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Abstract 

   Electron tunneling devices attract attention due to their potential applications in integrated 

circuits, memories, and high-frequency oscillators. However, limited works are devoted to the 

optical control of electron tunneling processes. The main reason is the low concentration of 

photogenerated carriers concerning the equilibrium values in heavy-doped regions. In this work, 

violet phosphorus (VP) with a unique bi-layer tubular structure supplies an excellent platform for 

investigating the tunneling mechanisms under photo illumination. A VP-based vertical tunneling 

diode made of metal-insulator-semiconductor (MIS) stacking is presented. The photogenerated 

carriers increase the tunneling current by ~4.2 times through photo illumination, leading to a 

considerable rectification ratio. In addition, a three-terminal tunneling field-effect transistor (TFET) 

made from VP flake with different thicknesses is also presented. The interband tunneling of 

electrons results in a tunable negative differential transconductance (NDT) at room temperature. 

The photo illumination can modulate the onset of the NDT region due to the variation of the density 

of states with Fermi level alignment in the channel and drain region. Our results advance the 

understanding of electron transport mechanisms in VP-based tunneling devices, showing great 

potential for exploiting novel two-dimensional (2D) multifunctional devices with interactions 

between light and carriers’ tunneling. 
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1. Introduction 

With electronic devices persistently scaling down, limited processing speed and high power 

consumption seriously impede the sustainable development of information technology. Compared 

to conventional metal-oxide-semiconductor field-effect transistors (MOS-FETs), tunneling 

devices have the advantages of lower off-state leakage current and subthreshold swing (S), which 

hold great potential for breaking through the scaling limit.[1, 2] Electron tunneling derives from the 

quantum effect of electrons in confined systems, which makes electrons with low kinetic energy 

overcome high potential barriers and form currents. Hence, the performance of tunneling devices 

is subject to the tunneling probability. Most tunneling devices operate based on the mechanisms 

of interband tunneling (IBT) and resonant tunneling (RT), which have high operation speed and 

energy-efficient characteristics.[3, 4] That quantum mechanism leads to the unique peak-valley 

transport phenomenon of negative differential transconductance (NDT) or negative differential 

resistance (NDR),[5, 6] which has been exploited broadly in high-efficiency analog and digital 

electronic applications, such as multivalue devices and high-frequency oscillators.[7-9] However, 

at the current stage of research, most NDT/NDR devices, like Esaki diodes, Gunn diodes, and 

single-electron transistors, are fabricated in Si-Ge and III-V semiconductor heterostructures for a 

lower Vdd.[10, 11] Although the traditional bulk semiconductor-based tunneling devices show better 

working voltages, the formation of various heterostructures is limited by the threading dislocations 

induced by lattice mismatch at the interfaces. Moreover, the stringent bandgap match in traditional 

heterostructures hinders the mass production of desired tunneling devices. 

In this light, semiconducting 2D materials exhibit significant advantages in novel tunneling 

devices due to the surface’s atomically sharp edges and non-dangling bonds.[12, 13] Furthermore, 

the feature of van der Waals (vdW) stacking by 2D materials allows different band-edge 
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alignments with distinct band structures, facilitating the fabrication of NDT/NDR devices with 

tailed band structures. For example, black phosphorus/molybdenum telluride (BP/MoTe2) 

heterostructure exhibits observable NDT behavior by constructing a specific straddling band 

alignment.[14] Moreover, the tunneling transport characteristics in that vdW heterostructure can be 

controlled by switching the heterostructure type from straddling to straggling. Besides the band 

structure modulation by electrostatic gate bias, most 2D materials possess extraordinary 

optoelectronic properties, implying that they can act as photoactive layers in the NDT/NDR 

devices to tune the electron and hole currents.[15-17] For instance, through modulating the work 

function of tungsten diselenide (WSe2) by various dielectric surroundings, Shim et al. exhibited a 

light-triggered NDT ternary inverter based on tungsten diselenide/graphene (WSe2/Gr) 

heterostructure.[15] Besides the advantages mentioned above, combining the ultrathin feature and 

thickness-dependent bandgaps, tunneling devices based on 2D materials are expected to offer more 

attractive applications in 2D electronics/optoelectronics. Among abundant 2D family, atomically 

thin VP, a recently discovered 2D material, has shown a unique bi-tubular atomic structure, tunable 

bandgap (about 1.68~2.02 eV), strong anisotropy, high optical absorption, and good ambient 

stability.[18] More importantly, the ultralow room temperature dark current (~fA) and tunable 

ambipolar transport characteristics make it a potential candidate for 2D tunneling devices toward 

multifunctional electronic/optoelectronic applications.[19, 20] Previous work has reported the 

prominent NDR effect in black phosphorus (BP), VP’s allotrope.[21] However, the weak chemical 

stability of BP in the ambient prevents it from scalable and durable applications. Despite the 

remarkable progress in the research of VP, to the best of our knowledge, the underlying carrier 

transport in VP-based tunneling devices with various configurations is still unclear and needs 

further exploration.  
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This work provides an in-depth understanding of the transport properties in vdW layered VP 

tunneling devices with out-of-plane and in-plane tunneling geometries. The stacking of 

graphene/hexagonal boron nitride/violet phosphorus (Gr/h-BN/VP) flakes constructs a 

metal/insulator/semiconductor (MIS) vertical tunneling diode with a high rectification ratio of 

~650 at room temperature. We also confirm that the electrostatic gate bias and photo illumination 

can efficiently modulate the electron tunneling behaviors. Furthermore, a VP tunneling field-effect 

transistor (TFET) with a noticeable NDT feature was also developed based on the in-plane n-p-n 

homojunction. The NDT phenomenon is achieved by controlling the doping state of the channel 

component through Ar+ plasma treatment. In addition, as the layered VP is photoactive, the figures 

of merit in NDT regions can be tuned by the population of photogenerated carriers by changing 

the quasi-Femi levels in various components of the TFET. Finally, our results pave the way for 

practical applications of VP-based tunneling devices in future multifunctional devices.  

