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Abstract
Molybdenum disulfide (MoS2) based field effect transistors (FETs) are of considerable interest in
electronic and opto-electronic applications but often have large hysteresis and threshold voltage
instabilities. In this study, by using advanced transfer techniques, hexagonal boron nitride (hBN)
encapsulated FETs based on a single, homogeneous and atomic-thin MoS2 flake are fabricated
on hBN and SiO2 substrates. This allows for a better and a precise comparison between the
charge traps at the semiconductor-dielectric interfaces at MoS2−SiO2 and hBN interfaces. The
impact of ambient environment and entities on hysteresis is minimized by encapsulating the
active MoS2 layer with a single hBN on both the devices. The device to device variations
induced by different MoS2 layer is also eliminated by employing a single MoS2 layer for
fabricating both devices. After eliminating these additional factors which induce variation in the
device characteristics, it is found from the measurements that the trapped charge density is
reduced to 1.9×1011 cm−2 on hBN substrate as compared to 1.1×1012 cm−2 on SiO2

substrate. Further, reduced hysteresis and stable threshold voltage are observed on hBN substrate
and their dependence on gate sweep rate, sweep range, and gate stress is also studied. This
precise comparison between encapsulated devices on SiO2 and hBN substrates further
demonstrate the requirement of hBN substrate and encapsulation for improved and stable
performance of MoS2 FETs.

Supplementary material for this article is available online
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Of all two-dimensional (2D) transition metal dichalcogenides,
molybdenum disulfide (MoS2) has attracted considerable
interest because of its reasonable bandgap [1], high thermal
stability and electrostatic integrity [2], optical sensitivity [3],

chemical sensitivity [4, 5] and mechanical flexibility [6, 7].
These unique properties and the ability to easily fabricate
complex structures [8, 9] make it a potential candidate for
next-generation electronic technology in transparent and

Nanotechnology

Nanotechnology 29 (2018) 335202 (8pp) https://doi.org/10.1088/1361-6528/aac6b0

0957-4484/18/335202+08$33.00 © 2018 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0002-5153-4235
https://orcid.org/0000-0002-5153-4235
mailto:ghkim@skku.edu
https://doi.org/10.1088/1361-6528/aac6b0
https://doi.org/10.1088/1361-6528/aac6b0
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aac6b0&domain=pdf&date_stamp=2018-06-11
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/aac6b0&domain=pdf&date_stamp=2018-06-11


flexible devices [10–12], optoelectronics [13–15], energy
conversion and storage devices [16], valleytronics [17–20],
and memory devices [21]. Since most of these devices operate
on the field effect-transistor (FET) principle, generic issues
such as hysteresis and threshold voltage instability (HS-TVI)
are often observed in these devices. Although hysteresis in
electronic devices is used in memory devices, for application
in the electronic and opto-electronic devices, HS-TVI are
undesirable characteristics which lead to unstable device
operation and increase power consumption [22], thus
degrading the overall device performance metrics in both
digital and analog applications. The origin of HS-TVI have
been studied extensively where charge trapping at the inter-
face between the active semiconductor (MoS2) and the di-
electric (SiO2) plays a key role [23, 24]. Other factors like the
adsorption/desorption of ambient molecules like gases and
atmospheric moisture in the exposed active layers further
accelerate HS-TVI in MoS2 FETs [25–30]. The previous
reports have studied and compared hysteresis in MoS2 FETs
on SiO2 versus devices with hexagonal boron nitride (hBN)
or high-k dielectrics, and others have studied the performance
through ambient and vacuum measurements. However, the
devices compared in such studies were not fabricated on
single flake, so variation in performance due to flakes quality
and fabrication process in laboratory environment cannot be
ruled out completely in such comparison. This issue forms the
main motivation behind this study where advanced dry
transfer technique is utilized in the fabrication of van der
Waals heterostructure devices to compare hBN encapsulated
MoS2 FETs with a single MoS2 flake extended on SiO2 and
hBN substrate. In this work, we study the effects of screening
charge traps at the MoS2–SiO2 interface on hysteresis beha-
vior of the MoS2 FETs by inserting few layers hBN which
can be alternative dielectric due to free of trapped charges,
atomically flatness, mechanical flexibility, and the ability to
easily fabricate complex structures [31–35]. We carried out a
comprehensive analysis of HS-TVI by varying gate sweep
rate, sweep range, and gate stress in the transfer character-
istics measurements. By controlling the other cause of HS-
TVI such as adsorption/desorption of gases by encapsulating
the active MoS2 layer with a single hBN on both the devices,
we find that the charge trapping at the interface between
MoS2 and SiO2 plays a dominant role in the observed hys-
teresis behavior, which can be significantly reduced by
inserting hBN.

