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ABSTRACT: Polarization-sensitive photodetection in a broad spectrum range is highly desired 

due to the great significance in military and civilian applications. Palladium diselenide (PdSe2), a 

newly explored air-stable, group-10 two-dimensional (2D) noble metal dichalcogenide with a 

puckered pentagonal structure, holds promise for polarization-sensitive photodetection. Herein, 

we report a highly polarization-sensitive, broadband, self-powered photodetector based on 

graphene/PdSe2/germanium heterojunction. Owing to the enhanced light absorption of the 

mixed-dimensional van der Waals heterojunction and the effective carrier collection with 

graphene transparent electrode, the photodetector exhibits superior device performance in terms 

of a large photoresponsivity, a high specific detectivity, a fast response speed to follow 

nanosecond pulsed light signal and a broadband photosensitivity ranging from deep ultraviolet 

(DUV) to mid-infrared (MIR). Significantly, highly polarization-sensitive broadband 

photodetection with an ultrahigh polarization sensitivity of 112.2 is achieved, which represents 

the best result for 2D layered material-based photodetectors. Further, we demonstrated the high-

resolution polarization imaging based on the heterojunction device. This work reveals the great 

potential of 2D PdSe2 for high-performance, air-stable, and polarization-sensitive broadband 

photodetectors. 

KEYWORDS: PdSe2, two-dimensional materials, polarization-sensitive photodetector, 

broadband photodetection, heterojunction 
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In recent years, polarization-sensitive photodetectors have stimulated increasing research 

interests, due to their important applications in navigation, optical switch, and high-contrast 

polarizer.1,2 To achieve high polarization sensitivity, it is much desired that the semiconductor 

has a strongly anisotropic photoresponse to polarized light.3 Among different semiconductors for 

polarization-sensitive photodetection, two-dimensional (2D) layered materials such as black 

phosphorus (BP),4 GeS2,5 silicene,6 germanene,7 and antimonene8 have attracted particular 

attention, because of their anisotropic properties originated from asymmetric crystal structures, 

in which the buckling breaks the sublattice symmetry, enhances spin-orbit coupling, and allows 

tuning of a topological quantum phase transition.9 For instance, a plasmonic resonance enhanced 

BP photodetector showed a polarization-sensitive photoresponse to infrared light with a 

polarization sensitivity of 8.7,10 and a higher polarization sensitivity of ~22 was obtained for 

BP/MoS2 heterojunction photodiode.11 Also, a polarization-sensitive ultraviolet photodetector 

based on 2D GeS2 film with a polarization sensitivity of 2.1 was reported.5 In spite of the large 

progress, the poor air-stability and/or the wide bandgap of these 2D layered materials impede 

their wide application in stable, broadband polarization-sensitive photodetectors. 

Palladium diselenide (PdSe2) is an emerging high mobility 2D transition metal 

dichalcogenides (TMDs) with an indirect bandgap of ~1.3 eV for single layer and down to zero 

in the bulk form.12 Such a narrow bandgap covering a broadband spectral range from deep 

ultraviolet (DUV) to mid-infrared (MIR) makes PdSe2 a promising candidate for broadband 

detection applications. Recently, a broadband photodetector with a high responsivity (R) of 185.6 

mA/W has been achieved for 2D PdSe2/MoS2 heterojunction. This device demonstrated an 

excellent air-stability over three months due to the high stability of PdSe2.13 Besides, to 

overcome the limitation of optical absorption for atomically thin 2D semiconductors, a PdSe2/Si 
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2D/three-dimensional (3D) mixed-dimensional heterojunction photodetector was constructed, 

which exhibited a good device performance with a responsivity up to 300 mA/W and a specific 

detectivity (D*) of 1.18×1013 Jones,12 though the spectral sensitivity of the detectors was 

restricted to be <1100 nm due to the intrinsic bandgap of Si (~1.1 eV). Interestingly, similar to 

BP and silicene, 2D PdSe2 film also possesses an asymmetric crystal structure with a puckered 

pentagonal arrangement. It has been demonstrated that the PdSe2 film has exotic anisotropic 

properties due to its low-symmetry crystal structure.3 However, polarization-sensitive broadband 

photodetectors based on 2D layered PdSe2 film is yet to be reported.  

