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Abstract

Controlling trapped charges at the interface between a two-dimensional (2D) material and SiO, is
crucial for the stable electrical characteristics in field-effect transistors (FETs). Typically, gate-source
bias has been used to modulate the charge trapping process with a narrow dielectric layer with a high
gate electric field. Here, we observed that charge trapping can also be affected by the lateral drain-
source voltage (Vpg) in the FET structure, as well as by the gate-source bias. Through multiple Vg
sweeps with increasing measurement ranges of the Vg, we demonstrated that the charge trapping
process could be modulated by the range of the applied lateral electric field. Moreover, we inserted a
hexagonal boron nitride (h-BN) layer between the MoS, and SiO, layer to explore the charge trapping
behavior when a better interface is formed. This study provides a deeper understanding of controlling
the electrical characteristics with interface-trapped carriers and lateral electrical fields in 2D material-
based transistors.

1. Introduction

Atomically thin two-dimensional (2D) materials such as MoS,, MoSe,, WS,, and WSe, have attracted
tremendous attention as innovative nanoelectronic materials [ 1-4]. Among the 2D materials, MoS, is an
excellent channel material for realizing 2D-based field-effect transistors (FETs) due to its outstanding electrical
characteristics [5, 6] and intrinsic band gap feature (~1.9 eV for monolayer and 1.2 eV for bulk MoS,) [7, 8]. In
addition to these advantages, the MoS, FET shows good electrical stabilities from thermal [9, 10] and mechanical
[11, 12] alterations, which are essential requirements for FETs. In spite of the innate stabilities of MoS,, unstable
electrical characteristics could be observed, caused by extrinsic sources. For example, trapped charges existing at
the interface between MoS, and a gate dielectric layer (such as SiO,) have been considered one of the dominant
sources incurring electrically unsteady states [13, 14]. Occasionally, deliberate charge trapping at the interface
between MoS, and SiO, or charge injection into SiO, has been used for materializing 2D material-based
memory devices [15, 16]. Typically, to control trapping or detrapping electrons, gate-source bias has been used
with a thin gate dielectric layer where a high gate electric field can be built [15, 16]. In our study, we observed that
the charge trapping process in MoS, FET's could also be controlled by the measurement range of the lateral
drain-source voltage (Vps). Understanding altering electrical characteristics by the Vg sweep range is
considerably important for the realization of the stable electrical performance of FETs.

In addition to their advantages, trapped charges can function as Coulomb scattering sites and provide an
effective gate-source bias, which can lead to fluctuating conductance [13, 14]. Therefore, large hysteresis in Mo$S,
FETs induced by trapped charges can be an obstacle to practical applications in electronic devices. To avoid such
obstacles, inserting a hexagonal boron nitride (h-BN) layer between MoS, and SiO, has been proposed to
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Figure 1. (a) A schematic of the MoS, FET and the molecular structure of MoS,. (b) An optical image of a MoS, FET and an AFM
profile indicating the thickness of the MoS, film (~3.8 nm). (c) The Raman spectrum of a multilayer MoS,. (d) Ins — Vs and (e)
Ins — Vps curves of the multilayer MoS, FET.

improve the interface condition due to its atomically flat surface without dangling bonds [17, 18]. Then, high
carrier mobility was successfully achieved in 2D material-based FETs with such an h-BN buffer layer [17, 18].

Here, charge trapping and detrapping processes at the interface between MoS, and SiO, layers in MoS, FET's
were investigated through multiple Vg sweeps with increasing measurement ranges of the Vps. We observed
that electrons became trapped at the MoS,/SiO, interface in the Vg measurement range of up to 105V, and
then trapped electrons started to be withdrawn by a lateral electric field of ~67.3kV cm . Moreover, we
fabricated a MoS, FET by inserting an h-BN buffer layer between the MoS, and SiO, layers and compared the
electrical characteristics of these MoS, FET's with those of MoS, FET's without an h-BN layer. The carrier
mobility of the MoS, FET with the h-BN layer showed a higher value (~52.7 cm* V™! - s~ ") than those of all
the MoS, FETs without the h-BN layer characterized in this work (ranging from 0.5cm*V ™" - s~ ' to
46.0cm* V™! - s71), and the hysteresis disappeared when a better interface was formed between the
semiconductor and gate dielectric layer.

