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Fig.1 Structure and characterization of the graphene/MoS,/h-BN/graphene vertical heterostructure photodetector device; (a) Schematic of the device

structure; (b) Corresponding optical microscopy image and AFM characterization of the real fabricated heterostructure device; (cl), (c2) Raman

spectra of MoS,, graphene and h-BN
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Fig.2 Photocurrent characteristics of the graphene/MoS,/h-BN/graphene vertical heterostructure photodetector device. The I-V characteristics of the

device under dark and 532 nm laser illumination with applied (a) negative bias and (b) positive bias; FN tunneling fitting curves of the device

under dark and 532 nm laser illumination with applied (c) negative bias and (d) positive bias
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Tab.1 The transition bias and barrier height of the graphene/MoS,/h-BN/graphene vertical heterostructure

photodetector device under 532 nm laser illumination
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Fig.3 Energy band diagrams of the graphene/MoS,/h-BN/graphene heterostructure. (a) Energy band diagram of the device with zero bias. (b) Energy

band diagrams of the device under dark and 532 nm laser illumination at Vy, < Vy_p.pxn; (¢) Energy band diagrams of the device under dark and

532 nm laser illumination at Vy, > Vp_ppy
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Tab.2 Comparison between the performances of typical vertical heterostructure photodetector devices

Device structure Dark current/A Response time/s Laser wavelength/nm Reference

Gra/h-BN/MoS,/Gra ~107"2 ~0.3 532 This work

Gra/MoS$, ~107 ~20 532 This work
Gra/h-BN/MoS, ~10™" ~0.25 405 [17]
Gra/h-BN/SnS, ~107" ~2 300 [18]
WSe,/Gra/h-BN/MoS, ~10™" ~0.4 532 [19]
Gra/MoS, ~107° 1.2 632.8 [21]
Gra/MoS, island ~107° 1.5 632.8 [22]
Gra/MoS,/Gra ~10™ 0.59 405-2 000 [23]
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Photodetection properties of van der Waals vertical heterostructures

based on photogenerated carrier-dominated FN tunneling

Liu Ping'?, Xu Wei'?, Xiong Feng'?, Jiang Jinbao'?, Huang Xianyan'?, Zhu Zhihong'*"

(1. College of Advanced Interdisciplinary Studies & Hunan Provincial Key Laboratory of Novel Nano-Optoelectronic Information Materials
and Devices, National University of Defense Technology, Changsha 410073, China;
2. Nanhu Laser Laboratory, National University of Defense Technology, Changsha 410073, China)

Abstract:

Objective Compared with traditional 3D bulk semiconductors, 2D layered semiconductors (e.g. transition metal
dichalcogenides) have the features of large exciton binding energy, strong light-matter interaction and layer-
dependent band structure, due to the intrinsic quantum confinement effect in the out-of-plane direction. Owing to
such special photonic and photo-electronic properties, transition metal dichalcogenides and their van der Waals
heterostructures have great potential for high-performance photodetector applications. In recent years,
photodetector devices based on mechanisms such as photogating effect, photoconductive effect, photovoltaic
effect, and photothermoelectric effect have been proposed and widely studied. Transition metal dichalcogenides
planar optoelectronic devices based on photogating effect have similar device structures with transistors and
compatible fabrication, together with high responsivity, but suffer from slow response speed and large dark
current without applying gate bias, which limits the improvement of the device performance. Therefore,
improving the response speed and reducing the dark current of transition metal dichalcogenides optoelectronic

devices becomes an urgent issue.

Methods With mechanical exfoliation and dry transfer methods, van der Waals photodetectors with a
graphene/MoS,/h-BN/graphene vertical heterostructure are constructed (Fig.1). In the devices, MoS, performs as
the photoabsorber with graphene as both top and bottom electrodes. The h-BN insulating layer is inserted between
MoS, photoabsorber and the bottom graphene electrode as an effective and tunable barrier. Both AFM and Raman
characterizations are taken to confirm the thickness of the materials and the device structures. The tunneling
current from the top graphene electrode to the bottom graphene electrode through MoS, and h-BN under dark and

laser illumination is measured with the home-built photocurrent measurement system.

Results and Discussions  Based on the /- characteristics of the vertical heterostructure device under both dark
and laser illumination, together with the Fowler-Nordheim (FN) tunneling fitting of the I-V curves, the transport
mechanism of FN tunneling is verified in the graphene/MoS,/h-BN/graphene vertical heterostructure device
(Fig.2). With the inserted wide bandgap h-BN insulating layer between the graphene electrode and MoS,
photoabsorber, dark current was highly suppressed, while photogenerated carriers (holes in MoS,) contributed
effectively to the photocurrent through FN tunneling (Fig.3), which matches well with the observation of clear
photocurrent when applying positive bias (Fig.2(b)). Detailed measurement of the photocurrent under laser
illumination with various powers reveals the responsivity of the device of ~140 mA/W at laser power of

4.5 mW/cm? and Light/Lgark Tatio of ~2.3 at laser power of 41.4 mW/cm? (Fig.4) are achieved. A low dark current in
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the order of picoamperes and relatively high photodetection response speed with the response time of ~0.3 s are
achieved, which is nearly two orders of magnitude higher than that of traditional graphene/MoS, heterostructure
with the response time of ~20 s (Fig.5). The achieved low dark current and high response speed confirm the
principle design of van der Waals vertical heterostructures based on FN tunneling effect in promoting the

photodetection performance of the devices.

Conclusions A novel van der Waals vertical heterostructure with graphene/MoS,/h-BN/graphene is developed

to achieve high-performance photodetector properties with a low dark current and relatively high photodetection

response speed, which verifies the significance of FN tunneling of photogenerated carriers for the development of

van der Waals heterostructure photodetectors based on 2D materials.

Key words: photodetector;  van der Waals vertical heterostructure;  FN tunneling; MoS,; h-BN;
graphene
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