Herein, we demonstrate the construction of a highly polarization-sensitive, broadband, self-

powered photodetector based on graphene (Gr)/PdSe2/germanium (Ge) heterojunction. This 

strategy has several important advantages: (i) Compared to Si, Ge has a larger absorption 

coefficient and a narrower bandgap of ~0.67 eV, enabling the further extension of the wavelength 

detection range of the heterojunction. Also, the use of a graphene transparent electrode allows the 

effective light absorption and also enhances the carrier collection efficiency. (ii) Owing to the 

high-quality 2D/3D mix-dimensional van der Waals heterojunction, photodetector based on the 

heterojunction exhibits an excellent device performance with a large photoresponsivity, a high 

specific detectivity, a fast response speed and a broadband photosensitivity ranging from DUV to 

MIR. (iii) Significantly, polarization sensitivity as high as 112.2 is achieved for the Gr/PdSe2/Ge 

heterojunction photodetector, which represents the best result for the 2D layered material-based 

polarization-sensitive photodetectors. High-resolution polarization imaging is further 

demonstrated based on the heterojunction photodetector. It is expected that the Gr/PdSe2/Ge 

heterojunction will have important application in air-stable, broadband and polarization-sensitive 

photodetection. 
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RESULTS AND DISCUSSIONS 

As illustrated in Figure 1a, 2D layered PdSe2 has a pentagonal manner and can crystallize into 

an orthorhombic structure (Pbca space group) with the three atomic layers stacking in the order 

of Se-Pd-Se by weak van der Waals forces.14 In this work, the PdSe2 films were synthesized 

through one step of direct selenization of pre-deposited Pd layer.11 X-ray diffraction (XRD) 

pattern in Figure S1a reveals the diffraction peaks at 22.9°, 32.9° and 61.5°, corresponding to 

(002), (021) and (133) planes of PdSe2, respectively. No extra Pd peaks are observed in the 

pattern, suggesting that the pre-deposited Pd layer has been fully transformed into PdSe2 with a 

high phase purity. It is noteworthy that wafer-scale PdSe2 film could be successfully fabricated 

on a 2-inch SiO2/Si substrate through the simple selenization method (Figure S1b); the color 

evolution from dark khaki to dark blue has demonstrated the transformation of Pd layer to PdSe2 

film. Raman spectra of the as-synthesized PdSe2 film consist of four distinct peaks at 143.2, 

205.5, 221.3, and 256.6 cm-1 (Figure S2a), which could be assigned to A1
g, A2

g, B1g, and A3
g 

vibration modes of PdSe2, respectively. The peaks of A1
g, A2

g, and B1g mainly involve the 

vibrations of Se, while the strongest mode of A3
g is correlated to the relative vibration between 

Se and Pd atoms.14 Raman spectra acquired from five different points on a 2-inch sample show 

excellent consistency. In addition, 2D Raman mapping over a relatively large area of 20×20 μm2 

was performed (Figure S2b). The uniform peak intensity distribution obtained from a series of 

Raman spectra is clearly observed, indicating the high homogeneity and uniformity of as-

synthesized PdSe2 film. 

In view of the anisotropic properties of 2D PdSe2, the polarization-dependent Raman spectra 

of PdSe2 film were measured, as shown in Figure 1b. The polarization angle of 0° is defined as 

the x-axis, as labeled in Figure 1a. It can be found that the intensities of A1
g and A3

g modes 
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decrease when the polarization angle increases from 0° to 90°, and then increase again when the 

polarization angle changes from 90° to 180°. The polarization angle-dependent intensities for 

Raman peaks of A1
g and A3

g are plotted in Figure S3, suggesting that the Raman spectra of PdSe2 

film is polarization-dependent. Furthermore, theoretical calculations were conducted to study the 

optical absorbance of PdSe2 film along x, y and z axes, respectively (Figure 1c). It is observed 

that the PdSe2 film possesses distinct optical absorption properties along different directions in a 

broad wavelength range. The above results experimentally and theoretically confirm the optical 

anisotropy of PdSe2 film, indicating the polarization-sensitive nature of 2D PdSe2 film. Cross-

sectional high-resolution transmission electron microscopy (HRTEM) image, Figure 1d, reveals 

that the as-synthesized PdSe2 films is multilayer (~53 layers) with a thickness of ~22.8 nm along 

[002] orientation, which is in good agreement with the atomic force microscopy (AFM) 

measurement (Figure 1e). We noted that the selenization method allows the fabrication of PdSe2 

films with thickness down to ~4 monolayers (Figure S4). Further, from the X-ray photoelectron 

spectroscopy (XPS) results in Figure 1f, well-defined double peaks are presented for the film, 

suggesting the presence of Pd4+ and Se2- with a ratio of ~ 1:2.06 in the film. 

