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The new discovery of two-dimensional (2D) palladium diselenide (PdSe2) films has attracted intensive

research interest due to their unique asymmetric crystal structure and extraordinary optoelectronic

properties, showing great potential for broadband and polarization photodetection. Herein, we have

developed for the first time a self-driven, highly polarization-sensitive, broadband photovoltaic detector

based on a PdSe2/Si nanowire array (SiNWA) heterostructure. Owing to the strong light confinement

effect of the SiNWA and broadband light absorption of PdSe2, the present device exhibits pronounced

photovoltaic behavior and excellent performance in terms of a high responsivity of 726 mA W�1, a large

specific detectivity of 3.19 � 1014 Jones, an ultrabroad spectrum response range of 0.2–4.6 mm, and

a fast response speed to monitor nanosecond pulsed light signals. Significantly, an impressive

polarization sensitivity of 75 is achieved for the heterostructure device, which is among the highest for

2D material-based photodetectors. Thanks to the outstanding imaging capability, the detector can

record images in both near infrared (NIR) and mid-infrared (MIR) ranges with a decent resolution.

Moreover, the device exhibits light-enhanced humidity sensing behavior with a high sensitivity and a fast

response/recovery time. Given these remarkable device features, the PdSe2/SiNWA heterostructure will

hold great promise for high-performance, polarization-sensitive broadband photodetection, infrared

imaging and humidity sensing applications.

Introduction

As the rst discovered two-dimensional (2D) layered material,

graphene has attracted tremendous interest due to its

outstanding electrical, optical, and mechanical properties.1

Graphene has found exciting applications in a variety of elds,

such as electronics, biosensors, solar cells, and photo-

catalysts.2–6 Despite the enormous progress, the wide applica-

tion of graphene in optoelectronic devices is still impeded by

disadvantages such as its gapless nature, weak light absorption,

and short photocarrier lifetime.7,8 Such predicaments are a key

driving force for the research community towards the explora-

tion of other promising and alternative 2D layered materials to

overcome the above shortcomings of graphene. Recently, gra-

phene-analogous 2D materials such as arsenene,9 black phos-

phorus,10 antimonene,11 silicone,12 and layered transition metal

dichalcogenides (TMDs, MoS2, WS2, WSe2, and MoSe2) with

exotic properties have come under the spotlight.13–19 Also,

various synthetic methods such as mechanically assisted exfo-

liation,20 liquid phase exfoliation,21,22 molecular beam epitaxy,23

chemical vapor deposition (CVD),24 and vapor phase deposition

have been employed to produce 2D layered materials. These 2D

layered materials display high carrier mobility, strong light–

matter interaction, and excellent mechanical exibility.25 Such

distinctive materials properties, along with the layer-dependent

bandgap, make them attractive and promising candidates for

high-performance optoelectronic devices.26,27

Besides the above introduced 2D layered materials, palla-

dium diselenide (PdSe2), the newly studied group-10 noble

metal dichalcogenide with a unique anisotropic structure, has

demonstrated excellent optical and electrical properties such as

good air stability, a high carrier mobility, and a wide tunable

bandgap from 0 eV (bulk) to 1.3 eV (monolayer). These
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characteristics endow PdSe2 with the capability to construct

highly polarization-sensitive, air-stable and broadband photo-

detectors.28–31 However, only a few studies regarding related

properties of PdSe2 and PdSe2-based devices have been reported

thus far. For instance, Li et al. achieved the deposition of bilayer

PdSe2 islands on graphene using molecular beam epitaxy (MBE)

and systemically studied their optoelectronic properties.32

Besides, Liu et al. fabricated a phototransistor based on few-

layer PdSe2 lms that were mechanically exfoliated from the

bulk form, showing a high mobility of 216 cm2 V�1 s�1 domi-

nated by electron transport behavior.33 Recently, Zhang et al.