The fabricated devices are composed of top-hBN, MoS2,
bottom-hBN, and SiO2/Si substrate (figure 1(a)), which were
stacked utilizing the van der Waals dry assembly method
[36]. The hBN flakes and MoS2 flakes were obtained by
mechanical exfoliation of hBN bulk crystals and 2H-MoS2
bulk crystals, respectively. For transfer, a poly-
dimethylsiloxane stamp coated with poly-propylene carbo-
nate was used to pick up the desired flakes. As seen in the
schematic, a top-hBN layer is used to cover MoS2 so as to
prevent extrinsic or environmental detrimental factors such as
adsorption/desorption of gases, another cause of HS-TVI,
and focus on the charge trapping at the MoS2–SiO2 interface.
Before picking up the exfoliated hBN flake, it was selectively

etched using electron beam lithography patterning to open the
contact space for electrical contact to the underlying MoS2 in
the final stacked structure. After selectively etching, the top-
hBN was picked up by transfer stamp, followed by MoS2 and
bottom-hBN in succession. The size of the bottom-hBN was
selected and transferred in such a way that it supports only
half of the MoS2 for comparison of HS-TVI between FET
with MoS2 on hBN substrate (MBN-FET) and FET with
MoS2 on SiO2 substrate (MSO-FET), respectively. After the
pick-up of all the required layers, the transfer stamp with the
layers stack was finally transferred to a 300 nm
SiO2/highly-doped-Si substrate that can be used as back-gate
electrode. Sources, drains, and top-gate electrodes were pat-
terned in a single step by e-beam lithography, followed by
deposition of Cr/Au (20 nm/30 nm) using electron beam
evaporation system, at low pressure for good Ohmic contacts.
Using these transfer and fabrication techniques, more than
four devices were fabricated and measured in this study.

Raman spectrum of the MoS2 layer is presented in
figure 1(b). In the case of MoS2, the separation between the
two characteristic peaks E g2

1 and A1g is a good indication of
the layer thickness. The peak separation of 24.3 cm−1

between E g2
1 and A1g indicates the considered MoS2 flake

composed of five layers [37]. The inset of figure 1(b) shows
an optical image of the real device fabricated in this study.
Figures 1(c) and (d) display the transfer characteristics
(source—drain current versus back-gate voltage, Ids−Vgs)
measured at a fixed source—drain voltage (Vds=0.01 V) of
the MBN-FET and MSO-FET, which are placed on hBN
(figure 1(c)) and SiO2 (figure 1(d)) substrate, respectively. A
full gate sweep consists of both forward and reverse sweep
i.e., from a negative Vgs to positive Vgs and finally sweeping
back to negative Vgs. The insets of figures 1(c) and (d) shows
the output characteristics (Ids−Vds) at several different Vgs

values from each FET. Both MBN-FET and MSO-FET
belong to depletion-mode n-channel transistor in which a
certain negative gate bias is required to deplete the channel.
Further, the transfer curve of the MSO-FET does not overlap
in the forward and backward gate sweep and this non-ideal
behavior, generally known as hysteresis, decreases remark-
ably in the transfer curve of MBN-FET.