 
2. Results and Discussion 
 

Violet phosphorus, as one of the allotropes of elemental phosphorus, is a kind of layered 

semiconductor with a direct bandgap estimated to be from ~2.02 eV (monolayer) to ~1.68 eV 

(bulk).[22-25] Unlike the orthorhombic black phosphorus (BP), VP belongs to the monoclinic lattice 

space group P2/n and the atomic structure is more complicated, which consists of a P8 cage, a P9 

cage and the bridging P2 dumbbell in a repeating unit as shown in  Figure S1.[26, 27]  The repeating 

unit constitutes phosphorus tubes with pentagonal cross sections. Through covalently bonded to 

another phosphorus tube by the roof P atom, a bi-tubular layer is formed with one layer stacked 

on another perpendicularly along the z-direction, as shown in the inset of Figure 1a. As reported 

in our previous work, bulk VP crystal was synthesized by chemical vapor transport (CVT) starting 
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from red phosphorus, tin, and iodine (Figure 1a).[28] The unique layered feature ensures bulk VP 

can be exfoliated into few-layer flakes (~30 nm in thickness) easily, as shown in Figure 1b, which 

has been indicated by the yellow dash-dot lines in the high-resolution transmission electron 

microscopy (HRTEM) image shown in Figure 1c. Clear parallel phosphorus chains can be 

observed, suggesting the stacked bi-tubular structure. Raman scattering is a powerful and non-

destructive method of identifying the structural properties and crystal quality of 2D materials.[29-

31] Figure 1d illustrates the Raman spectrum of VP flakes excited by a 532 nm continuous wave 

laser in the back-scattering configuration. Compared with BP, plenty of Raman modes are 

observed, suggesting the low symmetry of the lattice vibration and a higher phonon density of 

states in VP crystals.[32, 33] Specifically speaking, the Raman modes of VP derive from various 

vibrations of the basic repeating unit (-[P9]-[P2]-[P8]-). Among these Raman modes, three 

predominant modes, 𝑆𝑆[𝑃𝑃9]
2 (353 cm-1), 𝑆𝑆[𝑃𝑃8]

1 (359 cm-1) and 𝑆𝑆[𝑃𝑃8]
2 (373 cm-1),  originate from the 

stretching vibration of P9 and P8 cages with the strongest intensities.[34]  By contrast,  other weak 

Raman modes in the lower frequency range (< 290 cm-1) mainly result from the integrated 

deformation of the tubular structure, such as the torsional vibration and asymmetric radial 

breathing of the tubular structure.[35, 36] The complicated Raman spectrum implies that strong 

phonon scattering may exist in VP crystals, suggesting a strong light-matter interaction and 

phonon-electron scattering in VP crystals.[37, 38] PL measurements were conducted at room 

temperature under a 532 nm laser excitation. The strong light-matter interaction shows obvious PL 

emission with a maximum emission energy of ~1.91 eV, as depicted in Figure S3a. In general, the 

bandgaps of semiconductors increase due to additional quantum confinement. As for layered 

materials, the band structure strongly depends on the thickness, reflected by the thickness-

dependent variation of PL intensity, as shown in Figure 1e. The corresponding optical microscope 
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(OM) image is given in the inset. The sharp thickness-dependent colour variation is ascribed to the 

reflectivity of light from VP flakes with different thickness.[39] The atomic force microscope 

(AFM) image supports the region’s thickness variation, as shown in Figure 1f. It is worth noting 

that the full width at half maxima (FWHM) of the broad PL peak is nearly 0.23 eV (Figure S3b), 

much larger than common transition metal dichalcogenides (TMDs).[40-42]  It suggests that the PL 

of the VP flake at room temperature may be a defect-dominated emission rather than a near-edge 

emission, which has been confirmed in our previous work.[28] Free excitons and trions contribute 

to the strong and broad photon emission, suggesting that VP is more sensitive to the excitation of 

visible light than BP and is beneficial for high-performed optoelectronic devices.  

Given the strong light-matter interaction in the visible range, we want to explore the 

optoelectronic performance of intrinsic VP-based phototransistors in ambient conditions without 

encapsulation. A traditional back-gated phototransistor’s OM image is shown in the inset of 

Figure 2a, with the channel thickness of ~30.4 nm confirmed by AFM measurement. Figure 2 

illustrates several key figures of merit for the VP-based phototransistors. The drain current Id is 

depicted as a function of the bias voltage Vd under Vg = 0 V with and without illumination. 