developed high-performance photoconductors based on 2D

PdSe2 akes, revealing an impressive responsivity of 708 A W�1

and an EQE of 82 700% under 1064 nm illumination.34

Meanwhile, the surfaces of 2D materials are free of dangling

bonds, which enables them to be easily integrated with other

semiconductor materials of different dimensionality, resulting

in high-quality mixed-dimensional van der Waals (vdW) heter-

ostructures.35 The construction of mixed-dimensional vdW

heterostructures has several advantages: (i) great light absorp-

tion compared with all-2D vdW heterostructures.13 (ii) More

availability of component materials and a broader range of

spectral selectivity ranging from UV to IR.36–38 (iii) The presence

of a built-in electric eld in the heterojunction can effectively

accelerate the separation and transport of photo-generated

carriers, leading to a fast response speed.39 (iv) More powerful

and extra functions compared with the individual component-

based devices. For instance, a heterojunction photodetector

with a photovoltaic effect can be operated at zero bias (self-

driven) to maximize the signal–noise ratio (SNR).40 Therefore,

the construction of the mixed-dimensional vdW hetero-

structures is benecial to further improve the performance of

photodetectors. On the other hand, as one of the most impor-

tant semiconductor materials, silicon (Si) has been widely

applied in electronic and optoelectronic devices.41–43 Si nano-

structures, such as Si nanowire arrays (SiNWAs), have received

intensive attention in recent years due to their enhanced light

absorption and excellent electron transport characteristics.13,44

In addition, enhanced device performances have been achieved

in photodetectors by using SiNWAs as the light harvesting

medium.45 With these distinct properties, it is expected that the

construction of a 2D PdSe2/SiNWA heterojunction device may

lead to a high-performance broadband photodetector.

Herein, we demonstrate, for the rst time, a self-driven,

polarization-sensitive, broadband photovoltaic detector by

directly transferring 2D PdSe2 onto the top surfaces of vertically

standing one-dimensional (1D) Si nanowire arrays (SiNWA). By

taking advantage of the strong light connement effect, the high-

quality PdSe2/SiNWA mixed-dimensional vdW heterostructure

shows apparent photovoltaic behavior under light illumination,

enabling the device to work without an external power supply.

Also, due to the strong infrared light absorption of multilayer

PdSe2 lms, the present photovoltaic detector is capable of

detecting a broadband spectrum from 200 nm to 4.6 mm.

Impressive device parameters in terms of a high responsivity of

726mAW�1, a large specic detectivity of 3.19� 1014 Jones, a fast

response speed of 25.1/34 ms, and a high polarization sensitivity

of 75 are attained. Signicantly, the PdSe2/SiNWA hetero-

structure-based photovoltaic detector can serve as a near infrared

(NIR)/mid-infrared (MIR) image sensor with a well-pleasing

spatial resolution. Moreover, thanks to the large surface-to-

volume ratio of the PdSe2 lm and SiNWA, the heterostructure

device is very sensitive to relative humidity (RH), and the light-

enhanced humidity sensing properties are explored. Given these

superior device characteristics, PdSe2/SiNWA mixed-dimensional

vdW heterostructure devices may nd great potential application

in optoelectronic systems and devices.

Experimental details
Synthesis and characterization of 2D PdSe2 lms and SiNWA

2D PdSe2 lms were obtained by a simple selenization

method.28 In detail, a Pd metal layer was prepared on a SiO2/Si

substrate using a magnetron sputtering system. Then, the as-

deposited Pd lm was placed at the center zone of a tube

furnace, and high-purity selenium powder (99.99%) was put in

the upstream zone. The selenium powder was heated to 240 �C,

and the center of the tube furnace was heated up to 480 �C for 90

min with an Ar/H2 (95/5 sccm) gas mixture. The SiNWA was

synthesized via a Ag-assisted chemical etching method.44 The

morphologies of PdSe2 and SiNWA were recorded by eld-

emission scanning electron microscopy (FESEM, JEOL, JSM-

6700F) equipped with energy dispersive spectroscopy (EDS,

Oxford instruments). In addition, the as-synthesized large-area

PdSe2 lms were characterized by using a Raman spectrometer

(Horiba, LabRAM HR Evolution), an atomic force microscope

(AFM, VeecoNanoscope V), an X-ray photoelectron spectrometer

(XPS, Thermo ESCALAB 250) and a UV-Vis-NIR spectropho-

tometer (Hitachi, UH4150).