2. Results and discussion

Figure 1(a) shows a schematic of the multilayer MoS, FET device and the molecular structure of MoS,. An
optical image of a fabricated MoS, FET is shown in figure 1(b). The thickness of the mechanically exfoliated
MoS, film (~3.8 nm) was measured by atomic force microscopy (AFM). The Raman peak positions of E',
and Al correspond to the in-plane and out-of-plane lattice vibrations, respectively, and the value of the
frequency difference (~24 cm ') indicates an uncontaminated multilayer MoS, sheet (figure 1(c)) [19].
Detailed fabrication processes are explained in the supplementary information (figure S1 is available online
atstacks.iop.org/NANOF/3/011002/mmedia) and experimental details section. Figures 1(d) and (e)
exhibit the transfer curve (drain-source current versus gate-source voltage, Ins—Vgs) and the output curve
(drain-source current versus drain-source voltage, Ins—Vps) of a multilayer MoS, FET measured in vacuum
(~10*Torr) at room temperature. These data showed good #-type semiconductor behavior with a high
on/offratio of over 10° and carrier mobility 0£29.3 ecm?V ™! - s71. The carrier mobility as a function of Vg
isindicated in figure S2 in the supplementary information. Note that all the mobility values in this work

2


http://stacks.iop.org/NANOF/3/011002/mmedia

10P Publishing

Nano Futures 3 (2019) 011002

P Letters
(a) - (b)
@ Vg =0V Unoccupied-traps Occupied-traps
30f Unoccupied-traps
Si0, MoS, Si0, Mos,
20t @ r— :
§_ ) Occupied-traps P+Si . e E‘r_: e =40\l 2 Ec
I . — ? v | prm—— E
= 10t & = — £
L) VGS,before (V) Vﬁl{ﬁm =-40v = -
o @ -40 ) | = Ey P+ Si = E,
o
Ofe O +40
0 20 40 60 80
Vps (V)
Figure 2. (a) Ins — Vps curves of the multilayer MoS, FET illustrating two different electrical configurations (occupied-traps state and
unoccupied-traps state) measured at Vs = 0V controlled by an initial gate-source voltage pulse (Vs pefore)- (b) Schematic band
diagrams illustrating the two different electrical configurations when Vg pefore = —40 or 40 Vis applied.

signify the maximum values measured at Vpgin the linear region. The carrier mobility (1) was calculated by
the formula pp = (dIps/dVgs) x [L/(WC;Vps)], where W (~25 pum) is the channel width, L (~15.6 um) is
the channel length, and C;= £,6,/d = 1.3 x 10" *F - m™*is the capacitance between the MoS, and heavily
doped Si back gate per unit area. Here, ¢, is the vacuum permittivity, €, (~3.9) is the dielectric constant of the
Si0, dielectric, and d is the thickness (270 nm) of the SiO, layer.

To investigate the trapped charge effect on electrical characteristics, we applied a finite gate-source voltage
pulse (denoted as Vs pefore) of —40 V or 40 V for one second before the actual measurement and then examined
the output curve at a zero gate-source voltage (Vgs = 0). Figure 2(a) indicates that two different electrical
configurations were observed: one with a higher saturation current (represented by filled circular symbols) and
another with alower saturation current (represented by open circular symbols), which are controlled by
Vs betore (figure 2(a)). The origin of the two separate configurations can be explained by the effect of trapped
electrons induced by Vs pefore- Because the MoS, channel and SiO, dielectric form an incomplete interface,
trapped electrons could exist at the interface of MoS,/SiO,, which influences the channel current flow. This
result is consistent with previous studies in which V55 was used to control charge trapping by taking advantage of
anarrow dielectric layer (a few hundred nanometers) with a high gate electric field [13, 14]. To classify two
different configurations clearly, we applied the strong voltage of Vs pefore (—40 V 0r 40 V). As shown in
figure 2(b), when Vg pefore = —40 V was applied, the trapped electrons escaped from the trap sites at the
interface to the Mo$S, channel. On the other hand, when Vs pegore = 40 V was applied, some free electrons were
trapped at the trap sites at the interface. These two electrical configurations are denoted as the unoccupied-traps
state and occupied-traps state, respectively (figures 2(a) and (b)). The trapped electrons induced by Vs pesore
caused Coulomb scattering with the free carriers (conduction electrons) in the MoS, channel and acted as a
negative gate-source bias during the measurement, even at a fixed value of Vgs = 0V, leading to reduced
conductivity in the MoS, channel (figure 2(a)).

