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Abstract 

Semiconducting ink based on two-dimensional (2D) single-crystal flakes with 

dangling-bond-free surfaces enables the implementation of high-performance devices on 

form-free substrates by cost-effective and scalable printing processes. However, the lack of 

solution-processed p-type 2D semiconducting inks with high mobility is an obstacle to the 

development of complementary integrated circuits. Here, we report a versatile strategy of 
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doping with Br2 to enhance the hole mobility by orders of magnitude for p-type transistors 

with 2D layered materials. Br2-doped WSe2 transistors showed a field-effect hole mobility of 

more than 27 cm
2
 V

-1
 s

-1
, and a high on/off current ratio of ~10

7
, and exhibits excellent 

operational stability during the on-off switching, cycling, and bias stressing testing. 

Moreover, complementary inverters composed of patterned p-type WSe2 and n-type MoS2 

layered films are demonstrated with an ultra-high gain of 1280 under a driving voltage (VDD) 

of 7 V. This work unveils the high potential of solution-processed 2D semiconductors with 

low-temperature processability for flexible devices and monolithic circuitry. 

 

Introduction  

Two-dimensional layered materials (2DLMs) have attracted extensive attention as 

semiconducting elements for advanced flexible and wearable devices, as well as 

monolithically integrated devices, because of their excellent electrical and mechanical 

properties, high crystallinity, and feasible integration to arbitrary systems with dangling 

bond-free surfaces.
[1]

 In particular, single-crystalline flakes of various 2D-materials
[2]

 can be 

dispersed to form semiconducting inks for both n-type and p-type components to realize 

complementary circuitry by cost-effective graphic art printing techniques with high 

processability.
[3]

 State-of-the-art solution-processed n-type MoS2 thin-film transistors (TFTs) 

exhibit a high electron mobility (over 10 cm
2
 V

-1
 s

-1
) and on/off ratio (approximately 10

6
).

[4]
 

However, high-performance p-type 2DLMs for solution processes are elusive, hampering the 

development of complementary logic circuits and high-performance p-n junction devices. 

P-type 2DLM crystals with intrinsically high mobility, such as black phosphorus, are not 

applicable to the solution process because of their low chemical stability and low oxidation 

barrier,
[5]

 whereas chemically stable materials, including various transition metal 

dichalcogenides (TMDs), have shown greatly inferior hole-transport performances, with low 

mobility (~0.1 cm
2
 V

-1
 s

-1
) and on/off ratio (~10

2 
- 10

5
).

[6]
 For multilayer WSe2 single crystals, 

selective oxidation of the top surface is known to result in p-type channels.
[7]

 However, the 
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relevant experiments were limited to single-crystal flakes. Uniform oxidation on large-scale, 

solution-processed films to fabricate arrays of p-type channels with a high carrier mobility is 

difficult. 

Chemically stable p-type 2DLMs have relatively high electron affinities compared to 

chemically unstable p-type crystals. Therefore, they show a weak tendency to host high hole 

concentrations, which can be problematic for efficient charge injection and transport. The 

dispersed flakes in the semiconducting inks possess limited sizes because of the exfoliation 

process from the bulk crystals and form continuous films by the assembly of individual flakes 

with numerous inter-flake structures. The electrical resistance of the flake-to-flake interfaces, 

which reach values as high as 100 GΩ and more
[8]

 can dominate the resistance of a thin 

film.
[3a, 9]

 In addition, high Schottky barriers at the 2D/metal electrode interface by Fermi 

level pinning can result in high contact resistance at channels with low carrier 

concentrations.
[10]

  

Doping in 2DLMs, such as atomic substitution,
[11]

 molecular,
[12]

 and electrostatic 

doping,
[13]

 is the most fundamental strategy for controlling carrier concentration and device 

performance. However, it is difficult to implement atomic substitution in liquid-phase 

exfoliated nanoflakes, and sophisticated device structures with separate-gate configurations 

are required for electrostatic doping. Molecular p-type doping is an easy and widely used 

method for controlling the hole carrier density because it accepts electrons from the host 2D 

semiconductor or by dipolar interactions. However, most doping molecules can only lay on 

the TMD surface; they cannot easily penetrate the interspace or interface because of their 

large size,
[14]

 which may cause non-uniform doping in 2D thin films with stacked nanoflakes. 

Gas molecules and acids with small molecules act as defect-oriented dopants by bonding at 

the defect sites
[15]

 or by forming oxide layers.
[7a, 16]

 Therefore, it is challenging to achieve 

stable and effectively controllable molecular p-doping in solution-processed thin films 

composed of stacked nanoflakes. 
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In this work, we report a simple but effective way to improve the performance of 

solution-processed p-type TMD TFTs by doping with Br2 molecules. The Br2-doped WSe2 

TFTs showed a field-effect mobility (μFE) of 27 cm
2
 V

-1
 s

-1
, which is orders of magnitude 

larger than 4  10
-3

 cm
2
 V

-1
 s

-1
 achieved with undoped devices, along with a near-zero 

threshold voltage (VTH) and an on/off current ratio of over 10
7
. Density functional theory 

(DFT) calculations showed that the Br2 molecules could physically adsorb on WSe2 surfaces 

up to a coverage of >1/4, and create shallow acceptor states near the valance band maximum 

(EVBM). Br2 molecules can effectively dope nanoflakes, contacts, interflake boundaries, and 

flake-gate dielectric interfaces owing to their small size. Four-point probe measurements and 

temperature-dependent measurements showed improved μFE values, which were attributed to 

the reduced contact resistance through a low Schottky barrier height and efficient channel 

charge transport. Moreover, the Br2-doped WSe2 TFTs exhibited outstanding on-off 

switching, cycling, and bias-stressing stability. Finally, solution-processed high-performance 

CMOS inverters composed of integrated p-WSe2 and n-MoS2 TFTs were demonstrated with a 

high gain of over 1200.  