Device fabrication and characterization

To fabricate the PdSe2/SiNWA heterostructure device, the 2D

PdSe2 lm was transferred onto the top of the SiNWA through

a polymethyl methacrylate (PMMA)-assisted process. Aerwards,

a Au electrode (100 nm) was deposited on the PdSe2 lm as an

ohmic contact to the lm, and an In/Ga alloy was pasted onto the

rear side of the Si substrate as the ohmic contact. The optoelec-

trical performances of the device were evaluated using a semi-

conductor parameter analyzer system (Keithley 4200-SCS,

Tektronix), monochromator (Omni-l300, Zolix Instruments),

lock-in amplier (SR830, Stanford Research System), function

generator (SDG1032X, Siglent) and an oscilloscope (DPO2012B,

Tektronix) at �20% relative humidity (RH). During photo-

response measurements, a Xe lamp (Gloria-X150A, Zolix Instru-

ments) and lasers with different wavelengths (265 nm, 980 nm,

2.2 mm, 3 mm, and 4.6 mm) were used as light sources. For the

humidity sensing study, supersaturated aqueous solutions of

LiCl, MgCl2, Mg(NO3)2, NaCl, KCl, and KNO3were used to provide

11, 33, 54, 75, 85 and 95% RH at room temperature, respectively.

Theoretical calculations

The electric eld energy density distribution of the device was

simulated by the FDTDmethod. The refractive index of c-silicon

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 3632–3642 | 3633
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reported by Palik was used.46 Due to the large difference in both

the real and imaginary part of the c-silicon refractive index over

the wavelength range from 200–2000 nm, it is very difficult to t

the optical index in the whole range in a single simulation. So

the simulations were divided into two regions for better tting

with a smaller tting error (200–800 nm and 800–2000 nm). To

reduce the memory requirements of a simulation, the thickness

of bulk silicon is set as 50 mm, much less than that of a real

silicon wafer. As a result, the obtained simulated absorption

spectra have notable differences compared to the experimental

results around the absorption edge. For SiNWA simulation,

according to the NW diameter distribution shown in Fig. 1h, the

nal absorption spectrum of the SiNWA was obtained by aver-

aging the results of NWs with diameters of 100 nm, 120 nm, 140

nm, 160 nm, 180 nm, and 200 nm with a period of 80 nm.

Results and discussion

In this work, large-area PdSe2 lms were grown by a straight-

forward selenization process on SiO2/Si substrates at a relatively

low temperature. Aer the transformation of the precursor Pd

layer into 2D layered PdSe2, an obvious color change from blue

to dark green can be observed, as shown in Fig. 1a. With the

availability of large-area and continuous PdSe2 lms, the

sample was further characterized by Raman spectroscopy. In

Fig. 1b, Raman spectra acquired from ve randomly selected

positions in Fig. 1a show four obvious peaks at �144 cm�1,

�205 cm�1, �222 cm�1, and �256 cm�1 due to A1
g, A

2
g, and B1g

active modes and A3
g vibration mode with excellent consistency,

suggesting the good uniformity and homogeneity of the large-

area 2D PdSe2 lms. Fig. 1c shows an AFM image of the PdSe2
lm, revealing a multilayer structure of the as-synthesized

PdSe2 lm with a thickness of �18.9 nm. In addition, the

chemical composition of the as-grown PdSe2 lm was further

conrmed by XPS characterization. Fig. 1d shows the typical

deconvoluted XPS results for Pd 3d and Se 3d of the PdSe2 lm.

The Pd 3d can be deconvoluted into two peaks at 336.8 and 342

eV assigned to Pd 3d5/2 and Pd 3d3/2, respectively. The Se 3d can

be deconvoluted into two peaks at 54.8 and 55.6 eV, which

correspond to Se 3d5/2 and Se 3d3/2 orbitals, respectively. By

quantifying the peaks, the atomic ratio of Pd/Se was determined

to be �1 : 2. Furthermore, the FESEM image of the PdSe2 lm

on the Si substrate indicates that the lm is continuous and

uniform with a smooth surface (Fig. S1a†). Elemental mapping

Fig. 1 (a) Photograph of the PdSe2 film fabricated on the SiO2/Si substrate. (b) Raman spectra of the 2D PdSe2 film acquired from different points

marked in (a). (c) AFM image of the PdSe2 film with the height profile. (d) XPS spectra of the PdSe2 film, showing the binding energies of Pd 3d and

Se 3d peaks. (e) Schematic diagram of the PdSe2/SiNWA mixed-dimensional vdW heterostructure device. (f) Cross-sectional SEM image of the

PdSe2/SiNWA heterostructure. The inset shows the top-view image of the heterostructure. The scale bar in the inset is 20 mm. (g) TEM image of

a single SiNW. (h) Statistical distribution of the diameters of SiNWs. (i) Absorption spectra of the SiNWA, bulk Si and PdSe2/SiNWA heterostructure

(solid line). The theoretically calculated absorption spectra of the bulk Si and SiNWA are also demonstrated (dashed line).