Figure 2a displays a schematic diagram the Gr/PdSe2/Ge heterojunction photodetector, and the 

photograph of the real device is shown in the inset of Figure 2b. The device was fabricated by 

directly transferring 2D PdSe2 film onto a Ge wafer with a pre-defined SiO2 window. We note 

that the transfer process will not affect the integrality of PdSe2 film (Figure S5). Graphene and 

In-Ga alloy were then adopted as transparent electrode for PdSe2 film and ohmic contact for Ge 

substrate, respectively (Figure S6). Figure 2b plots the typical current-voltage (I-V) curve of the 

heterojunction measured in the dark. Notably, the device displays an obvious rectifying behavior 

with a forward-to-reverse bias current ratio as high as ~2.4×103, which has surpassed those of 
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other heterojunction devices, such as Gr/Ge (~50),15 PtSe2/Si (~100)16 and PdSe2/MoS2 (~30)13 

heterojunctions. In addition, the ideality factor (n) of the Gr/PdSe2/Ge heterojunction can be 

deduced from the following equation: 

                                                                                                                           (1) 

where I0, q, n, kB and T are reverse leakage current, unit charge, ideality factor, Boltzmann’s 

constant and Kelvin temperature, respectively. Hence, n can be calculated to be 1 at a low 

voltage zone (0-0.3 V), which is in good agreement with the theoretical value (n = 1).17 The 

small ideality factor, along with the excellent rectifying characteristic, confirms the high quality 

of the PdSe2/Ge junction.  

 Next, we measured the photoresponse characteristics of the Gr/PdSe2/Ge heterojunction 

device. As shown in Figure 2c, when the device is illuminated by light signals, the current of the 

heterojunction at reverse bias direction increases dramatically. The current at bias voltage of -5 V 

increases from 4.3×10-5 A in dark to 1.6×10-4 A at 265 nm (1.7 mW/cm2), 7.6×10-4 A at 3043 nm 

(600 mW/cm2), 2×10-3 A at 1550 nm (11.5 mW/cm2), 1.8×10-2 A at 780 nm (51.5 mW/cm2) and 

2.4×10-2 A at 980 nm (61.3 mW/cm2). Close observation of the enlarged curves under different 

wavelengths reveals the obvious photovoltaic effect of the device (Figure S7). The broadband 

photoresponse and photovoltaic property of this heterojunction device make it suitable to serve 

as a self-powered broadband photodetector. Figure 2d depicts time-resolved photoresponse of the 

device to light signals with different wavelengths under zero bias. We note that the device is 

stable and has fast responses to incident lights with wavelength ranging from DUV (265 nm) to 

MIR (3043 nm). Note that photodetectors with a superior detection capability covering 

multiband spectral range are pivotal importance for the applications in night vision, military 

warning, imaging sensor, and optical communication.18  
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To quantitatively evaluate photoresponse performance of the Gr/PdSe2/Ge heterojunction 

device, the key device parameters of a photodetector, i.e. responsivity (R) and specific detectivity 

(D*), can be calculated based on the following formulas:19  

                                                                                                                             (2) 

                                                            (3) 

where ID, Popt, S, A , B and  are the dark current, light intensity, illumination area, device 

area, bandwidth and the mean-square noise current measured at the bandwidth of 1 Hz in 

darkness (Figure S8), respectively. Figure 2e shows the wavelength-dependent R and D* of the 

device measured under the same light intensity. Significantly, the heterojunction device exhibits 

a broadband spectral response covering of 200-2200 nm. It is observed that the device has a peak 

photoresponse from 600 to 1850 nm, which is well consistent with the UV-Vis-IR absorption 

spectrum of PdSe2/Ge hybrid system (Figure 2f). For comparison, the absorption spectra of both 

PdSe2 and planar Ge were measured. Apparently, the combination of PdSe2 film and Ge substrate 

can effectively enhance the light absorption of the hybrid system.  

