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1. Supplementary Notes
We have calculated the critical size of flakes based on the classical nucleation theory. The free energy of a nucleus is defined below, where n is the total number of atoms, 𝜇0 is the bulk chemical potential of WSe2, A is the basal surface area of the flake, and C is the circumference of the flake. For 𝜇0, a reported experimental value is used1. To determine 𝛾surface and 𝛾edge , DFT calculations are done with slab and nanowire models of WSe2  (Supplementary Fig. 1). The calculated critical nucleus size as a flake length is 1 nm approximately (Supplementary Fig. 2), based on that, flakes created by gas phase reactions likely be longer than 1 nm in the flake length. Those flakes bond weakly to a-HfO2, therefore can be easily diffused.  Meanwhile, the effect of the extra binding energy with a-SiO2 at the trench edge is more substantial on a-HfO2 (20 % increase) than c-HfO2 (10 % increase), therefore the potential well effect can be more significant on a-HfO2.
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The weak binding energy on a-HfO2 is originated from two reasons: the flake size effect on bonding characteristics and the effect of amorphous structure on the vdW bonding strength. Supplementary Fig. 3 and Supplementary Fig. 4 show the binding energy contributions from vdW and non-vdW on a-HfO2 and c-HfO2, respectively. On both a-HfO2 and c-HfO2, the strength of non-vdW bonds decreases after 0.9 nm, unlike the strength of vdW bonds monotonically increasing. In flakes, edge and corner atoms are reactive because of dangling bonds and likely form chemical bonds with a substrate, and those chemical bonds contribute to the non-vdW binding energy. In small flakes, the non-vdW bonds would be dominated by edge and corner atoms. However, as the flake size increases, the portion of edge and corner atoms compared to other atoms decreases therefore the effect of edge and corner atoms diminishes. Meanwhile, other atoms like Se on the bottom face of a flake would experience electrostatic repulsion from O on the surface of a substrate so that the non-vdW binding energy begins to decrease when a flake becomes large sufficiently. On the other hand, the vdW binding energy keeps on increasing because of the non-directional nature of vdW bonds. The vdW strength is likely proportional to a contact area, and the contact area is proportional to the flake size. Eventually, the dominant type of bonds is shifted from non-vdW to vdW as the size of a flake increases (Supplementary Fig. 3 and Supplementary Fig. 4). However, the strength of the vdW bonds is different on a-HfO2 and c-HfO2, in general, the vdW binding energy is weaker on a-HfO2. Because of that, on a-HfO2, the vdW bonds are not strong enough to compensate for the diminishing non-vdW bonds, therefore the binding energy plateau around 1.2 nm happens (Extended Data Fig. 2).