 

2. Results and Discussions  

Various semiconducting inks with different p-type TMD nanosheets (Figure 1a) were 

first prepared via electrochemical exfoliation with a large ammonium cation molecule 

(tetraheptylammonium bromide),
[4]

 followed by rinsing and centrifugation (see Methods). We 

chose the molecular intercalant to minimize defect formation from the intercalation process, 

resulting in semiconductor nanosheets with large lateral sizes,
[2d]

 and use the liquid cascade 

centrifugation (LCC) method to realize a narrow thickness distribution of nanoflakes.
[17]

 The 

average lateral size and thickness of the exfoliated WSe2 nanosheets were measured to be 

approximately 800 nm and 2.5 nm (equivalent to 3-4 layers), respectively, by atomic force 

microscopy (AFM) (Figure 1b and Figure S1). High-resolution transmission electron 

microscopy (HRTEM, Figure 1c) and large-view atomic-resolution scanning transmission 
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electron microscopy (STEM, Figure S2) revealed high crystallinity and high-quality surfaces 

on the exfoliated flakes, without noticeable defects such as vacancies. Furthermore, the UV–

visible absorption spectrum and Raman spectrum of the exfoliated TMDs showed only the 

characteristic peaks of the crystals without signals from absorbed contaminants (Figure S3 

and S4).  

The optimized drop-casting of TDM inks resulted in continuous films constructed of 

stacks of lateral arrays of TMD flakes with high density and effective inter-flake overlaps 

(Figure 1d). Scanning electron microscopy (SEM) showed a compact thin film with a 

distinguishable intensity from the bare substrate region (Figure 1e). Cross-sectional TEM 

(Figure 1f) revealed a film with a nominal thickness of ~10 nm, where multiple flakes 

overlapped with clean interfaces, and the layered structures were parallel to the surface. The 

aligned stacking orientation was further confirmed over a macroscopic scale by X-ray 

diffraction (XRD) with a characterization area of ~1 cm
2
. The observed out-of-plane 

diffraction peaks were consistent with the interlayer distance of 0.65 nm for pristine WSe2 

crystals (Figure S5).
[1d]

  

TMD films were patterned using a lift-off-based photolithography method to fabricate an 

array of channels for TFTs (see Methods for details) (Figure S6). We first patterned the 

photoresist (PR) via a photolithography process to define the deposition area for the 

semiconductor inks. Then, the photoresist was peeled off to form a batch-fabricated array of 

2D TMDs with the desired patterns on a 4-inch wafer of a Si/SiO2 substrate (Figure 1d) or 

another substrate such as a glass or flexible PEN substrate (Figure S7). Our method has the 

advantages of fabricating large-area flexible or even wearable circuits with a low cost and 

easy process using 2D functional inks. 

 15214095, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202208934 by Pohang U
niversity O

f Science, W
iley O

nline L
ibrary on [07/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



 

This article is protected by copyright. All rights reserved. 

6 

 

Figure 1. 2D TMDs solution and large-area patterned film. a, Photograph of exfoliated 

TMD nanosheets dispersed in isopropanol. b, AFM image of exfoliated WSe2 nanosheets. 

WSe2 flakes with a lateral dimension of 0.5–1 μm and thickness of ~2.5 nm (scale bar, 800 

nm). c, High-resolution TEM image of exfoliated WSe2 nanoflake. Inset is the selected-area 

electron diffraction image. The interlayer distance of the (100) planes is 0.28 nm from the 

electron hexagonal diffraction pattern (scale bar, 2 nm). d, Photograph of patterned 2D TMD 

thin film on a standard 4 inch Si/SiO2 wafer. e, SEM image of the patterned WSe2 thin film 

(scale bar, 1 μm). f, Cross-sectional TEM image of the WSe2 thin film on the Si/SiO2 

substrate (scale bar, 10 nm). 

 

The electrical properties of the solution-processed WSe2 TFT arrays were investigated 

(Figure 2a, Figure S8a). The optimized thickness of the WSe2 film for the channel was 

approximately 40 nm, as measured by AFM (Figure S8b). The IDS–VGS transfer curve of 
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pristine WSe2 transistors exhibited typical n-type dominant ambipolar characteristics, with a 

very low μFE of 4  10
-3

 cm
2
 V

-1
 s

-1
 (Figure 2b), which was measured from the 

transconductance curve using a capacitance model (Figure S9). The low on-state current (Ion 

~10
-9

 A at VGS = -5) and a large negative threshold voltage (VTH) of -3.5 V indicated the small 

conductance and low intrinsic hole carrier concentration. Based on the high crystallinity of 

WSe2, as confirmed above, the channel conductance and transistor performance could mostly 

be determined by other series resistances, including those of the inter-flake interfaces and 

metal/semiconductor contacts,
[9],[18]

 which are subject to change with the carrier 

concentration.  

