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Abstract—In this work we report a new class of ultra-thin film 

devices based on n-n van der Waals (vdW) heterojunctions of 

MoS2 and VO2, which show remarkable tunable characteristics. 

The favorable band alignment combined with the sharp and clean 

vdW interface determines a tunable diode-like characteristic with 

a rectification ratio larger than 103. Moreover, the heterojunction 

can be turned into a Schottky rectifier with higher on-current by 

triggering the VO2 insulator to metal transition (IMT), by either 

applying a sufficiently large voltage or increasing the temperature 

above 68 °C. The proposed devices are photosensitive with linear 

photoresponse and temperature tunable photoresponsivity values 

larger than 1 in the 500/650 nm wavelength range. 

    We finally report the first ever field-effect transistor based on 

gated MoS2/VO2 heterojunctions, which is a true low power FET 

exploiting a phase change material where the electrostatic doping 

effect of the gate on the junction results in a subthreshold slope 

(SS) of 130 mV/dec at room temperature, ION/IOFF > 103 and 

IOFF < 5 pA/ m at VD=1.5V. 

I. INTRODUCTION 

Vanadium dioxide (VO2) is a strongly correlated functional 

oxide exhibiting an insulator to metal transition (IMT) resulting in 

a high conductivity contrast between the two phases. This 

transition can be induced by electrical excitation, making VO2 an 

ideal candidate for the realization of solid state devices. Two-

terminal switches have been thoroughly characterized, exhibiting 

steep transition characteristic and fast switching time [1]. Three-

terminal devices based on VO2 as semiconductor channel have 

been proposed and demonstrated, but they resulted in an extremely 

limited electrostatic control on channel conductance and IMT 

threshold temperature [2]. A better control has been achieved by 

connecting a discrete VO2 switch in series with either the source or 

gate of a silicon based FET, where the steep VO2 IMT transition is 

used to overcome the thermal limit of 60 mV/dec [3, 4]. However, 

problems related to the achieved ION/IOFF ratio and the power 

consumption have still to be addressed. 

Here, we propose for the first time a new class of devices based 

on the heterojunction between molybdenum disulphide (MoS2) and 

VO2. Two-terminal devices exhibit good current rectification 

performance and excellent optical responsivity, both tunable in 

temperature thanks to the strongly temperature dependent 

properties of VO2. Moreover, we demonstrate the possibility of 

inducing the VO2 IMT by electrical excitation at room temperature, 

obtaining a stable and reversible switching of the VO2 side of the 

junction. Finally, we demonstrate the first field-effect devices 

based on the MoS2/VO2 heterojunction, obtaining a good 

electrostatic control on the junction conduction and a substantial 

reduction of the IOFF current with respect to three terminal devices 

based on VO2 channels [2].  

II. FABRICATION 

The process flow designed for the fabrication of MoS2/VO2 

heterojunction devices is summarized in Fig. 1a. A 75 nm thick 

VO2 film was deposited by reactive sputtering on a silicon substrate 

with a 2 m thick wet oxide on top.  We report in Fig. 2 the XRD 

spectrum obtained from the as deposited film while Fig. 3 shows 

the resistivity curve of the film vs temperature, demonstrating a 

hysteretic IMT around 68 °C. Reference VO2 switches fabricated 

on this film exhibit a reversible and stable electrically induced 

IMT, as shown in Fig. 4. We patterned the VO2 film by electron 

beam lithography (EBL) and wet etching. 

The MoS2 bulk crystals were synthesized in EPFL crystal 

growth facility [5]. We mechanically exfoliated the MoS2 flakes on 

a PDMS stamp [6], used to transfer them on the edge between pre-

patterned VO2 structures and the exposed SiO2 layer. The results 

reported in the following have been obtained with MoS2 flakes 

with thickness ranging from 40 to 100 nm. Two-terminal devices 

were completed with a further EBL step and lift-off of 100 nm 

thick gold contacts on the two sides of the junction. A schematic 

view of the structure is depicted in Fig. 1b together with an optical 

image (inset).  

Top-gated devices required the deposition of a dielectric layer. 

An Al2O3 seed layer was deposited by sputtering and oxidizing at 

180°C in ambient atmosphere a 2 nm thick Al layer, followed by 

the deposition of 5 nm of HfO2 by ALD. The gate contact was 

obtained by EBL and lift-off of 1 nm Ta and 140 nm Au. Fig. 1c 

shows a schematic view and an optical image (inset) of the 

complete device. 

III. DIODE AND PHOTODIODE CHARACTERIZATION 

The qualitative band diagram for the heterojunction of 

multilayer MoS2 and VO2 is depicted in Fig. 5. When VO2 is in the 

insulating state (Fig. 5a), both the materials are intrinsically n-type 

semiconductors [7, 8]. The discontinuity in the conduction band 

( EC) is estimated to be 1 eV according to the affinity rule, while 

the built-in voltage is estimated to be in the 0.35/0.75 eV range. 