The observed hysteresis can be due to charge trapping in
the metal–MoS2 interface at the contact region, top
hBN-MoS2 interface, and bottom dielecric-MoS2 interface at
the channel region. Both MBN-FET and MSO-FET are fab-
ricated on the single MoS2 flake and contact metal was
deposited simultaneously on both devices. Therefore, the
charge trapping at the metal–MoS2 interface of the contact
region must take place in a similar fashion in both the devices.
Furthermore, the charge trapping at the top hBN-MoS2
interface is also governed in a similar manner in both FETs
because both were covered by the same top-hBN. The only
difference is the charge trapping at the bottom MoS2 interface
with different underlayers viz., hBN and SiO2. Therefore, it
can be safely assumed from the above discussion that the
different charge trapping behavior at the bottom-hBN or
SiO2–MoS2 interface led to the observed difference between
the transfer characteristics of MBN-FET and MSO-FET.
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Using the following equation for threshold voltage (Vth)
in FETs, further analysis and quantitative comparison are
drawn to understand the origin of hysteresis and threshold
voltage shift, as follows:

f= - - + D ( )V
Q

C

Q

C
E , 1th MS

i

ox

T

ox
F

where fMS is the difference between the metal and semi-
conductor work functions, COX is the gate dielectric capaci-
tance, Qi is the static charge density within the dielectric, QT

is the trapped charge density at the conductive channel, and
ΔEF is the shift in the Fermi energy required to turn on the
transistor. From equation (1), the only parameter that can
change during the back-gate sweep is the population of trap
states in bandgap, QT [38].

Figures 2(a) and (c) shows Ids−Vgs curves of (a) MBN-
FET and (c) MSO-FET at Vds=0.01 V. In the case of MSO-
FET, the change of back-gate bias sweeping direction from
forward bias to reverse bias induces more noticeable positive
Vth shift and reduces Ids, as compared to MBN-FET. The
hysteresis of MBN-FET, resulting in a shift in Vth between the
forward and reverse sweeps, is about ΔVth=2.96 V, but the
hysteresis of MSO-FET is about ΔVth=15.34 V. From this,
we can also estimate that the difference in trapped charge

density between the forward and reverse sweep is about
1.9×1011 cm−2 in MBN-FET and about 1.1×1012 cm−2 in
MSO-FET, using ΔQT=ΔV·Cox and assuming a dielectric
area capacitance Cox of 115 aFμm−2 obtained from the geo-
metrical considerations [39].

As shown in figures 2(e) and (f), the surface of SiO2,
besides having high atomic roughness, is populated by many
foreign chemical or physical adsorbates, like H2O, ambient
gas molecules, impurities etc. These adsorbates and dangling
bonds due to unstable surface of SiO2 results in the formation
of high density traps [40–43]. As MoS2 has a sizable band-
gap, these entities at the SiO2 surface create interface or traps
energy states in the forbidden energy bandgap of MoS2, and
these traps normally occupied by holes are neutral [41]. When
the SiO2 surface is contacted with MoS2, charge transfer
results in the traps being occupied by electron, causing
upward band shift in the MoS2 layers, as illustrated in
figures 2(b) and (d). Although both the FETs were fabricated
using same MoS2 flake and fabrication process, Vth of MBN-
FET decreases as compared to MSO-FET. This shift in Vth

can be explained by the screening of charge trapping due to
hBN at the MoS2-SiO2 interface, in other words, by blocking
the p-type doping, as shown in figure 2(e), and by the

Figure 1. (a) Schematic of the fabricated device. (b) Raman spectra of MoS2 flake with the inset showing an optical image of the device. (c)
Ids−Vgs curves of FET with MoS2 on hBN at Vds=0.01 V in both semi-log and linear scale. The inset shows Ids−Vds curves of the same
device for different Vgs. (d) Ids−Vgs curves of FET with MoS2 on SiO2 substrate at Vds=0.01 V in both semi-log and linear scale. The inset
shows Ids−Vds curves of the same device for different Vgs.
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additional capacitance due to finite thickness of the hBN
interlayer in the back-gate coupled MoS2 channel.