Benefiting from the strong PL emission in the visible range, the phototransistor was just 

illuminated by a standard xenon lamp. The dark current reaches ~fA under Vd = 0.5 V, implying a 

considerable sheet resistance of VP flake in the dark. Once illuminated, a remarkable photocurrent 

was generated by separating the photo-induced electron-hole pairs, resulting in a great ON/OFF 

ratio of ~ 2.7 102 at Vd = 0.5 V. The superior photoresponse is much larger than that of graphene 

and BP in the visible range due to the ultralow dark current.[43, 44] The sublinear I-V curve suggests 

that the Schottky barriers at the ends are negligible for the large photocurrents. Figure 2b shows 

the transfer curves of the VP phototransistor w/ and w/o illumination at a fixed bias Vd = 0.5 V. 
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The drain current increased gradually when Vg swept from -50 V to 50 V in both conditions, 

suggesting the n-type nature of the obtained VP phototransistors. Notably, the n-type doping 

becomes more serious under illumination, reflected by the negative shift of the charge neutral point 

(VCNP). The change in the minimum conductivity point is mainly caused by the oxygen-related 

hole trapping at the surface.[45-48] It suggests that VP exhibits strong oxidation like other allotropes 

of phosphorus, like BP and fibrous RP.[49, 50] Phosphorus oxidized species (POx) on the surface of 

the VP channels extract equilibrium-free electrons, forming an electron depletion region with a 

potential direction towards the exterior.[28, 51] Once illuminated, photon-induced holes migrate 

along the potential and are trapped by the POx near the surface. The formula extracts field-effect 

mobilities at room temperature,  𝜇𝜇𝑒𝑒 = 𝐿𝐿/(𝑊𝑊 ⋅ 𝐶𝐶𝑔𝑔) ⋅ 𝑑𝑑𝑑𝑑/𝑑𝑑𝑉𝑉𝑔𝑔  , where L and W are the channel 

length and width of the phototransistor, respectively; Cg is the gate capacitance per unit area; G is 

the conductance, and Vg is the applied gate bias.[52] The calculated electron mobilities increase 

from 2.48  10-5 to 6.03  10-5 cm2 V-1 s-1, resulting in a steeper transfer curve under illumination 

(S = 2.7 V dec-1). The subthreshold swing value is the same magnitude reported in few-layer BP 

with similar back-gated geometry.[53] The relatively large subthreshold swing may result from the 

thick dielectric layer of SiO2 (~285 nm) or the Schottky barriers in the subthreshold regions.[54, 55] 

The photocurrent’s power density dependence was measured at Vd = 1 V and 520 nm laser 

illumination, as shown in Figure 2c. By fitting the relationship by the power law 𝐼𝐼𝑝𝑝ℎ = 𝐴𝐴𝑃𝑃𝑖𝑖𝑖𝑖𝛼𝛼 , where 

𝐼𝐼𝑝𝑝ℎ = 𝐼𝐼𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 − 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the photocurrent and A is a constant, the value 𝛼𝛼 was calculated to be ~ 0.73 

at room temperature.[56] In particular, the 𝛼𝛼is less than 1 also indicates the existence of trap states. 

The larger the value of 𝛼𝛼, the lesser the number of trap states.[57] Notably, the trap states in VP-

based phototransistors may originate from several aspects, including the POx, structure defects, 

and substrate interface.[58] Further, we define the responsivity (R) and detectivity (D*) to evaluate 
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the devices’ photoelectrical performance synergistically by the formula 𝑅𝑅 = (𝐼𝐼𝑝𝑝ℎ − 𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)/𝑃𝑃𝑖𝑖𝑖𝑖𝑆𝑆 

and 𝐷𝐷∗ = 𝐴𝐴∗1/2𝑅𝑅/(2𝑞𝑞𝐼𝐼𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)1/2 , where Pin is the incident-light intensity, S is the effective 

illuminated area, A* is the effective area of the device, and q is the electronic charge, respectively. 

The R and D* as a function of the incident light intensity is demonstrated in Figure 2d, which are 

extracted from Figure 2c at Vd = 0.8 V. Clearly, it is found that the R and D* almost maintain in a 

high level (R=0.23 mA W-1 and 𝐷𝐷∗ = 1.7 × 1011Jones) until the light power increases beyond 

~290 mW cm-2. This trend is explained as the increase of recombination possibility at higher 

illumination level.[59, 60] Next, we further explored the temporal photoresponse at different 

excitation laser wavelengths (Figure 2e), where the applied Vd = 0.5 V, Vg = 0 V. Benefiting from 

the low dark current (~10−15A), the value of photocurrent switch on/off ratio (Ion/Ioff) is estimated 

to be around 2 × 103 for the 445 nm laser, which is much larger than that of graphene and BP in 

visible range.[43, 44] Furthermore, the photocurrent saturates quickly once the illumination is on and 

drops instantly back to the dark current when the illumination is off. To quantificationally exhibit 

the fast photoresponse of the VP-based phototransistor, the rise (𝑡𝑡𝑅𝑅) and decay (𝑡𝑡𝐷𝐷) response time 

were calculated through an exponential fitting, 𝐼𝐼 = 𝐼𝐼0[1 − 𝑒𝑒𝑒𝑒𝑒𝑒( − 𝑡𝑡/𝑡𝑡𝑅𝑅)]  and 𝐼𝐼 = 𝐼𝐼0 𝑒𝑒𝑒𝑒𝑒𝑒( −

𝑡𝑡/𝑡𝑡𝐷𝐷), where 𝐼𝐼0 stands for the maximum saturated value photocurrent under illumination. The 𝑡𝑡𝑅𝑅 

and 𝑡𝑡𝐷𝐷 for the 445 nm laser were estimated to be ~ 76.8 ms and ~ 138 ms, respectively, as shown 

in Figure 2f. Compared with only several milliseconds in BP phototransistors, the slightly longer 

response time for VP may result from the strong carrier-phonon scattering.[44] Finally, the inset of 

Figure 2f illustrates that the photoresponse time is proportional to the excitation wavelength. The 

behaviour suggests that shorter wavelength excitation stimulates the top surface regions. Hence, 

the surface defects capture the photogenerated holes faster, leading to a shorter response time. 
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 The extraordinary photo-electrical merits of VP-based devices facilitate a broad multifunctional 

application in 2D electronics and photonics by combining various devices’ geometry topologies. 