The device performance was further investigated under the irradiation of 980 nm light with 

varied light intensity. Figure 3a and b depict a series of light intensity-dependent I-V curves of 

the heterojunction device. One can see that the reverse current increases with increasing light 

intensity. A short-circuit current (Isc) of 0.48 mA and an open-circuit voltage (Voc) of 0.11 V can 

be obtained for the device under a light intensity of 60.3 mW/cm2 (Figure 3b). Besides, the time-

resolved photoresponse of the device under a pulsed 980 nm light irradiation with different light 

intensities was investigated at a self-powered mode, as shown in Figure 3c. Apparently, the 
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PdSe2-based heterojunction photodetector can be fast switched on/off with excellent stability and 

reproducibility, yielding a highest current on/off ratio (Ion/Ioff) of 3×105 under a light intensity of 

60.3 mW/cm2. The Ion/Ioff could be 22 even under a weak light intensity of 2.8 μW/cm2. 

Moreover, the device can work well after 5000 cycles operation (Figure 3d), and can keep its 

initial infrared response properties even after storing in air for 6 months (Figure S9). The 

excellent stability of Gr/PdSe2/Ge heterojunction photodetector could be attributed to the 

following aspects: (i) the excellent air stability of PdSe2 film. From Figure S10, the XPS and 

Raman spectra of the PdSe2 film are virtually unchanged after six months storage in air. (ii) the 

vertically stacked heterojunction structure. The top graphene and PdSe2 layers can protect the 

underlying Ge substrate from the surface oxidation. Furthermore, the dependence of 

photocurrent on light intensity can be fitted well by the power law of Iph∝Pθ, giving rise to a θ 

value of 0.87. This value is close to that for an ideal photodetector (θ = 1), verifying the high 

quality of the PdSe2/Ge heterojunction.20 Figure 3f shows the light intensity-dependent R and D* 

values for the device measured under 980 nm light irradiation. Notably, the R value could reach 

691 mA/W under a light intensity of 0.36 μW/cm2 at zero bias, which is higher than that of the 

PtSe2-based detectors (262-490 mA/W),16,21,22 and has surpassed recently reported PdSe2/Si 

(~300 mA/W)12 and PdSe2/MoS2 (185.6 mA/W)13 heterojunction photodetectors. 

Correspondingly, a highest D* of 1.73×1013 Jones could be obtained for the device, which is also 

superior to previously reported devices (Table 1). These results collectively demonstrate that a 

high-performance, air-stable photodetector has been achieved based on the Gr/PdSe2/Ge 

heterojunction. 

Owing to the broadband light absorption of Gr/PdSe2/Ge heterojunction, the device 

demonstrates an excellent photoresponse switching behavior in a wide spectrum range (Figure 
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4a-e). The device can follow the pulsed light of DUV (265 nm), optical communication and fiber 

optic cable testing band (1310 and 1550 nm), and MIR (3043 nm) with sharp photocurrent rise 

and fall edges. In addition, photocurrent of the device at the near-infrared (NIR) rang can be 

effectively tuning by controlling the light intensity; a large photocurrent of 0.22 mA is achieved 

for 1310/1550 nm light under a light intensity of 11.5 mW/cm2, producing a high Ion/Ioff ratio of 

105. Also, the light intensity-dependent photocurrent can be fitted by the power law with power 

exponents of 0.95 and 0.98 for 1310 and 1550 nm lights, respectively. From Figure 4e, it is 

observed that the present device exhibits pronounce photoresponse to MIR light illumination 

(3043 nm) with a high Ion/Ioff ratio over 5×102, which can be ascribed to the strong light 

absorption of PdSe2/Ge hybrid system in MIR region. The photoresponse characteristics of 

Gr/PdSe2/Ge heterojunction device can be further understood by the energy band diagram, as 

shown in Figure 4f. According to the theoretical calculations (Figure S11a and b), the bandgap of 

PdSe2 film will decrease from 1.38 eV (monolayer) to 0 eV (bulk) with increasing the layer 

number, manifesting a transformation of the PdSe2 film from semiconductor to semimetal. Also, 

we detected the work function (5.21 eV) of the multilayer PdSe2 films in this work by using 

ultraviolet photoemission spectroscopy (UPS) (Figure S11c and d), confirming a nearly zero 

bandgap of the as-synthesized PdSe2 film. Therefore, when the PdSe2 film contacts with planar 

