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Abstract: Transition metal dichalcogenides (TMDC) have been considered promising electronic mate-
rials in recent years. Annealing and chemical doping are two core processes used in manufacturing
electronic devices to modify properties and improve device performance, where annealing enhances
crystal quality, reduces defects, and enhances carrier mobility, while chemical doping modifies con-
ductivity and introduces new energy levels within the bandgap. In this study, we investigate the
annealing effects of various types of dopants, time, and ambient conditions on the diverse material
properties of TMDCs, including crystal structure quality, defect density, carrier mobility, electronic
properties, and energy levels within the bandgap.

Keywords: two-dimensional transition metal dichalcogenides; field effect transistor; annealing
process; chemical doping

1. Introduction

Transition metal dichalcogenides (TMDCs) have received considerable attention over
the years. TMDC is a type of two-dimensional (2D) material similar to graphene [1-4],
but rather than a single layer of carbon atoms in graphene, it consists of a single layer
of transition metal atoms including molybdenum (Mo) [5-8], tungsten (W) [9-11], and
platinum (Pt) [12-15] sandwiched between two layers of chalcogen. An atom includes
sulfur (S) [16-19], selenium (Se) [20-23], and tellurium (Te) [24-26]. TMDCs offer various
interesting properties, such as high electron mobility, strong optical-matter interactions,
and mechanical flexibility. These properties make them promising candidates for a variety
of applications in fields such as thin-film transistors [27-30], photosensors [31-33], gas
detectors [34-36], neuromorphic devices [37-40], biosensors [41-44] and energy harvesting
devices [45-47]. In recent years, significant efforts have been made to develop new methods
for synthesizing TMDC and to explore its properties in more detail. This allowed a better
understanding of the fundamental physics of TMDCs and opened new avenues for their
use in a variety of applications.

Annealing is a simple yet effective method for controlling the properties of
TMDCs [48-51]. This process involves heating the material to a specific temperature for a de-
fined duration and slowly cooling it in a controlled environment. The outcome of annealing
on TMDCs can be influenced by various factors, such as the annealing temperature [52-55],
duration [56-58], and atmosphere [59-62]. One of the most significant advantages of an-
nealing on TMDCs is the elimination of defects and impurities that can degrade their
electronic and optical properties, thus enhancing device performance [63-65].

In addition, annealing can also affect the electronic and optical properties of
TMDCs [66—-69]. For instance, it can cause shifts in the bandgap energy [70,71], making
it useful in optoelectronic devices [72-74]. Furthermore, annealing can improve electron
mobility [75-77] and carrier concentration [78,79] and enhance electrical conductivity [80-82].
The effect of annealing on TMDC is also dependent on the atmosphere in which the process
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is carried out. For example, annealing in a controlled atmosphere can create sulfur or
selenium voids that can alter the electronic and optical properties of the material [83,84].
Annealing in an oxidizing atmosphere can also generate an oxide layer on the material
surface, which can impact electronic and optical properties [85-87].

In addition, the chemical doping method is considered to improve electrical properties
of TMDC while minimizing lattice structure damage. Chemical dopant could modulate the
distance between the Fermi level and the conduction band or valence band [88]. Therefore,
doping the TMDC with an appropriate dopant reduces the height of the Schottky barrier
and enhances the carrier density [89].

Here, we present the effects of annealing and chemical doping on the various TMDC—
Based transistors. This review provides details on the TMDC transistor’s annealing process
in different environments, including air, nitrogen, and vacuum. Additionally, we discuss
changes in the electrical characteristics of TMDC transistors resulting from organic dopants
such as dielectrics and SAM. Finally, we examine the potential for performance enhance-
ment in electronic engineering based on TMDC materials and suggest future directions
for research.

2. Synthesis of Transition Metal Dichalcogenides

TMDC materials possess unique electronic and optical properties, valuable for elec-
tronic and optoelectronic devices. High-quality TMDC monolayers or few-layer structures
are crucial for these applications. Mechanical exfoliation, using Scotch tape or metal assis-
tance, provides a simple and cost-effective method for obtaining single layers from bulk
crystals [90-92]. Meanwhile, chemical vapor deposition (CVD) allows controlled growth of
large-area monolayers with desired properties on different substrates [93,94]. Liquid-phase
exfoliation is a low-cost, scalable method for mass production but faces challenges in
obtaining single atomic layers with specific structures [95,96]. Ongoing research aims to
optimize exfoliation processes for addressing this issue.

3. The Fundamental Processes Occurring during Annealing in the TMDC

Annealing is utilized in shaping the crystal structure, crystallinity, and defects of
TMDC, exerting crucial control over the material’s electrical and optical properties [97-101].
Different from graphene, monolayer TMDC consists of sandwich structures with chalcogen
atoms forming upper and lower layers and a transition metal ion plane in between. These
TMDCs can be classified into 2H and 1T phases, each with distinct properties. The 2H phase
exhibits excellent optical emission characteristics but limited electrical catalytic properties,
while the 1T phase demonstrates superior catalytic properties but lacks light-absorbing
capabilities due to its metallic nature. Through annealing, transitions between these crystal
structures can be induced, enabling precise control to achieve desired characteristics.

Moreover, annealing influences the growth of crystalline domains, impacting crystal
boundaries and thereby regulating charge transport and electrical properties. Additionally,
the annealing process reduces defects and imperfections, leading to enhanced electrical
and optical properties. In intentionally doped TMDC, annealing facilitates the diffusion
of dopants into the crystal lattice, resulting in improved electronic properties and the
ability to tailor specific functionalities. The outcomes of these annealing effects depend on
various conditions such as temperature, time, and environment, allowing for fine tuning of
TMDC properties for diverse applications.