Compared with traditional pn-junction diodes and MOS-FETs, tunneling devices hold great 

potential for energy-efficient and multifunctional devices owing to the steep switching feature, 

ultralow off-current, and unique peak-to-valley transport properties.[5, 61-63] In the following,  VP-

based tunneling diodes and TFETs thoroughly explore the tunneling mechanisms toward advanced 

tunneling devices at the 2D limit. 

The VP-based vertical tunneling diode was fabricated with the device geometry of metal-

insulator-semiconductor (MIS) stacking, as shown in the inset of Figure 3a. By employing the dry 

transfer technique, few-layer graphene acts as the top electrode with an intermediate layer of 

ultrathin (< 5 nm) h-BN as the insulator barrier. Subsequently, another piece of graphene was used 

as the bottom electrode contacted with the VP flake to reduce the contact’s Schottky barriers.[64] 

Notably, there are no overlapped regions between the top and bottom Gr layers to avoid the leakage 

current induced by direct tunneling between two Gr layers. Finally, two Cr/Au electrodes were 

deposited onto the top and bottom graphene as the source and drain, respectively. The OM image 

of the MIS tunneling diode is shown in Figure S4. This kind of MIS structure allows the 

manipulation of the tunneling carriers’ density by external illumination. Figure 3a shows the Id-Vd 

curve of the MIS tunneling diode at Vg = 0 V; the device exhibits an apparent unsymmetric 

rectifying behaviour with a threshold voltage (Vth) in the forward bias. The rectification ratio was 

calculated at room temperature as ~6.5 102  (Vd  =  ±5 V). The drain current increased 

exponentially before saturation at a higher Vd as the forward bias was applied beyond the Vth ~3.3 

V. The whole resistance of the MIS tunneling diode can be divided into two components, i.e. the 

channel resistance and tunneling resistance. Due to the electron blocking of the h-BN layer, the 
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tunneling probability is quite limited when Vd is applied below Vth. In contrast, the in-plane 

channel resistance dominates the whole transport behavior in a higher bias. Figure 3b illustrates 

the corresponding band diagrams of the MIS tunneling diodes according to the predicted energy 

band alignment. Theoretically, the work function of monolayer graphene is regarded as ~-4.5 eV 

below the vacuum level.[65] As for the VP layer, the band structure was extracted from theoretical 

data of bulk VP, i.e. the position of conduction band minima (CBM) was estimated to be ~-4.11 

eV below vacuum with the bandgap of ~1.68 eV.[66, 67] According to the energy band alignment, 

h-BN is an electron-blocking layer. When Vd is smaller than Vth (panel I, Figure 3b), electrons can 

seldom transmit into the graphene layer due to the intermediate h-BN, consistent with the observed 

ultralow drain current. As the drain voltage increases gradually over Vth, the energy bands of VP 

bend downward at the interface, resulting in the accumulation of electrons, as shown in panel II of 

Figure 3b. Electrons are accelerated by the high electrical field and tunnel through the trigonal 

barriers. The kinetic energy of the electrons translates into hot carriers in graphene, resulting in the 

exponential increase of the drain current. Back gate voltage can induce electrostatic doping in the 

2D channel.[68] The positive potential of Vg makes the Femi level of VP closer to the conduction 

band (panel III, Figure 3b). More electrons accumulate at the interfaces and tunnel through the 

blocking layer, resulting in a higher drain current. Figure 3c plots the relationship of tunneling 

current corresponding to the Vg and Vd. The data was collected from another device without 

external photo illumination. The saturation current increases as the Vg increases, implying that the 

in-plane resistance of the VP flake dominates the drain current at high bias. By contrast, the 

exponential increase of low-bias drain current is independent of Vg, further confirming the low 

tunneling conduction in the MIS tunneling diode. In addition, the threshold voltage shifted slightly 

toward the negative direction when the Vg was applied. The Vth changed slightly from ~5.5 V 
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(Vg=0 V) to ~5 V (Vg = 10 V), then almost maintained at ~5 V, further supporting the electron 

tunneling through the h-BN layer. The back gate can store optically generated carriers, which 

modulates tunneling conduction.[15] In consequence, the vertical MIS tunneling diode was 

illuminated by a xenon lamp. The large Vd separates the photogenerated electron-hole pairs and 

then tunnels through the h-BN barrier layer. As depicted in Figure 3d, the drain current increased 

dramatically by ~4.2 times at Vd = 7 V, Vg = 30 V compared with that in the dark. The apparent 

increase of saturation current further demonstrates that the photo-induced carriers reduced the in-

plane resistance of VP channel. Notably, the Vth is almost maintained under illumination and the 

Id (when𝑉𝑉𝑑𝑑 < 𝑉𝑉𝑡𝑡ℎ) is still maintained at a low level, suggesting that the kinetic energy of photo-

induced carriers is limited at low-bias voltages. The h-BN barrier can efficiently hinder the electron 

transport between layers and keep the off-state current low, which results in an abrupt increase of 

the rectification ratio. Once illuminated, the rectification ratio has increased by ~3 times, leading 

to a great potential application in multifunctioinal optoelectronic devices.  