We tested various molecules to find an ideal p-type dopant to improve the performance 

of WSe2 transistors. Originally, the WSe2 films were washed with chloroform and bromoform 

solvent to remove any residual photoresist (PR), and we observed an improvement in 

transistor characteristics after the washing process (Figure S10). We then treated the devices 

with various halide-based molecules (Figure S10) and confirmed that Br2 was the most 

effective p-type dopant for our WSe2 films. For Br2-doped p-WSe2 TFTs, the IDS–VGS transfer 

curve (Figure 2b) showed clear p-type characteristics, with a significantly improved hole μFE 

of 27 cm
2
 V

-1
 s

-1
 and a high on/off ratio of 5  10

7
. The threshold voltage (VTH) showed a 

positive shift from -3.5 V for the pristine to -0.1 V for the doped p-WSe2 TFTs, indicating a 

significant increase in the hole concentration after the Br2 treatment. The electron transport 

was completely suppressed in the doped devices for all the TMDs used in this study. The 

output (IDS-VDS) curve showed a linear response in the low VDS region, indicating negligible 

contact resistance (Figure 2c). The Br2 molecules effectively increased the hole concentration 

of the exfoliated 2D TMDs and led to efficient charge injection through tunneling from the 

Ni/Au to the highly doped channel. Additionally, we found that Br2 doping is a more efficient 

method for solution-processed 2D p-WSe2 TFTs than other treatment methods, such as 

interface treatment with UV-O3 for WOx interlayers
[7a]

 or defect engineering with HBr,
[15a]

 

TFSI,
[19]

 and PEDOT:PSS,
[20]

 The mobility (>10 cm
2
 V

-1
 s

-1
) and on-off ratio (>10

7
) of the 
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Br2-doped WSe2 TFTs were much higher than the mobilities ( ~0.1 cm
2
 V

-1
 s

-1
) and on-off 

ratios (~10
5
) obtained by other treatment methods (Figure S11).   

According to the working mechanism of our solution-processed 2D TFTs, firstly, the 

charge carriers are injected from one metal contact to the 2D thin film semiconducting 

channel under the potential difference between source and drain terminals. Then, the electric 

current flows within the nanoflakes or across the narrow van der Waals gap between 

inter-flakes by hopping or tunneling to the other metal contact. The conductivity of the 

channel can be modulated by an external gate field. To understand the mechanism of mobility 

improvement using the Br2 doping method, we first investigated the charge injection and 

contact resistance by temperature-dependent and four-point probe measurements. Generally, 

the direct deposition of metal electrodes by thermal evaporation on a WSe2 layer results in a 

large Schottky barrier height of over 1 eV for hole injection owing to Fermi-level pinning.
[21]

 

However, our Br2-doped WSe2 TFTs exhibited a very small Schottky barrier height of 

approximately 80 meV (Figure S12). This indicates that Br2 doping enabled efficient hole 

injection from Ni into the 2D thin film. The total contact resistance (2Rc) was measured using 

the four-point probe method (Figure 2d). The 2Rc value significantly decreased from 2.7  10
5
 

kΩ μm in the pristine WSe2 transistors to 104 kΩ μm in the Br2-doped WSe2 transistors at the 

10 μM doping concentration, and it showed much a smaller value of 60 kΩ μm at a high 

doping concentration (25 μM) (Figure S13). Such a small contact resistance in the heavily 

doped device is comparable to that of 2D devices with dry-transferred van der Waals metal 

contacts, as shown in Table S1.  

We then analyzed the change in charge transport in the channel as a result of Br2 doping 

by evaluating the trapped charge density, channel resistance (Rch), and activation energy (Ea). 

The pristine WSe2 TFTs exhibited a large hysteresis (ΔV) of 1.82 V in the transfer curve 

(Figure S14a), implying a high trapped charge density (3.4 × 10
12

 cm
2
), which mainly 

originated from bubbles of trapped adsorbates at the gate insulator/semiconductor interface 

and interflake interfaces,
[22]

 as confirmed by the AFM results (Figure S8b). With the Br2 

treatment, the hysteresis and trapped charge density decreased substantially to 0.49 V and 0.9 
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× 10
12 

cm
2
, respectively (Figure S14b), by filling the trap states near the valence band edge 

with doping carriers. Meanwhile, with excess carrier doping, the channel resistance of the 

Br2-doped WSe2 TFTs decreased from 6.2  10
5
 kΩ μm for the pristine WSe2 TFTs to 549 

and 196 kΩ μm for the WSe2 TFTs with medium (10 μM) and high doping (25 μM) 

concentrations, respectively. (Figure 2d and Figure S13). Therefore, the doped TFTs showed 

reasonably low Ea values for hole transport of 32–85 meV for gate voltages from 0 V to -3 V 

(Figure 2e). This means that intra-flake charge transport was dominant rather than inter-flake 

hopping in the Br2-doped TFTs,
[23]

 indicating a low barrier for charge transport between the 

flakes. Thus, we concluded that there were two main reasons for the increased mobility in our 

solution-processed 2D TFTs: the first was the reduced contact resistance as a result of Br2 

doping and the second was the improved charge transport in the channel as a result of the 

reduced channel resistance at the interfaces. Br2 molecules could be inserted into the 

inter-flake spaces owing to their smaller size
[24]

 (Figure 2a). We thus determined that the 

molecular size of the dopant is crucial when selecting dopants for solution-processed 2D 

TFTs. Additionally, we anticipate that large lateral nanoflakes with a clean surface and a 

well-selected thickness distribution, and compact 2D nanoflake thin films would be helpful to 

reduce the total resistance for further improved solution-processed 2D TFTs in the near 

future, as they are associated with the conductivity of the single nanoflakes and the 

inter-flake junction.
[3c]

 

To further investigate the molecular doping effects on the transport properties, we 

immersed the as-prepared 2D WSe2 film into diluted Br2 solutions at various concentrations 

