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but in the past decade, many other gra-
phene-like ultrathin 2D nanomaterials 
with a sufficiently large band gap, such 
as transition metal dichalcogenides 
(TMDs),[4,5] and black phosphorus were 
explored in FETs technology.[6] Among 
them, particular attention was given to 
TMDs for their semiconducting prop-
erties. So far, MoS2 is the most widely 
studied TMD because of its rather high 
carrier mobility compared to ultrathin 
silicon FETs and its specific optoelec-
tronic properties.[7–10] Great effort was 
made to improve the performances of 
MoS2 electronic devices,[11–14] however, 
the material is strongly affected by the 
measurement environment and dielec-
tric interfaces, often leading to large hys-
teresis in MoS2-based devices.[15] While 
low hysteresis has been demonstrated 

under ambient conditions for FETs made from exfoliated 
MoS2 flakes,[14,16,17] the same was achieved only under vacuum 
conditions for FETs made from chemical vapor deposited 
(CVD) grown material.[11,18] Hysteresis in MoS2-based FETs 
is attributed to charge transfer from defect states in the gate 
dielectric, interface states, and from neighboring adsorbates 
such as O2 and H2O coming from the moisture in the air.[19]  
The latter problem is the predominant effect under ambient 

Molybdenum disulfide (MoS2) has great potential as a two-dimensional 
semiconductor for electronic and optoelectronic application, but its high 
sensitivity to environmental adsorbents and charge transfer from neigh-
boring dielectrics can lead to device variability and instability. Aluminum 
oxide (Al2O3) is widely used as an encapsulation layer in (opto)-electronics, 
but it leads to detrimental charge transfer n-doping to MoS2. Here, this work 
reports a scalable encapsulation approach for MoS2 field-effect transistors 
(FETs) where hexagonal boron nitride (h-BN) monolayers are employed as 
a barrier layer in-between each of the Al2O3 and MoS2 interfaces. These 
devices exhibit a significant reduction of charge transfer, when compared to 
structures without h-BN. This benefit of h-BN in the gate stack is confirmed 
by ab initio density functional theory calculations. In addition, the devices 
with h-BN layers show very low hysteresis even under ambient operating 
conditions.
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1. Introduction

2D materials have attracted massive attention especially for 
their potential as post-silicon channel material in ultrascaled 
field-effect transistor (FET) or for flexible electronic applica-
tions.[1] Graphene was the first 2D material to be employed as 
FET channel,[2,3] but due to its lack of band gap, graphene is not 
suited for logic applications. Research has not stopped here, 
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condition and various encapsulation methods have been 
reported in literature to improve the MoS2 protection from 
the external environment.[16,20,21] The most common passiva-
tion method is the deposition of dielectric material on top 
of the channel, which ideally would ultimately also serve as 
a gate dielectric. In particular, atomic layer deposition (ALD) 
of Al2O3 is a common encapsulation layer, which is also used 
as the moisture barrier in organic light emitting diodes.[22,23] 
However, it is known that this high-k dielectric retains fixed 
charges with positive polarity, which can capture electrons 
and change the threshold voltage of FETs via electrostatic 
doping of the MoS2 layer.[21,24–26] This effect is visible in the 
transfer characteristic of the FETs. After the dielectric depo-
sition on-top of MoS2, the transfer characteristic curve is 
shifted toward negative gate voltages, which is a confirmation 
of the encapsulation induced n-type doping.[11,13,24–27] Another 
strategy for the encapsulation of MoS2 FETs is using hex-
agonal boron nitride (h-BN).[16,28–31] This approach has been 
studied using exfoliated materials, however there are few 
reports using scalable, CVD-grown films. Thick microme-
chanical exfoliated h-BN flakes have been employed as a gate 
dielectric, and they show predominantly van der Waals inter-
action with 2D materials due to the layered nature.[16,28,32,33] 
Nevertheless, because of its relatively small band gap and low 
dielectric constant it is not the ideal material for this purpose 
alone.[15,34,35] In alternative, flakes of h-BN were exploited as 
a barrier layer in between silicon dioxide (SiO2) and MoS2 
flakes.[16,28,30,36,37] Here, h-BN was shown to minimize the 
charge trapping from the SiO2 dielectric due to a screening 
effect, which leads to a near-zero hysteresis in the transistor 
characteristics. h-BN encapsulated devices show excellent 
interface quality, but exfoliated materials do not represent a 
scalable process. In this work, we propose a scalable encap-
sulation of MoS2 by Al2O3 using a monolayer of h-BN as an 
interfacial layer between the MoS2 and the Al2O3. This h-BN/
MoS2/h-BN heterostructure reduces n-doping caused by the 
Al2O3 encapsulation. This is confirmed by ab initio density 
functional theory calculations. Moreover, we observe a reduc-