Ge, a built-in potential at the depletion region will be formed due to their difference in Fermi 

levels. For the light with photon energy larger than the bandgap of Ge, both the PdSe2 film and 

Ge substrate will absorb the light. The photogenerated excitons will diffuse to the junction 

interface and then be separated by the built-in potential. Electrons will drift into the Ge substrate 

and then are collected by the graphene electrode, while holes will drift into the PdSe2 film, 

forming the photocurrent. However, for the light with photon energy lower than the bandgap of 
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Ge (wavelength >1900 nm), the light is mainly absorbed by the PdSe2 film. Electrons in PdSe2 

film can gain the energy from the photons to overcome the contact barrier at the junction 

interface, enabling the device to detect the NIR and MIR lights with wavelength up to 3043 nm.  

As a key figure of merit, response speed of a photodetector reflects its ability to monitor the 

fast varied optical signals. Hence, the photoresponse of the Gr/PdSe2/Ge heterojunction 

photodetector to pulsed light signals with different frequencies was investigated. A 980 nm laser 

driven by a signal generator with different frequencies was used to produce pulsed light signals, 

and the output photocurrent was recorded by an oscilloscope. Figure 5a depicts the representative 

photoresponse of heterojunction device to pulsed light signals with frequencies of 0.1, 1, 10 kHz, 

respectively. The device shows fast, stable and reversible photoresponse to varied optical signals 

but experiences an apparent degradation under a higher frequency (e.g. 10 kHz). From the 

relative balance [(Imax-Imin)/Imax] in Figure 5b, a high 3dB frequency (f3dB) of 8 kHz are deduced, 

suggesting that the Gr/PdSe2/Ge heterojunction photodetector is capable of detecting ultrafast 

optical signals. The response speed can be further evaluated by analyzing the rising and falling 

edges of an individual response cycle, which are defined as the time intervals for the response to 

rise from 10% to 90% and decay from 90% to 10% of its peak value.23,24 Evident from Figure 5c, 

a rise/fall time of 6.4/92.5 μs is achieved from an enlarged response cycle at 5 kHz. We note that 

the response speed is comparable or even faster than other 2D TMD-based photodetectors.25-28 

The response speeds at different switching frequencies were plotted in Figure 5d, revealing the 

great potential of the photodetector to monitor ultrafast optical signals. To further evaluate the 

response of Gr/PdSe2/Si heterojunction photodetector to an ultrafast pulse signal, the response 

characteristic of the device to a pulsed laser (266 nm, pulse width 1 ns, 1 kHz) was studied, as 

shown in Figure 5e and f. From the photoresponse switching curve, one can see that the 
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photodetector could accurately distinguish and response to each pulsed signal, giving rise to an 

ultrafast rise time of 112 ns for the rising edge. The fast response speed of Gr/PdSe2/Si 

heterojunction photodetector is believed to be related to the quick separation and transportation 

of photo-generated electron-hole pairs by the built-in electric field at the junction interface. In 

addition, the vertically stacked heterojunction structure is beneficial to shorten the transmit time 

of the carriers, also contributing to a fast response speed. It is expected that the response speed 

could be further enhanced by the methods of reducing the effective device area, using Ge 

substrate with thinner thickness and so on. 

As we known, to achieve high-precision detection of optical signals in complex environments, 

more information of the incident optical signal, such as the polarimetric information, is desirable 

to be obtained.25 The 2D PdSe2 film with an anisotropic crystal structure makes it highly 

sensitive to polarized light signal. In view of this, the polarization-dependent photoresponse of 

the Gr/PdSe2/Ge heterojunction photodetector was explored. As shown in Figure S12, a 

polarizer, which can turn an incident light into a polarized light with controllable polarization 

angle, was placed between the light source and the photodetector. Figure 6a described the 

polarization-dependent current mapping of this heterojunction photodetector at revers bias from -

5 V to 0 V under the light illumination of 650 nm. Significantly, it is observed that the measured 

photocurrent is highly dependent on the polarization angle as well as bias voltage. The 

photocurrent can reach a maximum value at a polarization angle of 0° (180°), while a minimum 

value is achieved at a polarization angle of 90° (270°) under each bias voltage. This result is in 

good agreement with the sine function. Meanwhile, it is found that the highest polarization 

sensitivity, defined as the photocurrent measured at a polarization angle of 0° divided by the 

photocurrent measured at 90°, is obtained at zero bias. Figure 6b plots the polarization angle-
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dependent normalized photocurrent curves at zero bias under different wavelengths of 365, 650, 