(Figure 2f, Figure S15a). Changes in Vth indicated increased hole doping as the concentration 

of Br2 increased (Figure S15b). Along with the hole doping, the μFE dramatically increased 

with the Br2 concentration at the low concentration level, reaching 27 cm
2
 V

-1
 s

-1
 at 7.5 μM, 

with a high on/off ratio of 5  10
7
. It then slowly increased to 40 cm

2
 V

-1
 s

-1
 at the higher 

concentration regime, with a decrease in the on/off ratio to ~10
3
. The on/off ratio decreased at 

high doping concentrations because of the high off current induced by the increased carrier 

concentration. Under high doping conditions, this could create excess charges in the 
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semiconductor thin film, thereby increasing the conductivity of the channel. Consequently, a 

large positive bias must be applied to fully deplete the excess charges, which can compromise 

the on/off ratio of the transistor. On the other hand, the mobility enhancement produced by 

increasing the doping concentration was unexpected based on a band-transport scheme. We 

attributed this to the high resistance of a more significant number of inter-flake boundaries, 

which dominated the total charge transport across the entire WSe2 semiconducting layer. The 

gate-induced conducting surfaces were vertically separated by the finite thicknesses of 

individual flakes, and the electrical connectivity was greatly influenced by the out-of-plane 

conductivity, including the inter-flake conductivity. 

The Br2-doped WSe2 TFTs showed similar mobilities for the two-point and four-point 

probe measurements, which were 28 and 34 cm
2
 V

-1
 s

-1
, respectively (Figure S13e). The 

slightly higher mobility for the four-point probe measurements is because 2Rc was somewhat 

smaller than RCH, and 2Rc was much less dependent on VGS compared with RCH.
[25]

 The Hall 

mobility for Br2-doped WSe2 film which was measured using the Hall bar structure, was 

approximately 67 cm
2
 V

-1
 s

-1
 (Figure 2d and Figure S16), which was slightly higher than the 

field-effect mobility. This is because the Hall mobility was obtained from the bulk transport 

mode, whereas the field-effect mobility was obtained from the interface transport mode.
[26]

 

The variance of the extracted mobility using different methods is discussed in detail in the 

Supporting Information. To evaluate the reliability of the devices and their reproducibility, we 

fabricated three batches of devices and measured 10 transistors from each batch for 30 

transistors in total. The optimized doped p-WSe2 TFTs exhibited excellent reproducibility, 

with an average μFE of 27 cm
2
 V

-1
 s

-1
 (highest: 33 cm

2
 V

-1
 s

-1
, two-point probe measurement), 

a high on/off ratio of over 10
6
, and an average near-zero VTH (0.1 V) in 30 TFTs 

measurements (Figure 2f, Figure S17a-c). Meahwhile, the statistical histograms of the μFE 

from different batches at different spatial locations (Figure S17d-e) show a small standard 

deviation indicating the high reproducibility of our doping method. In addition, we measured 

7 TFTs to demonstrate the reliability of the μFE extracted from two-probe and four-probe 

measurements (Figure S17f). The average mobility is 27.5 cm
2
 V

-1
 s

-1
 for two-point probe 
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measurements and 31.2 cm
2
 V

-1
 s

-1
 for four-point probe measurements. The performance of 

the p-WSe2 TFTs achieved in this study is a record high to the best of our knowledge and is 

significantly larger than that of previously reported solution-processed p-WSe2 TFTs 

(mobility of ~0.1 cm
2
 V

-1
 s

-1
 and on/off ratio of ~10

2
).

[6a]
 Furthermore, it is comparable to the 

reported values for CVD-processed p-type 2H MoTe2 TFTs (hole mobility of ~45 cm
2
 V

-1
 s

-1
 

and on/off ratio of ~1.5 10
4
).

[27]
  

To verify the doping effect of Br2 molecules on various p-type 2D TMDs, we measured 

the transport characteristics of WS2, MoSe2, and MoTe2 TFTs before and after Br2 chemical 

treatment (Figure S18). The pristine WS2 and MoSe2 TFTs exhibited typical n-type device 

characteristics, with corresponding electron mobilities of 1.8 and 1.2 cm
2
 V

-1
 s

-1
, respectively. 

After the Br2 chemical treatment, typical p-type characteristics were observed in the WS2 and 

MoSe2 TFTs, with hole mobilities of 1 and 4 cm
2
 V

-1
 s

-1
, respectively. The same phenomenon 

was observed in MoTe2 TFTs, with slightly lower hole mobility (0.1 cm
2
 V

-1
 s

-1
). These 

results suggested that Br2 doping is generally applicable to various p-type TMDs, although 

the doping efficiencies could vary from material to material. We also observed that our Br2 

doping method worked with mechanically exfoliated single-flake-based WSe2 transistors and 

CVD-grown monolayer transistors (Figure S19). The performances of the doped TFTs 

achieved in this study and those of previously reported solution-processed TMD-based TFTs 

are summarized in Figure S20 and Table S2 for comparison. 

The stability of the Br2-doped WSe2 TFTs was also investigated. First, we evaluated the 

on/off switching characteristics of the device (Figure 2g). The on and off states showed a 

constant current after 2000 s of consecutive on/off switching tests. Furthermore, after 100 

cyclic sweeps, there was a negligible change in the transfer characteristics, with a max VTH 

shift of only 0.07 V (Figure S21). We then characterized the bias-stress stability of the device 

at 20 °C and 60 °C (Figure S21). After biasing for 16,500 s at 20 °C with a constant applied 

gate voltage of -1 V, the VTH of the device shifted by only -0.68 V. Even at a high 

temperature of 60 °C, the device showed a small VTH shift of only -1.42 V. Therefore, we can 

conclude that the Br2-doped device showed excellent stability, indicating that the Br2 
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molecules were tightly attached to the WSe2 thin film. In addition, we observed that the 

transfer characteristics of the Br2-doped transistors remained the same, even after the 

deposition of other polymer layers such as CYTOP and PMMA, which were used to evaluate 

the stability of follow-up processes, such as the back-end-of-line (BEOL) process (Figure 

S22). 