Similar to the above method using a gate-source voltage, trapped charges can also be controlled by a lateral
electric field (i.e. a drain-source voltage). Figure 3(a) shows the output curves of a multilayer MoS, (12 nm-thick)
FET under a series of Vg sweeps with an increasing measurement range from 40 V (from 0 Vto 40 V) to 130 V
(from 0 Vto 130 V) ata fixed Vgs = 0 V. Each Vpg sweep with increasing measurement ranges was performed in
sequence without interval time. We fixed Vgs = 0V, so that the channel current does not flow too much in the
MoS, channel, even at high Vs range, which avoids a permanent breakdown phenomenon by the Joule heating
effect. When the measurement range increased from 40 V (from 0 V to 40 V, black filled circular symbols) to
105V (from 0 V to 105V, violet filled circular symbols), the saturation current gradually decreased from
~130nAto ~30nA, as shown in figures 3(a) and (b). In contrast, the saturation current continuously increased
in Vg sweeps from the measurement range of above 110 V (from 0 V to 110 V, gray open circular symbols). The
decreased saturation current during the Vps sweeps up to the measurement range of 105 V is ascribed to the
charge trapping process because the free electrons can be trapped in the trap sites at the MoS,/SiO, interface,
and so the trapped electrons negatively affect the saturation current on the next Vpg sweep measurement
(represented by the trapping process shown in figure 3(b)). After the Vg sweep of 105 V (violet filled circular
symbols), the trapped electrons started to be detrapped out of the trap sites owing to the strong lateral drain-
source electric fields, which resulted in an increased saturation current in the next Vg sweep measurement
ranges from 110 V to 130 V (represented by the detrapping process shown in figure 3(b)). To calculate the energy
levels of trap sites, we utilized the simplified Poole—Frenkel model in which the trapped charge can begin to
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Figure 3. (a) Ips — Vps curves under multiple Vg sweeps with increasing measurement Vg ranges from 40 V (from 0 V to 40 V) to
130V (from 0 V to 130 V) at Vgs = 0 V. (b) Saturation current as a function of the measurement Vpg range at Vg = 0V. Black, red,
blue, green, magenta, orange, dark green, and violet filled circular symbols correspond to the Vpg sweep ranges of 40, 50, 60, 70, 80, 90,
100, and 105 V, respectively, for the trapping process. Gray, pink, cyan, light pink, and navy open circular symbols correspond to the
Vps sweep ranges of 110, 115, 120, 125, and 130 V, respectively, for the detrapping process.

escape the potential barrier via thermionic-field emission at Vg = 105 V. From the calculation, it was
determined that the trapped electrons in trap sites would be located more than 72 meV away from the
conduction band, which is in accordance with a previous study [20] (see figure S3 for details in the
supplementary information). The schematics for describing the trapping and detrapping processes by multiple
Vbs sweeps with different measurement Vpg ranges are illustrated in the supplementary information (figure S4).
Note that the abrupt increase in the channel current above 110 V is due to the avalanche breakdown process
under strong lateral electric fields [21].