4. Annealing Effects of TMDC—Based Transistors
4.1. Annealing Effects of MoS,—Based Transistors

The n-doping effect of molybdenum disulfide (MoS,) FET was demonstrated through
a simple annealing process. This study performed annealing for 2 h in a nitrogen atmo-
sphere [102]. Figure 1a shows the transfer curve of a MoS; FET with the effect of vacuum
annealing, where the pristine MoS; FET exhibits a low on/off-current ratio of 100 A/A
due to its high off current of 10~° A. The off current of the MoS, FET annealed at 200 °C was
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below 107! A at negative gate voltage, indicating the n-type doping effect. The off current
of the MoS; FET annealed at 300 °C shows a slight increase compared to that at 200 °C.
The decrease in the off current is due to the rearranged surface of the MoS; channel and the
removal of residual material through heat. On the other hand, increasing the annealing
temperature to 400 °C resulted in a decrease in the on current and an increase in the off
current, with a drain current of 107> A and an ambiguous boundary between the on/off
currents. The high off current of the MoS, FET is attributed to the phase transformation to
Mo,S55 caused by high-temperature energy. Moreover, when the electrical characteristics are
measured in atmospheric environments, the adsorption of water and oxygen molecules on
the annealing-treated MoS, channel region leads to an increase in the off current. Figure 1b
shows the on/off current of the MoS; FET as a function of annealing temperature. The on
current continues to decrease as the annealing temperature current becomes the initial drain
current value. Figure 1c shows the extracted charge carrier mobility of the MoS; FET with
annealing temperature. The electron mobility of a pristine MoS, FET is 8.5cm? V1 571,
but the highest electron mobility of 20.7 cm? V~! s~ ! appears at the lowest off-state current
under annealing conditions of 200 °C, and as the annealing temperature increases above
200 °C, the electron mobility decreases.
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Figure 1. (a) Transfer curve of MoS, FET according to annealing temperature; (b) The plotted on-
and off-current values of MoS, FET; (c) The extracted field effect mobility of MoS, FET according to
annealing temperature (adapted from [102] with permission from the Springer Science and Business
Media); Band structure of the Au contact electrode and MoS, channel (d) before annealing and,
(e) after annealing (adapted from [103] with permission from the AIP Publishing LLC).

As another example, the induced n-doping effect in MoS, FET through a vacuum
annealing process was reported by Islam et al. [103]. The pristine MoS; FET was mounted
on a furnace and annealed at 250 °C under a vacuum of 15 mTorr for 1 h. The contact
and channel resistances of the pristine MoS, FET were 4 MQ) and 112 k(), respectively,
while the annealed MoS, FET had a contact resistance of 2 k() and a channel resistance of
171 kQ). Figure 1d shows the band structure of the pristine MoS, FET. A vacuum annealing
process reduced the contact and channel resistances of the device, despite the presence of
a high contact resistance caused by the tunneling barrier between the Au contact electrode
and the MoS; channel due to the Van der Waals gap. The vacuum-annealed interface
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between the Au contact electrode and MoS, channel is alloyed, eliminating the Van der
Waals gap and tunneling barrier (Figure le). Additionally, the alloyed Au contact electrode
and MoS, channel had reduced work function, leading to a decreased Schottky barrier, and
consequently lowering the contact resistance. This vacuum annealing process increases the
mobility of MoS, FET from 0.1 to 8 cm? V~! s7! and enhances the on/off ratio 10 fold.

4.2. Annealing Effects of MoTe;—Based Transistors

To change the electrical characteristics of n-type molybdenum ditelluride (MoTejy)
FETs, a p-type doping method through an annealing process was reported [104]. This
annealing process led to a MoTe,—Based complementary metal-oxide semiconductor
(CMOS) inverter using a p-type MoTe, FET with an annealing process and an n-type MoTe,
FET with electron beam irradiation. To manufacture a p-type MoTe, FET, a rapid thermal
annealing (RTA) process was performed at 250 °C for 3 h. Figure 2a shows the molecular
structure of oxidized MoTe; resulting from the annealing process. MoTe; has bonds such
as Te vacancy and antisites. Upon high-temperature annealing treatment, the Te vacancy
was increased and induced the absorption of oxygen molecules. As a result, oxygen
molecules with high electronegativity are adsorbed onto the Te vacancy in oxidized MoTe;,
acting as electron acceptors and inducing a p-type doping effect on MoTe; FET. Figure 2b
shows the electrical properties of the pristine MoTe, FET and the annealed MoTe, FET.
After the annealing process, the MoTe; FET enhanced p-type behavior, and the hysteresis
was reduced. Also, the doping effect of p-type MoTe; FET induced by high-temperature
annealing lasted for 2 weeks. Figure 2c shows the voltage transfer characteristics (VIC) of
a CMOS inverter implemented using an annealed treated p-type MoTe, FET and an n-type
MoTe, FET fabricated by electron beam irradiation. The CMOS inverter exhibits full-swing
operation over a drain voltage range of 1 Vto 5 V.
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Figure 2. (a) Schematic of MoTe; structure with annealing and oxidation; (b) Transfer curve of
pristine MoTe, FET and annealed MoTe; FET; (c) Voltage transfer characteristics of MoTe; based
CMOS inverter (Vpg was applied from 1V to 5 V at 1 V interval). (adapted from [104] with permission
from the John Wiley and Sons); (d) Transfer curve of MoTe, FET according to vacuum annealing
temperature; (e) Voltage transfer characteristics of MoTe; inverter; (f) Voltage transfer characteristics
(black lines) and their mirrors (red lines) of MoTe; inverter at Vpp =5 V (adapted from [105] with
permission from the Springer Science and Business Media).
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When oxygen or water molecules in the air are adsorbed onto the MoTe; channel,
it operates as a p-type transistor. However, the vacuum annealing process removes the
adsorbed molecules from the MoTe; channel. Consequently, Te vacancies are generated in
the MoTe; channel due to the removed adsorbates, resulting in the acquisition of n-type
conductivity [105]. Figure 2d shows the transfer curves of the n-type MoTe, FET through
the vacuum annealing process. The pristine MoTe, FET operates as a p-type due to the
incomplete removal of adsorbates from the MoTe; channel. In contrast, when the tem-
perature is increased to 76.85 °C, the drain current at both positive and negative gate
voltages decreases and increases, respectively. The n-type MoTe, FET has on/ off ratio of
3.8 x 102 A/A, anS.S of 1.1 V/dec, and electron mobility of 2 cm? V-1 571 In addition, the
inverter was demonstrated using unipolar p-type and n-type MoTe, FETs. Figure 2e shows
the VTC characteristics of the MoTe; inverter. The transition voltage was half of Vpp due
to the transfer curve of p- and n-type of MoTe, FET being symmetrical. Figure 2f shows the
noise margin and VTC curve of the MoTe; inverter when Vpp is 5 V. The low-level noise
margin (NMp) is 1.54 V, while the high-level noise margin (NMpy) is 1.77 V.

