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Supplementary Note 1: 

The mobility bandgaps were measured with the help of inverse participation ratio (IPR) of 

densities of states, which can reflect the localization degree of densities of states (DOS). 

 

Where DOSi (eV) represents the DOS of each atom. In amorphous structures, due to the disorder, 

the band edges often show localized electronic states1-3. Compared with crystalline structure, 

the bandgap (Eg) becomes mobility bandgap (MEg), and the valence band maximum and 

conduction band minimum are switched as valence band mobility edge (VBME) and 

conduction band mobility edge (CBME). Thus, here we use IPR to analyze the band edge of 

amorphous structure. In our research, we set the mid energetic positions of IPR in valence band 

and conduction band as the valence band edge and conduction band edge, respectively. The 

mobility band edges and mobility bandgap are summarized in Supplementary Tables 1-6. 

  



Supplementary Note 2: 

Besides the amorphous HfO2 systems, we also examined the variation of bandgaps in 

crystalline HfO2 systems, as shown in Supplementary Figs. 24-27. In Supplementary Fig. 28, 

the results indicate that the bandgaps of crystalline HfO2 gradually decrease with the increasing 

defect concentration for both DFT functionals. The primary difference between two functionals 

lies in the fact that the PBE functional tends to underestimate the bandgaps, a behaviour that 

has also been reported in previous studies4,5. To further elucidate the influence of functionals 

choice, we compared the band structures of perfect crystalline HfO2 calculated using HSE066 

and PBE functional, as shown in Supplementary Fig. 29, the comparison reveals that the HSE 

functional preserves the overall band-structure features obtained with PBE, but results in a 

larger separation between the valence and conduction bands. Therefore, considering the 

significantly higher computational cost of HSE06 functional, we calculate the amorphous HfO2 

systems with the PBE functional. 

For calculations performed using the Vienna ab initio Simulation Package (VASP)7, The Kohn-

Sham wavefunctions and the charge density are expanded in a plane-wave basis set with an 

energy cutoff of 500 eV. The convergence criterion is 5×10-5 eV and 0.05 eV/Å for energy and 

force, respectively. The Brillouin zone is sampled with the k-mesh with spacing of 0.12 Å-1.   

  



 
Supplementary Fig. 1 | Transfer curves of monolayer MoS2 FETs with MOALD and normal 

HfO2 as dielectrics, respectively. The thicknesses for two HfO2 films are all 5 nm. 

 

The hysteresis at 10 nA/µm is ~5 mV for FET with MOALD HfO2 while 550 mV for FET with 

normal HfO2. The on/off ratio with MOALD HfO2 is an order of magnitude higher than that 

with normal HfO2. This demonstrates the higher quality of high-κ dielectrics improve the 

performance of FETs.  

  



 

 
Supplementary Fig. 2 | a, The structure and b, Radial distribution functions (RDF) of 5 

perfect HfO2 systems. 

 

  



 

 
Supplementary Fig. 3 | The amorphous structures of the HfO2 slabs with different O vacancies 

concentrations. a, perfect, b, 2.2%, c, 4.4%, d, 7.2%, e, 10% and f, 15.6%. 

 



 

 
Supplementary Fig. 4 | The density of states of HfO2 slabs with different O vacancy 

concentrations calculated by considering PBE functional. For each vacancy concentration, five 

different random structures are considered. a, 0%, b, 2.2%, c, 4.4%, d, 7.2%, e, 10% and f, 

15.6%. 

 

 

 

  



 

 

 

 

 
Supplementary Fig. S5 | The Inverse participation ratio (IPR) value for the densities of 

states of the HfO2 slabs at different O vacancies concentrations. 

 

 

  



 
Supplementary Fig. 6 | Cross-sectional STEM image of 2.5-Å-EOT HfO2 film in three 

different areas in Fig 1C. 

 

  



 
Supplementary Fig. 7 | Line-scan tomography across the 10 µm-length in Fig. 1i 

  



 

 
Supplementary Fig. 8 | a, current leakage corresponding with C-V measurement. b, 

Breakdown mechanism of F-N tunneling in 1.3 nm (black), 2.6 nm (red) and 3.9 nm (blue) 

HfO2 film. The thickness here represents physical thickness. 

 

 

  



 
Supplementary Fig. 9 | The breakdown properties of MOALD and normal 1.3 nm (physical 

thickness) HfO2 dielectrics. 