980 and 1550 nm. The polarization sensitivities are calculated to be 73.8 at 365 nm (40.5 

mW/cm2), 112.2 at 650 nm (52.6 mW/cm2), 91.2 at 980 nm (60.3 mW/cm2), and 53.8 at 1550 nm 

(11.5 mW/cm2) under zero bias, revealing a broadband polarization sensitive nature of the 2D 

PdSe2 film. Notably, the polarization sensitivity is much superior to previous reports on GeS2 

(2.1),5 GeSe (2.16),29 black phosphorus/MoS2 heterojunction (22),11 antimonene (17),8 perovskite 

nanowire (~1.3),30 GeO2-Ge nanowire (4.2)31 and so on. The polarization sensitivity of 112.2 at 

650 nm for the polarization photoresponse also represents the highest value for 2D materials-

based photodetectors reported so far. The excellent polarization-dependent photodetection 

performance of the Gr/PdSe2/Ge heterojunction could be attributed to the following aspects: (i) 

the high-quality of as-synthesized large-area 2D PdSe2 film with strong asymmetry;32 (ii) the 

polarization response enhancement by the heterojunction structure compared with the PdSe2 film 

(Figure S13). The built-in perpendicular electric field in the vertical heterojunction can serve to 

spatially separate the photogenerated carriers, and reduce the recombination probability for 

electrons and holes during their transportation;4 (iii) the enhancement of the carriers collection 

efficiency by the graphene transparent electrode, which can also effectively suppress the carriers 

recombination at the junction interface.26 

To exploit the potential applications of the Gr/PdSe2/Ge heterojunction photodetector, infrared 

imaging ability of the Gr/PdSe2/Ge heterojunction photodetector was further investigated. Figure 

6c and Figure S14 display the schematic illustration for the measurement setup and digital 

photograph of the measurement system, respectively. A metal mask with hollow English letter of 

“P” controlled by a 2D motorized stage was put between the polarizer and the device. The 

polarized light passed through the mask and shined on the heterojunction device. With the 
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movement of the mask, the position-dependent voltage (or current) of the heterojunction device 

could be recorded in real time by a lock-in amplifier, which was further transformed into a 

voltage (or current) mapping image. Figure 6d shows the polarization-dependent infrared images 

measured under 780 nm illumination with polarization angles of 0° and 90°, respectively. A high-

resolution image of “P” letter with a high voltage contrast ratio up to 3.25×103 is captured at a 

polarization angle of 0° (left of Figure 6d), while an image with a smaller voltage contrast ratio 

of 2.9×102 is obtained at a polarization angle of 90° (right of Figure 6d). Hence, a polarization 

contrast ratio over 10 is achieved, revealing the superior polarized light imaging capability of the 

heterojunction device. Moreover, MIR imaging based on the Gr/PdSe2/Ge heterojunction 

photodetector is achieved. As shown in Figure 6e, an image of English letter of “Z” with a high 

current contrast ratio over 102 could be clearly recognized under 3043 nm light illumination. 

These results unambiguously demonstrate the great potential of Gr/PdSe2/Ge heterojunction for 

polarization-sensitive broadband photodetection and imaging.  

CONCLUSION 

In summary, we demonstrated the fabrication of Gr/PdSe2/Ge heterojunctions by directly 

transferring 2D PdSe2 film onto a pre-patterned Ge wafer. Owing to the use of high-quality 

PdSe2 film fabricated by a simple selenization approach, enhanced light harvesting by the mixed-

dimensional van der Waals heterojunction, and improved carrier collection efficiency with 

graphene transparent electrode, the as-fabricated heterojunction exhibited an excellent device 

performance in terms of a large photoresponsivity of 691.5 mA/W, a high specific detectivity up 

to 1.73×1013 Jones, a fast response speed to follow nanosecond pulsed light signal, and an ultra-

broadband photosensitivity ranging from DUV to MIR (200-3043 nm). Moreover, the device was 

demonstrated to be highly sensitive to polarized light in a broad spectrum range, giving rise to a 
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record high polarization sensitivity of 112.2 at 650 nm. High-resolution polarization imaging and 

MIR imaging capabilities were further demonstrated. Given the high stability and ultrahigh 

polarization sensitivity, the Gr/PdSe2/Ge heterojunction devices holds promise for high-

performance, polarization-sensitive broadband photodetection. 