2. Supplementary Figures
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Supplementary Fig. 1 | Atomic models to calculate surface and edge energies of WSe2. a, The slab model of ML WSe2 to calculate the surface energy. b, The nanowire model of 2H WSe2 to calculate the edge energy.
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Supplementary Fig. 2 | The free energy of a WSe2 nucleus (flake) as a function of the flake side length. The 5th order polynomial is used to fit the calculated data points.
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Description automatically generated]Supplementary Fig. 3 | The binding energy of the WSe2 on a-HfO2. vdW and non-vdW contributions on the binding energy are plotted by individual bars.
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Supplementary Fig. 4 | The binding energy of the WSe2 on c-HfO2. vdW and non-vdW contributions on the binding energy are plotted by individual bars.
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[bookmark: _Hlk171281159]Supplementary Fig. 5 | Electrical characteristics of MoS2 and WSe2 grown at low temperature. a–b, Statistical analysis on Ion/Wch of MoS2 and WSe2-based nMOS (a) and pMOS (b) transistors with respect to growth temperatures ranging from 345 °C to 485 °C for nMOS transistors and from 385 °C to 485 °C for pMOS transistors, respectively. 
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Supplementary Fig. 6 | High-density single-crystalline WSe2 array. The shapes of the pockets are defined as squares (a) and equilateral triangles (b), each pocket with a width of 100 nm and a spacing of 50 nm between pockets.
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Supplementary Fig. 7 | Characterization of μeff, and Dit of vertical CMOS. a–b, Estimated field effect mobility (μeff) and interface trap density (Dit) values from fabricated 30 vertical CMOS devices. 
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Supplementary Fig. 8 | Characterization of Vth of vertical CMOS. a, Transfer characteristic curves of nMOS and pMOS transistors showing the threshold voltage (Vth) extraction process with trend lines. b, Estimated Vth values from fabricated 30 vertical CMOS devices.
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Supplementary Fig. 9 | Characterization of vertical CMOS-based logic circuits. a, OM image of fabricated vertical CMOS inverter array (left top panel) and circuit diagram (right top panel) and structural schematic (bottom panel) of vertical CMOS inverter. Scale bar denotes 8 μm. b, Multiple voltage transfer characteristics verified from 10 vertical CMOS inverters. c, Voltage transfer characteristics verified under various Vdd conditions, ranging from 0.5 to 0.75, 1, 1.25, and 1.5 V. d, Extracted voltage gain from voltage transfer characteristics. e, Voltage transfer characteristics denoted with noise margin (NML and NMH). f, Comparison of voltage gain between our vertical CMOS inverter and WSe2-MoS2-based vertical CMOS inverter reported thus far2,3. g–h, OM image of fabricated vertical NAND (g) and NOR (h) gates (left top panel) and circuit diagram (right top panel) and structural schematic (bottom panel) of vertical NAND and NOR gates. Scale bars denote 2 μm. 
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Supplementary Fig. 10 | Advanced CMOS process node-based vertical CMOS. a, Structural schematic of M3D integrated CMOS used in 3D FEM simulation. b, Ion/Wch with respect to SS of fabricated vertical CMOS (black-colored plots) and vertical CMOS when Dit is assumed to be less than 6 × 1012 cm–2 (red- and blue-colored plots). Targeted high-performance metrics including Ion/Wch and SS at 3, 2, 1.5, and 1 nm process nodes that is provided in IRDS 20224 (purple-colored plots). c, Transfer characteristics of nMOS and pMOS transistors of vertical CMOS, where dotted and line profiles denote transfer characteristic of experimentally obtained and TCAD-based fitted results, respectively. d–e, Predicted transfer characteristics of nMOS (d) and pMOS (e) transistors of vertical CMOS with respect to CMOS process node ranging from 130 to 45, 32, 14, 7, and 3 nm. f, Transfer characteristic of nMOS nad pMOS transistors of vertical CMOS with respect to CMOS process node with fixed with Ioff of 10 nA/μm. g, Predicted Ion/Wch values of vertical CMOS with respect to CMOS process nodes ranging from 130 to 45, 32, 14, 7, and 3 nm, respectively, where fixed off current is set to 10 nA/μm. h, Predicted Ion/Wch value of vertical CMOS with respect to CMOS process node ranging from 130 to 45, 32, 14, 7, and 3 nm, respectively, where fixed off current is set to 10 nA/μm (top panel), and predicted Ion/Wch values of pMOS and nMOS transistors with respect to CMOS process node (bottom panel), without (blue-colored plots) and with (red-colored plots) optimization of Dnp. 
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Supplementary Fig. 11 | WO3 powder vaporized at 385 °C. a, Measured temperature at the target sample location using a thermocouple as a function of growth time (inset images show WO₃ vaporized after growth at 385 °C). b, Image of the actual temperature of the target substrate measured by the inserted thermocouple.
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Supplementary Fig. 12 | Confined MoS2 grown at high temperature (800 °C). OM images and Raman spectra measured in a, b, SiO2 trench and c, d, HfO2 pocket. Nucleation also occurs in SiO2 trench at high temperature.
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[bookmark: _Hlk163154154]Supplementary Fig. 13 | Characterization of bilayer WSe2 transistors with Cr and Pd contacts. a, b, Transfer curves of confined WSe2-based transistors, where Cr and Pd were used as a S/D contact metal. c, Modified Richardson plot method for extracting hole barrier height of WSe2 transistors with Pd contact as contact metal. 















