Supplementary Information:
Monolithic integration of p- and n-type doped 2D WSe2 for

wafer scale complementary logic circuits

Yan Hu'', Shicheng Zeng!", Yi Wang?*', Jinshu Zhang', Yuxuan Zhu', Zhejia Zhang', Xiangqi
Dong!, Qicheng Sun!, Mingrui Ao', Xinlong Guo', Jieya Shang', Yuexi Wang', Chao Liu*?,
Yuchen Tian', Haojie Chen', Xinliu He!, Yufei Song!, Yue Zhang', Sen Wang', Junlong Shi',
Zhengjie Sun', Jiahao Wang!, Jichao Li!, Liping Jiang®, Lin Wang®, Chao Zhu*, Zihan Xu’, Saifei

Gou', Yin Wang?, Yin Xia®, Xu Wang?*, Zhengzong Sun'* and Wenzhong Bao3%**

'State Key Laboratory of Integrated Chips and Systems, College of Integrated Circuits and
Micro-Nano Electronics, Fudan University, Shanghai 200433, China.

2College of Big Data and Information Engineering, Guizhou University, Guiyang, 550025, China.
3Shaoxin Laboratory, Shaoxing 312000, China.

“The National Demonstrative School of Microelectronics, SEU-FEI Nano-Pico Center, Key Lab of
MEMS of Ministry of Education, School of Integrated Circuits, Southeast University, Nanjing
210096, China.

SState Key Laboratory of Flexible Electronics (LoFE), School of Flexible Electronics (Future
Technologies) & Institute of Advanced Materials (IAM), Nanjing Tech University (NanjingTech),
Nanjing, 211816, China.

bState key Laboratory of Molecular Engineering of Polymers, Department of Macromolecular
Science, Fudan University, Shanghai 200438, China.

’Shenzhen SixCarbon Technology, Shenzhen 518000, China.

8State Key Laboratory of Integrated Chips and Systems, School of Microelectronics, Fudan
University, Shanghai 200433, China.

Shanghai AtomIC Technology, Shanghai, 201318, China.

"These authors contributed equally to this work.

*e-mail: xuwang@gzu.edu.cn; zhengzong_sun@fudan.edu.cn; baowz@fudan.edu.cn



Contents:
Supplementary Fig. 1. AFM image of monolayer WSe; film.

Supplementary Fig. 2. Two mainstream approaches to fabricate 2D CMOS, planar
heterogeneous integration (a) and 3D integration (b).

Supplementary Fig. 3. Fabrication process flow of WSe; transistors and CMOS
inverters.

Supplementary Fig. 4. Photograph and Optical microscope images.

Supplementary Fig. 5. Cross-sectional TEM image of WSe> FET source/drain region
and the corresponding EDS mapping.

Supplementary Fig. 6. The cross-sectional TEM image of WSe, FET gate stack region
and the corresponding EDS mapping. Scale bar: 50 nm.

Supplementary Fig. 7. Theoretical calculations of n- and p-doping mechanisms.

Supplementary Fig. 8. The cross-sectional TEM image of the bilayer hard mask for
selective-area n-doping.

Supplementary Fig. 9. Transfer characteristics of pristine and selective-area n-type
doped WSe; transistors.

Supplementary Fig. 10. Statistical distribution of threshold voltage and on-state
current of PMOS and NMOS devices.

Supplementary Fig. 11. Transfer characteristics, carrier mobility, and carrier
concentration of a typical pristine WSe transistor.

Supplementary Fig. 12. Transfer characteristics, carrier mobility, and carrier
concentration of p-type doped WSe; transistor.

Supplementary Fig. 13. Transfer characteristics, carrier mobility, and carrier
concentration of n-type doped WSe transistor.

Supplementary Fig. 14. Transfer characteristics of n-type doped WSe» FETs with
various treatment time.

Supplementary Fig. 15. Transfer characteristics of n-type doped WSe> FETs treated
with various concentration solution.



Supplementary Fig. 16. Thermal stability of the n-type doping process.
Supplementary Fig. 17. Long-term stability of the n-type doping process.
Supplementary Fig. 18. Thermal stability of the p-type doping process.
Supplementary Fig. 19. Long-term stability of the p-type doping process.
Supplementary Fig. 20. Yield and uniformity of 35 WSe> CMOS inverters.

Supplementary Fig. 21. Statistical distribution of switching voltages of CMOS
inverters.

Supplementary Fig. 22. Temporal response characteristics of CMOS inverter.
Supplementary Fig. 23. Optical microscope image of CMOS circuit arrays.