4.3. Annealing Effects of WSe,—Based Transistors

The work function of the electrode and the subsequent annealing process changed the
electrical characteristics of the tungsten diselenide (WSe;) FET. Bandyopadhyay et al. fab-
ricated WSe, FET using various metal electrodes with different work functions, such
as gold (Au, ¢ = ~5.4 eV), molybdenum (Mo, ¢y = ~4.53 eV), and aluminum (Al,
bm =~4.08 eV) [106]. The WSe, FET with metal electrodes of different work functions
operates as both n-type and p-type transistors. Furthermore, the field effect mobility and on
current were increased by 300 °C vacuum, annealing for 3 h. Figure 3a shows the transfer
curve of a WSe, FET with Au/Ti electrodes. The hole mobility of the pristine Au/Ti/
WSe; FET was 432 cm? V~! s, but it increased by 150% to 625 cm? V! s~ after the
annealing process with enhancing p-type operation. This indicates the interface properties
between the WSe; channel and gate dielectric are enhanced by annealing effects. Figure 3b
shows the transfer curve of WSe; FETs with Mo electrodes. The pristine Mo/WSe; FET
had ambipolar behavior with p-type dominance, and the hole and electron mobilities were
210 and 30 cm? V~! s71, respectively. The additional annealing process further improved
the ambipolar conduction of the Mo/WSe; FET. The annealed Mo/WSe, FET had a hole
mobility of 410 cm? V~! s7! and an electron mobility of 70 cm? V~! s~1. On the other
hand, WSe; FET with Al electrodes resulted in an n-type operation (Figure 3c). The electron
mobility of the Al/WSe, FET before and after annealing was 242 and 366 cm? V=1 s~1,
respectively. In summary, the conductivity of WSe, FETs with dissimilar electrode work
functions can be controlled as either n-type or p-type, and additional vacuum annealing
shows the annealing effects of the device, inducing high mobility.

The annealing process performed in ambient air causes the formation of an oxide
layer (WO3) due to the interaction between the WSe; surface and oxygen molecules. The
p-doping effect on ambipolar WSe; FET using an annealing process in ambient environment
was observed [107]. The work function of WOj3 (~6.7 eV) formed on the WSe, surface under
this condition is lower than that of WSe; (~4.4 eV), resulting in a WSe, FET operating as
a p-type transistor. Figure 3d shows the modified transfer curves of the ambipolar WSe, FET
after annealing in air ambient. The WSe, FET was annealed at 200 °C on a hot plate
for 1 h. After annealing, the n-type current (Vg = 70 V) of the ambipolar WSe, FET de-
creased at all drain voltages (Vp =4V, 6 V), and the p-type current increased (Vg = =70 V).
Also, the hole and electron mobility before annealing are 0.13 and 5.5 cm? V=1 571, re-
spectively. In contrast, when WSe, FET was annealed, the extracted hole mobility in-
creased up to 1.3 cm? V~! s~1, while the electron mobility decreased to 0.69 cm? V-1 s~ L.
Figure 3e,f show the photo-switching characteristics of the pristine WSe, FET and the
annealed WSe, FET. A 405 nm laser with a power density of 11 mW /cm? was applied.
In the switching operation, the rise time and decay time of the pristine WSe, FET were
92.3 s and 57.6 s, respectively. In contrast, the rise time of the annealed WSe, FET decreased



Coatings 2023, 13, 1364

6 of 19

significantly by 610 times to 0.15 s. Also, the decay time decreased to less than 0.33 s with
a 170 times difference. The improved optical switching behavior is attributed to the lattice
mismatch between WSe; and WOj3 generated by the proposed annealing process, and
the recombination of photo-generated electron-hole pairs is facilitated by the trap regions
resulting from the lattice mismatch.
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Figure 3. Transfer curve of WSe, FETs with various metal electrodes such as (a) gold/titanium,
(b) molybdenum, and (c) aluminum (adapted from [106] with permission from the Elsevier B.V.);
(d) Transfer curve of pristine WSe, FET and annealed WSe, FET under air ambient; Photo-switching
behavior of (e) pristine WSe; FET and, (f) WSe, FET annealing at air ambient (adapted from [107]
with permission from the Springer Science and Business Media).