To clearly identify whether the origin of the change in saturation current in response to the different Vg
sweep ranges was due to trapped charges, we further investigated and compared the saturation currents obtained
from the repeated measurements under the occupied-traps state or unoccupied-traps state. Before the actual
measurement, the occupied-traps or unoccupied-traps states were formed by applying Vs pefore = 40 Vor —40'V,
respectively (figures 4(a) and (b)). In the occupied-traps state (after applying Vs pefore = 40 V), the saturation
current gradually increased and became saturated during the multiple Vpg sweeps from 0 V to 105 V at a fixed
value of Vs = 0V, as shown in figure 4(a). This phenomenon is attributed to the detrapping process by the high
lateral drain-source electric field (~67.3kV cm ™). Note that quite a high Vi,s over 105 V was required for the
detrapping process due to the long channel length (~15.6 zm) of our FET, and the range of the Vps depends on
the channel length of each device. The electrons escaped from the trap sites by the multiple Vps sweeps, which
gradually changed from the occupied-traps state to the unoccupied-traps state. The schematics of the detrapping
processes by the multiple Vps sweeps, explaining the results of figure 4(a), are illustrated in the supplementary
information (figure S5). On the other hand, in the unoccupied-traps state (after applying Vs pefore = —40 V), the
saturation currents did not change during the multiple Vs sweeps because of a lack of electrons in the trap sites at
the interface, as shown in figure 4(b). Figure 4(c) summarizes the values of the saturation currents during multiple
Vbs sweeps in the occupied-traps and unoccupied-traps states. The difference in saturation current after the six
repeated measurements between the occupied-traps state (~38 nA) and unoccupied-traps state (~67 nA) signifies
the influence of the trapped electrons remaining after repeated measurements.

As mentioned in the introduction, understanding the control of trapped electrons is required for the stable
electrical characteristics of MoS,-based transistors or memory devices. In particular, a better interface between
MoS, and the dielectric layer should be formed to avoid fluctuating conductance by trapped charges. In this
manner, we inserted the h-BN layer between MoS, and SiO, to form an ideal interface without dangling bonds.
Figures 5(a) and (b) show the schematics of the multilayer MoS, FETs without and with h-BN between the MoS,
and SiO; layers. The thicknesses of the multilayer MoS, for the data of figures 5(a) and (b) were found to be
~12nm and ~18 nm, respectively. We could not use the same MoS, thickness to compare the charge trapping
behavior in figure 5. Note that the electrical characteristics can be dependent on the MoS; thickness [22, 23], but
the influence of charge trapping by the difference in the MoS, thickness has been reported to be unclear and
disputable [24-27]. Therefore, a further study exploring charge trapping behavior with diverse MoS, thicknesses
is needed to investigate the accurate thickness-dependency of charge trapping. The thickness of the h-BN layer
for the data shown in figure 5(b) was ~19 nm. The optical images and Raman spectrum for the fabricated MoS,
FET with the h-BN layer are shown in the supplementary information (figure S6). Figures 5(c) and (d) indicate
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Figure 4. Ins — Vpg curves of the MoS, FET under repeated Vipg sweeps at Vs = 0V after (a) Vs pefore = 40 V or (b) Vs pefore
= —40. (¢) Saturation current versus number of repeated measurements for the two different electrical configurations (occupied-
traps state and unoccupied-traps state).

the transfer curves of the MoS, FET without and with the h-BN layer measured in vacuum (~1 0 *Torr) atroom
temperature. The mobility for the MoS, FET without the h-BN layer (figure 5(a)) and with the h-BN layer
(figure 5(b)) was determined to be ~46.0 cm* V™' - s 'and 52.7cm* V! - s, respectively. Here, a dielectric
constant of 3.5 was used for the h-BN layer for the estimation of mobility values [4]. Note that the mobility of the
MoS, FET with the h-BN layer showed a higher value than those of all the MoS, FETs without the h-BN layer
(ranging from 0.5cm> V"' - s ' t046.0cm® V™' - s ") characterized in this work. More importantly, hysteresis
was not observed in the MoS, FET with the h-BN layer in contrast with the MoS, FETs without the h-BN layer
because the h-BN layer forms a nearly ideal interface without dangling bonds and trap sites, as shown in

figure 5(d). Note that in the hysteresis comparison between the two devices, we did not apply the same Vpg
(figures 5(c) and (d)), but the charge trapping process is dominantly affected by Vs rather than Vg in our device
because the electric field by Vs is much stronger than that by Vps. Therefore, the electrical characteristics did
not change in the MoS, FET's with the h-BN layer regardless of whether Vs pefore = 40 V or —40 V (figure 5(f)),
whereas the electrical characteristics changed for Vs pefore = 40 V compared to that for Vs pefore = —40 V for
the MoS, FETs without the h-BN layer (figure 5(e)). These phenomena can be explained in detail with the
schematic diagrams in the supplementary information (figure S7). For these reasons, inserting the h-BN layer
between SiO, and MoS; is desirable for realizing the stable electrical characteristics in MoS, FETs.