Supplementary Fig. 24. Temporal response characteristics of AND and OR logic
gates.

Supplementary Table 1. Comparison of TMDs-based CMOS inverter with previous
literature.



°
=

Po=TV.\
LV B |

ik

0 1 2 3 4
Distance (um)

Height (nm)

© o oo
PO
~0.8 nm

o N

Supplementary Fig. 1. AFM image of monolayer WSe: film with measured thickness
of ~ 0.8 nm.
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Supplementary Fig. 2. Two mainstream approaches to fabricate 2D CMOS, planar
heterogeneous integration (a) and 3D integration (b). Both approaches require the
transfer of distinct 2D materials, such as n-type (e.g., MoS>) and p-type (e.g., WSe> or
MoTe:) channel materials.
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Supplementary Fig. 3. Fabrication process flow of WSe, transistors and CMOS
inverters. The processes include growth of WSe, thin film, deposition of source/drain
electrodes, channel isolation and etching, p-doping, ALD deposition of hard mask
layer, etching of hard mask layer, selective-area n-doping, ALD deposition of top-gate
dielectric, fabrication of top gate electrodes, and deposition of interconnect layers.



Supplementary Fig. 4. a, Photograph of a 4-inch wafer, with a scale bar of 1 cm. b, c,
Optical microscope images of device arrays, with a scale bar of 300 um.

Dielectric

Supplementary Fig. 5. Cross-sectional TEM image of WSe> FET source/drain region
and the corresponding EDS mapping. Scale bar: 50 nm.

Supplementary Fig. 6. Cross-sectional TEM image of WSe; FET gate stack region
and the corresponding EDS mapping. Scale bar: 50 nm.
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Supplementary Fig. 7. Theoretical calculations of n- and p-doping mechanisms. a,
Density of states (DOS) versus energy level for WSe> with a N(CH3)4 group adsorbed
at a Se vacancy site. Inset shows the charge transfer diagram (gray, W; green, Se;
brown, C; orange, H; blue: N), illustrating electron accumulation in WSe> and charge
depletion from the N(CH3)4 group. b, DOS profile of WO4 group adsorbed on WSe:.
Inset shows charge transfer diagram (gray, W; green: Se; red: O) demonstrating

charge depletion from WSe; to WO4 group. ¢, DOS analysis of WO3 group adsorbed
WSe; at a Se vacancy. Inset shows charge transfer diagram (gray, W; green, Se; red, O)
showing electron transfer from WSe, to WOs3 group.

Supplementary Fig. 8. Cross-sectional TEM image of the bilayer hard mask for
selective-area n-doping. a. Cross-sectional TEM image of the full bilayer hard mask
structure at source/drain region. b. Magnified view of the boxed region in a,
highlighting intact bilayer mask (blue-dashed) and etched mask regions (red-dashed).
c.TEM image of the bilayer hard mask and gate dielectric (blue-dashed area in b). d.



TEM image of the gate dielectric at the etched mask regions within red-dashed region
in b, showing complete removal of hard mask layers. Scale bars: 50 nm.
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Supplementary Fig. 9. Transfer characteristics of pristine and selective-area n-doped
WSe; transistors. The pristine WSe; transistors exhibit p-type behavior, while the
transistors in the selective-area n-doping regions transform from p-type to n-type
electrical characteristics.
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Supplementary Fig. 10. Statistical distribution of threshold voltage and on-state
current of approximately 70 PMOS and 70 NMOS devices. a, b, Statistical
distribution of PMOS. ¢, d, Statistical distribution of NMOS.
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Supplementary Fig. 11. Transfer characteristics, carrier mobility, and carrier
concentration of a typical pristine WSe; transistor. a. Transfer characteristics and
field-effect mobility of pristine WSe; transistor. b. Carrier concentrations of WSe>
FET channel region under different gate voltages.
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Supplementary Fig. 12. Transfer characteristics, carrier mobility, and carrier
concentration of p-doped WSe; transistor. a. Transfer characteristics and field-effect
mobility of p-doped WSe; transistor. b. Carrier concentrations under different gate
voltages. Compared to pristine WSe; transistors, the on-state current increased by
approximately three orders of magnitude (10° times), the carrier mobility reaches ~
100 cm? V7' 57!, and the hole concentration in the channel is enhanced by ~ 50%
under the same gate voltage.
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Supplementary Fig. 13. Transfer characteristics, carrier mobility, and carrier
concentration of n-doped WSe; transistor. a. Transfer characteristics and field-effect
mobility of p-doped WSe; transistors. b. Carrier concentrations under different gate
voltages. Compared to pristine WSe; transistor, it exhibits n-type transistor behavior,
with the on-state current increasing by approximately three orders of magnitude (10°
times), an electron mobility of ~ 60 cm?V-!s!, and an electron concentration reaching
5 % 10'2 cm™ at gate voltage of 5 V.
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Supplementary Fig. 14. Transfer characteristics of n-type doped WSe, FETs treated
with 5-600 s. The pristine WSe, transistors exhibit p-type behavior, while the n-doped
WSe, transistors display fully n-type transfer characteristics. The electrical
characteristics of 47 WSe» transistors, such as threshold voltage and on-state current,
keep stable when the doping treatment duration varies from 5 s to 600 s, which
indicates WSe: is highly sensitive to the n-type dopant and can be fully n-doped.
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Supplementary Fig. 15. a, Transfer characteristics of n-type doped WSe; transistors
treated with 0.1%-25 wt% TMAH solution. b, Transfer characteristics of WSe>
transistors treated with lower concentration solution and shorter doping time. The
pristine WSe; transistors exhibit fully p-type behavior, while the n-doped WSe»
transistors display fully n-type transfer characteristics. The electrical characteristics of
40 WSe; transistors, such as threshold voltage and on-state current, remain stable
when the concentration varies from 0.5 wt% to 10 wt %. Under the concentration of
0.1 wt%, the threshold voltage shift slight positively. Notably, under the concentration
of 25 wt%, significant variability is observed. c, Transfer characteristics of WSe>
transistors treated with high concentration of 10-25 wt% TMAH solution. d, Boxplots