tion of the hysteresis for ultraslow sweeping time, which can 
be attributed to an improved dielectric interface.

2. Results and Discussion

MoS2-based FETs in local-back-gate configuration using ALD 
deposited Al2O3 as gate dielectric layer were studied. The device 
schematic is represented in Figure  1a. The channel material 
was monolayer MoS2 grown by metal-organic chemical vapor 
deposition (MOCVD), sandwiched between two monolayers of 
CVD-grown h-BN fabricated through wet transfer. The h-BN/
MoS2/h-BN stack is then encapsulated with ALD Al2O3. A sche-
matic of the stack is represented in Figure 1c. For simplicity, we 
refer to this stack structure as MBN-FET. In parallel, identical 
devices but without the two h-BN layers were fabricated as ref-
erence, and referred to as M-FET. The device and stack struc-
ture are in Figure  1b,d, respectively. The detailed fabrication 
process is described in the Experimental Section, while optical 
images of the devices are in Figure 1e,f.

Confocal Raman and photoluminescence (PL) measure-
ments were performed on the two stacks before and after the 
final encapsulation with 40 nm Al2O3. Figure 2a,b shows Raman 
and PL spectra for the M-FET stack and MBN-FET stack in blue 
and red, respectively. Two-dimensional MoS2 has two detectable 
vibrational modes in Raman spectroscopy: The in-plane E2g 
mode generated from opposite vibration of two S atoms with 
respect to the Mo atom and the A1g mode resulted from the out-
of-plane vibration of S atoms in the opposite directions.[38,39] 
The two vibrational modes are visible in Figure 2a and remain 
unaltered for both stacks before and after the Al2O3 encapsula-
tion layer (solid and dashed lines, respectively), i.e., the vibra-
tional modes are not affected by the Al2O3 top encapsulation. 
This is in line with previous literature results, where the Raman 
peaks remained unaltered after Al2O3 encapsulation.[21,40] The 
M-FET has a wavenumber difference of 17 cm−1 between A1g 
(≈400 cm−1) and E2g (≈383 cm−1) peaks which confirms the 
monolayer nature of the MoS2. A1g mode of the MBN-FET  

Figure 1.  Cross-section schematic of the device structure and the channel material stack for MBN-FETs (a,c) and M-FETs (b,d), respectively. e) Optical 
images of part of the sample and f) magnification of one structure. Source (S), drain (D), and gate (G) electrodes, as well as the MoS2 channel are labeled.
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is blue-shifted with respect to the M-FET. In the MBN-FET 
case, the wavenumber difference is increased to 19.5 cm−1 
(A1g  ≈402.5 cm−1 and E2g  ≈383 cm−1). However, because the 
MoS2 consisted of the very same monolayer as for the M-FET, 
the higher difference between the peaks can be interpreted as 
a stiffening of the vibrational mode, attributed to the van der 
Waals interactions between MoS2 and h-BN.[29,41] This behavior 
is similar to that of MoS2 multilayers, where the multiple layers 
suppress the out-of-plane vibrational mode. Hence, the pre-
sent result is an indication of stronger van der Waals interac-
tion between h-BN and MoS2 while the interaction between 
Al2O3 and MoS2 is significantly weaker due to large densities 
of dangling bonds and impurities at the interface.[32,35,42,43] The 
influence of surrounding medium on Raman and PL measure-
ment of monolayer MoS2 was previously investigated in many 
reports.[44–46] The A1g Raman shift was attributed to a doping 
effect of the substrate, while E2g is barely affected by the sub-
strate. A stiffening of the A1g is associated to a reduction of elec-
tron density, and this is in agreement with the expectation that 
MBN stack has lower charges impurities due to the screening 
effect of h-BN when compared to M stack.[44,47] The PL data in 
Figure  2b exhibits lower intensity as well as red shifts of the 
peaks in the case of the M-FET with respect to MBN-FET. 
The former can be attributed to doping in the monolayer 
MoS2: depending on the carrier density in the material, the 
PL is known to switch between exciton and trion recombina-
tion.[48,49] The quenching of the PL intensity peak in the M-FET 
(blue curve) originates in the suppression of the natural exci-
tons in favor of the formation of negative trions by accepting 
an electron. The trion recombination becomes the dominant 
effect and it happens at lower energy which can explain the 
red shift of the peak. The effect has been attributed particu-
larly to n-doping in MoS2 due to the positive fixed charges in 
Al2O3 encapsulation, which causes electrostatic doping in the 
channel.[49] Hence, the PL measurements indicate that h-BN 
can suppress the n-type doping and this is in accordance with 
the previous Raman results in Figure 2a.