The band diagram of the junction with VO2 in the metallic phase 

presents a Schottky barrier comparable to EC (Fig. 5b). 

The I-V curve of a representative heterojunction at room 

temperature, obtained grounding the contact on MoS2 and 

sweeping the voltage on the VO2, is shown in Fig. 6. A clear 

rectifier behavior is observed, with a rectification ratio larger than 

103. By applying a positive bias to VO2, electron injection from 

MoS2 conduction band is favored resulting in the exponential 

increase of the current. Conversely, under reverse bias electrons to 

be injected from VO2 to MoS2 face the large EC barrier (Fig. 5a). 

The device characteristic close to 0 V can be described using the 

ideal diode model, resulting in an ideality factor of 1.75 as shown 

in Fig. 7. A better description of the non-saturating reverse current 

can be obtained using the Fang-Howard model [9], specifically 
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developed for rectifying n-n heterojunctions and based on the 

introduction of a voltage dependent IS expression (inset of Fig. 7).  

Temperature impact on heterojunction conduction was 

investigated measuring I-V curves at increasing temperatures as 

shown in Fig. 8. A gradual increase of both forward and reverse 

current was observed below the IMT temperature. Above the 

transition temperature, the current increase tends to saturate. The 

heterojunction with metallic VO2 is still rectifying, exhibiting same 

rectification ratio and larger forward current with respect to the 

junction with insulating VO2. The evolution of the extracted diode 

ideality factor and saturation current is shown in Fig. 9. The 

ideality factor increases approaching the IMT temperature, while it 

decreases above it, similarly to what has been reported for 

GaN/VO2 heterojunctions [7]. 

Upon exposure to light, the device characteristic is shifted 

resulting in a non zero open circuit voltage (VOC) and short circuit 

current (ISC) as shown in Fig. 10. Moreover, the photoresponse is 

linear with respect to the incident light power density as reported 

in Fig. 11. Transient photoresponse measurements (inset of 

Fig. 11) resulted in an extracted decay time of 3.5 ms. 

 Fig. 12 shows the spectral evolution of the device 

responsivity, measured at increasing temperatures. The cut-off 

wavelength is located between 750 and 800 nm, suggesting the 

light absorption takes place mostly in the MoS2 side of the 

heterojunction [10]. Responsivity is clearly boosted by the increase 

of temperature. The enhancement of the photoresponse can be due 

to different mechanisms: larger built in voltage because of the 

increased work function of metallic VO2; increase of the depletion 

region in the MoS2 side; enhanced optical absorption due to 

interference effects related to the variation of VO2 optical 

properties [11]. The heterojunction behaves as a photodiode with 

temperature tunable photoresponse, reaching responsivity values 

larger than 1 in the 500/650 nm range. The electrical power (Pel) 

generated by the photodiode is found to decrease at the increase of 

the temperature, as shown in Fig. 13. Upon heating, the short 

circuit current ISC increases at a lower rate with respect to the open 

circuit voltage VOC decrease (Fig. 15), causing the overall Pel to 

decrease [10]. 

A reversible electrically triggered IMT was demonstrated on a 

second device at room temperature (Fig. 15). The high actuation 

voltage is due to the resistance offered by the heterojunction and 

the sum of the series resistances in the structure. We verified that 

the electrically triggered IMT did not alter the heterojunction 

conduction by comparing in Fig. 16 the I-V curve before and after 

the experiment. 

IV. THREE TERMINAL DEVICES 

Finally, we realized and characterized three terminal devices. 

Fig. 17 shows the I-V characteristic of a diode measured before and 

after the deposition of the gate stack. An applied negative gate bias 

determines a significant reduction of forward current and 

rectification ratio as reported in Fig. 18. Fig. 19 shows drain current 

and output conductance measured at different gate bias values. The 

output characteristic shows no saturation in the considered range 

of drain voltage. The impact of gate bias on the junction conduction 

can be explained in terms of the qualitative band diagram depicted 

in Fig. 20. For VG < 0, MoS2 bands are shifted upward in the gated 

region, resulting in a depletion of electrons and a reduction of the 

diode forward current and output conductance.  

The transfer characteristic of a second device measured at a 

drain bias of 1.5 V is reported in Fig. 21 together with the gate 

leakage current and the transconductance. The heterojunction 

transistor shows a n-type depletion mode conduction with a 

ION/IOFF ratio of three orders of magnitude, limited by the series and 

junction resistances, and an IOFF as low as 4.7 pA/ m. The 

extracted transconductance shows a narrow peak due to the 

observed current saturation. Fig. 22 reports the device subthreshold 

slope as a function of the drain current: a minimum value of 130 

mV/dec is achieved and maintained over almost two decades of the 

output current. The double sweep transfer characteristic in the inset 

shows a 300 mV hysteresis. 