3634 | J. Mater. Chem. A, 2020, 8, 3632–3642 This journal is © The Royal Society of Chemistry 2020
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in a randomly selected area also demonstrates that both Pd and

Se elements are uniformly distributed over the observed zone

(Fig. S1b and c†).

Fig. 1e shows the schematic diagram of the photovoltaic

detector based on the PdSe2/SiNWA mixed-dimensional vdW

heterostructure. The detailed fabrication process and the

photograph of an assembled device could be found in Fig. S2

and S3,† respectively. From the cross-sectional SEM image of

the PdSe2/SiNWA heterostructure device (Fig. 1f), we note that

the PdSe2 lm was fully supported by the vertically aligned

SiNWA. The length of the SiNW is about 8 mm, while the

diameter of a representative Si nanowire (NW) is �148 nm

(Fig. 1g). According to the statistical distribution shown in

Fig. 1h, the diameter of the NWs is determined to be in the

range of 100–200 nm, with an average value of �150 nm.

Furthermore, we systemically compared the absorption spectra

of the bulk Si, the SiNWA and the PdSe2/SiNWA hybrid system.

Note that the SiNWA displays enhanced light absorption in the

entire region compared to the bulk Si, which is consistent with

the theoretical calculation based on nite-difference time

domain (FDTD) simulations. More importantly, by depositing

the 2D PdSe2 lm on the top surface of the SiNWA, the light

absorption of the PdSe2/SiNWA hybrid system is further

enhanced and extended beyond 1100 nm due to the broadband

absorption of the 2D PdSe2 lm.

Fig. 2a presents the current–voltage (I–V) curves of the PdSe2/

SiNWA heterostructure measured in the dark (black curves) and

under light illumination (colored curves). Notably, a remarkable

current rectifying characteristic with a rectication ratio of over

102 within �5 V was observed, revealing the high-quality of the

Fig. 2 (a) I–V curves and (b) time-resolved photoresponse properties of a PdSe2/SiNWA heterostructure device under light illumination with

different wavelengths at a constant intensity. (c) Photoresponse spectra of the PdSe2/SiNWA heterostructure device and the commercial Si

photodetector (DSi200, Zolix). (d) Energy band diagram of the PdSe2/SiNWA heterostructure under light illumination. (e and f) Simulated electric

field energy distribution for the PdSe2/SiNWA with a diameter of 140 nm.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 3632–3642 | 3635
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PdSe2/SiNWA heterostructure. Au and In/Ga alloys were used as

the electrodes in the device, which showed good ohmic contacts

with PdSe2 and Si, respectively (Fig. S4†). Hence, the diode

characteristics of the device could be attributed to the forma-

tion of a junction at the PdSe2/SiNWA interface. Once the device

was illuminated using light signals, obvious photoresponse

behavior was observed in the reverse bias direction. Careful

examination also revealed that the device displayed pronounced

photovoltaic behavior in a wide wavelength range, making the

present device a broadband and self-driven photovoltaic

detector. Fig. 2b presents the time-resolved photoresponse of

the PdSe2/SiNWA heterostructure photovoltaic detector at zero

bias in a broad spectrum ranging from deep ultraviolet (DUV) to

MIR. The photovoltaic detector shows stable, repeatable and

fast response to incident light with current on/off ratios (Ion/Ioff)