 

  



 
Supplementary Fig. 10 | The electrical stability of 2.5-Å-EOT HfO2 film under 1.0 V bias.  

 

 

  

 

  



 
Supplementary Fig. 11 | a, Optical images of µm-length MoS2 devices. Schematic 

illustrations of b, side-view and c, top view of MoS2 devices in a. 

 

  



 
Supplementary Fig. 12 | Bidirectional transfer curve of MoS2 FETs with 2.5-Å-EOT MOALD 

HfO2 with Vds of 0.1 V at sweep frequencies of a, 0.001 V/s, c, 0.01 V/s and e, 0.1 V/s. b, d, f, 

Corresponding hysteresis at 1 nA for a, c and e, respectively. 

  



 

 

Supplementary Fig. 13 | Effective capacitance tested in MoS2 gate-first transistors with 1.3 

nm HfO2 dielectrics. Frequencies vary from 5 kHz to 1 MHz in devices with various areas from 

(a) 40 μm2 to (d) 100 μm2.  

  



 

Supplementary Fig. 14 | Effective capacitance tested in MoS2 gate-first transistors with 2.6 

nm HfO2 dielectrics. Frequencies vary from 5 kHz to 1 MHz in devices with various areas from 

(a) 40 μm2 to (d) 200 μm2. (e) Statistic capacitance and normalized capacitance for all five 

devices 

  



 

Supplementary Fig. 15 | Effective capacitance tested in MoS2 gate-first transistors with 3.9 

nm HfO2 dielectrics. Frequencies vary from 5 kHz to 1 MHz in devices with various areas from 

(a) 10 μm2 to (e) 200 μm2. (e) Statistic capacitance and normalized capacitance for all five 

devices 

  



 

Supplementary Fig. 16 | Corresponding subthreshold swing curve with 0.1 V source-drain 

bias in 100-nm channel length MoS2 FETs. 

 

 

  



 

 

 
Supplementary Fig. 17 | AFM tomography for MOALD HfO2 directly on MoS2. HfO2 forms 

an island of particles rather than a continuous film. 

  



 
Supplementary Fig. 18 | Raman spectra of MoS2 on sapphire, transferred on SiO2 substrate, 

after depositing SbOx seeding layer and MOALD HfO2 dielectrics. 

  



 

Supplementary Fig. 19 | Output curves of MoS2 gate-last transistors with ultrathin dielectrics. 

  



 

Supplementary Fig. 20 | Effective capacitance tested in MoS2 gate-last transistors with 1 nm 

SbOx seeding layer and 1.3 nm HfO2 dielectrics. Frequencies vary from 5 kHz to 1 MHz in 

devices with various areas from (a) 60 μm2 to (e) 200 μm2. (f) Statistic capacitance and 

normalized capacitance for all five devices 

  



 

 

 
Supplementary Fig. 21 | The characterization of 8-inch MoS2 samples. Each measurement 

was tested from 7 different points. a, Optical images 8-inch MoS2 wafers. b, AFM, c, PL and 

d, Raman spectra of 7 points marked in a. 



 
Supplementary Fig. 22 | a, Equivalent circuit and b, true device for an all-NMOS inverter. 

scale bar: 50µm 

  



 
Supplementary Fig. 23 | a, Gain and b, Static power measurement in Fig. 5f. 

  



 

 
Supplementary Fig. 24 | The (a) top, (b) side and (c) perspective views of HfO2 slab model. 

 

  



 

 
Supplementary Fig. 25 | The optimized structures of HfO2 slabs with different vacancy 

concentrations. a, 2.2%, b, 4.4%, c, 7.2%, d, 10% and e, 15.6%. 

  



 
Supplementary Fig. 26 | The density of states of HfO2 slabs with different O vacancy 

concentrations calculated by considering HSE06 functional. For each vacancy concentration, 

five different random structures are considered. a, 0%, b, 2.2%, c, 4.4%, d, 7.2%, e, 10% and 

f, 15.6%. 

  



 

 
 

Supplementary Fig. 27 | The density of states of HfO2 slabs with different O vacancy 

concentrations calculated by considering PBE functional. For each vacancy concentration, five 

different random structures are considered. The energy has been aligned by setting the vacuum 

level Evac of each system at zero. a, 0%, b, 2.2%, c, 4.4%, d, 7.2%, e, 10% and f, 15.6%. 

