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Impact of Heat Treatment on a Hetero-Stacked
MoS2/h-BN Field-Effect Transistor

Hyunjin Ji , Hojoon Yi, Huong Thi Thanh Nguyen, Sakong Wonkil, Min-Kyu Joo,
Hyun Kim, and Seong Chu Lim

Abstract— We investigated device properties before and
after heat treatment for a hetero-stacked two-dimensional
field-effect transistor (FET). In dual-gated monolayer MoS2
FET using a top h-BN layer and bottom SiO2 substrate, care-
ful but harsh heat treatment is implemented in high vacuum
at 200 ◦C for 18 h. Under the top-gate bias sweep, the field-
effect mobility increases by ∼9 times, and the channel car-
rier density doubles after the treatment. The heat treatment
effect is more noticeable in the top-transferred h-BN than in
the bottom SiO2 layer, because it leads to homogeneous
adhesion between the layers by diminishing the adverse
effects of interfacial bubbles or adsorbates. A top-gate
dielectric capacitancefor h-BN of 55 fF is increased to ∼70 fF
after the treatment, which is comparable to the theoretical
value. This indicates that strong capacitive coupling for the
top gate is formed, as confirmed by the capacitance-voltage
measurement.

Index Terms— Intensive heat treatment, monolayer MoS2,
dual-gate FET, capacitive coupling, interfacial adsorbates.

I. INTRODUCTION

S INCE the stacking of two-dimensional (2-D) materi-
als for heterostructures became widely known [1]–[4],

numerous studies of 2-D materials such as transition metal
dechalcogenides (TMDs), graphene, and hexagonal boron
nitride (h-BN) have been conducted for application. With the
advantages of the sizable and reproducible growth of materials,
large direct energy band gap, and flexibility, monolayer TMDs
such as MoS2 and WS2 have been applied in various studies
of electronic, magnetic, and optical fields [5]–[10]. However,
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when stacking several layers, bubbles or adsorbates were
inevitably formed at the interface, promoting a variety of
subsequent studies [11]–[14].

Existing studies of interfacial bubbles produced by 2-D
material transfer have mainly dealt with the issues of heating
effect, content, and influence of environmental humidity [15].
Initial studies mostly assumed that the interfacial bubbles
were filled with gas, but since Geim et al. suggested that
the interior was filled with hydrocarbons or water [14], [16],
further investigations have supported this assertion [11], [15].
Aside from the importance of analyzing the characteristics
of interfacial bubbles, there has been little research on the
effect of interfacial bubbles on device characteristics. Interfa-
cial obstacles cause inhomogeneous adhesion between layers,
which brings about uneven charge distribution inside the chan-
nel of an FET, making it difficult to accurately characterize the
device parameters and largely degrading the performance of
the device.

Hence, we fabricated chemical vapor deposition (CVD)-
grown monolayer MoS2 dual-gated FET on an Si/SiO2 sub-
strate with a top-covered h-BN layer to investigate the
interfacial properties. The quantitative analysis of the influence
of interfacial obstacles on the device and its elimination
method are provided in this study. As expected, the intensive
heat treatment was much more effective in improving the
interfacial properties with the transferred h-BN at the top
rather than with the bottom SiO2. After the treatment, h-BN
produced nearly the same capacitance value as the theoretical
value, which is improved by more than 30 % than before
annealing, and resulted in an increase in the carrier mobility
by ∼9 times and a doubling of the channel charge density.

II. EXPERIMENT

For the reliability of the TMD FET fabrication, in this
study, CVD-grown monolayer MoS2 is used as a semicon-
ducting channel [17], whose property is verified with a Raman
spectrum in Fig. 1(a). The difference in the Raman shift
∼18.2 cm−1 between the E1

2g peak and A1g peak is obtained
from monolayer MoS2 [18], [19]. In processes for the FET fab-
rication, the source and drain electrodes are made on a trans-
ferred monolayer MoS2 using the conventional electron beam
lithography technique (① ②). Then, the 30.7 nm thick mechan-
ically exfoliated multilayer h-BN on a different substrate is
transferred onto the MoS2 device using the PMMA carrying-
layer method to serve as a top-gate dielectric [20]. h-BN
is advantageous both for easy tracking of gate capacitance
changes, a few tens of fF, and for a low density of charged
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Fig. 1. (a) Photomicrographs of CVD-grown MoS2 device before top gate
creation (①) and the final state of the MoS2 DG FET (②) with Raman
spectrum on MoS2 (right) and (b) the three-dimensional schematic of
the device on Si/SiO2 and the electrical connection of diagram for
measurements.

impurities when compared to 300-nm thick SiO2 layer and
high-k dielectric materials [21], [22]. The completed MoS2
dual-gated (DG) FET is shown in Fig. 1(a), and the channel
dimension is marked inside. A three-dimensional schematic of
the device in Fig. 1(b) clarifies the device structure, with the
electrical connection for the capacitance-voltage and current-
voltage measurement diagrams.