of 104 for 265 nm (2.1 mW cm�2), 106 for 980 nm (56.6 mW

cm�2), 102 for 2.2 mm (150 mW cm�2) and 3 mm (35.9 mW

cm�2), and 26 for 4.6 mm (125 mW cm�2). Note that the PdSe2/

SiNWA heterostructure photovoltaic detectors with a capability

of detecting MIR signals at room temperature (RT) are poten-

tially signicant for remote sensing, night vision, imaging

sensors, and so on.47 Fig. 2c shows the spectral response of the

PdSe2/SiNWA heterostructure photovoltaic detector under

constant power intensity. The devices exhibit a broadband

response from 200 nm to 2000 nm (limited by the measurement

instrument) with the highest sensitivity being around 980 nm

because of the strong absorption of the SiNW (see the plotted

spectral response curve of a commercial Si photodetector,

DSi200 Zolix). However, in contrast to the commercial Si

photodetector, the PdSe2/SiNWA heterostructure photovoltaic

detector has a higher sensitivity in both UV and NIR regions due

to the enhanced light absorption of the hybrid PdSe2/SiNWA

system. The broadband photodetection performance of the

PdSe2/SiNWA heterostructure device can be understood using

the energy band diagram, as illustrated in Fig. 2d. Due to the

semimetallic nature of the multilayer PdSe2 lms, a Schottky

contact will be formed between the PdSe2 lm and the SiNWA.37

As a consequence, the difference in their Fermi levels will lead

to the generation of a built-in potential in the depletion region.

When the device is illuminated by light with photon energy

larger than the bandgap of Si (1.12 eV), both the PdSe2 lm and

the SiNWA will absorb the light, resulting in an increase of the

photocurrent. On the other hand, if the photon energy of the

incident light is lower than 1.12 eV, only the PdSe2 lms can

absorb the light. This enables the electrons in the PdSe2 lms to

cross over the Schottky barrier at the junction interface,

contributing to the photoresponse in the MIR range.

To shed light on the excellent photoresponse properties of

the photovoltaic detector, simulations of electric eld energy

density distribution of the devices were performed using FDTD

simulations. Fig. 2e and f present the electric eld energy

distribution of the PdSe2/SiNWA heterostructure with a NW

diameter of 140 nm under 980 nm unpolarized light. And the

electric eld energy distributions for the NWs with different

sizes are shown in Fig. S5.† It can be observed that the incident

light is mainly trapped in gaps between the NWs. In particular,

the electric eld is greatly enhanced at the side surfaces of NWs.

One can thus expect signicant absorption enhancement

because the overall area of side surfaces of NWs is much larger

than that of the single surface of bulk silicon.

The photoresponse properties of the PdSe2/SiNWA hetero-

structure device are strongly dependent on the power intensity

of incident light. Fig. 3a shows the I–V curves of the photovoltaic

detector measured under 980 nm light with different intensi-

ties. It is noted that the current at reverse bias increases grad-

ually with the increasing light intensity from 0.07 to 56.6 mW

cm�2. A maximum open-circuit voltage (VOC) of 0.26 V and

a short-circuit current (ISC) of 7.5 mA are achieved at a power

intensity of 56.6 mW cm�2 (Fig. S6†). Even though the power

conversion efficiency of the device is not so high (�0.1%), it is

high enough to enable the device to operate at zero bias without

an external power supply. Moreover, the low dark current at zero

bias leads to an Ion/Ioff as high as 106 at 56.6 mW cm�2 with

excellent stability and reproducibility (Fig. 3b), which is much

larger than the value of the SiNWA (�1.1, Fig. S7†). The Ion/Ioff is

34.3 even at an ultralow light intensity of 27.5 nW cm�2. This

result demonstrates the high sensitivity of the PdSe2/SiNWA

heterostructure photovoltaic detector with the capability of

detecting ultraweak light signals. As a matter of fact, the

dependence of extracted photocurrent on power intensity can

be described by the power law: I ¼ APa, where the exponent

a represents the recombination of photoexcited carriers.48 By

tting the data in a relatively low light intensity range (Fig. 3c),

an ideal exponent of a z 1.0 was obtained, while a non-ideal

value of 0.38 was obtained in a high light intensity region. The

value is less than one at a higher light intensity due to the

enhanced recombination loss and the existence of trap states at

the junction interface.6,49 In addition, the linear dynamic range

(LDR) of a photodetector is the maximum linear response

relative to its noise, which can be given by the following

formula:36

LDR ¼ 20 log
I
*

ph

ID
(1)

where I*ph is the photocurrent measured at a light intensity of 1

mW cm�2, and ID is the dark current at zero bias (Fig. S8†). A

large LDR of 108.3 dB was calculated at zero bias, which is

comparable with that of a commercial Si photodetector (�120

dB)50 and superior to that of some 2D/Si heterojunction devices

(42–92 dB),44,45,51 commercial InGaAs photodiodes (66 dB),47 and

all-graphene p–n heterojunction devices (93 dB).52 Such an

excellent photoresponse performance is reasonably ascribed to

the enhanced light absorption characteristics of the PdSe2/

SiNWA heterostructure.