Although exotic characteristics are obtained in the VP-based MIS tunneling diode, the broad 

applications of the MIS tunneling diode in the high-power fields are still subjected to the small on-

state current. Moreover, the considerable sheet resistance also harms heat dissipation in high-

density integrated circuits.[11, 69] Therefore, it is essential to moderate the tunneling current to drive 

high-power devices. The pn junction tunneling device is operated by the interband tunneling (IBT) 

mechanism, which can reach considerable current densities.[4] The energy bands bend steeply in 

the junction tunneling device due to the degenerated p/n-type semiconductors, leading to direct 

tunneling between the valence and conductive bands. Given the intrinsic n-type characteristic of 

the as-prepared VP, a p-type doped VP is required to fabricate the VP-based junction tunneling 

device.  
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Consequently, according to the previous report, a mild Ar+ plasma post-treatment was utilized to 

control the doping states of the VP fakes.[28] With the Ar+ plasma-induced surface defects, more 

H2O/O2 molecules were absorbed on the surface to form abundant phosphorus-oxidized species, 

which results in the extension of the underneath electron depletion layer.[70] Hence, the electron 

depletion layer became increasingly thicker along with decreased VP thickness (Figure S5) in the 

plasma treatment process, primarily leading to progressive p-type doping. Other factors in plasma 

treatment may also contribute to p-type doping, like the reduction of stannous Sn-I-P impurities, 

which have been described in our previous work.[28] Figure 4a shows the transfer curves of an as-

fabricated VP FET corresponding to the post-treatment time. As the post-treatment increases, the 

p-branch of the transfer curve appears gradually, confirming the plasma etching-induced p-type 

doping. As the thickness was reduced to only 4.9 nm after 745 s Ar+ plasma processing, the channel 

of the VP FET was almost electron-depleted as the thickness decreased. At the same time, the 

source and drain ends were maintained n-type due to the coverage of metal electrodes. Until the 

end, a VP-based three-terminal TFET with the channel made from the n-p-n junction was 

fabricated, as demonstrated in the inset of Figure 4a. In addition, the Raman evolution of the VP 

channel as a function of the Ar+ plasma exposure time is illustrated in Figure S6 to verify the 

crystal quality in the processes. The results demonstrate that the quality of the VP flakes was 

maintained well through proper therapy using Ar+ plasma treatment.  

Figure 4b shows the abnormal transfer curve (yellow solid line) of the VP-based TFET, which 

differs from the others with an obvious hump-like Id-Vg curve due to the interband tunneling 

between regions.[16] Moreover, the hump is strongly dependent on Vd. When Vd was larger than 1 

V, the drain current hump can be observed clearly. And the hump peak voltage shifted toward a 

larger Vg as the Vd increased, as guided by the black dashed arrow. To further understand the 
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tunneling process, four representative states (I - IV) are defined to explain the transition of the 

energy bands under different Vg and Vd. When Vg is much lower than -32 V, the strong negative 

Vg introduces robust electrostatic p-type doping to the VP-based TFET. Simultaneously, taking 

account of the plasma etching induced p-type doping to the channel component, the entire energy 

bands of the TFET bend upward seriously, as shown in panel I of Figure 4c. Therefore, the hole 

branch dominates the transfer curve when Vg is much lower than the valley voltage. As the Vg 

sweeps forward, the electrostatic p-type doping is weakened, and the corresponding energy levels 

bend downward gradually, especially for the source and drain ends. Without electrode protection, 

the channel part remains p-type doped with the energy levels bending upwards, as shown in panel 

II. As the Vg keeps increasing over the valley voltage, the energy bands near the ends bend 

downwards more seriously, resulting in an overlap of the energy bands between the n-type 

source/drain and p-type channel. Due to the steep bending of energy bands near the junction, there 

are many occupied states in the conduction bands and unoccupied states in the valence band, as 

shown in panel III. A large number of electrons can tunnel through the band gaps directly from the 

VBM to CBM at the p/n junctions and give rise to an extreme increase in total current. Hence, the 

obtained maximum peak/valley current is ~ 40.7/2.0 pA, and the peak/valley voltage is ~ 42/-30 

V under Vd= 2.5 V. The huge peak-valley current ratio (PVCR) is much larger than that of most 

competitors. Specific details about the peak/valley current are given in Figure S7 and Table S1. 