Detailed electric characterizations of field effect transistors 
were performed in order to study electrically the impact of the 
h-BN layers on the doping level, interfacial charge traps, and 
carrier mobility. Figure 3a,c displays the transfer characteristics 
measured at a fixed source-drain voltage of Vds  = 1  V for one 

MBN-FET and one M-FET, respectively. The blue curve in both 
cases represents the transfer characteristics in ambient before 
the Al2O3 top encapsulation, whereas the red curve shows the 
electrical response after the encapsulation. Before the encapsu-
lation, the transfer characteristic was also measured in vacuum 
(orange lines in Figure  3a,c). Figure  3b,d reports the corre-
sponding output characteristics at different Vg of the two FETs. 
The transfer characteristics for the MBN-FET before and after 
the Al2O3 encapsulation (Figure 3a) show an excellent overlap 
of the two curves: the threshold voltage of the device (VTH), the 
subthreshold swing (SS), the field-effect mobility (µ), and the 
on-off ratio (Ion/Ioff) of the device remain almost unchanged 
after the encapsulation process. Corresponding values are: 
VTH  = 0.6  and  0.5  V, SS = 243  and  245  mV dec−1, µ  = 6 and  
7  cm2 V−1 s−1, and Ion/Ioff close to 107, where the first number 
represents the values before encapsulation and the second the 
values after encapsulation. In contrast, for the M-FET case 
(Figure 3c), there is an evident shift of the curve toward more 
negative gate voltages after the Al2O3 deposition which trans-
lates to a shift of the threshold voltage. The transistor is still able 
to turn off completely, but at significantly higher negative gate 
voltage (Figure S1, Supporting Information). This is an indica-
tion of an n-doping effect after the deposition of the Al2O3 pas-
sivation layer and it is in accordance with the PL measurements 
and the literature results where this phenomenon is attributed 
to the positive fixed charges that Al2O3 brings to the MoS2. The 
bottom Al2O3 layer seems not to affect the threshold voltage as 
much as the top layer. MoS2 is transferred to the substrate in 
ambient condition where the presence of residuals could lead 
to an increase of the distance between the layers leading to a 
weaker interaction. As it will be shown by DFT simulation later 
(Figure 6c) the distance between Al2O3 and MoS2 is a key para-
meter to determine the strength of the charge transfer. How-
ever, we note that an interpretation of the data before encapsu-
lation is rather complex, as also the uncovered or h-BN covered 
top surface has an impact on the threshold voltage even under 
vacuum conditions. The relevant parameters of the M-FET 
device before/after the encapsulation are: VTH = 0.3 and −0.7 V, 
SS = 273 and 294 mV dec−1, µ = 7 and 8 cm2 V−1 s−1, and Ion/Ioff 
close to 107. Another noticeable difference in the two types of 
devices is the hysteresis. The MBN-FET transfer curves show a 
significantly higher overlap between the curve in forward and 

Figure 2.  a) Raman spectra, and b) photoluminescence (PL) data for MBN-FETs in red and M-FETs in blue. The measurements were conducted before 
(solid lines) and after (dashed lines) the top Al2O3 encapsulation.