As the key gures of merit for a photodetector, responsivity

(R) and specic detectivity (D*) can be evaluated using the

following formulas:53

R ¼
Iph

PinS
(2)

D* ¼

ffiffiffiffiffiffiffiffiffiffi

A

2eID

r

R (3)
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where Pin, S, A, and e are the light intensity, illumination area,

device area, and unit charge, respectively. According to the

above formulas, R and D* versus light intensity were calculated,

as plotted in Fig. 3d. With the reduction of light intensity from

56.6 mW cm�2 to 27.5 nW cm�2, both R and D* were found to

increase gradually. Notably, the saturated R and D* values with

maximum values of 726 mA W�1 and 3.19 � 1014 cm Hz1/2 W�1

(Jones) were observed in the low light intensity region, mani-

festing that this photovoltaic detector can show a linear

response to weak light signals.

Response speed is another signicant parameter for evalu-

ating the ability of a photodetector to follow a rapidly varying

optical signal, which can be characterized by calculating the

time interval between 10% (or 90%) and 90% (or 10%) of the

maximum photocurrent at the rising/falling edge. Fig. 4a

depicts the time-resolved photoresponse of the device to 980

nm pulsed light at frequencies of 1, 2 and 5 kHz, respectively,

with a normalized photocurrent, showing fast and stable

responses to pulsed light signals. From the relative balance

[(Imax� Imin)/Imax] shown in Fig. 4b, it is clear that the device can

respond to a fast switching light signal of up to 105 Hz, and

possesses a high 3 dB frequency (f3dB) of �8 kHz. By further

analysis of each of the edges of response, the response speeds of

the PdSe2/SiNWA heterostructure photovoltaic detector can be

obtained to be 25.1/34 ms at 8 kHz (Fig. 3c). The capability of this

photovoltaic detector to follow a rapidly varied pulsed signal

was further investigated by using a pulsed laser light of 266 nm

at 1 kHz with a pulse width of 1 ns. In Fig. 4d and e, each pulse

signal can be well identied with an ultrafast rising time of 126

ns, revealing the capability of the device to detect nanosecond

pulsed light signals. Signicantly, the comprehensive perfor-

mance of the PdSe2/SiNWA heterostructure photovoltaic

detector is superior to that of recently reported 2D layered

material-based infrared photodetectors, as summarized in

Table 1.

In addition to these impressive photoresponse characteris-

tics, the PdSe2/SiNWA heterostructure-based device also shows

very high sensitivity to polarized light signals, which originates

from the pentagonally arranged asymmetric crystal structure of

PdSe2 with a puckered morphology.31 Fig. 5a shows a schematic

diagram of the experimental setup based on the present PdSe2/

SiNWA device. A polarizer can turn an incident light into

a polarized light, and the polarization angle can be adjusted by

using a half-wave plate. The polarization angle-dependent

photocurrent is plotted in Fig. 5b, which has been normalized

according to the minimum value. From the measured photo-

current at zero bias, the photocurrent is found to reach

a maximum value at 0� (180�), while a minimum value is ob-

tained at 90� (270�), giving rise to a high polarization sensitivity

of 75. It is noteworthy that this value is much larger than that

obtained for other 2D layered material-based devices, such as

GeS2 (2.1)54 and black phosphorus/MoS2 (22),55 revealing the

great potential of the photodetector for obtaining polarimetric

information, high-contrast polarizers and optical switch

Fig. 3 (a) I–V curves and (b) time-resolved photoresponse of the PdSe2/SiNWA photodetector under 980 nm light illumination with varied light

intensity. (c) Logarithmic plot of the photocurrent versus light intensity. (d) Responsivity and specific detectivity of the heterostructure photo-

detector as a function of light intensity.
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applications.56 The highly polarization-sensitive photodetection