  



 
Supplementary Fig. 28 | The bandgaps of HfO2 slabs with different Ov defect concentrations 

calculated by considering PBE and HSE06 functionals.  

  



 
Supplementary Fig. 29 | The band structures of perfect HfO2 slab system calculated by (a) 

VASP and (b) ABACUS. 

 

  



Supplementary Table 1 | The measured bandgaps from densities of states of the HfO2 slabs 

without O vacancies concentrations. 

Structure VBME (PBE) CBME (PBE) MEg (PBE) 

1 3.535  7.095  3.560  

2 3.665  7.060  3.395  

3 3.800  7.405  3.605  

4 4.285  7.260  2.975  

5 3.945  7.035  3.090  

Average 3.846  7.171  3.325  

 

  



Supplementary Table 2 | the measured bandgaps from densities of states of the HfO2 slabs 

with 2.2% O vacancies concentrations. 

Structure VBME (PBE) CBME (PBE) MEg (PBE) 

1 3.545  6.195  2.650  

2 3.455  6.095  2.640  

3 3.415  6.215  2.800  

4 3.535  6.115  2.580  

5 3.530  6.195  2.665  

Average 3.496  6.163  2.667  

 

  



Supplementary Table 3 | the measured bandgaps from densities of states of the HfO2 slabs 

with 4.4% O vacancies concentrations. 

Structure VBME (PBE) CBME (PBE) MEg (PBE) 

1 3.565  6.305  2.740  

2 3.490  6.195  2.705  

3 3.375  6.135  2.760  

4 3.330  6.190  2.860  

5 3.285  5.900  2.615  

Average 3.409  6.145  2.736  

 

  



Supplementary Table 4 | the measured bandgaps from densities of states of the HfO2 slabs 

with 7.2% O vacancies concentrations. 

Structure VBME (PBE) CBME (PBE) MEg (PBE) 

1 3.355  6.030  2.675  

2 3.355  5.940  2.585  

3 3.410  6.140  2.730  

4 3.255  6.070  2.815  

5 3.405  5.995  2.590  

Average 3.356  6.035  2.679  

 

  



Supplementary Table 5 | the measured bandgaps from densities of states of the HfO2 slabs 

with 10% O vacancies concentrations. 

Structure VBME (PBE) CBME (PBE) MEg (PBE) 

1 3.300  5.645  2.345  

2 3.335  5.695  2.360  

3 3.360  5.555  2.195  

4 3.425  5.705  2.280  

5 3.240  5.650  2.410  

Average 3.332  5.650  2.318  

 



Supplementary Table 6 | the measured bandgaps from densities of states of the HfO2 slabs 

with 15.6% O vacancies concentrations. 

Structure VBME (PBE) CBME (PBE) MEg (PBE) 

1 3.230  5.355  2.125  

2 3.050  5.380  2.330  

3 2.905  5.385  2.480  

4 3.130  5.350  2.220  

5 3.175  5.360  2.185  

Average 3.098  5.366  2.268  

 

  



Supplementary Table 7 | Benchmark of dielectrics with sub-3-nm EOT for transistors. 

 
Dielectric EOT (nm) Current 

leakage(A/cm2) 

Reference 

Al2O3 2.5 N/A 8 

ZrO2 2.4 10-2 9 

HfO2 1.9 10-1 10 

Sb2O3 1.6 10-7 11 

Bi2SiO5 1.3 10-5 12 

HfOx 1.1 10-5 13 

Er2O3 1.1 10-6 14 

HfO2 1 10-2 15 

PTCDA/HfO2 1 10-2 16 

CaF2 1 10-3 17 

SrTiO3 1 1 18 

HfO2-ZrO2 superlattice 0.75 10-1 19 

HfO2 0.73 N/A 20 

Sb2O3/HfO2 0.67 10-7 21 

HfO2-ZrO2 superlattice 0.65 10-1 22 

La-silicate  0.62 10 23 

Bi2SeO5 0.41 10-2 24 

GdOCl 1.3 10-6 25 

Gd2O5 0.94 10-7 26 

Ga2O3 0.4 10-4 27 

MgNb2O6 1 10-6 28 

MOALD HfO2 0.27 10-6 This work 
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