Adv. Electron. Mater. 2022, 2200123



www.advancedsciencenews.com
www.advelectronicmat.de

2200123  (4 of 9) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

reverse sweep mode with respect to the M-FET. In MoS2 based 
FETs, hysteresis is mainly caused by charge trapping and two 
main factors are charge transfer at the interface between MoS2 
and the Al2O3 and from adsorbates in the air.[19] Lower hyster-
esis of the MBN-FET indicates that h-BN layers improve the 
interface quality with the dielectric and also prevent the adsorp-
tion of atmospheric molecules especially before encapsula-
tion. The hysteresis variation in the case of M-FETs in ambient 
and vacuum condition conforms the latter (yellow curve in 
Figure 3a,c), as it is more pronounced than for the MBN-FET.

We have measured a total of 27 MBN-FETs and 27 M-FETs 
to verify the reproducibility of the results. Figure  4a,b shows 
Id  − Vg curves of the MBN-FETs before and after the Al2O3 
deposition, respectively, while Figure 4c,d reports the results for 
the M-FETs (these measurements were conducted in ambient 
condition). Again, it is clearly visible that the n-doping shift is 
reduced for all MBN-FETs compared to the M-FETs, where the 
MoS2 is in direct contact with Al2O3. The key parameters ∆VTH, 
hysteresis and SS are summarized in Figure  5a–c. Figure  5a 
shows the statistics of threshold voltage shifts (∆VTH) extracted 
in the forward sweep before and after the Al2O3 encapsulation 
for the 27 M-FETs and MBN-FETs. The extraction method for 
VTH is shown in the Supporting Information (Section S2, Sup-
porting Information), where it is shown that the minimum 
∆VTH measurable is equivalent to the minimum gate voltage 
step used in the measurements (in this case 100 mV,  under-
lined with a dashed red line). Figure 5b collects the statistics of 

hysteresis for all the devices. Here, the hysteresis is calculated 
as the difference in the threshold voltage in backward and for-
ward sweeping, and the dashed red line indicates the minimum 
measurable value. ∆VTH and hysteresis are on average lower in 
the case of the MBN-FETs which demonstrate the beneficial 
effect of h-BN in the electrical performances of MoS2-FETs by 
reducing charge traps at the interfaces. Statistics of SS of the 
FETs at different stages are shown in Figure 5c. While the SS 
values before the Al2O3 deposition of the two device typolo-
gies are comparable, a clear increase of the SS range is visible 
for M-FETs after the Al2O3 encapsulation. Note that in this 
case, the SS is overestimated because the voltage range of the 
Id − Vg curves does not cover the full subthreshold regime, and 
the SS is extracted close to VTH. In the Supporting Informa-
tion (Section S1, Supporting Information), a complete voltage 
sweep of an M-FET after the Al2O3 is reported, and it is evi-
dent that the SS increases for the M-FET. In the case of MBN-
FETs, SS values before and after the deposition of Al2O3 are 
similar. Also, the mobility is similar for both types of devices 
and slightly increases after encapsulation (see Figure S3, Sup-
porting Information).

In order to rationalize the n-do	 ping of the MoS2 channel 
due to the Al2O3 encapsulation, we have performed density 
functional theory calculations using the Quantum Espresso 
package.[50] In particular, the focus was on the structures 
reported in Figure 6a,b, before and after the Al2O3 encapsula-
tion in correspondence with the device structure of the M-FETs 

Figure 3.  Electrical characterization of an MBN-FET and an M-FET. a) Transfer characteristics of an MBN-FET before encapsulation in ambient (blue), 
in vacuum (yellow), and after encapsulation (red). Low hysteresis and low VTH variation are observed in all conditions. b) Corresponding output char-
acteristics of the encapsulated device. c) Transfer characteristics of an M-FET in the three different conditions. High hysteresis and an n-doping shift 
of the transfer curve is observed after the Al2O3 encapsulation. d) Corresponding output characteristics of the encapsulated device.
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and MBN-FETs, respectively. Details of the calculations are 
reported in the Experimental Section, while additional material 
about the simulated structures is reported in the Supporting 
Information (Section S5, Supporting Information). First, we 
have performed an optimization of the structures, leading to an 
equilibrium distance between both Al2O3 slabs of d0 = 8.48 Å for 
the M-FETs while d0 = 15.79 Å for the MBN -FETs. The distance 
between the h-BN and the MoS2 layer in the latter is dhBN  = 
3.42 Å. The charge transfer from the Al2O3 to the MoS2 layer in 
both stacks before and after the encapsulation was determined 
using the Bader formalism.[51] In particular, the charge transfer 