III. RESULTS AND DISCUSSION

All electrical properties of the device were measured at
room temperature, in a high vacuum of ∼10−7 Torr. After the
reference measurement, the device was annealed at 200 ◦C
for 18 h in vacuum. First, the device resistance values are
compared in the plots of ID-VD at different VT G values
and different VBG values, in Fig. 2(a) and (b), respectively,
before and after thermal annealing. The output curves of
ID-VD exhibit remarkably improved electrical conductance
after annealing, for both VT G and VBG . From the output
curves for VT G in the inset of Fig. 2(a), the VT G values were
modulated from −8 V to +8 V before annealing and from
−8 V to +10 V after annealing, in 2 V increments, where
VBG = 0 V. Each graph results in a device total resistance
(RT OT ) for VT G . The comparison of RT OT shows that the
values are reduced by approximately 100 times for VT G after
annealing. Meanwhile, the output curves and RT OT values
in Fig. 2(b) exhibit the channel property of VBG . Before
annealing, VBG changed from −30 V to 60 V in 10 V
increments, and it changed from −60 V to +60 V in 10 V
increments after annealing. During all measurements for VBG ,
VT G = 0 V. Similar to the characteristics for VT G , the RT OT
for VBG is considerably reduced after annealing.

To investigate the effect of thermal annealing on a con-
tact resistance (RC) in detail, we additionally fabricated a

Fig. 2. Comparison of channel conductance corresponding to the inset
of ID-VD curves before and after heat treatment. (a) RTOT values for VTG
and (b) RTOT for VBG. (c) The contact resistance study from a 4-terminal
device.

4-terminal test device with channel dimensions similar to
that in Fig. 1(a). A reactive ion etching (RIE) process was
inevitably required to accurately define channel dimensions
in the test device. On the left side of Fig. 2 (c), microscope
images of each step are provided. The thermal annealing was
implemented for more than 12 h at 200 ◦ and the resultant
RT OT (closed symbols) and contact resistance (RC , open
symbols) are compared for VT G and VBG in right-hand plots
of Fig. 2(c). Considering the percentage of RC with respect to
RT OT , the rates of change after annealing were within 10 %
for VT G and VBG . Considering that the channel property itself
was considerably enhanced, it is true that the heat treatment
improves the contact property to some extent, although there
appears to be other factors contributing significantly to the
improvement in performance.

The effect of heat treatment for the dual-gated monolayer
MoS2 FET is mainly investigated in the transfer curves and
capacitance-voltage (C-V) properties in this experiment, with
the swept VT G under the fixed VBG . From the transfer curves,
ID-VT G , VBG increases from −30 V to +60 V in 10 V
increments before annealing (orange color), and VBG increases
from −60 V to +60 V in 10 V increments after annealing
(yellow-green color). The electrical conductance is signifi-
cantly improved after annealing in Fig. 3(a). Specifically, at
VT G −VT H (= VGT ) = 10 V and VBG = 40 V, the value of ID
rises approximately four times, from 0.53 µA to 2.19 µA, after
annealing. Moreover, when VGT = 10 V and VBG = 60 V, ID
increases 2.7 times from 0.83 µA to 2.21 µA. This signifies
that although the structure and measurement environment of
the device have not changed at all, after annealing, the same
vertical gate voltages induce more carriers inside the channel.

From the transfer curves, the earlier turn-on of the device
after annealing is observed as well, and it is characterized
by VT H . We extracted VT H using the capacitance derivative
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Fig. 3. Device characteristics before (orange) and after (yellow-green)
annealing under VTG sweep with the fixed VBG and at VD = 0.5.
(a) Transfer curves, (b) threshold voltages (VTH), (c) top-gate capaci-
tance, (d) the interface trap density (Dit), (e) the equivalent capacitance
model in this device, and (f) µFE.

method (dCg·dVT G
−1) in Fig. 3(b). From the previous study of

SOI MOSFETs for VT H analysis, the capacitance derivative
method is well-known to be the most reliable and the most
physically accurate among the representative VT H extraction
methods, because it originates from the unified charge-control
model [23], [24]. The evident negative shift of VT H after
annealing is an average of approximately 10 V, and the rate
of change for VBG , namely the slope of VT H versus VBG ,
is similar before and after annealing.