4.4. Annealing Effects of WS,—Based Transistors

The n-type behavior of multilayer tungsten disulfide (WS;) FET through a double
annealing process, performed both before and after electrode deposition, was demonstrated
by Ji et al. in 2022 [108]. The first annealing process was carried out for 2 h at 200 °C on
a WS; transferred substrate mounted in a vacuum tube furnace. The first annealing process
removed the organic residue and improved the WS;/electrode interface by desorbing
the surface adsorbent. The second annealing process was also performed in a vacuum
tube furnace at 200 °C after electrode deposition. Figure 4a shows the transfer curve of
pristine WS; FET (Group A) and annealed after electrode deposition WS, FET (Group B).
The on/off ratio and field effect mobility of pristine WS, FET were 1.9 x 10° A/A and
11.1 cm? V~1 s71, respectively. In contrast, the WS, FET performed by annealing process
after electrode deposition had 1.6 x 10° A/A of on/off ratio and 20.8 cm? V! s7! of
field effect mobility. Also, the output curves of WS, FET from groups A and B showed
a decrease in contact resistance from ~6.7 x 10?2 kQ-um to ~3.8 x 10% kQ-um (Figure 4b).
Statistical analysis of the field effect mobility for 50 WS, FET in each group was also
performed (Figure 4c). Group C performed with an annealing process after the WS; flake
transfer, while Group D comprised WS, FETs that carried out a double annealing process.
The average field effect mobility of pristine WS, FET was the lowest at 5.6 cm? V=1 s~1.
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1,(8)

The average field effect mobility with the first and second annealing processes was 14.8
and 16.0 cm2 V-1 g1 respectively. In contrast, the average field effect mobility of WS, FET
performed double annealing process was the highest at 23.8 cm? V! s~1. Thus, the mobility
and contact resistance of the WS, FET were improved through double annealing processing.

10° T T T
v,=1V

—ea— Group A
—e—Group B

ws,
(100200 )
SI0; (300 nm)

Puesi

r . b 200 T T T T c 30
V° from -30 V to 30 Vin 10 V steps
—ea— Group A

1501 —e— Group B .

—
e

n
o
1

-
o
1

504

Average . (cm® V' s™)

04
10 0 10 20 40 50 60 GroupA GroupB GroupC GroupD
Vv (V)
9
l N2 Gas 1 >< 10_7 Lodie voilage (v) 1)(1075
Few-layer WS,
r
ﬁ e
£1x1078; L 1107 e
2 [ ! 1x10°° :
. " = 55 X =
Electric ; & Atomic Nitrogen o 3 é 3 Lé
Field SBPI05 || {Jlonized Nitrogen 8 1X107% T E F <
£.990 la} failla] -1°
coo X ] r 1x10
] A i
3 & Sample 1x10~10 —12 1x10~13
T T ——— Tr x10
‘— Heating Stage 20 -0 0 10 20 L S P T P

_Gate Voltage (V) ’ Gate Voltage (V)

Figure 4. Electrical characteristics comparison between the pristine WS, FET and the annealed after
electrode deposition WS, FET using (a) Transfer curves and, (b) Output curves; (c) Statistical analysis
of 50 WS, FET with A to D groups (adapted from [108] with permission from the Elsevier B.V.);
(d) 3D schematic of the WS; nitrogen substitutional doping and annealing process; Transfer curves
of pristine WS, FET and nitrogen doping WS, FET with (e) monolayer WS, and, (f) few layer WS,
(adapted from [109] with permission from the American Chemical Society).

WS; typically exhibits n-type conductivity in both exfoliated flakes and chemical vapor
deposition (CVD) growth. Nitrogen substitution doping and annealing manifest p-doping
effects on WS, FETs through Fermi-level pinning, which is a technological achievement
for implementing TMDC—Based CMOS FETs [109]. The WS; films were grown using
radio frequency (RF) magnetron sputtering, followed by nitrogen annealing at 300 °C
under a pressure of 7.0 x 107> mbar. The nitrogen radicals composed of ionized nitrogen
and atomic nitrogen were effused into WS, samples mounted on the main chamber and
created W-N bonds (Figure 4d). The W-N bonds created by substituting S atoms in WS,
with N atoms result in an acceptor level 0.24 eV lower than the conduction band edge of
WS,, enabling p-type doping. Figure 4e shows the transfer curves of a monolayer n-type
WS, and a p-type WS, FET after nitrogen treatment. The hole mobility and the threshold
voltage of the n-type WS, FET are 0.53 cm? V~! s and 9 V, respectively. However,
a p-type WS, FET with nitrogen substitutional doping had 1.70 cm? V~! s~! of hole
mobility and —12 V of the threshold voltage. Similarly, nitrogen annealing also enables the
p-type operation of multilayer WS; FET (Figure 4f). The p-type doping effect of WS, FET
by nitrogen substitutional doping and the annealing process is due to Fermi-level pinning.