due to the addition of an encapsulating layer of Al2O3 to an 
Al2O3/MoS2 and an Al2O3/h-BN/MoS2/h-BN structure has been 
calculated. Two different interfaces of Al2O3 were studied and 
the mean charge transfer due to each Al2O3 termination was 
obtained (see Section S6, Supporting Information, for more 
details). For the optimized distances d0, a charge transfer of 
2.96  × 1012 carriers cm−2 was obtained for the Al2O3/MoS2/
Al2O3 stack whereas 0.28 × 1012 carriers cm−2 was obtained for 
the Al2O3/h-BN/MoS2/h-BN/Al2O3 stack. This corresponds to 
a reduction of an order of magnitude in charge carrier den-
sity when an h-BN monolayer is placed in between Al2O3 and 

Figure 4.  Transfer characteristics measured on 27 MBN-FETs (a) and on 27 M-FETs (b), before encapsulation. Transfer characteristics measured on the 
same devices after encapsulation, (c and d), respectively. Inset: schematics of the corresponding device fabrication stages.

Figure 5.  a) Statistical representation of VTH shifts measured on the same device before and after the Al2O3 for all the M-FETs (blue) and MBN-FETs 
(red). This parameter quantifies the n-doping caused by the Al2O3 encapsulation. Statistical data of b) the hysteresis and c) of subthreshold swing (SS) 
measured for all the devices at the different encapsulation stages. MBN-FETs show higher stability in the electrical performance. The dashed lines in 
(a) and (b) indicate the minimum detectable values.
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MoS2. It is illustrative to analyze the charge density difference 
showing the redistribution of the charges due to the encapsu-
lation for the two different structures: in Figure  6d it can be 
clearly observed that the addition of the top Al2O3 slab in the 
Al2O3/MoS2 structure induces a significant rearrangement of 
the charges in the MoS2 layer, while in the case of the Al2O3/h-
BN/MoS2/h-BN structure the MoS2 is almost unaltered and the 
charge rearrangement is confined to the Al2O3/h-BN interface 
(see Section S6, Supporting Information, for more details). 
The charge transfer, which is likely due to the extended surface 
states of Al2O3, is thus clearly affected by the presence of h-BN 
which screens the interaction of these states with MoS2.

The theoretically optimized distance between the MoS2 and 
Al2O3 layers can be, in practice, affected by contaminations 
leading to larger interlayer distances and changing the MoS2 
n-doping. In order to assess this possibility, the charge transfer 
has been calculated varying the distance between the Al2O3 
slabs (d), keeping dhBN to its relaxed value in the Al2O3/h-BN/
MoS2/h-BN/Al2O3 structure for each d. The charge transfer is 
severely affected by the actual interlayer distance, as the over-
lapping of the extended surface states of Al2O3 with MoS2 is 
reduced when the distance increases. We have then estimated 
the threshold voltage shift (∆VTH) due to the Al2O3 deposition 
in the FET devices in correspondence to the calculated charge 
transfer.

In Figure 6c, ∆VTH is reported as a function of the distance 
between the Al2O3 layers: ∆VTH which is directly proportional 
to the transferred charge, decreases as the distance between 
layers increases, and it does more significantly for the M-FET, 
from 2.4  V till 0.7  V, than for the MBN-FET, from 0.2  V till 
0.14 V. Figure 6c shows also the mean values and the variability 
ranges of the experimental threshold voltage shift for both the 
M-FET and the MBN-FET: in the case of MBN-FET, the ∆VTH 
is compatible with the experimental observation (and almost 

independent of the distance), while for the M-FET, ∆VTH is in 
the range of the experimental values for d − d0 > 0.15 Å reaching 
the mean value for d − d0 = 0.3 Å.