performance of the PdSe2/SiNWA heterojunction could be

attributed to the following reasons. First, the high asymmetry of

the 2D PdSe2 lms leads to strong anisotropic properties.31

Second, the low dark current of the heterojunction at zero bias

is benecial to improve the polarization sensitivity.57 Third, the

Fig. 4 (a) Time-resolved photoresponses of the PdSe2/SiNWA heterostructure to 980 nm pulsed light with frequencies of 1, 2 and 5 kHz,

respectively. (b) Relative balance [(Imax � Imin)/Imax] as a function of switching frequency. (c) Response speeds at 8 kHz. (d) The photoresponse of

the heterostructure device to 266 nm pulsed laser light at 1 kHz with a pulse width of 1 ns. (e) An enlarged response cycle for evaluating the

response speed.

Table 1 Comparison of the performances of the PdSe2/SiNWA heterojunction photodetector with some reported photodetectors

Devices l [mm] Ion/Ioff R [mA W�1] D* [Jones] Response speed [ms] Ref.

PdSe2/SiNWA 0.2–4.6 106 726 3.19 � 1014 3.4/3.9 (100 kHz) This work

PdSe2/Si 0.2–3 �105 300 �1013 38/44 (5 kHz) 28

PdSe2/Ge 0.2–3 105 691 1.73 � 1013 6.4/92.5 (5 kHz) 37

PdSe2/GeNCA 0.2–2.2 <104 530 1.45 � 1011 25.4/38.5 (20 kHz) 69
PdSe2/MoS2 0.45–10.6 �104 185.6 1.73 � 1013 65.3/62.4 (1 kHz) 30

PtSe2/SiNWA 0.2–1.55 �104 18.4 3.26 � 1011 10.1/19.5 (10 kHz) 45

MoS2/SiNWA 0.2–1.2 �105 298 2.8 � 1013 2.9/7.3 (50 kHz) 44
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built-in perpendicular electric eld in the vertical hetero-

junction can effectively and quickly separate the photo-

generated carriers, and reduce the carrier recombination during

charge transport.13

As one of the most important functionalities of photode-

tectors, the imaging ability of photodetectors has attracted

tremendous interest due to their great importance in both

civilian and military elds.58,59 In view of the outstanding pho-

toresponse capability of the PdSe2/SiNWA heterostructure

photovoltaic detector, the infrared image sensing ability of the

current device was further explored. Fig. 5c displays a schematic

diagram of the measurement setup for an imaging sensor, in

which lasers of 980 nm and 4.6 mm were used to provide

infrared signals, andmetal masks with hollow “ZZU” and “MIR”

patterns xed on a 2D motorized stage were placed between the

light sources and detector. During the image-sensing process,

the electrical signals (voltage or current) of the PdSe2/SiNWA

heterostructure photovoltaic detector were collected by using

a lock-in amplier, and then the apparent 2D contrast mapping

images of the “ZZU” pattern for 980 nm and the “MIR” pattern

for 4.6 mm (Fig. 5d and e) were generated. It should be pointed

out that high-resolution imaging results with a voltage contrast

ratio of over 103 for 980 nm and a current contrast ratio of over

102 for 4.6 mm were obtained, verifying the excellent infrared

imaging capability of the as-assembled PdSe2/SiNWA photo-

voltaic detector.

Due to the large surface-to-volume ratio of both the 2D PdSe2
lm and the SiNWA, the PdSe2/SiNWA heterostructure device

shows high sensitivity to the relative humidity (RH) of the

surrounding atmosphere. In this work, we further explored the

humidity sensing properties of the device. Fig. 6a and b show

the response properties of the PdSe2/SiNWA heterostructure to

Fig. 5 (a) Schematic diagram of the experimental setup for polarization sensitivity measurement. (b) Normalized photocurrent of the hetero-

structure as a function of the polarization angle. (c) Schematic illustration of the measurement setup for imaging application. The imaging results

of the (d) “ZZU” pattern under 980 nm illumination and (e) “MIR” pattern under 4.6 mm illumination, respectively.
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different RH values from 11% to 95% in the dark and under 780

nm illumination, respectively, at room temperature. It is

observed that signicant current response with good stability

and repeatability is achieved at each of the RH values. The

sensitivity (S) of a humidity sensor can be dened by the

following equation:60

S ¼
IRH � IDry

IDry

� 100% (4)