The electrical properties of TMDCs can be changed depending on the annealing tem-
perature and the environment (Table 1). Thus, depending on the intended application, the
appropriate type of TMDC should be selected, and the required electrical properties should
be achieved with suitable processing methods. Table 1 summarizes the characteristics of
TMDC—Based transistors depending on the annealing conditions.
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Table 1. The influence of annealing on the characteristics of TMDC—Based transistors.

Materials Tgﬂﬁ;i?:&i An{,‘;;tng jxl;iaigﬁg Doping Effect Mobility Ref.
MoS, 200 °C 2h Nitrogen n-type doping 207 cm? V17! [102]
MoS; 250 °C 1h Vacuum n-type doping 8cm?V-1g7! [103]
MoTe, 250 °C 3h Vacuum p-type doping N/A [104]
MoTe, 76.85°C N/A Vacuum n-type doping 2em?Vv-lg! [105]
WSe, 300 °C 3h Vacuum p-type doping 625 cm? V1 571 [106]
WSe, 200 °C 1h air p-type doping 1.3cm? V-1t [107]
WS, 200 °C (double) 2h Vacuum n-type doping 23.8cm?2Vv-1g-1 [108]
WS, 300 °C N/A Nitrogen p-type doping 1.7cm? V-1t [109]

5. Annealing and Chemical Doping Effects in TMDC—Based Transistors
5.1. Annealing and Chemical Doping Effects in MoS,—Based Transistors

The formation of a triphenylphosphine (PPh3) layer can be controlled by annealing
temperature. The use of PPh; provided the n-doping effect of MoS, FET through continuous
annealing at three different temperatures (150, 250, and 350 °C) after spin coating a 7.5 wt%
PPh; solution on the surface of transistor [110]. The coated phosphorus atoms of PPhs
transfer electrons to the MoS, surface, inducing an n-doping effect. Also, the PPhj layers
increase the number of electrons moving to the MoS, channel as the annealing temperature
increases. Raman spectroscopy was performed to analyze the n-doping effect of MoS,.
Figure 5a shows the redshift values of the Ezgl peak and the Ajg peak of MoS; according
to the annealing temperature. At 150 °C annealing conditions, both the E2g1 peak and the
Ajg peak are redshifted by —0.78 cm!. As the annealing temperature increases to 350 °C,
the Ezg’l peak and the A, peak are redshifted by —2.16 cm~!and —2.75 cm !, respec-
tively. This indicates that PPhs formation at higher annealing temperatures results in
an enhanced n-doping effect. Figure 5b shows the transfer curve of pristine MoS; and
PPhs-doped MoS; FET with annealed from 150 °C to 350 °C. As the annealing temperature
increases, the on current of the PPhs-doped MoS, FET increases, and the threshold voltage
shifts towards negative gate voltages. Furthermore, the energy barrier height of PPh;
decreases, resulting in a decrease in contact resistance from 2.82 k() to 0.24 k() (Figure 5c¢).
In addition, the on/off-current ratio and carrier mobility of PPhz-doped MoS;, FET im-
proved to 8.70 x 10° A/A and 241 cm? V=1 s71, respectively, from their initial values of
872 x 10* A/Aand 121 ecm? V=171,

In the demonstration, an ambipolar MoS, FET with strong p-type conductivity was
achieved through chemical doping and annealing effects. In 2021, Lee et al. spin-coated
a 10 mg mL~! solution of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO) onto the device and
annealed it on a hotplate at various temperatures of 60, 300, and 350 °C for 10 min [111].
Figure 5d illustrates the 3D schematic diagram of the doping process of a PFO-doped
MoS, FET. Additionally, the electrical characteristics of a PFO-doped MoS, FET were
measured at various annealing temperatures (Figure 5e). The pristine MoS; FET shows
conventional n-type behavior and has 0.93 LA of on current at Vg = 30 V and 10> A/A
of on/off ratio. However, as the annealing temperature was increased, the PFO-doped
MoS; FET exhibited ambipolar behavior due to the enhanced p-type conductivity. Also,
at an annealing temperature of 350 °C, the reduced n-type current and increased p-type
current suggest ambipolar behavior of MoS, FETs by PFO doping. Figure 5f shows the
variation of n-type and p-type currents with pristine MoS, FET and PFO-doped MoS; FET.
As PFO doping was performed and the annealing temperature increases, the p-type current
gradually increases. Also, the p-type current of 350 °C annealed PFO-doped MoS; FET was
0.20 pA with 24 times increase compared to the pristine MoS; FET. On the other hand, the
on current decreased 14 times from 0.93 puA to 0.06 pA.
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Figure 5. (a) Raman peak shift values against the formation temperatures of PPhj (black line: Ezgl peak,
red line: Ajg peak); (b) Transfer curve of pristine MoS; FET and PPh3-doped MoS; FET annealing
at 3 different temperatures (150, 250, and 350 °C); (¢) Contact resistance of PPhs-doped MoS, FET
measured at various annealing temperatures (black line: 150, 250, and 350 °C, red line: line profile
of contact resistance); (adapted from [110] with permission from the American Chemical Society);
(d) 3D schematic of PFO-doped MoS, FET, where red spheres represent Mo atoms, and yellow spheres
represent S atoms. The inset shows the chemical structure of poly(9,9-di-n-octylfluorenyl-2,7-diyl)
(PFO); Electrical characteristics of the pristine MoS, FET and PFO-doped MoS, FET annealed at
various temperature (60, 300, and 350 °C); (e) Transfer curve; (f) Extracted n- and p-type current
variation (adapted from [111] with permission from the Elsevier B.V.).