with Gaussian fitting of V.

1057 Pristine
{— 250°C
400°C
1071

1094

Ips (Alum)

10-14

1013V

-15 T T T T T
E T3 a4 1 3 s
Ves (V)

Supplementary Fig. 16. Thermal stability of the n-type doping process. The transfer
characteristics of 10 n-doped WSe: transistors which were annealed in a tube furnace
under Ar atmosphere at 250°C or 400°C for 1 hour.
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Supplementary Fig. 17. Long-term stability of the n-type doping process. The
transfer characteristics of nine n-type WSe: transistors which were stored in a
glovebox for 12 months, show good consistency with pristine device. The threshold
voltage and on-state current, remain largely unchanged, which indicates that the
doping process exhibits good long-term stability.
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Supplementary Fig. 18. Thermal stability of the p-type doping process. The transfer
characteristics of p-type WSe; transistors which were annealed in a tube furnace
under Ar atmosphere at 250°C (9 transistors) or 400°C (12 transistors) for 1 hour.
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Supplementary Fig. 19. Long-term stability of the p-type doping process. The
transfer characteristics of eight n-type WSe: transistors which were stored in a
glovebox for 12 months, showing good consistency with pristine devices. Threshold
voltage and on-state current, remain largely unchanged. This also indicates that the
p-doping process exhibits a good long-term stability.
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Supplementary Fig. 20. Yield and uniformity of 35 WSe, CMOS inverters. The
voltage transfer characteristics of 35 randomly selected CMOS inverters,
demonstrates a high yield.
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Supplementary Fig. 21. Statistical distribution of switching voltages of 35 CMOS
inverters. The histogram of switching voltages for statistically sampled CMOS
inverters shows a central tendency ~ 1.1 V.
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Supplementary Fig. 22. Temporal response characteristics of the CMOS inverter. a-c,
The dynamic output characteristics of CMOS inverters at frequencies of 1, 50 and 100

Hz, respectively.

Supplementary Fig. 23. Optical microscope image of CMOS circuit arrays. Scale bar,
200 um.
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Supplementary Fig. 24. Temporal response characteristics of AND and OR logic
gates. a, The optical microscope image of AND logic gate. b, The temporal response
of AND logic gate at 1 Hz operational frequency, which displays correct response. c,
The optical microscope image of OR logic gate. d, The temporal response of OR logic
gate at 1 Hz operational frequency, which shows correct output.



Supplementary Table 1. Comparison of TMDs-based CMOS inverter with
previous literature.

Ref. Voltage gain | Static power | Norise margin | Homogeneity | Scalability
this work 2002V | tens of pW | ~90@2V good 4 inch
Ref. 6 18@3V afew pW | ~80@2V bad Ex.
Ref. 28 5@2V tens of pW | ~83@3V bad Ex.
Ref. 29 90@?2V | tensof pW | ~90@2V bad Ex.
Ref. 30 80@3V | tensof pW | ~75@3V good 2 inch