Previously, the effects of thermal annealing in nanomaterial
FETs have been mostly studied in terms of the improvement
in the contact resistance [25]–[28]. However, when stacking
2-D materials in multiple layers, it is important to control the
interface characteristics between the layers, which is the major
factor in device performance [12], [29], [30]. This is because
interfacial bubbles or residues, as well as weak van der Waals
force interactions between materials, exist. In the following
discussion, we focus on the C-V measurement and analysis,
showing the interface characteristics in the device.

Because the back-gate dielectric capacitance of a 300-nm
thick SiO2 layer is too small to accurately investigate the
change pattern, all capacitance studies were performed on a
30-nm thick h-BN under VT G sweep. The thermal annealing
improves the C-V properties, as represented in Fig. 3(c).
As described in the VT H characteristics for the earlier device
turn-on, the shifts in the C-V curves are quite apparent as
well. The previous value of ∼55 fF in saturation increases
to ∼70 fF after annealing. Considering that the calculated
capacitance value of top h-BN with a dielectric constant of
3∼4 [22], [31]–[33] is 65∼87 fF, the heat treatment seems to
very effectively remove the deterioration factor.

We also calculated the interface trap density Dit for h-BN
from the subthreshold slope for VT G [34], where we used
the measured Cg values, instead of the calculated one. While
the Dit before annealing ranges around 1013 cm−2·eV−1,
it considerably reduces to approximately 4 ×1010 cm−2·eV−1

after annealing, as plotted in Fig. 3(d). Previous studies of

TMD FETs on Dit show that the value of ∼1010 cm−2·eV−1

in this study highlights the interface properties for the top gate
h-BN layer, rather than SiO2 [34].

A simple equivalent capacitance model for the VT G sweep
is illustrated at the top of Fig. 3(e), and a device cross-
section is drawn at the bottom. In the model, Ch−B N ,
Cit−B A, and Cpar. are the effective capacitance values for the
h-BN layer, the capacitance by bubbles or adsorbates, and
the parasitic capacitance by the back-gate field, respectively.
Cpar. is computed from the difference in the saturation value
according to the VBG , which is negligibly small, as shown in
Fig. 3(c). The bubbles or adsorbates between h-BN and MoS2
reduce the effective area for capacitive coupling of channel
to VT G . Therefore, the channel charges induced by the top-
gate field are reduced, and the device performance degrades.
The channel carrier density (Nacc) calculated from the C-V
plots supports this fact. The maximum value of VGT measured
at VBG = 0 V before annealing was 4 V and the Nacc
value at the same condition was increased 2.57 times from
9.2 ×1011 cm−2 to 2.4×1012 cm−2 after annealing. Generally,
the electrical conductivity is proportional to the mobility and
carrier density of the material. Therefore, both can explain the
considerably increased conductivity after annealing.

In the FET operation principle, the field effect mobility µF E
of the device can be calculated using the measured capacitance
values, as shown in Fig. 3(f). We exhibited the comparison
results at the maximum value and at VGT = 10 V in the
figure. When VGT = 10 V, the µF E increased 9.6 times and
7.7 times for VBG = 40 V and 50 V, respectively. Comparing
the maximum values based on VGT , it increased 7.2 times
from 2.4 cm2·V−1·s−1 to 17.4 cm2·V−1·s−1 at VBG = 60 V
and VGT = 10 V as shown in Fig. 3(f).

The results above signify that when VBG is low before
annealing, VT G rarely generates an effective channel because
of the poor interface between h-BN and MoS2. However, after
the improvement of the top interface characteristics by heat
treatment, the top-gate field controls the channel actively even
in the very low VBG region.

IV. CONCLUSION

For reliable device operation using 2-D TMD materials,
several strategies, such as multi-layer stacking and the use of
surface-inert h-BN as a gate dielectric, have been studied to
date. However, implementing actual performance improvement
is as important as suggesting a new method. Through the
persistent annealing for more than 10 hours in a monolayer
MoS2 DG FET, we have demonstrated that the capacitive
coupling between the h-BN and MoS2 channels is significantly
improved owing to the reduction of probable parasitic capac-
itive substances, as evidenced by the C-V characteristics. The
ultimate performance of h-BN was almost realized, exhibiting
a capacitance value similar to the calculated value after the
annealing. Finally, the top-gate field through h-BN in an FET
induced a channel charge that was doubled and produced a
field effect mobility that was approximately nine times greater.
This study shows the effect of interfaces on the performance
of low-dimensional miniaturized devices, and this will serve
as a valuable example for a follow-up TMD study.
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