Finally, we performed ultraslow sweep hysteresis meas-
urement in vacuum condition with total sweep times (tsw) of 
several thousands of seconds to verify the electrical stability. 
The increase in tsw will allow slower traps to contribute to the 
hysteresis.[32] In Figure  7a, the Id  − Vg characteristics meas-
ured for the two types of devices at short tsw (30 s)  and  long 
tsw (1750 s) are compared. The M-FETs (blue) show an evident 
higher hysteresis with respect to the MBN-FET (in red) both 
in short and long sweeping rate. In this case, the hysteresis 
was extracted in the subthreshold regime, and, to better com-
pare the data, we normalized the hysteresis for the field factor  
K  = ∆Vg/dins with ∆Vg being the width of the sweep voltage 
range and dins the insulator thickness.[18] In Figure 7b, the nor-
malized hysteresis is plotted as a function of the inverse of the 
sweeping time: the MBN-FET hysteresis is smaller by almost 
one order of magnitude compared to that of the M-FETs at 
all frequencies (1/tsw). This confirms higher interface quality 
of the MoS2 with the surrounding Al2O3 dielectric layer with 
less defects and trap states. Noise measurements were also 
conducted and the results suggest a positive impact on the 1/f 
noise level in the devices with h-BN. However, further investi-
gations are needed to fully understand the different contribu-
tions to the 1/f noise. Details on the 1/f noise measurements 
are available in Section S4 (Supporting Information).

3. Conclusion

We have demonstrated that a monolayer of h-BN at the inter-
face of MOCVD grown MoS2 and Al2O3 significantly reduces 
unintentional charge transfer and improves the interface 

Figure 6.  a) Al2O3/MoS2 and b) Al2O3/h-BN/MoS2/h-BN structure before and after the Al2O3 encapsulation. The distances d and dhBN are indicated. 
c) ∆VTH shift for different values of d–d0 both for the M-FET (blue diamonds) and the MBN-FET (red circles) structures. With dashed and point-dashed 
lines we report the experimental mean value for the M-FET and the MBN-FET, respectively. Shaded regions indicate 25%–75% and the 1.5IQR ranges. 
d) Charge density difference calculated for the Al2O3/MoS2/Al2O3 (left) and Al2O3/h-BN/MoS2/h-BN/Al2O3 structures (right).
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quality. The blue shift of the A1g vibrational mode in Raman 
spectroscopy can be explained as predominately van der Waals 
interaction between the MoS2 and the monolayer h-BN or 
reduction to the electron density. This latter is in accordance 
with the photoluminescence, where the intensities indicate a 
probable n-doping effect of MoS2 in contact with Al2O3 encap-
sulation. This is confirmed by electrical measurements, where 
a visible n-doping shift after the encapsulation is present. FETs 
with h-BN layers do not show such an evident shift. The posi-
tive effect of an interfacial h-BN layer has been confirmed by ab 
initio density functional theory calculations and charge transfer 
analysis, which are in good agreement with the experimental 
behavior. The electrical performance of the corresponding tran-
sistors with h-BN remains reliable and shows lower threshold 
voltage shifts, lower hysteresis, and lower SS after the Al2O3 
passivation layer with respect to reference devices without 
h-BN. Moreover, we have demonstrated high electrical hyster-
esis stability by maintaining a low hysteresis even with slow 
sweeping time for FETs with h-BN. This demonstrates that 
the interface between MoS2 and the surrounding dielectrics 
is critical for the hysteresis and stability of MoS2-based FETs. 
The demonstrated high interface quality is a key parameter to 
increase the reliability of MoS2-based transistor for future inte-
gration in electronic circuits.