3. Conclusions

In summary, we studied the influence of a lateral electric field on the charge trapping and detrapping dynamics at
the interface between the MoS, and SiO, layers. From the results of multiple Vg sweeps with increasing
measurement ranges of the Vg, it was found that the saturation current initially decreased in the low Vpg sweep
range and then started to increase with a larger Vg sweep range over 110 V. We demonstrated that this
phenomenon was due to the charge trapping and detrapping processes originating from the imperfect interface
between the MoS, and SiO, dielectric. In addition, we inserted an h-BN buffer layer between MoS, and SiO, to
investigate the charge trapping effect after forming a near-ideal interface. Consequently, the hysteresis caused by
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Figure 5. (a), (b) Schematics and (¢), (d) Ins — Vs curves exhibiting the degree of hysteresis in MoS, FET (a), (c) without and (b), (d)
withan h-BN layer. Ing — Vpgcurvesat Vgg = 0V after Vs pefore = 40 V (black lines) and Vs pefore = —40 (red lines) in MoS, FET
(f) without and (e) with the h-BN layer.

trapped charges at the interface disappeared, and the trapped charge effect on electrical characteristics by
VGs.before Was also eliminated. This study provides a better understanding of the effect of interface-trapped
carriers and controlling electrical characteristics by the lateral electric field in 2D material-based transistors.

4. Experimental details

4.1. Fabrication of MoS, FETs without and with an h-BN layer

MoS, films were transferred from a bulk MoS, crystal on a 270 nm-thick SiO, /Si substrate by a mechanical
exfoliation method. The electron resistor layer (poly(methyl-methacrylate) (PMMA) 950 K 11% concentration
in anisole) was spin-coated at 4000 rpm and then it was annealed at 180 °C for 90 s on a hot plate for the
preparation of electron beam lithography. An electron beam lithography system (JSM-6510, JEOL) was used for
the drain and source patterns. Ti (5 nm) and Au (30 nm) were deposited using an electron beam evaporator
(KVE-2004L, Korea Vacuum Tech.) sequentially.

To fabricate the MoS, FET with the h-BN layer, a micro-manipulator system (AP-4200GP, UNITEK) was
used for transferring MoS, film on the h-BN layer. After transferring MoS, film on the h-BN layer, it was
annealed at 120 °C for 30 m on a hot plate to remove water and oxygen molecules at the interface between MoS,
and the h-BN layer. Next, an electron beam lithography system and an electron beam evaporator system were
used for the formation of the source and drain electrodes as above.
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4.2. Electrical characterization

The electrical properties of the MoS, FETs were measured using a semiconductor parameter analyzer (Keithley
4200-SCS) at various temperatures. Raman spectra of MoS, were characterized using an XperRam 200
(Nanobase, Inc.) instrument with a 532 nm laser as the excitation source.

Acknowledgments

The authors appreciate the financial support from the National Creative Research Laboratory program

(Grant No. 2012026372) through the National Research Foundation of Korea, funded by the Korean Ministry of
Science and ICT. S.C. appreciates the support from the Korea Institute of Science and Technology (KIST)

Future Resource Research Program (2E28310) and the National Research Foundation of Korea grant (NRF-
2017R1C1B2002323) funded by the Korean Ministry of Science and ICT.