Subsequently, as the Vg keeps sweeping forward over the peak voltage, i.e., 33 V, holes in the p-

type channel are depleted more and more seriously, resulting in the disappearance of the overlap 

between CBM and VBM in the n- and p-regions. Therefore, the tunneling component in the total 

drain current decreases with the dominating drift component, and the abnormal transfer behavior 

of negative differential transconductance (NDT) is obtained, as shown in the state IV in Figure 4b, 
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c. Furthermore, as the Vg increased more positively, an inversion layer may appear in the channel 

part. Then, the tunneling current no longer affects the operation of the NDT FET, and the electron 

carriers can drift directly from the source to the drain by shrinking the Schottky barriers at the 

electrodes. Notably, limited to the SiO2 dielectric layer (~285 nm), the Vg cannot be oversupplied 

in our experiments. To sum up, due to the interband tunneling, the NDT effect is ascribed to the 

accumulation of opposite charge carriers at the interface between the channel and drain. More 

importantly, the bias voltage Vd can also influence the NDT effect ascribing to the alignment of 

quasi-Fermi levels in different regions. Specifically, a larger Vd leads to a wider misalignment of 

the quasi-Fermi levels in the reversed channel/drain junction. In that case, Vg can more effectively 

modulate the channel’s conductance. The transconductance of TFET (gm=dID/dVg) is defined to 

reflect the sensitivity of drain current to the input voltage, i.e., Vg. Figure 4d demonstrates the 

relationship between gm and Vg under different Vd. As the gm is extracted from Id-Vg curves, both 

positive and negative transconductance regions can be observed. With the increase of Vd, the 

maximum of gm at Vd=2.7 V reaches 0.97 pS, suggesting the enhancement of the gate tunability. 

However, the onset for NDT regions corresponding to different Vd gradually shifts positively, 

implying a larger Vd makes it harder to realize multivalues.[71]  Therefore, another effective method 

is needed urgently to trade off the Vd and Vg. Taking account of the extraordinary photoelectrical 

properties of VP flakes, visible light illumination has been used to modulate the NDT effect. Figure 

4e compares the performance of the NDT FET under illumination against the dark. Herein, Vd was 

set to be 1.5 V in both cases. The maximum of gm under illumination (~0.361 pS) has increased by 

2 times compared with the dark one (~0.174 pS). Meanwhile, the NDT region’s onset has also 

shifted negatively from 37 V (dark) to 32 V (illumination). When the VP-based TFET is 

illuminated, electrons can obtain excess energy to get excited towards the conductive band (CB) 
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of VP, which increases the minor carrier electrons in the p-type channel part. Then, the excess 

electrons in the CB can drift from channel to drain and lead to a larger gm at the same Vg. The 

value of Vg is responsible for the degree of band bending, which greatly influences the band 

alignment. As the electron population in the drain region increases dramatically, the quasi-Fermi 

level shifts upward, as depicted in the inset of Figure 4e, which brings forward the interband 

tunneling window. Hence, the NDT region under illumination starts at a smaller Vg under the same 

Vd. Further investigation of the NDT effect corresponding to the incident wavelength was carried 

out by inserting monochromatic filters with different wavelengths into the incident light. As the 

bandgap of VP flake ranges from 1.68 to 2.02 eV with the thickness down from bulk to 

monolayer[67, 72], thinner VP flakes require more energy to excite photogenerated carriers. Figure 

S8 depicts the gm-Vg curves excited by the light with different wavelengths. As the photon energy 

increases, the maximum of gm increases correspondingly because more electrons were excited to 

the CB of the VP flakes by photons with higher energy. Simultaneously, the onset for the NDT 

region gradually shifted toward a smaller Vg due to the above-mentioned upward bending of the 

quasi-Fermi level in the drain region. Therefore, illuminating the TFET enhances the tunning 

ability of gate bias and allows the NDT effect to be realized more readily in the same conditions 

of gate and drain biases. Illumination supplies an effective terminal for the NDT modulation.  

 

3. Conclusions 

In conclusion, we have comprehensively investigated the electron transport properties of various 

VP-based tunneling structures. In detail, the underlying mechanism of the VP-based MIS tunneling 

diodes has been demonstrated to have excellent performance compared to conventional p-n diodes, 

such as the high rectification ratio. Moreover, a pronounced NDT effect is observed in the lateral 



17 

 

n-p-n homojunction tunneling FET due to the carriers’ interband tunneling. Interestingly, those 

behaviors can be tuned continuously by bias conditions and ordinary light illumination instead of 

high-power lasers, which boosts the development of 2D tunneling devices with multiple 

controlling strategies. Finally, the sign-switching transconductance observed in our VP-based 

tunneling devices has immense potential for designing future energy-efficient and multifunctional 

devices at the 2D limit. 

 

4. Experimental Section 

Crystal growth: Bulk VP crystal was grown by the chemical vapor transport (CVT) method with 

the precursors of amorphous red phosphorus (400 mg, ≥ 97 %), granular iodine (25 mg, 99.8 %), 

and tin (35 mg, 99.995 %). The precursors were sealed into an evacuated ampoule and heated by 

a tube furnace. More detailed CVT growth conditions can be found in our previous work.[28]  

Device fabrication: Exfoliated few-layer VP flakes were deposited onto 285 nm SiO2 /Si++ 

substrate as the channel for the phototransistor. Standard e-beam lithography was employed to 

define the source and drain electrodes. Subsequently, Cr/Au (5/50 nm) was deposited by e-beam 

evaporation as the metal electrodes. For the metal-insulator-semiconductor tunnelling diode, 

graphene was first mechanically exfoliated onto the substrate as the bottom electrode for the metal-

insulator-semiconductor tunneling diode. Then, a few-layer VP flake was transferred onto the 

bottom graphene by the dry-transfer method with partial contact with the bottom Gr. Subsequently, 

a piece of h-BN flake with a thickness of ~ 5 nm was transferred to cover the whole VP flake as 

the insulator. Finally, the top graphene electrode was transferred by the same method to the 

topmost with a partial VP channel covered in case of the direct tunneling between the two graphene 

electrodes. For the n-p-n homojunction tunneling field-effect transistor, a mild Ar+ plasma etching 
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process was employed to deal with the as-fabricated VP-based FET with standard back-gated 

geometry. As the plasma processes continued, the channel of the FET became thinner and had 

more defects on the surface. After 745 s treatment, the thickness of the channel was reduced to 

~4.9 nm, while the source and drain regions were almost maintained due to the coverage of the 

metal electrodes. Hence, the TFET was fabricated with a variation in thickness from source to 

drain. This process was conducted on a TRION ICP-RIE system with 30 sccm argon flow at 10 

mTorr pressure. The ICP and RIE power was set to 250 and 40 W, respectively. 