	Materials
	Growth
	Device

	
	Crystallinity
	Thermal Budget
(< 400 °C)
	Template
	Manufacturability
	Low power
	Immunity to short channel effect

	2D
	Single
(This work)
	O
	Arbitrary
	O
	O7,8
(<1 V)
	O9,10
(Lg ~ 1nm, 
Lch ~20nm)

	
	Single1,5
	X
	Crystal
	
	
	

	
	Poly6
	O
	Arbitrary
	
	
	

	Si
	Single11
	X
	Crystal
	X
	O
(<1 V)
	O

	CNT
	Single12,13
(CNT network)
	O
	Arbitrary
(Transfer)
	X14
(Alignment)
	O15
(<1 V)
	O16
(Lch ~10nm)

	Organic
	Poly
	O
	Arbitrary
	X17,18
(instability & unreliability)
	X19
	X

	Ge
	Single20
	X
	Crystal
	X20
(No native oxide,
susceptible to heat)
	O21
(<1 V)
	X



Supplementary Table 1 | Benchmark table of current and future semiconductor channels of the transistor in terms of the requirement for M3D integration.1,4-21
































	Materials
	Crystallinity
	Growth
	Device
	Ref

	
	
	Type
	Temper-ature
	Substrate
	Gate stack
	Contact
	Channel
dimension
	Operational
voltage
	Ion/Wch
	Current
on/off ratio
	

	WSe2
	Single
	CVD
	485 °C
	a-HfO2
	10 nm HfO2
	Pt
	400 nm (Lch)/
700 nm (Wch)
	0.5 V
	75.3 μA/μm
RSD = 16.95%
	~106
	This
work

	MoS2
	Single
	CVD
	385 °C
	a-HfO2
	10 nm HfO2 (bottom)/
20 nm HfO2 (top)
	Cr
	400 nm (Lch)/
700 nm (Wch)
	0.5 V
	67.2 μA/μm
RSD = 12.86%
	~107
	

	WSe2
	Single
	CVD
	890 °C
	Sapphire
	10 nm HfO2/
100 nm SiO2
	Pd
	700 nm (Lch)/
2 μm (Wch)
	1 V
	89.9 μA/μm
	~108
	1

	WSe2
	Poly
	CVD
	1180 °C
	SiNx/SiO2
	HfO2
	Sb
	100 nm (Lch)
	0.5 V
	~ 35 μA/μm
	Not verified (-)
	10

	WSe2
	Poly
	CVD
	900 °C
	SiO2
	100 nm SiNx
	Bi
	1 μm (Lch)
	1 V
	14 μA/μm
	~108
	23

	WSe2
	Poly
	MOCVD
	537 °C
	Sapphire
	-
	-
	-
	-
	-
	-
	24

	WSe2
	Single
	MBE
	200~400 
°C
	Au/Sapphire
	-
	-
	-
	-
	-
	-
	25

	MoS2
	Single
	CVD
	750 °C
	a-HfO2
	10 nm HfO2/
100 nm SiO2
	Ni
	700 nm (Lch)/
2 μm (Wch)
	1 V
	86.7 μA/μm
	~107
	1

	MoS2
	Poly
	CVD
	1000 °C
	Sapphire
	HfO2
	Sb
(110)
	200 nm (Lch)
	1 V
	1440 μA/μm
	~108
	10

	MoS2
	Poly
	CVD
	625 °C
	SiO2
	100 nm SiNx
	Bi
	35 nm (Lch)
	1.5 V
	1135 μA/μm
	106
	23