5.2. Annealing and Chemical Doping Effects in MoTe,—Based Transistors

MoTe; exhibits instability in the surrounding environment due to oxidation. The
oxidation achieved p-type doping of the device and improved stability in the surround-
ing environment through bis(trifluoromethane)sulfonamide (TFSI) doping and PMMA
encapsulation [112]. The mechanically exfoliated MoTe, flakes were transferred onto
a substrate and coated with PMMA, followed by annealing at 100 °C. The flakes and
half of the electrodes were etched to expose the PMMA-coated device and the uncoated
device. Subsequently, both samples were immersed in a nonreactive atmosphere for
a 5 min period in a chlorobenzene (CB) solvent solution containing TFSI. Figure 6a illustrates
a schematic diagram of the device. Chlorobenzene (CB), a chlorine—Based solvent containing
lone electron pairs, can act as an electron donor to MoTe;y, resulting in an n-type doping effect.
However, the electron-donating effect is nullified by the electron-withdrawing effect of
TESI. Figure 6b illustrates the transfer characteristics of TSFI-MoTe, FETs with and without
a PMMA layer, compared to the pristine MoTe, FET. After TSFI doping, the device without
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a PMMA layer exhibited unipolar p-type behavior with an on/off ratio exceeding 103 A/A
and a maximum mobility of 0.58 cm? V~! s~1. The decrease in current in the n-branch indi-
cates that TSFI induces p-type doping. The significant shift of the threshold voltage to 0 V
after PMMA coating reflects the improved efficiency of TSFI doping for achieving p-type
operation in the device. Conclusively, the device doped with TSFI along with a PMMA
layer exhibited unipolar p-type behavior with an on/off ratio exceeding 10° A/A and
a maximum mobility of 30 cm? V~! s~1, demonstrating a 250-fold improvement compared
to the pristine device. This demonstrates superior on/off ratio and mobility enhancement
characteristics compared to other doped TMD FETs.

TFSI selective doping on 1L-MoTe,
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0 ‘%" —nS —s— TFSIMoTe, w/o PMMA
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ge d4ag 2o 962

\N«//(//«//mwN 25 Cr/Au

AR A S PSS S N 3 & Gy

s
<

Drain current (A
3 3
© ~

-
S
&

!Vds=0A5V

3 L]

60 -40 20 0 20 40 60

OMo @Te @N ©®F @0 ®C s Gate Voltage (V)
c d e
10° 10*
TG o
107} | Cy : © © 00 © CGI)OO i ]
ncreasing V, 4 10°} 1
8 F
2" ’ PEO:CsCIO, g :
- -9 I 1 4 -8
o 10 io_os Pd CS+ L1007 F 1
10" —o04 |} S i D 10° r 1
. - 10-10 SS ~ 87 mV/dec SS ~ 100 mV/dec |
10"} *11  |285nmSiO, “2H-MoTe; .
a2 L L L L ’u_izﬂ p+ Sl 10-12 "ml ]
" 60 40 20 0 20 40 60 BG = A5 40 05 00 05
Ves (V) Vis V)

Figure 6. (a) Structure of TFSI-MoTe, with areas encapsulated by PMMA and those without encap-
sulation; (b) Transfer characteristics of pristine MoTe, device compared to TFSI-MoTe; with areas
encapsulated by PMMA and those without encapsulation (adapted from [112] with permission from
the Applied Surface Science); (c) Transfer curve of pristine MoTe, FET with back-gate structure;
(d) Cross section of ion gate MoTe, FET; (e) Transfer curve of ion gate MoTe, FET with various supply
voltage (adapted from [113] with permission from the American Chemical Society).

The ambipolar MoTe; FET doped with poly(ethylene oxide) (PEO) and CsClOy as the
top-gate dielectric exhibited both n-doping and p-doping effects [113]. The PEO:CsClO4
solution was drop cast on the pristine MoTe, FET with back-gated structure and was
annealed at 90 °C for 3 min. Figure 6¢ shows the transfer curve of a pristine MoTe, FET.
The pristine MoTe, FET shows ambipolar behavior at various drain-source voltages (0.05 V
to 2 V). Figure 6d shows a cross-section of a MoTe, FET doped with a top-gate dielectric of
PEO:CsClOy. To construct the ion gate, the PEO:CsClO4 with gate dielectric and palladium
(Pd) top gate electrodes were sequentially deposited on the MoTe, channel. A positive or
negative gate voltage applied to the top gate electrode induces n-type and p-type doping,
respectively. The positive gate voltage applied to the top gate electrode induces electrons
in the channel due to Cs* ions, resulting in n-type doping effect. On the other hand,
a negative gate voltage results in p-type doping of MoTe; due to ClO4~ ions. Figure 6e
shows the transfer curve of an ion-gate MoTe; FET. Compared to pristine MoTe, FETs, the
on/off ratio and on current of ion-gate MoTe; FET increased 20 times and 40 times in the
n-branch and p-branch, respectively (Vpg = 0.05 V).
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5.3. Annealing and Chemical Doping Effects in WSe,—Based Transistors