Characterization: Raman and PL spectra were implemented on a WITec alpha 300R confocal 

micro-Raman system excited by a 532 nm continuous-wave laser. The laser power was no larger 

than 0.5 mW in case the VP flakes were degraded. The structural properties of the VP flake were 

characterized by a JEOL JEM-2100F STEM and energy dispersive X-ray (EDX) operated at 200 

kV. 

Electrical and photoelectrical measurement: All the electrical measurements were carried out at 

room temperature using a Lakeshore probe station with a Keithley 4200 semiconductor parameter 

analyzer. The illuminated output and transfer characteristics were compared with the dark ones 

throughout the work using a 300 W xenon lamp. Laser diodes are the illumination sources that 

excite the power-dependent and time-dependent photocurrents. 
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 Figures & Captions 

 

 

Figure 1. Atomic structure of the VP crystal and characterization. a) Schematic illustration of the 

synthesis process of VP crystals via CVT method in RP/Sn/I2 reaction system. The inset depicts 

the atomic structure of VP crystals, clearly exhibiting the linked perpendicular tubular structures. 

b) OM image of mechanically exfoliated few-layer VP flakes on the 285 nm SiO2/Si++ substrate. 

c) High-resolution TEM image of the VP flake. The yellow parallel dashed lines indicate the 

orientation of phosphorus tubes.d) Raman spectra of VP and BP, respectively. The three 

highlighted Raman peaks are stretching modes of P8 and P9 cages, respectively. e) Normalized 

PL intensity mapping of a VP flake with different thicknesses under 532 nm excitation. The inset 

is the corresponding OM image. f) AFM image of the corresponding VP flake shown in panel e. 

Height trace of the flake along the marked white solid line. Clear stages with different heights were 

measured out along the marked line. 
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Figure 2.  Photoelectronic characteristics of the VP-based phototransistor. a) The output curves 

w/ and w/o illumination under Vg=0 V, where a xenon lamp was used as the illumination source. 

The photo of the VP-based phototransistor is given in the inset. The corresponding AFM image 

illustrates that the thickness of the VP flake is ~30.4 nm. b) Both the linear and logarithmic plots 

of the transfer curves w/ and w/o illumination under Vd= 0.5 V. Obvious ambipolar feature is found 

in the dark. c) Photocurrent as a function of the illumination light power density fitted by the 

power-law. A 520 nm laser diode was used to excite the phototransistor. d) Light intensity-

dependent responsivity and specific detectivity of the VP-based phototransistor. The drain bias 

was set as 0.8 V without applied gate voltage. e) Time-dependent photoresponse excited by a 

pulsed laser with various wavelengths exhibits a high photocurrent switch on/off ratio. The applied 

Vd was 0.5 V and the incident laser power density Pin was 122.3 mW cm-2. (f) Photoresponse time 

analysis of the VP phototransistor under a 445 nm laser diode illumination. The applied Vd was 1 
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V, and the laser power density Pin was 0.5 W cm-2. The inset shows the wavelength-dependent 

photoresponse rise and decay time. 

 

 

Figure 3. Transport characteristics of VP-based metal/insulator/semiconductor (MIS) tunneling 

diode. a) Id-Vd curve of the Gr/h-BN/VP vertical MIS tunneling diode at Vg = 0 V. Inset is the 

schematic view of the MIS tunneling diode made of vdW heterostructures. b) Band alignment of 

the tunneling diode in different conditions of Vd and Vg. The tunneling current as a function of the 

applied Vg and Vd without illumination (c) and with external xenon lamp illumination (d), 

respectively. 
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Figure 4. Transport characteristics of the VP-based n-p-n homojunction tunneling FET. a) 

Transfer curves of the VP FET in logarithmic scale as a function of the Ar+ plasma exposure time. 

A clear shift of the VCNP can be observed as the plasma treatment increases. The inset illustrates 

the schematic diagram of the obtained n-p-n homojunction tunneling FET after 745 s treatment. b) 

2D plot of the drain current as a function of Vd and Vg. A representative yellow solid line illustrates 

the transfer curve with Vd=1.9 V. Four representative states are marked with labels from I to IV. 

c) Schematic band diagrams of the VP-based tunneling FET at corresponding states. d) The sign 

switching of the transconductance (gm) as a function of Vg and Vd. As the Vd increases, the onset 

of the NDT region gradually shifts toward a larger Vg, indicated by the black arrow. e) Comparison 

of the NDT effect w/ and w/o illumination under Vd=1.5 V. A xenon lamp was used as the light 

source. The inset shows the corresponding energy band profile of the VP-based tunneling FET 

under illumination. 
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Figure S1. Schematic diagram of the repeating units of VP crystal. 
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Figure S2. Characterization of VP crystals. a) TEM image of a VP flake. b) HR-TEM image of the corresponding 

VP flake. The inset gives the FFT transform. c) The selective area electron diffraction (SAED) pattern of the VP 

flake. (d) The EDS spectrum of the VP flake. 