ORCID iDs

Takhee Lee ® https://orcid.org/0000-0003-3420-854X

References

[1] WangQ H, Kalantar-Zadeh K, Kis A, Coleman J N and Strano M S 2012 Electronics and optoelectronics of two-dimensional transition
metal dichalcogenides Nat. Nanotechnol. 7 699-712
[2] Jariwala D, Sangwan V K, Lauhon L], Marks T ] and Hersam M C 2014 Emerging device applications for semiconducting two-
dimensional transition metal dichalcogenides ACS Nano 8 1102-20
[3] Manzeli S, Ovchinnikov D, Pasquier D, Yazyev O V and Kis A 2017 2D transition metal dichalcogenides Nat. Rev. Mater. 2 17033
[4] Dean CR etal 2010 Boron nitride substrates for high-quality graphene electronics Nat. Nanotechnol. 5 7226
[5] YoonY, Ganapathi K and Salahuddin S 2011 How good can monolayer MoS, transistors be? Nano Lett. 11 3768-73
[6] Desai$S B etal 2016 MoS, transistors with 1-nanometer gate lengths Science 354 99-102
[7] LeeHS,Min, ChangY, Park M K, Nam T, Kim H, Kim J H, Ryu S and Im S 2012 MoS, nanosheet phototransistors with thickness-
modulated optical energy gap Nano Lett. 12 3695-700
[8] Splendiani A, SunL, ZhangY, Li T, Kim J, Chim C, Galli G and Wang F 2010 Emerging photoluminescence in monolayer MoS, Narno
Lett. 10 1271-5
[9] Radisavljevic R, Radenovic A, Brivio J, Giacometti V and Kis A 2011 Single-layer MoS, transistors Nat. Nanotechnol. 6 147-50
[10] Cho A,Koh]H,Lee STand Moon S H 2010 Activity and thermal stability of sonochemically synthesized MoS, and Ni-promoted MoS,
catalysts Catal. Today 149 47-51
[11] Bertolazzi$, Brivio J and Kis A 2011 Stretching and breaking of ultrathin MoS, ACS Nano 5 9703-9
[12] Yoon] etal2013 Highly flexible and transparent multilayer MoS, transistors with graphene electrodes Small 9 3295-300
[13] GuoY,WeiX, ShuJ,LiuB, YinJ, Guan C, HanY, Gao S and Chen Q 2015 Charge trapping at the MoS,-SiO, interface and its effects on
the characteristics of MoS, metal-oxide-semiconductor field effect transistors Appl. Phys. Lett. 106 103109
[14] LiuHand Ye P D 2012 MoS, dual-gate MOSFET with atomic-layer-deposited Al,O; as top-gate dielectric IEEE Electron Device Lett. 33
546-8
[15] Zhang E, Wang W, Zhang C, Jin Y, Zhu G, Sun Q, Zhang D W, Zhou P and Xiu F 2014 Tunable charge-trap memory based on few-layer
MoS, ACS Nano 9 612-9
[16] He G et al 2016 Thermally assisted nonvolatile memory in monolayer MoS, transistors Nano Lett. 16 6445-51
[17] Lee G etal2013 Flexible and transparent MoS$, field-effect transistors on hexagonal boron nitride-graphene heterostructures ACS Nano
77931-6
[18] Mlarionov Y'Y, Rzepa G, Waltl M, Knobloch T, Grill A, Furchi M M, Mueller T and Grasser T 2016 The role of charge trapping in
MoS,/SiO, and MoS,/hBN field-effect transistors 2D Mater. 3 035004
[19] LiH, Zhang Q, Yap CCR, Tay BK, Edwin T H T, Olivier A and Baillargeat D 2012 From bulk to monolayer MoS,: evolution of Raman
scattering Adv. Funct. Mater. 22 1385-90
[20] FurchiM M, Polyushkin D K, Pospischil A and Meuller T 2014 Mechanisms of photoconductivity in atomically thin MoS, Nano Lett.
146165-70
[21] Pak] et al 2018 Two-dimensional thickness-dependent avalanche breakdown phenomena in MoS, field-effect transistors under high
electric fields ACS Nano 12 7109-16
[22] Lin M, Kravchenko I, FowlkesJ, Li X, Puretzky A A, Rouleau C M, Geohegan D B and Xiao K 2016 Thickness-dependent charge
transport in few-layer Mo$, field-effect transistors Nanotechnology 27 165203
[23] LiS, Wakabayashi K, Xu Y, Nakaharai S, Komatsu K, Li W, Lin Y, Aparecido-Ferreira A and Tsukagoshi K 2013 Thickness-dependent
interfacial Coulomb scattering in atomically thin field-effect transistors Nano Lett. 13 354652
[24] ChoiK etal2015 Trap density probing on top-gate MoS, nanosheet field-effect transistors by photo-excited charge collection
spectroscopy Nanoscale 7 5617-23
[25] ShuJ,WuG, GuoY, Liu B, Wei X and Chen Q 2016 The intrinsic origin of hysteresis in MoS, field effect transistors Nanoscale 8
3049-56
[26] ChenX etal2015 Probing the electron states and metal-insulator transition mechanisms in molybdenum disulphide vertical
heterostructure Nat. Commun. 6 6088
[27] Kim C, Yu C H, Hur J, Bae H, Jeon S, Park H, Kim Y M, Choi K C, Choi Y and Choi S 2016 Abnormal electrical characteristics of
multi-layered MoS, FETs attributed to bulk traps 2D Mater. 3 015007