V. CONCLUSIONS 

We have demonstrated a novel class of devices based on the n-

n heterojunction between MoS2 and VO2. Two-terminal devices 

behave as current rectifiers, with rectification ratio larger than 103. 

We validated the heterojunction performance as photodiode, 

obtaining a linear photoresponse and an excellent temperature 

dependent responsivity. Two-terminal devices were used to prove 

the possibility of triggering a reversible IMT of the VO2 side of the 

junction at room temperature, by applying a sufficiently large 

forward bias. Finally, we realized the first FETs with phase change 

semiconductor heterojunction showing excellent gate control and 

ultra-low IOFF current. 

The presented results demonstrate the possibility of exploiting 

VO2 in order to finely tune and enhance the electrical and optical 

properties of heterojunctions with other semiconductor materials, 

opening interesting opportunities in particular for sensing 

applications. Moreover, the demonstrated gate control over the 

junction conduction paves the way for the realization of field effect 

solid state devices based on VO2. Reducing the threshold voltage 

required for the IMT it would be possible to trigger the phase 

transition at low drain biases, relying on the effect of the gate field 

so to obtain a novel approach for the realization of sub-thermionic 

steep-slope devices. 
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Fig. 7. Ideal diode (blue) and Fang-Howard model 

(red) compared to the experimental characteristic 

(black). The Fang-Howard model is able to 

describe the non-saturating reverse current by 

modifying IS expression, as reported in the inset.  

Fig. 1. (a) Main steps followed for the fabrication of MoS2/VO2 heterojunction devices. (b) Three dimensional schematic view of a two terminal device 

and optical image (inset). Three terminal devices have been obtained by depositing a Al2O3/HfO2 dielectric stack and a top Ta/Au electrode, as shown in 

the schematic structure and optical image in (c). 

Fig. 2. XRD spectrum of the sputtered 75 nm 

thick VO2 film. A clear peak is present at 28°, 

corresponding to VO2 (011) plane. 

Fig. 3. Resistivity curve of the as deposited 

VO2 film, showing an IMT around 68 °C and 

a resistivity reconfigurability of three orders 

of magnitude. 

Fig. 4. Current (red) and resistance (black) 

characteristics of a VO2 switch co-fabricated 

on the same film used for the 

heterojunctions.  

Fig. 5. Heterojunction qualitative band 

diagram with VO2 in (a) the insulating 

phase and (b) the metallic phase.  

Fig. 6. I-V curve of a representative two-

terminal heterojunction device in linear 

(red) and logarithmic (black) scale. 

Fig. 8. Measured electrical characteristic of the 

heterojunction at increasing temperature. 
Fig. 9. Extracted diode ideality factor and 

saturation current as a function of temperature. 

Fig. 10. I-V characteristic of the 

heterojunction in dark conditions and under 

illumination with different wavelengths at 

power density 330 nW/mm2. 
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Fig. 11. Measured short circuit current under 

illumination at  = 600 nm with increasing 

power density. Inset: transient response of the 

heterojunction showing a 3.5 ms decay time. 

Fig. 12. Extracted photoresponsivity as a 

function of the illumination wavelength 

measured at different temperatures. 

Fig. 13. Electrical power generated by the 

heterojunction under 600 nm light at 1.48 

m/mm2 power density. 

Fig. 14. Open circuit voltage and short 

circuit current as function of temperature 

under illumination at 600 nm with 1.48 

m/mm2 power density. 

Fig. 15. Electrical characteristic at room 

temperature of a two terminal heterojunction 

device under bias large enough to trigger the 

VO2 IMT. 

Fig. 16. I-V curve of the same device before 

(black) and after (red) having electrically 

induced VO2 IMT. 

Fig. 17. Double sweep I-V curve of a two 

diode before and after the deposition of the 

gate dielectric and top metal contact. 

Fig. 18. Diode I-V characteristic measured at 

different gate bias values. A negative gate 

voltage determines a decrease of forward 

current and diode rectification ratio. 

Fig. 19. Output conductance as a function of 

drain voltage for different values of the gate 

bias. 

Fig. 20. Qualitative band diagram of a gated 

heterojunction device. A negative gate bias 

determines an upward shift of MoS2 bands in 

the gated region and a depletion of electrons. 

Fig. 21. Transfer characteristic (black), 

transconductance (blue) and gate leakage (red) 

of a heterojunction transistor measured at a 

1.5 V drain bias. The device shows an ION/IOFF 

ratio larger than 3 orders of magnitude. 

Fig. 22. Subthreshold slope of the heterojunction 

transistor as a function of the drain current obtained 

from a double sweep measurement. A SS value of 

130 mV/dec is maintained over almost two decades 

of output current. Inset: double sweep transfer 

characteristic showing a 300 mV hysteresis. 
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