To further characterize the synthesized VP crystals, scanning transmission electron microscopy 

(STEM) was employed to scrutinize the atomic structure of VP crystals. Figure S2a shows the 

low-magnification STEM imaging of a VP flake with sharp edges on a carbon grid. The obvious 

STEM imaging contrast demonstrates that regions with different thicknesses exist in one VP flake 

.[1] High-magnified STEM imaging of the VP flake is given in Figure S2b. Clear lattice fringes 

reveal the periodic crystalline structure, which is also demonstrated by the fast Fourier 

transformation (FFT) shown in the inset of Figure S2b. The crystal plane distance between the 

adjacent lattice fringe was calculated to be ~ 0.295 nm, corresponding to the (3 0 0) crystal plane 

of the monoclinic crystal structure by ICDD-PDF: NO. 75-577.[2] The sharp and narrow diffraction 
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spots in the selected area electron diffraction (SAED) pattern (Figure S2c) indicate the high 

crystalline quality of the VP crystals with three dash arrows assigned to (0 1 0), (1 1 0) and (1 0 0) 

crystal planes. The d-spacings are estimated to be ~ 9.3, 6.6 and 9.1Å, respectively. The VP flake’s 

energy dispersive X-ray spectrum (EDX) was used to confirm its chemical composition, as shown 

in Figure S2d. The sharp peak of the elemental P is observed at 2.45 keV with only a tiny Cu peak 

at 7.9 keV from the substrate grid, confirming the VP flake’s high purity, consistent with the 

crystalline nature. 

 

 

 

 

 

 

 

 
Figure S3. Photoluminescence (PL) of the VP flake. a) Single PL spectrum of the VP flake corresponding to the 

PL intensity mapping shown in Figure 1e of the main text. The corresponding mapping of PL peak FWHM (b) 

and peak position (c), respectively. 

 

 



6 

 

 
Figure S4. Optical microscope image of the Graphene/h-BN/VP MIS tunneling diode. The vertical tunneling 

diode was fabricated sequentially by dry transfer stacking graphene/h-BN/VP. The cerise, yellow, red, and green 

dash-dot lines correspond to the top Gr, h-BN, VP, and bottom Gr, respectively. 
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Figure S5. The thickness of the VP channel in the n-p-n homojunction tunneling FET as a function of the Ar+ 

plasma processing time. 
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Figure S6. Ar+ plasma exposure of the VP flake. a) The evolution of the Raman spectrum of a VP flake 

corresponding to the Ar+ plasma exposure time. b) Ratios of the three main Raman peaks to the Si peak as a 

function of the plasma exposure time. c) The corresponding optical images as a function of the Ar+ plasma 

exposure time. 

 

As illustrated in Figure S6a, Raman modes in both the high-frequency and low-frequency ranges 

still exist visibly until a long Ar+ plasma exposure (510 s for this flake). Beyond the crystal quality, 

the VP flake thickness strongly depends on the Raman spectra.[3] The three prominent localized 

intra-tube modes S[P9]
2 , S[P8]

1 and S[P8]
2  are normalized to the Si peak for comparison, as shown in 

Figure S6b. In the process, the intensity ratio of S[P8]
1  mode to Si peak increases slightly due to the 

removal of physically adsorbed H2O/O2 molecules.[4] Then, the intensity ratios keep decreasing to 

~ 0.97, much lower than 1, suggesting that the intensity ratio can gauge the VP thickness (Figure 

S6c).[5] Similar trends can also be found in S[P9]
2  and S[P8]

2  modes. In addition, the low-frequency 



8 

 

Raman modes almost vanish after 430 s Ar+ plasma, whereas the high-frequency modes are still 

visible. This is because the corresponding vibrations result from interlayer vdW interaction.[6]  

 

 

 

 

 

 

 

 

 
Figure S7. NDT characteristics with respect to various Vd. a) peak/valley current as a function of the applied 

Vd. The inset gives the values of the peak-valley current ratio (PVCR). b) peak/valley voltage as a function of 

the applied Vd. 
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Table S1. Comparison of the peak/valley current for various tunneling devices based on 

homojunctions 

Materials PVCR T (K) Device 
Architecture Gate control Light control 

VP (this work) 20.35 300 NDT yes yes 

WSe2[7] 1.98 300 NDT yes yes 

MoS2[8] 1.1 10 NDR yes no 

BP[9] 1.2 330 NDR yes yes 

Si[10] 2 300 NDR yes no 

Si[11] 10 300 NDT yes no 

Si[12] 5.05 300 NDR no no 

Gr[13] 1.3 1.4 NDR yes no 

VP: violet phosphorus, BP: black phosphorus, Gr: graphene, NDR: negative differential resistance, NDT: 

negative differential transconductance 
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Figure S8. The relationship of transconductance (gm) corresponds to gate bias (Vg) as a function of the 

wavelength of illumination light. Ultranarrow bandpass filters with different wavelengths (670, 560, and 532 

nm) were employed to filter the incident light from the xenon light. The transparent efficiency of these filters 

can reach ~90% with the full bandwidth at half maximums of 10 nm. 
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