  

Figure 2. Electrical characterizations of solution-processed WSe2 transistors. a, SEM 

image of the WSe2 transistor array on the HfO2/Si substrate (scale bar, 1 mm). Schematic of 

cross-sectional transistor structure with Br2 on the TMD surface and interface, where the red 

line indicates the charge transport pathway. b, IDS–VGS transfer curves at VDS = -1 V for the 
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pristine and Br2-treated WSe2 transistor. c, Output characteristic of the corresponding 

Br2-treated WSe2 transistor. d, Extracted resistance from the four-probe measurement: total 

resistance (Rtotal), channel resistance (Rch), and total contact resistance (2Rc), for pristine 

device and medially Br2 doped device (10 μM). Inset is a solution-processed WSe2 TFT with 

a Hall bar structure (scale bar, 100 μm). Scale bar e, Activation energy Ea as a function of VGS. 

Inset is the band diagram for the barrier between interflakes. Ec, Ev, and EB correspond to the 

conduction band edge energy, valence band edge energy, and barrier, respectively. f, μFE and 

on/off ratio values for pristine and Br2-treated transistors with different Br2 concentrations. 

Inset is the statistical histograms of μFE for 30 transistors. g, On/off switching cycling test of 

one representative Br2/WSe2 TFT. 

 

To understand the Br2 molecules doping principle for p-type 2D TMDs, photoelectron 

spectroscopy, and density functional theory (DFT) calculations were performed. Figure 3a 

and b (Figure S23) show the X-ray photoelectron spectroscopy (XPS) spectra of the W 4f, Se 

3d, and Br 3d peaks before and after Br2 treatment. The spectral shapes of the W and Se peaks 

were nearly identical after the Br2 treatment, indicating that the treatment did not chemically 

change the WSe2 flakes. This result was consistent with the change in the transfer curves after 

immersing the Br2-doped WSe2 TFTs in acetone solvent (Figure S24). After immersing the 

WSe2 TFTs in acetone for 30 min as a washing solvent for the Br2, the transfer characteristics 

of the WSe2 TFTs almost returned to those of the original undoped devices because of the 

desorption of the Br2 molecules from the WSe2 surface. This result indicated that the Br2 

molecules were immobilized on the surfaces of the WSe2 flakes by physisorption rather than 

chemisorption. The positions of the XPS main peaks for W 4f and Se 3d were downshifted 

with respect to the binding energy by ~0.30 eV after the Br2 treatment, indicating a shift in the 

Fermi level toward the valence band edge as a result of the p-type doping.
[28]

 In addition, we 

performed XPS measurements on other 2D TMD materials, including WS2, MoSe2, and 

MoTe2 (Figure 25). Interestingly, we observed only an obvious peak shift in the MoSe2 film 

after the Br2 treatment among the three TMD films. 
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We further investigated the electronic structure of the 2D TMDs after Br2 doping using 

ultraviolet photoelectron spectroscopy (UPS) (Figure 3c). Based on the secondary electron 

cutoff spectrum, a downward shift of the Fermi level from -3.87 eV to -4.88 eV was observed 

after the Br2 treatment of the WSe2 film. The valence band maximum (EVBM) for the Fermi 

level (EF) also shifted from 1.45 to 0.47 eV. The energy-level diagrams for WSe2 and 

Br2/WSe2 are shown in Figure 3d. The downshift of EF to EVBM indicated significant electron 

transfer from the WSe2 to Br2 molecules, namely the p-type doping effect of the Br2 

molecules and was in good agreement with the above XPS results.  

We also assessed the electronic structure changes in the other three 2D TMD materials 

(WS2, MoSe2, and MoTe2) by obtaining UPS results before and after the Br2 treatment and 

produced corresponding energy-level diagrams for all four 2D TMD materials (Figure S26). 

All of the EF values shifted toward the valence band after the Br2 treatment, indicating a 

general p-doping effect of Br2 molecules on these 2D TMD materials. For the MoTe2 film, 

only a limited EF shift was observed after the Br2 treatment due to the oxidation of the 

exfoliated MoTe2 flakes, as confirmed by the XPS results (Figure S25). Nevertheless, a more 

significant EF shift was observed in the Br2-treated WSe2 film after the same doping process 

compared to the other three Br2-treated 2D TMDs films, implying that more efficient doping 

occurred for the WSe2. Moreover, the electronic bands for the Br2/WSe2 were best matched 

with the Ni/Au electrodes. Therefore, the XPS and UPS analyses explained why the best 

device performance was achieved in the Br2/WSe2 TFTs compared to the other 2D TMDs. 

To identify the possible Br2 doping mechanism for the 2D TMDs used in this work, we 

performed DFT calculations. We considered various Br2 adsorption configurations at various 

coverage values (θ). The Br2 adsorption energy was calculated to be positive (preferably 

adsorbed) up to the saturation coverage, θsat (Figure S27a). The most stable adsorption 

configuration close toθsat is shown in Figure 3e; the Br2 molecules lay in-plane on the WSe2 

surface. The calculated electronic structure of Br2/WSe2 is compared with that of pristine 

WSe2 in Figure 3f. Acceptor states were generated near the EVBM in the bandgap. The shallow 

acceptor state was characterized by the Br2 σp* antibonding molecular orbital state, which 
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was empty. The calculated EF shifted toward the EVBM of WSe2 as a result of the Br2 

adsorption, which was consistent with the EF shift measured by UPS. As the Br2 coverage, θ, 

increased, more acceptor states were available and more p-doping occurred, consistent with 

the electrical measurement results.  