Figure 2(d) shows the band structure of the metal-oxide-
semiconductor (MOS) structure considering the trap states at
the MoS2–SiO2 interface with different gate bias (‘A’, ‘B’,
‘C’) when using SiO2 substrate. The black hyphens in the
figure indicates the trap states in the formidable bandgap of
MoS2, and the density of these trap states depends on many
factors including fabrication process, residues, surface
roughness, ambient conditions etc. In the ‘off-state’, indicated
by ‘A’(red) in figures 2(c) and (d), each trap is normally
occupied by a hole and is neutral. While in the ‘on-state’,
indicated by ‘B’(red) in figures 2(c) and (d), each trap is
occupied by an electron and becomes negatively charged
which is shown as black hyphen with red dot. However, when
sweeping back to ‘off-state’, indicated by ‘C’(red) in
figures 2(c) and (d), the filled traps still retains the negative
charge due to the long lifetime of these trap states, so lower
negative gate bias is needed to deplete MoS2 channel.
Figure 2(b) shows the band structure of MOS structure using

hBN substrate. The hBN not only blocks the traps causing
factors at the SiO2/MoS2 interface, but provides an inert and
clean interface, free of dangling bonds or surface charge traps
[31, 44], in the MoS2 bandgap owing to the strong, in-plane,
ionic bonding of the planar hexagonal lattice structure.
Accordingly, in the ‘on-state’, ‘B’(black) of figures 2(a) and
(b), the traps states at the SiO2/hBN interface are not charged
and occupied by electrons owing to the sufficiently thick hBN
which prohibits electron tunneling. Therefore, for balance of
charge between back-gate(heavily-doped-Si) and MoS2, when
sweeping back to ‘off-state’, ‘C’(black), the gate voltage is
approximately same with ‘A’(black) in figures 2(a) and (b).
The reason why hysteresis does not completely disappear,
even after using the hBN substrate, can possibly be due to the
residues like organic or inorganic tape being contaminated
during exfoliation of hBN and MoS2 layers, residues during
device fabrication process like photolithography etc, or water
molecules adsorbed to the layers during exfoliation in the
ambient environment and device fabrication process. These
residues can act as traps states in the MoS2 bandgap, resulting

Figure 2. (a), (c) Ids–Vgs curves of MBN-FET and MSO-FET on (a) hBN and (c) SiO2 substrate at Vds=0.01 V. (b), (d) The energy band
schematics of the metal-oxide-semiconductor structure considering the trapping states at the MoS2-SiO2 interface for different gate bias (A),
(B), (C) as indicated in the respective Ids−Vgs curves on the left using (b) hBN and (d) SiO2 substrate. (e), (f) Cross-sectional schematic
diagram of the (e) MBN-FET and (f) MSO-FET.
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in the hysteresis in MBN-FETs. In order to confirm that the
hysteresis in the MBN-FET was reduced due to the screening
of charge trapping at the MoS2–SiO2 interface, we measured
the transfer characteristics of both MBN-FET and MSO-FET
with different sweeping rates and ranges of Vgs.

Figures 3(a) and (b) shows the transfer curve of (a)
MBN-FET and (b) MSO-FET with different back-gate sweep
rates (30, 9, and 2 V s−1) starting from a negative back-gate
bias and sweeping to a positive gate bias (forward bias) and
then sweeping back to a negative gate bias (reverse sweep). A
trend can be observed from the figures that as sweep rate
decreases, the magnitude of the threshold voltage shift, hys-
teresis increases. Figure 3(c) illustrates the comparison of the
hysteresis for different back-gate sweep rates. In MSO-FET
(gray), the hysteresis for 9 V s−1 sweep rate increases by
110% compared to 30 V s−1, whereas it increases by only
20% in MBN-FET. Similarly, the hysteresis for 2 V s−1

increases by 260% compared to the hysteresis for 30 V s−1 in
MSO-FET, which is again limited to just 50% increase in
MBN-FET. Therefore, for same back-gate sweep rates, the
hysteresis variation with sweep rate is five times larger in