METHODS 

Materials Synthesis and Characterization. The 2D layered PdSe2 films were synthesized by a 

simple selenization approach, which has been described in detail in our previous work.12 In this 

work, ~7 nm Pd film was deposited by magnetron sputtering for the synthesis of PdSe2 film with 

a thickness of ~22.8 nm (Figure S15). In addition, high-quality few-layer graphene was prepared 

on 25 μm-thick copper foil via a chemical vapor deposition (CVD) method. Crystal structure and 

thickness of the PdSe2 film were characterized by XRD (RigakuSmartLab) and AFM 

(VeecoNanoscope V), respectively. XPS measurements were carried out to detect the 

components of the film by using a monochromatic Al Kα source (1486.6 eV) provided by the 

XPS system (Thermo ESCALAB 250). Raman spectra were recorded on a Raman spectrometer 

equipped with 488 nm laser as an excitation source (Horiba HR800). The HRTEM analysis of 

the PdSe2 film was performed by using a field-emission TEM (JEOL JEM-2100F). 

Device Fabrication and Characterizations. To construct the Gr/PdSe2/Ge heterojunction, a 

well-defined SiO2 layer (100 nm) with a hollowed square window (0.5×0.5 cm2) was deposited 

on an n-type Ge wafer (1-5 Ω·cm) using a shadow mask via magnetron sputtering. Afterward, 

the PMMA-supported PdSe2 film was directly transferred onto the pre-patterned Ge wafer 

through a typical wetting-transferred method.33 After removing the PMMA layer in acetone, a 

few-layer graphene film was transferred onto the top of the heterojunction as transparent 

electrode. Au (50 nm) deposited by magnetron sputtering served as the top contact for graphene 
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film and In-Ga alloy was pasted at the rear side of Ge as ohmic contact to the substrate. 

Photoelectrical characterization of the heterojunction device was carried out on a semiconductor 

parameter analyzer system (Keithley 4200-SCS, Tektronix) by using light sources with different 

wavelengths of 265, 780, 980, 1310, 1550 and 3043 nm. To detect the response speed, pulsed 

optical signals with varied frequencies were produced by driving a 980 nm laser diode with a 

function generator (SDG1032X, Siglent), and then the output photocurrent was recorded with an 

oscilloscope (DPO2012B, Tektronix). To perform the spectral response characterization, a Xe 

lamp (Gloria-X150A, Zolix Instruments) equipped with a monochromator (Omni-λ300, Zolix 

Instruments) was used to produce the monochromatic light with wavelength ranging from 200 to 

2200 nm.  

Theoretical calculations. Band structure calculations of the PdSe2 film were performed using 

the density functional theory (DFT) with the projector augmented wave method34 in the Vienna 

ab initio simulation package (VASP).35 Perdew-Burke-Ernzerh of exchange-correlation potential 

functional within the generalized gradient approximation was employed.36 The energy cut-off of 

500 eV and a grid of 7×7×1 were used for the sample in the Brillouin zone. The converged 

thresholds of 10-5 eV and 0.01 eV/Å were used to optimize the hetero-multilayers for total energy 

and atom force, respectively. A vacuum interval of 2 nm was inserted to avoid artificial 

interactions between the neighboring layers. 

 Optical properties of the PdSe2 film can be obtained by the dielectric function, which can be 

expressed as: ε(ω) = ε1(ω) + iε2(ω). The imaginary part ε2(ω) can be calculated from the 

momentum matrix elements between the occupied and unoccupied wave functions with the 

selection rules, and the real part ε1(ω) can be evaluated from the imaginary part by Kramer-

Kronig relationships: 
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                                                                                              (5) 

where , , Sk and p represent the dipole matrix element, the energy difference 

between initial and final states, constant of a surface energy and the principal part of the integral, 

respectively. The optical absorption coefficient a(ω) can be further obtained by using the above 

parameters as follows: 
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FIGURES 

 

Figure 1. (a) Crystal structure of PdSe2. (b) Polarization-dependent Raman spectra of PdSe2 

film. (c) Calculated optical absorbance of PdSe2 with polarized light along different axis. (d) 