DFT calculations revealed the doping efficiencies of different diatomic halogen molecules, 

including I2, Br2, Cl2, and F2. The acceptor levels were found to be 0.05 (I2), 0.08 (Br2), 0.45 

(Cl2), and 0.75 eV (F2) from the EVBM of WSe2 (Figure S28a), indicating that both I2 and Br2 

are good p-type dopants for WSe2. We then dissolved the solid I2 powder into 

1,2-dichlorobenzene and immersed the WSe2 TFTs into the solution. The I2-doped WSe2 TFT 

exhibited an improved mobility of 13 cm
2
 V

-1
 s

-1
 (Figure S28b). We also calculated the 

electronic structures of the Br2 molecules adsorbed on three other 2D TMDs: MoS2, WS2 and 

MoSe2 (Figure S27b). Acceptor-like in-gap states were created by the Br2 adsorption, but the 

empty Br2 σp* acceptor level deepened in the order WSe2, MoSe2, WS2, and MoS2, degrading 

the p-doping efficiency. The Br2 acceptor levels were found to be 0.08 (WSe2), 0.27 (MoSe2), 

0.28 (WS2), and 0.51 eV (MoS2) from the EVBM of each 2D TMD (Figure S27c). This result 

indicated that Br2 is an efficient p-type dopant for WSe2, but MoS2 generates rather deep 

acceptor states. This result also explained the difference in the Br2 doping efficiencies for 

WS2, MoSe2, and MoS2.  
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Figure 3. Photoelectron spectroscopy and DFT calculation results. a, b, XPS spectra of 

core-level W 4f5/2 and 4f7/2 binding energy peaks and Se 3d3/2 and 3d5/2 binding energy peaks 

before and after Br2 treatment. c, UPS spectra of secondary electron cutoff and valence band 

of pristine WSe2 and Br2-treated WSe2 thin film. d, Corresponding schematic energy level 

diagrams. e, Adsorption configuration of Br2 on WSe2 optimized in DFT calculations, where 

the distance between the Br2 and nearest S atomic layer is d = 3.3 Å. f, Calculated electronic 

density of states of Br2-adsorbed WSe2 (top) and pristine WSe2 (bottom). The Fermi level 

(EF) is shifted to EVBM by the Br2-induced shallow acceptor states (red curve). DOS for W 

atoms (green curve), Se atoms (blue curve), and Br2 (red curve). 
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We demonstrated a CMOS inverter composed of p-WSe2 and n-MoS2 TFTs (Figure 4a) 

with a lift-off-based patterning method. The n-MoS2 films were formed from 

electrochemically exfoliated nanosheets using a large tetraheptylammonium bromide by the 

same drop-casting method as WSe2. Details of the fabrication process for the n-MoS2 film 

and TFTs are described in the Methods section. The optimized n-MoS2 TFTs exhibited an 

average mobility of 13 cm
2
 V

-1
 s

-1
 with bis(trifluoromethane)sulfonimide (TFSI) treatment 

(Figure S29).
[4, 29]

 To achieve a high inverter gain, the drain currents of the p-WSe2 and 

n-MoS2 TFTs were adjusted to the same level by controlling the channel width (Figure 4b). 

The CMOS inverters exhibited an ideal steep switching at the voltage transfer characteristics 

(VTC, Figure 4c). Extremely high voltage gains of 375, 790, and 1280 V were achieved 

under driving voltages (VDD) of 3, 5, and 7 V (Figure 4d). Thanks to the balanced electrical 

characteristics of p- and n-type TFTs, the switching thresholds (VM) at the VDD of 3, 5, and 7 

V were 1.86, 2.48, and 2.96, respectively, which were close to half of each VDD. From the 

VTC result for VDD = 5 V (Figure 4e), we could further extract the noise margin low (NML) 

of 2.17 V and noise margin high (NMH) of 2.26 V. The total noise margin can be expressed as 

(NML +NMH)/VDD,
[30]

 which is 88.6% for VDD = 5 V in the optimized inverter, indicating a 

high noise tolerance. Moreover, the CMOS inverter showed static currents lower than 0.1 nA 

at VIN = 0 V or VIN = VDD, which led to the low static power consumption of <1 nW (Figure 

S30). To the best of our knowledge, this is a record high gain value for mechanically 

exfoliated, CVD-processed, and solution-processed 2D material-based CMOS inverters, 

including TMDs, BP, Bi2O2Se, SnS2, InSe, and ReS2 (Figure 4f, Figure S31, and Table S3). 

With further optimization of the subthreshold slope, such as reducing the defect trap density 

and increasing the gate insulator capacitance per unit area, we expect to achieve a higher gain 

and lower power consumption.
[31]

  

The dynamic performance of the inverter was evaluated with a solution-processed 

five-stage ring oscillator (Figure 4g). Each n-type and p-type transistor has a channel length 

of 60 μm and a HfO2 gate dielectric thickness of 100 nm. Our five-stage ring oscillator 

exhibits a stable oscillation frequency (f) of 1 kHz at a supply voltage of 25 V. The 
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corresponding stage delay (τ = 1/(2Nf)) is 100 μs, where N is the number of inverter stages. 