MSO-FET compared to MBN-FET, which indicates that
charge trapping is higher in the former than the latter FET. As
discussed in the previous sections, there are several con-
tributing factors and multiple origins of the charge traps in
such FETs which includes both bottom and top interface of
the active semiconducting layer (MoS2) besides defects in
bulk dielectric and MoS2 itself. Previous studies have also
attributed a significant part of hysteresis in transfer char-
acteristics to the adsorbed ambient entities on the top surface
of the unencapsulated devices [25] and as mentioned earlier
that even with encapsulation, there is still a possibility that the
ambient entities could be adsorbed during exfoliation and
subsequent fabrication process which were carried out in
ambient conditions. Both MBN-FET and MSO-FET are
covered with same hBN flake on the top and only differ in the
bottom dielectrics. Then, in order to access the relative
contribution of the top interface in the total hysteresis, we
measure the transfer characteristics of top-gated MBN-FET
and MSO-FET with different top-gate sweep rate. It may be
noted here that with back-gate bias, the channel is formed at
MoS2–SiO2 and MoS2-hBN interface in MSO-FET and

Figure 3. (a), (b) Hysteretic behavior of Ids−Vbg at Vds=0.01 V with different sweep rates of the back-gate voltage in (a) MBN-FET and (b)
MSO-FET. (c) Comparison of the hysteresis with different back-gate voltage sweep rates for (cyan bars) MBN-FET and (gray bars) MSO-
FET. (d) Comparison of the hysteresis with different top-gate voltage sweep rates for (cyan bars) MBN-FET and (gray bars) MSO-FET but
both using hBN as top-gate dielectric.
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MBN-FET, respectively, whereas in the top-gate operation,
the channel is formed at hBN-MoS2 interface in both MSO-
FET and MBN-FET. Figure 3(d) provides the comparison of
the hysteresis with two different top-gate sweep rates. In the
case of top-gated MSO-FET(gray), the hysteresis for
0.3 V s−1 sweep rate increases by 40% compared to 1.2 V s−1,
whereas it increases by 36% in the case of MBN-FET(cyan).
Different hysteresis is observed in MSO-FET and MBN-FET,
but the variation in hysteresis with change in sweep rate is
almost same in both top-gated hBN dielectric FETs. Hys-
teretic behavior of Ids–Vgs with different sweep rates of the
top-gate voltage in MBN-FET and MSO-FET is presented in
figure S1, available online at stacks.iop.org/NANO/29/
335202/mmedia. From figures 3(c) and (d), we can con-
clude that the relatively clean hBN interface as compared to
SiO2 interface demonstrates both significantly reduced hys-
teresis and its variation with gate sweep rate. Further, with the
top identical hBN interface in both MBN-FET and MSO-
FET, the main contribution to the observed hysteresis with
back-gate sweep can be attributed to the bottom interface
only. The comparison of hysteretic behavior of Ids−Vgs with

different back-gate voltage sweep rates and top-gate sweep
rates in MBN-FET and MSO-FET is presented in figure S2 in
supplementary material.

Besides studying the gate sweep rate, hysteresis varia-
tions are also studied with changes in the sweep range of gate
voltage. Figures 4(a) and (b) shows the transfer curve of (a)
MBN-FET and (b) MSO-FET with different back-gate sweep
ranges of −20 to 20 V and −30 to 30 V and then sweeping
back to initial voltages. As shown in figure 4(b), when using
SiO2 substrate, as the sweep range increases, the hysteresis
increase from 6 to 18 V i.e., by 200%. On the other hand, as
shown in figure 4(a), when using hBN substrate, the hyster-
esis increases from 5.2 to 9.4 V i.e., by 80% as the sweep
range increases. These variations are plotted in figure 4(c),
where it can be seen clearly that when using hBN substrate,
the sweep range dependent hysteresis variation reduces as
compared to SiO2 substrate, which again reaffirm that charge
trapping is higher at the MoS2–SiO2 than MoS2-hBN
interface.