where IRH and IDry are the currents of the sensor in a humid

atmosphere and under dry air conditions, respectively. Signi-

cantly, the PdSe2/SiNWA heterostructure shows greatly

enhanced sensitivities under light illumination compared with

the values in the dark (Fig. 6c). The statistical averages of

sensitivities were calculated to be 462.7%, 1268.2%, 1625.1%,

1722.8%, 2029.6%, 1339% and 1418.8% at 11%, 33%, 54%,

75%, 85% and 95%RH under light illumination, respectively, in

contrast to the much smaller values of 32%, 118%, 157%, 231%,

286% and 342% obtained correspondingly in the dark. The

dependence relationship between the sensitivity and light

intensity is plotted in Fig. S9.† It can be clearly seen that the

sensitivity of this humidity sensor is highly dependent on the

incident light intensity, which becomes higher as the light

intensity increases. In addition, the response speed also

improved greatly under light illumination, as presented in

Fig. 6d. The response and recovery times of 18.7/54.8 s in the

dark at 75% RH further improved to 6.6/5.0 s under light

illumination, which are much faster than previously reported

results.61–64 The long recovery time in the dark is believed to be

related to the large surface-to-volume ratio of the 2D PdSe2/

SiNWA heterostructure, which will lead to the weak desorption

of water vapour.65 It is expected that the response/recovery time

could be further improved by the methods of increasing oper-

ating temperature and applying a large bias voltage to the het-

erojunction device. The enhanced performance of the PdSe2/

SiNWA heterostructure sensor can be attributed to the following

reasons. In the dark, H2O will be adsorbed on the surface of the

heterostructure in the form of active OH� groups and mole-

cules, which will increase the conductivity of the device.66 Upon

light illumination, the incident light will generate electron–hole

pairs in the heterostructure device, and the holes will move to

the device surface and oxidize the OH� groups on the surface.

The remaining photo-generated electrons will contribute to the

increased conductivity of the device at a relatively lower RH

value. At a higher RH value, a monolayer of water will be formed

at the surface of the heterostructure device. The photon-

generated electrons and holes will capture the dissociated H+

and OH� ions from water vapor, leading to a lower photo-

conductance.67 The fast response process is due to the genera-

tion of electron–hole pairs under light illumination, which

increases the carrier concentration in the heterostructure. And

the fast recovery speeds could be attributed to the rapid

recombination of holes and electrons aer light illumination.68

Moreover, the device can retain its initial infrared response and

Fig. 6 The response properties of the PdSe2/SiNWA heterostructure to different RH values (a) in the dark and (b) under 780 nm illumination. (c)

The dependence relationship between sensitivity and relative humidity in the dark and under 780 nm illumination. (d) The response and recovery

time of the device to 75% RH in the dark and under 780 nm illumination.
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humidity sensing properties with tiny degradation even aer

storage in air for 6 months without any protection (Fig.S10†),

suggesting good air stability of the PdSe2/SiNWA hetero-

structure device.

Conclusions

In summary, we have demonstrated a self-driven, broadband

and polarization-sensitive photovoltaic detector made of the

PdSe2/SiNWA mixed-dimensional vdW heterostructure. The

device is highly sensitive to an ultra-broadband spectrum

ranging from DUV to MIR (200 nm to 4.6 mm) with a high

responsivity of 726 mAW�1, a large specic detectivity of 3.19 �

1014 Jones, a fast response speed of 25.1/34 ms, and an ultrahigh

polarization sensitivity of 75. Based on the FDTD calculation,

the remarkable device performance could be ascribed to the

strong light connement effect induced by Si nanostructures.

Also, the as-assembled device can readily record simple images

of “ZZU” and “MIR” produced under 980 and 4600 nm illumi-

nation, respectively, due to the excellent imaging capability.

Moreover, this PdSe2/SiNWA heterostructure device showed

light-enhanced humidity sensing properties with a high sensi-

tivity and a fast response/recovery time. These remarkable

results suggest that the PdSe2/SiNWA mixed-dimensional het-

erostructure device will have great potential application in high-

performance polarization-sensitive broadband photodetection,

infrared imaging and humidity sensing.
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