The oscillation frequency of the ring oscillator can be improved by reducing the channel 

length of transistors and parasitic overlap capacitance between the gate-to-contact 

electrode.
[32]

 

 

Figure 4. Solution-processed CMOS Inverter and ring oscillator. a, Circuit diagram of the 

complementary inverter (upper). False-colored optical microscope image of a 

solution-processed CMOS inverter (lower) (scale bar, 100 μm). b, IDS−VGS transfer curves of 

solution-processed p-WSe2 and n-MoS2 TFTs within the CMOS inverter. c, Voltage transfer 

characteristics of the CMOS inverter as a function of the input voltage with different VDD 
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values of 3, 5, and 7 V. d, Corresponding gains of the inverter from c. e, Noise margin 

characteristics of the CMOS at VDD = 5 V. f, The reported highest gain for each year, where 

the gain was extracted from different 2D material-based CMOS inverters, such as TMDs, 

black phosphorene (BP), SnS2, InSe, ReS2, and Bi2O2Se, as listed in Table S2. g, 

False-colored optical microscope image of a solution-processed five-stage ring oscillator 

(scale bar, 500 μm). h, Output signal of a five-stage ring at VDD values of 25 V. 

 

3. conclusion 

In conclusion, we have achieved high-performance p-type 2D WSe2 TFTs with high 

reliability and reproducibility by solution-based p-doping using halide molecules. By 

physically absorbing Br2 on the surface of 2D WSe2 through a simple solution-based doping 

process, it was possible to control the hole concentration over a wide range by the formation 

of acceptor states near the VBM of WSe2. Because of its small molecular size, Br2 effectively 

doped the interfaces, which dramatically reduced the contact resistance through a low charge 

injection barrier and enabled efficient channel charge transport. The Br2-doped WSe2 

transistors show excellent operational stability, including on-off switching, cycling, and bias 

stressing. This scalable and versatile technique for fabricating high-performance p-type 

channels with excellent stability by solution processes can lead to the development of 

emerging devices on various platforms, including wearable biosensors and monolithic 

integrated circuitry on Si CMOS.  

 

4. Experimental Section 

Ink Formulation. The intercalation process was carried out in a two-electrode system with 

tetraethylammonium bromide cation as the electrolyte.
[4]

 Specifically, a TMD crystal was 

attached to a copper plate with conductive copper tape as the cathode, while a graphite rod 

served as the anode. Tetraethylammonium bromide (THAB, 98% from TCI) was dissolved in 
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acetonitrile at a concentration of 5 mg mL
-1

 as the electrolyte. The voltage applied to the 

cathode was approximately -15 V for 1 h during the intercalation process. Subsequently, the 

expanded TMD crystals were sonicated in 40 mL of a PVP/DMF solution at a concentration 

of 8 mg mL
-1

 for 30 min. We employed iterative centrifugation cascades to remove the 

intercalated molecules and large-size flakes.
[17]

 The dispersion was centrifuged at 1000, 2000, 

and 3000 rpm for 30 min, and the precipitate was discarded. The sediment was collected at a 

centrifugation speed of 5000 rpm and dispersed in a certain amount of IPA solution. WSe2, 

MoSe2, WS2, and MoTe2 crystals for electrochemical intercalation were purchased from 2D 

Semiconductors, USA, and MoS2 crystals from SPI Supplies were used as received. 

Thin-film deposition and device fabrication. First, the SU8 photoresist was prepared on a 

100 nm thick SiO2/Si or 40 nm thick HfO2/Si substrate using a conventional photolithography 

method to form the desired patterns. The HfO2 dielectric layer was deposited by atomic layer 

deposition (ALD) at a processing temperature of 200 °C. TMD inks were drop-cast onto the 

patterned photoresist to confine the growth of the 2D thin film. The substrate was covered 

with a Petri dish to slow the solvent evaporation and obtain a well-stacked thin film. After the 

solvent was evaporated, the photoresist was removed with chloroform to obtain highly 

aligned 2D TMD thin-film arrays. Then, the substrate with the 2D thin-film arrays was 

annealed on a hotplate in a nitrogen-filled glovebox at 200 °C for 1 h. Finally, Ni (20 nm)/Au 

(50 nm) electrodes were thermally evaporated and patterned via the photolithography method. 

All of the fabrication processes were completed under ambient conditions, except for the 

annealing step in the glovebox and electrode deposition in a high-vacuum chamber.  

Br2-treatment. The as-prepared device was rinsed in a diluted Br2 solution in a 

1,2-dichlorobenzene solvent at concentrations of 10–240 μM. The device was immersed in a 

solution at 150 °C for 30 min under ambient conditions. The concentration of the diluted Br2 

solution should be optimized for different TMD materials to obtain the desired performance 

because the doping effect of the Br2 molecules varied from material to material. In our work, 

we found that a higher concentration was needed for WS2 and MoSe2 compared with WSe2 

and MoTe2. 
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CMOS and ring oscillator fabrication. The MoS2 thin film was first deposited on a 60 nm 

thick HfO2/Si substrate, followed by the WSe2 thin film, using the method described above. 

We found that the SU-8 photoresist could deteriorate the electrical properties of MoS2, but do 

not influence WSe2. Subsequently, the MoS2 and WSe2 thin films were treated together with 

10 mg mL
-1

 bis(trifluoromethane)sulfonimide (TFSI, Sigma-Aldrich) dissolved in 

1,2-dichloroethane at 80 °C for 20 min.
[4]

 The treated thin film was baked at 200 °C for 1 h. 

Finally, Ni (20 nm)/Au (50 nm) electrodes were thermally evaporated and patterned via 

photolithography. In the CMOS, the MoS2 transistor showed an n-type behavior; however, 

the WSe2 transistor still exhibited an n-type dominated feature. To achieve a balanced 

electrical property, we further converted the WSe2 transistor into a p-type transistor by Br2 

solution treatment, with the MoS2 covered with photoresist. For the ring oscillator, patterned 

Ni (5 nm)/Au (35 nm) electrodes were thermally evaporated on SiO2 (300 nm)/Si substrate, 

then 100 nm HfO2 was deposited by ALD. The WSe2 and MoS2 thin film active layer are 

fabricated, respectively. Finally, Ni (20 nm)/Au (100 nm) electrodes were thermally 

evaporated and patterned via photolithography. 