Using self-assembled monolayers (SAM) and a double annealing process, the changes
in the characteristics of WSe, FET was observed. The device was immersed in an octadecyl-
trichlorosilane (OTS) solution, which served as the material for SAM, and annealed at
120 °C for 20 min [114]. Figure 7a shows the 3D schematic and energy band diagram of
the OTS-doped WSe; FET. The methyl groups of OTS doping on the WSe; surface possess
positive poles, and the electrons accumulate on the WSe; surface due to the dipolar effect
of OTS, resulting in the occurrence of a p-type doping effect. Also, as the concentration
of OTS solution was increased, the p-type doping effect on WSe, FET was enhanced. The
OTS doping effect on WSep FETs reduces the Schottky barrier height. The upward valence
band of the OTS-doped WSe; FET enhances the hole injection by the narrowed tunneling
barrier. Figure 7b shows the transfer curves of a pristine WSe, FET and a WSe; FET doped
with OTS at a concentration of 1.2%. The pristine WSe, FET has a threshold voltage of
—9.1 V and on current of 1.64 x 10~® A/um. On the other hand, threshold voltage and
on current of WSe, FET doped with 1.2% OTS were —0.45 V and 1.42 x 107> A/um,
respectively. In addition, the mobility increased from 30 + 4 cm? V~! s~! (before doping)
to 192 em? V~! s7! for the device doped with 0.024% OTS (~105 cm? V~! s~1 in the
1.2% OTS-doped device). Figure 7c shows the extracted threshold voltage of OTS-doped
WSe; FETs according to time in an air ambient. The threshold voltage of WSe; FETs doped
with various OTS concentrations (0.024, 0.24, 0.12, 1.2%) is shifted towards a negative gate
voltage due to moisture in the air. However, an additional annealing process at 120 °C
confirmed that shifts in the threshold voltage back to positive values restores the p-doping
effect. The additional annealing process reduces the Si-O-Si bonds of OTS formed in an air
exposure and increases the Si-OH bonds that enhance the p-doping effect.
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Figure 7. (a) 3D structure and energy band diagram of OTS-doped WSe, FET; (b) Transfer curve
of pristine WSe, FET and OTS-doped WSe, FET; (c) Extracted threshold voltage of OTS-doped
WSe; FET according to air exposure time (adapted from [114] with permission from the American
Chemical Society); (d) 3D schematic of CYTOP-doped WSe; FET and inset shows the chemical
structure of CYTOP; (e) Transfer curve of pristine WSe, FET and CYTOP-doped WSe, FET with
various annealing temperature (100, 200, and 300 °C); (f) Raman peak shift of pristine WSe, FET
and CYTOP-doped WSe; FET; (g) Electrical stability of CYTOP-doped WSe; FET over 25 days in air
condition (adapted from [115] with permission from the MDPI).



Coatings 2023, 13, 1364

12 0of 19

Meanwhile, In 2021, the p-doping effect of WSe, FET was reported by means of the
fluoropolymer CYTOP as a p-type dopant [115]. The pristine WSe, FETs were coated with
CYTOP solution and annealed at various temperatures (100, 200, and 300 °C). Figure 7d
shows a 3D schematic of the CYTOP-doped WSe; FET. The C-F bond of CYTOP coated
on the WSe, surface enhances hole accumulation, resulting in the increased p-type current.
Figure 7e shows the transfer curves of pristine WSe, FET and CYTOP-doped WSe; FETs.
The on and off currents of the pristine WSe, FET are 2.30 x 107® A and 1.26 x 1078 A,
respectively. However, as CYTOP is doped and the annealing temperature increases, the
p-type current increases and the n-type current significantly decreases. The off current of
the CYTOP-doped WSe; FET annealed at 100 °C is reduced to 8.46 x 1012 A. Subsequently,
at the annealing temperature of 200 °C, the on current increases to 8.52 x 107° A. In partic-
ular, the CYTOP-doped WSe; FET with 300 °C annealing processed has an on current of
4.10 x 10~° A, which is 6 times higher than the initial value, and off current of 3.15 x 10~° A.
In addition, CYTOP coating and additional annealing treatments remove impurities on the
surface of WSe, and reduce hysteresis due to reduced traps. Also, the p-doping effect of
CYTOP was investigated by Raman analysis (Figure 7f). The A;g and Ezgl peaks of CYTOP-
coated WSe, become blue shifted, and their values increase as the annealing temperature
increases. At last, the electrical characteristics of a CYTOP-doped WSe; FET annealed at
100 °C were stable for 25 days in air exposure (Figure 7g).

5.4. Annealing and Chemical Doping Effects in MoSe, and WS,—Based Transistor

The molecular arrangement of poly-(diketopyrrolopyrrole terthiophene) (PDPP3T)
can be controlled through the adjustment of annealing temperature. Yoo et al. demon-
strated the n-doping effect in multilayer molybdenum diselenide (MoSe;) FET by doping
PDPP3T [116]. In particular, at annealing temperatures above 200 °C, the molecular struc-
ture of PDPP3T changed edge-on state with molecules oriented vertically. As a result, the
edge-on PDPP3T induced an enhanced charge transport effect to MoSe, FET due to the
superimposed molecular dipole moment. Figure 8a shows the 3D schematic of the PDPP3T-
doped MoSe; FET. The coated PDPP3T was annealed at various temperatures (100, 200,
and 300 °C). Figure 8b shows the transfer curves of pristine MoSep FET and PDPP3T-doped
MoSe; FET according to the annealing temperature. The pristine MoSe, FET had ambipolar
behavior with enhanced p-type conductivity with 10* A/A of on/off ratio. Annealing
temperatures of 100 °C and 200 °C slightly increase the n-type current and p-type current
of the PDPP3T-doped MoSe; FET. However, the annealing process at 300 °C increased the
n-type current rapidly and decreased the p-type current. In particular, the n-type current
of 1.5 x 107% A has improved 2000 times compared to the initial value of 7 x 10710 A.
Also, the PDPP3T-doped MoSe; FET has enhanced photoresponsivity compared to the
pristine device at different wavelengths of light (832, 638, and 405 nm) (Figure 8c). Also,
a maximum photoresponsivity of 91.2 AW ! was obtained when light with a wavelength
of 638 nm is applied at an intensity of 20 mW /cm?.