4. Experimental Section
Device Fabrication: FETs in local back gate configuration have been 

fabricated using contact photolithography on the top of p-doped Si 
substrate with 90 nm of SiO2 thermally grown. Thirty nanometers of Ni 
was sputtered followed by lift-off to form the back gate electrode. The 
deposition of 25 nm Al2O3 as gate dielectric was performed by thermal 
ALD at 200 °C using water and trimethylaluminum as precursors. After 
opening the gate vias, the material stack (MBN-FETs) was transferred 
using the wet transfer method described in the following paragraph. In 
parallel, a sample without h-BN (M-FETs) was fabricated as a reference. 
Nickel edge contacts were created with a sputtering and lift-off 
process,[52] followed by a dry etching process to pattern the channel 
material. Channel dimensions are 70 µm  width and length between 2 
and 5 µm. As a final encapsulation of the devices, 35 nm of Al2O3 was 
deposited with the same thermal ALD as before process after 1 h of 
annealing step at 300 °C.

Preparation of h-BN/MoS2/h-BN Stack: The vertical Van der Waals 
stack was fabricated with multiple wet transfers. The materials of the 
stack were a commercial monolayer CVD h-BN grown on copper foil 
and a monolayer MOCVD MoS2 grown on a sapphire substrate.[53] All 
2D materials were spin-coated with poly-methyl-methacrylate (PMMA) 
as a mechanical resistant transport layer before the transfer. Initially, we 
etched the copper foil of h-BN in a solution of hydrochloric acid (HCl) 
and hydrogen peroxide (H2O2). h-BN was transferred by scooping it 
from the water on the prepatterned substrate descried in the previous 
paragraph. After the complete drying of the sample for 1 day in 
ambient atmosphere and for 30 min on a hot plate at 180  °C, PMMA 
was removed in heated acetone. Then, we lifted the MoS2 monolayer 
from the sapphire substrate in a potassium hydroxide (KOH) solution 
and transferred on the top of h-BN on the target substrate. Once the 
sample was dried and the PMMA was dissolved in heated acetone, the 
third layer of h-BN was transferred on the top of the stack following the 
same procedure as described for the first h-BN layer. In parallel, devices 
with only MOCVD MoS2 were fabricated using the same wet-transfer 
technique.

Device Characterization: Raman and PL measurements were 
conducted using a WITec confocal Raman microscope equipped with a 
532 nm laser. Both measurements were performed at room temperature 
on an area of 2 × 50 µm  in 200 different points with a laser power of 
1 mW. Resolutions  for PL and Raman were 300 g mm−1  grating  and 
1800g mm−1, respectively.  The graphs were obtained by averaging 
the PL and Raman spectra measured in the 200 points. Electrical 
characterization of MoS2 FETs consisted of measurement of Id–Vg 
characteristics. The measurements were performed using a Keithley 
SCS4200 parameter analyzer and a Lakeshore probe station either in a 
vacuum (3 × 10−5 mBar) or in an ambient condition (42% humidity) in 
complete darkness and at room temperature (21 °C).

Computational Methods: First principles density functional 
theory simulations have been performed using Quantum Espresso 
package.[50] For the self-consistent calculation a gradient-corrected 
exchange correlation functional (Perdew–Burke–Ernzerhof)[54] and 
PAW pseudopotentials had been used,[55] setting an energy cut-off of 
80 Ry for the wave functions of the basis set while a cut-off of 800 Ry 
for the electron density. A 3  × 3  × 1 Monkhorst–Pack Γ-centered grid 
was employed, taking into account van der Waals interactions through 
nonlocal vdW-DF-OBK8 exchange-correlation functional.[56–59] The 
optimized distances d0, between the two Al2O3 layers, and dhBN, between 
h-BN and MoS2, have been obtained varying the distances with a step of 
0.05 Å, with Γ point calculations considering an energy cut-off of 60 and 
300 Ry for the wave functions and the electron density, respectively. For 
quantifying the charge transfer, this work had used the Bader formalism 
using a 180 × 180 × 576 mesh for the Al2O3/MoS2/Al2O3 structure while a 
180 × 180 × 720 mesh for the Al2O3/h-BN/MoS2/h-BN/Al2O3 structure.[51]

Figure 7.  a) Stability measurement for an MBN-FET (red) and an M-FET (blue) at a short (dash line) and long (continuous line) sweeping speeds. 
b) Normalized hysteresis as a function of the sweep time for the two stacks. The MBN-FET shows one order of magnitude lower hysteresis with respect 
to the M-FET, which proves and improvement in the dielectric interface with h-BN layer.
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