Characterizations. The morphology and thickness were characterized using HR-SEM (JSM 

7401F) and AFM (Digital Instruments Multimode IIIa). UV−vis absorption spectra were 

measured using a UV/vis/NIR spectroscope (JASCO V-770). Raman spectra were recorded 

using a Raman spectrometer (WiTec, with 532 nm laser excitation). XRD measurements were 

obtained using a Rigaku Ultima V diffractometer for a drop-cast thin film on a Si/SiO2 

substrate. XPS and UPS were performed at the Korea Basic Science Institute in Jeonju, 

Korea. XPS spectra were obtained using a monochromatic Al Kα X-ray source (hν = 1486.7 

eV). UPS measurements were conducted using a He I (21.2 eV) source. Diluted TMD 

solutions were drop-cast onto a carbon-coated Cu TEM grid for TEM observations using a 

JEOL JEM 2100F. A cross-sectional TEM sample was prepared using a focused ion beam 

(Helios Nanolab 650, FEI) with Ni (20 nm)/Au (50 nm) on the surface of a 2D thin film for 

protection. The electrical characteristics of the transistors were measured using a Keithley 

4200 parameter analyzer in an N2-filled glovebox (at 25 °C, O2 and H2O levels: 5–10 ppm). 
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The bias stress measurement at 60 °C and the temperature-dependent measurement were 

measured under a vacuum condition (~5× 10
-3 

Torr). All devices were measured without 

encapsulations. The transconductance (gm), field-effect mobility (μFE), and hole concentration 

(nh) were extracted, using the following:
[33]

 

gm = dIDS/dVGS,                                                            (1)                      

μFE = -gmL/(VDS CoxW),                                                      (2) 

nh = (IDSL)/(qW VDSμ),                                                       

(3) 

where L is the channel length, W is the channel width, and q is the electron charge. The hole 

concentration (nh) was calculated at VGS = 0 V and VGS = -5 V. Cox is the gate dielectric 

capacitance per unit area and was measured experimentally using the standard capacitance–

voltage (C-V) mode, which showed values of ~3 10
-7

 F cm
-2

 for 40 nm HfO2 and 3.4 10
-8

 F 

cm
-2

 for 100 nm SiO2. To evaluate the reliability and reproducibility, we fabricated three 

batches of devices and we measured 10 transistors from each batch for 30 transistors in total. 

The mobility, total resistance (Rtotal), channel resistance (Rch), and total contact resistance 

(2Rc) were calculated from four-probe measurements with the following expressions:
[34]

 

Rtotal = Rch+2Rc                                                                                         

(4) 

Rtotal = (V14/IDS)W,                                                        (5) 

Rch = (V23/IDS) (L14/ L23)W,                                                  

(6) 

μFE,4p = -gmL23/(V23 CoxW),                                                  

(7) 
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Where, L14 and V14 are the distance and voltage difference, respectively, between contacts 1 

and 4 in the device. L23 and V23 are the distance and voltage difference, respectively, between 

contacts 2 and 3 in the middle of the device. We measured 7 devices to demonstrate the 

reliability of the μFE extracted from two-probe and four-probe measurements. 

The Schottky barrier ΦSB and activation energy (Ea) can be extracted with the following 

equation:
[35]

 

2
ln DS SBI

c
T kT

 
   

 
                                                      (8) 

/

0( ) aE kT
G T G e


                                                         (9) 

where G is conductance, k is the Boltzmann constant. 

DFT calculations. Density functional theory calculations were performed as implemented in 

the Vienna ab initio simulation package (VASP) code.
[36]

 The projector-augmented wave 

(PAW) pseudopotentials
[37]

 and a kinetic energy cutoff of 500 eV were applied. The Perdew, 

Burke, and Ernzerhof (PBE) functional within the generalized gradient approximation (GGA) 

was used for the exchange-correlation functional,
[38]

 and the vdW-D2 correction proposed by 

Grimme was used to describe the long-range van der Waals interaction.
[39]

 The bilayer TMDs 

were used with a vacuum thickness of 15 Å. To describe the various adsorption coverages of 

Br2 molecules, 1 × 1, 2 × 2, 3 × 3, 4 × 4, and 6 × 6 supercells were considered. A Γ-centered 6 

× 6 × 1 k-point mesh in the 1 × 1 supercell and its equivalent in the 2 × 2, 3 × 3, and 6 × 6 

supercells were used for the Brillouin zone (BZ) summation. The Γ k-point was used in the 4 

× 4 supercell. The Hellmann–Feynman forces were relaxed to less than 0.001 eV/Å. The 

optimized hexagonal lattice constants of WSe2, MoSe2, WS2, and MoS2 were 3.328, 3.315, 

3.180, and 3.188 Å, respectively. The calculation was performed with the DFT 

exchange-correlation functional of PBE-d2, which is known to underestimate the bandgap 

compared to the experimental bandgap. Since we are dealing with VBM and equilibrium 
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conditions (not dealing with excited conditions), disagreement in CBM placement will not be 

critical to presenting our point. 
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Solution-processed high-performance p-type WSe2 thin-film transistor is successfully 

fabricated by Br2-doping with a field-effect hole mobility of more than 27 cm
2
 V

-1
 s

-1
, and a 

high on/off current ratio of ~10
7
. The resulting complementary inverters with patterned 

p-type WSe2 and n-type MoS2 layered films reaches an ultra-high gain of 1280 under a 

driving voltage (VDD) of 7 V.  
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