device 

emonstrates excellent self-powered performance, including high 

esponsivity (2.8 A/W), high detectivity (1.1 × 10 12 Jones), and fast 

peed (0.2/1.2 ms) under 350 nm light illumination. This work 

ot only suggests the high performance of the PNO nanosheet 

hotodetectors but also sheds light on the development of high- 

tability and high-performance devices based on 2D perovskite 

iobate in the future. 
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