The n-doping effect in WS, FETs has been reported using lithium fluoride (LiF) as
a dopant [117]. The pristine WS, FET is immersed in 0.01 M of dopant solution and then
annealed at 80 °C for 2 min to achieve the n-doping effect. Figure 8d shows the transfer
curve of the n-type doped WS, FET using LiF dopant. The on/off ratio and the threshold
voltage of the pristine WS, FET are 4.83 x 10° A/A and 14 V, respectively. However, the
LiF-doped WS, FET has an on/off ratio of 1.05 x 10° A/A and a threshold voltage of
—6 V due to the negative shifted gate voltage. Also, the contact resistance was extracted
using the transfer length method (TLM). Figure 8e shows the TLM resistance of the WS,
FET before and after doping according to the channel length. The doping effect of the
WS, FET on the LiF significantly reduces the channel and contact resistance, especially
leading to the lowest contact resistance of 0.9 kQ)-um. Figure 8f shows the changed mobility
and threshold voltage according to LiF immersing time. As the immersion time in the
LiF solution increases, the mobility increases, and the threshold voltage shifts towards the
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negative gate voltage. Also, the LiF immersing time of 120 min improves the mobility of
the WS, FET from 13.2 to 34.7 cm? V-1 571,
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Figure 8. (a) 3D schematic of PDPP3T-doped MoSe;, FET; (b) Transfer curve of pristine MoSe, FET
and PDPP3T-doped MoSe, FET with various annealing temperatures (100, 200, and 300 °C);
(c) comparison photoresponsivity under various light irradiation (832, 638, and 405 nm) (adapted
from [116] with permission from the John Wiley and Sons); (d) Transfer curve of LiF-doped WS, FET
with log and linear scale; (e) Channel and contact resistance of pristine WS, FET and LiF-doped WS, FET
according to channel length; (f) Extracted mobility and threshold voltage of LiF-doped WS, FET with Lif
immersing time (adapted from [117] with permission from the American Chemical Society).
Chemically doped TMDC FETs exhibit changes in electrical properties as both the
TMDC and the chemical dopant are affected by the annealing process. Hence, to achieve
the target electrical properties, optimized annealing conditions and appropriate chemical
doping should be employed. Table 2 summarizes the post-annealing characteristics of
chemically doped TMDC—Based transistors.
Table 2. The annealing effect on the characteristics of TMDC—Based transistors doped with
chemical dopants.
Materials Dopant Doping Annealing Doping Effect Mobilit Ref
P Method Temperature ping y ’
MoS, PPh; Spin-coating 350 °C n-type doping 241 ecm? V-1s7! [110]
MoS; PFO Spin-coating 350 °C p-type doping 024 cm?V-1s71 [111]
MoTe; TFSI Dipping 100 °C p-type doping 30cm? V=11 [112]
i s o n-and p-type 7 cm? V~!s7! (electron)
MoTe, PEO:CsClOy4 Drop-casting 90 °C doping 26 cm? V-1 5~ (hole) [113]
WSe;, OTS Dipping 120 °C p-type doping 192em? V17! [114]
WSe, CYTOP Spin-coating 200 °C p-type doping 85cm? V=171 [115]
MoSe; PDPP3T Spin-coating 300 °C n-type doping 75.6 cm? V1571 [116]
WS, LiF Dipping 80 °C n-type doping 347 cm? V1571 [117]
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6. Conclusions and Future Aspect

This review discusses diverse techniques aimed at enhancing the electrical characteris-
tics of transistors using TMDCs. The methods explored include annealing processes and
chemical doping, which serve as effective means for engineering the electrical properties of
TMDC transistors. Studies have examined the impact of annealing processes performed in
various atmospheres, such as air, vacuum, and nitrogen, on the performance of TMDC—
Based transistors. Additionally, the bandgap structure and Schottky barrier of TMDC can
be controlled through functionalization with chemical dopants, such as polymers, SAMs,
organic molecules, and inorganic compounds. Optimized annealing processes can further
enhance the doping effect of TMDC—Based transistors.

However, several technological barriers remain to be addressed for the development
and industrialization of annealing processing and chemical doping techniques for TMDC.
Precise control of temperature, humidity, and ambient conditions during the TMDC an-
nealing process is essential to achieve consistent experimental results. Ensuring uniform
functionalization of dopants on the TMDC surface is crucial for accurately identifying the
doping mechanism. Moreover, the thermal and chemical stability of the dopants should
be considered to improve compatibility with subsequent processes. Efforts are ongoing to
overcome these barriers through various technological advancements and research initia-
tives. Continuous optimization of research has significantly expanded the applicability of
TMDC—Based devices in diverse fields, including photodetectors, neuromorphic sensors,
and logic circuits. Innovative approaches, such as advanced annealing processes, chemical
doping methods, integration with other materials, and the development of new device
architectures, are actively being explored. As a result of these efforts, TMDC—Based
FETs demonstrate great potential as semiconductor devices and are poised for success in
industrialization. With the ongoing improvements and innovations, TMDC—Based FETs
are expected to play a crucial role in various technological applications.
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