	MoS2
	Poly
	MOCVD
	320 °C
	SiO2
	100 nm SiNx
	Bi
	120 nm (Lch)
	1.5 V
	560 μA/μm
	107
	23

	MoS2
	Single
	MOCVD
	320 °C
	SiO2,
Sapphire
	300 nm SiO2
	-
	-
	1 V
	~200 μA/μm
	~105
	26

	MoS2
	Poly
	MOCVD
	580 °C
	GaN/Si
	30 nm Al2O3
	Cr
	45 nm (Lch)/
10 μm (Wch)
	1 V
	2.2 μA/μm
	109
	27

	MoS2
	Poly
	MOCVD
	275 °C
	SiO2
	20 nm Al2O3
	Au
	200 nm (Lch)
	0.7 V
	40 μA/μm
	105
	6



Supplementary Table 2 | Comparison table of synthesized TMD-based transistors in terms of growth temperature of TMD and performance of device.1,10,23–27 RSD denotes relative standard deviation. 













	Type
	Material
	Parameter
	Value

	Channel
	WSe2
	Dielectric constant of in-plane (ε∥)
	15.7

	
	
	Dielectric constant of out-of-plane (ε⊥)
	7.6

	
	
	Energy band gap (Eg)
	1.15 [eV]

	
	
	Electron affinity (χ)
	4.15 [eV]

	
	
	Intrinsic Fermi level (EFi)
	4.78 [eV]

	
	
	Effective mass of electron (me*/m0)
	0.33

	
	
	Effective mass of hole (mh*/m0)
	0.46

	
	MoS2
	Dielectric constant of in-plane (ε∥)
	15.7

	
	
	Dielectric constant of out-of-plane (ε⊥)
	6.6

	
	
	Energy band gap (E)
	1.27 [eV]

	
	
	Electron affinity (χ)
	4.52 [eV]

	
	
	Intrinsic Fermi level (EFi)
	5.16 [eV]

	
	
	Effective mass of electron (me*/m0)
	0.56

	
	
	Effective mass of hole (mh*/m0)
	0.62

	Metal
	Pt
	Fermi level (EF)
	5.15 [eV]

	
	Cr
	Fermi level (EF)
	4.66 [eV]

	
	Pd
	Fermi level (EF)
	5.22 [eV]



Supplementary Table 3 | Electrical parameter for TCAD simulation.28–31


	
	Fabric.
	130 nm
	45 nm
	32 nm
	14 nm
	7 nm
	3 nm

	EOT (nm)
	1.56
	1.45
	1.26
	1.0
	0.73
	0.64
	0.54

	Lg (nm)
	400
	65
	27
	24
	24
	20
	16

	Vdd (V)
	0.5
	1.2
	0.97
	0.9
	0.8
	0.75
	0.7



Supplementary Table 4 | Ground rules roadmap for logic devices.32,33


	Case 1
	Fabric.
	130 nm
	45 nm
	32 nm
	14 nm
	7 nm
	3 nm

	Tox_p
	20
	9.3
	8.1
	6.4
	4.7
	4.1
	3.5

	Tox_n
	10
	9.3
	8.1
	6.4
	4.7
	4.1
	3.5

	Dnp
	10
	9.3
	8.1
	6.4
	4.7
	4.1
	3.5

	Case 2
	Fabric.
	130 nm
	45 nm
	32 nm
	14 nm
	7 nm
	3 nm

	Tox_p
	20
	9.3
	9.1
	6.4
	4.7
	4.1
	3.5

	Tox_n
	10
	9.3
	9.1
	6.4
	4.7
	4.1
	3.5

	Dnp
	10
	28.8
	21.2
	16.0
	12.2
	9.6
	8.0



Supplementary Table 5 | Geometric parameter values for Case 1 and Case 2. 
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(a) The basal contact on a-HfO2 (b) The edge contact on a-HfO2
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(a) The basal contact on c-HfO2 (b) The edge contact on c-HfO2
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