https://orcid.org/0000-0003-3420-854X
https://orcid.org/0000-0003-3420-854X
https://orcid.org/0000-0003-3420-854X
https://orcid.org/0000-0003-3420-854X
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1021/nn500064s
https://doi.org/10.1038/natrevmats.2017.33
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1038/nnano.2010.172
https://doi.org/10.1021/nl2018178
https://doi.org/10.1021/nl2018178
https://doi.org/10.1021/nl2018178
https://doi.org/10.1126/science.aah4698
https://doi.org/10.1126/science.aah4698
https://doi.org/10.1126/science.aah4698
https://doi.org/10.1021/nl301485q
https://doi.org/10.1021/nl301485q
https://doi.org/10.1021/nl301485q
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1021/nl903868w
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1038/nnano.2010.279
https://doi.org/10.1016/j.cattod.2009.05.007
https://doi.org/10.1016/j.cattod.2009.05.007
https://doi.org/10.1016/j.cattod.2009.05.007
https://doi.org/10.1021/nn203879f
https://doi.org/10.1021/nn203879f
https://doi.org/10.1021/nn203879f
https://doi.org/10.1002/smll.201370112
https://doi.org/10.1002/smll.201370112
https://doi.org/10.1002/smll.201370112
https://doi.org/10.1063/1.4914968
https://doi.org/10.1109/LED.2012.2184520
https://doi.org/10.1109/LED.2012.2184520
https://doi.org/10.1109/LED.2012.2184520
https://doi.org/10.1109/LED.2012.2184520
https://doi.org/10.1021/nn5059419
https://doi.org/10.1021/nn5059419
https://doi.org/10.1021/nn5059419
https://doi.org/10.1021/acs.nanolett.6b02905
https://doi.org/10.1021/acs.nanolett.6b02905
https://doi.org/10.1021/acs.nanolett.6b02905
https://doi.org/10.1021/nn402954e
https://doi.org/10.1021/nn402954e
https://doi.org/10.1021/nn402954e
https://doi.org/10.1088/2053-1583/3/3/035004
https://doi.org/10.1002/adfm.201102111
https://doi.org/10.1002/adfm.201102111
https://doi.org/10.1002/adfm.201102111
https://doi.org/10.1021/nl502339q
https://doi.org/10.1021/nl502339q
https://doi.org/10.1021/nl502339q
https://doi.org/10.1021/acsnano.8b02925
https://doi.org/10.1021/acsnano.8b02925
https://doi.org/10.1021/acsnano.8b02925
https://doi.org/10.1088/0957-4484/27/16/165203
https://doi.org/10.1021/nl4010783
https://doi.org/10.1021/nl4010783
https://doi.org/10.1021/nl4010783
https://doi.org/10.1039/C4NR06707J
https://doi.org/10.1039/C4NR06707J
https://doi.org/10.1039/C4NR06707J
https://doi.org/10.1039/C5NR07336G
https://doi.org/10.1039/C5NR07336G
https://doi.org/10.1039/C5NR07336G
https://doi.org/10.1039/C5NR07336G
https://doi.org/10.1038/ncomms7088
https://doi.org/10.1088/2053-1583/3/1/015007

	1. Introduction
	2. Results and discussion
	3. Conclusions
	4. Experimental details
	4.1. Fabrication of MoS2 FETs without and with an h-BN layer
	4.2. Electrical characterization

	Acknowledgments
	References