Cross-sectional TEM image and HRTEM (inset) of the PdSe2 film. (e) AFM image and 

corresponding height profile of the PdSe2 film. (f) XPS spectra of Pd 3d and Se 3d. 
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Figure 2. (a) Schematic diagram of the Gr/PdSe2/Ge heterojunction device. (b) I-V curves of the 

heterojunction device in linear and logarithmic coordinates, respectively, in the dark. Inset shows 

a photograph of the heterojunction device. (c) I-V curves and (d) time-resolved photoresponse 

properties of the device under light illumination with different wavelengths. (e) Wavelength-

dependent responsivity and specific detectivity of the Gr/PdSe2/Ge heterojunction device. (f) 

Absorption spectra of the PdSe2 film, Ge substrate and PdSe2/Ge heterojunction. 
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Figure 3. (a) I-V curves of the Gr/PdSe2/Ge heterojunction device measured under light 

illumination of 980 nm with varied light intensities. (b) Enlarged I-V curves show the 

photovoltaic behavior of the heterojunction device. (c) Time-resolved photoresponse properties 

of the device under light illumination with different light intensities at 0 V. (d) Five thousand 

continuous response cycles of the device. (e) Photocurrent as a function of the light intensity in a 

double logarithmic coordinates. (f) Light intensity-dependent responsivity and specific 

detectivity of the Gr/PdSe2/Ge heterojunction photodetector.  
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Figure 4. Time-resolved photoresponse of Gr/PdSe2/Ge heterojunction photodetector to lights of 

(a) 265 nm, (b) 1310 nm, (c) 1550 nm, and (e) 3043 nm, respectively. (d) Photocurrents as a 

function of light intensity for 1310 and 1550 nm in a double logarithmic coordinates. (f) Energy 

band diagram of the Gr/PdSe2/Ge heterojunction under light illumination. 
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Figure 5. (a) Photoresponse properties of the Gr/PdSe2/Ge heterojunction to pulsed light (980 

nm) with different frequencies of 100 Hz, 1000 Hz, and10 kHz, respectively. (b) Relative 

balance [(Imax − Imin)/Imax] as a function of switching frequency. (c) A single normalized response 

for estimating the response speeds at 5 kHz. (d) Response speeds at different switching 

frequency. (e) Photoresponse of the heterojunction to 266 nm pulsed laser at 1 kHz with a pulse 

width of 1 ns. (f) An enlarged response for evaluating response speeds. 
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Figure 6. (a) Polarization-dependent current mapping under the light illumination of 650 nm at 

reverse bias from -5 V to 0 V. (b) Normalized photocurrent of the Gr/PdSe2/Ge heterojunction as 

a function of the polarization angle at zero bias under polarized lights of 365 (40.5 mW/cm2), 

650 (52.6 mW/cm2), 980 (60.3 mW/cm2) and 1550 nm (11.5 mW/cm2), respectively. (c) 

Schematic illustration of the measurement system for polarization-sensitive infrared imaging. (d) 

The imaging results of “P” letter under 780 nm with polarization angles of 0° (left) and 90° 

(right), respectively. (e) The MIR imaging pattern of “Z” letter under 3043 nm light. 
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Table 1. Comparison of the device performance of Gr/PdSe2/Ge heterojunction photodetector 

with other reported 2D material-based photodetectors.  

Device λ (μm) 
Self-

powered 

Polarization 

sensitivity 

R 

(mA/W) 

D* 

(Jones) 

Rise/fall time 

(μs) 
Ref. 

Gr/PdSe2/Ge 0.2 – 3.04 Yes 112.2 691 1.73×1013 6.4/92.5 

This 

work 

PdSe2/MoS2 0.45 – 10.6 Yes / 185.6 8.21×109 65.3/62.4 [13] 

PtSe2/GaAs 0.25 – 1.2 Yes / 262 2.52×1012 5.5/6.5 [21] 

Graphene/Ge 1.2 – 1.6 Yes / 51.8 1.38×1010 23/108 [15] 

MoS2/Ge 0.35 – 1.1 Yes / 16.66 / / [37] 

BP/WSe2 0.4 – 1.55 No ~6 500 ~1010 800/800 [38] 

GeS2 0.25 – 0.4 No 2.1 / / / [5] 

BP/MoS2 ~1 – 3.8 Yes ~22 / 1.1×1010 3.7/4 [11] 
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