Finally, we also investigate the TVI for both MoS2 FETs
under different gate bias stresses. As the TVI is caused by

Figure 4. (a), (b) Hysteretic behavior of Ids−Vbg with different sweep ranges of the back-gate voltage at Vds=0.01 V in (a) MBN-FET and
(b) MSO-FET. (c) Comparison of the hysteresis for different back-gate voltage sweep ranges for MBN-FET and MSO-FET. (d) Ids−Vbg

characteristics of MBN-FET and MSO-FET after (left) −30 V gate bias stress and (right) −20 V gate bias stress was applied for 40 s. (e)
Comparison of the Vth shift after stress for MBN-FET and MSO-FET.
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charge trapping at the interface, we compared the stress effect
between MBN-FET and MSO-FET [25]. Figure 4(d) shows
the transfer characteristics of (left) MBN-FET and (right)
MSO-FET which were measured subsequently after applying
a constant (left) −30 V gate bias stress or (right) −20 V gate
bias stress for 40 s. In MSO-FET, as shown in figure 4(d), the
current increases significantly and the threshold voltage shifts
in the negative gate direction by 6.2 V, whereas in MBN-
FET, the current increases marginally and the threshold
voltage shifts in the negative gate bias direction by just 1.8 V.
Further, the MBN-FET showed more robust behavior even
when a higher gate bias stress was applied as compared to
MSO-FET. This differential gate bias stress was applied to
counter the additional hBN thickness which is also reflected
in their device characteristics, further details and Ids−Vbg

characteristics for various stress duration times is presented in
figure S3 in supplementary material. It may be noted that
variation in gate sweep rate also includes a component of gate
bias stress, however the former involves variation in carrier
concentration with gate sweep whereas in the latter, mea-
surement is carried out at a fixed gate bias. Figure 4(e) shows
comparison in the threshold voltage shift due to gate bias
stress in both FETs. The Vth shift after gate bias stress
decreases 71% on hBN substrate compared to SiO2 substrate.
Therefore, it can be concluded from the hysteresis analysis
that the charge trapping at the MoS2-dielectric interface plays
dominant roles in the Vth shift and as both FETs are covered
with top-hBN so the bottom interface with SiO2 and hBN
primarily affects the electrical characteristics of the respective
devices. From the results, it is clear that the MoS2-hBN
interface reduces the stress effect and makes Vth stable by
screening the traps and charges on the SiO2 surface which
deteriorates these characteristics in MSO-FETs.

In conclusion, we have investigated charge trapping at
the MoS2–SiO2 interface and its effects such as the HS-TVI
induced by gate sweep rate, sweep range, and gate stress in
MoS2 FETs. The only manipulated variable was substrate, as
other variables were controlled by fabricating and comparing
the charge trapping effects of the hBN encapsulated MoS2
FETs on hBN and SiO2 substrate with a single MoS2 flake at
the MoS2-hBN and MoS2–SiO2 interface, respectively. By
incorporating few layered hBN between MoS2 channel and
SiO2 substrate, the device HS-TVI were improved dramati-
cally and studied comprehensively with different sweep rates,
sweep ranges of gate voltage, and electrical gate stress. The
decrease in hysteresis, stable threshold voltage and blocking
p-type doping were explained by screening charge trapping
by hBN interlayer sandwiched between MoS2–SiO2 di-
electric. Our study is helpful in controlling hysteretic behavior
in MoS2 FETs using 2D interlayer or substrates and concludes
that hBN decrease instability and power consumption and
enhance performance of the device.
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