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1. Table S1 to S3

Table S1 Mobility comparison of recently reported low-voltage OFETs based on high-k dielectrics

and OTS-modified SiO, dielectrics for the same semiconductor, respectively.

H Ho
Ref.2 Dielectric 0scC [cm2 V! [cm? V7! Mobility reduction Refb
s s
1 AlO,/C14 PA DPA 1.2 34 96.5 % 10
2 TiO4 Pentacene 0.12 3 96.0 % 11
3 AlOy C10-DNTT 1.8 8 98.0 % 12
4 AlO,/PS C8-BTBT 3.8 8.7 56.3 % 13
5 ZrTiO,/PS Pentacene 0.55 3 81.7 % 11
7 HfO,/COC PTCDI-C13 0.27 2.1 87.1 % 14
7 HfO,/COC Pentacene 0.47 3 84.3 % 11
8 HfO,/n-0 PA Pentacene 0.22 3 92.7 % 11
9 Zr0,/PaMS Pentacene 0.51 3 83.0 % 11
This work HAO/ODPA C6-DPA 3.0 3.16 51% 15

a References based on high-k dielectrics.

b References based on SiO, dielectric.

Uo: Comparative mobility, i.e., mobility calculated from OFETs based on OTS/Si10, dielectrics
w: Mobility calculated from OFETSs based on high-£ dielectrics

Mobility reduction: (uo-1)/ po*100%



Table S2 Comparison of electrical characteristics of recently reported low voltage OFETs based on

high-k dielectrics.
AN ) Dy
Ref. Dielectric Method 0SC [mV  [em?V'!s On/?ff [x101
dec™!] 1 Ratio eViem™2)]
1 AlO,/SAM  Anodization DPA 66 1.2 4x10° 2.09
2 TiO Sol-Gel Pentacene 180 0.12 104 76.1
3 AlO, Sol-Gel C10-DNTT 110 1.8 10° 9.65
4 AlOy/PS  Anodization C8-BTBT 107 1.53 108 8.78
5 ZrTiO,/PS Sol-Gel Pentacene 510 0.55 10* 523
6 HfO,/SAM Sol-Gel PDPP2DT- 230 1.16 7x104 114
T2
7 HfO,/COC Sol-Gel Pentacene 450 0.47 6x104 45.8
7 HfO,/COC Sol-Gel PTCDI-C13 310 0.27 4x104 36.4
8 HfO,/SAM Sol-Gel Pentacene 100 0.22 100 29.7
9 ZrO,/PaMS Sol-Gel Pentacene 260 0.51 1.2x10° 37.3
This
HAO/SAM Sol-Gel C6-DPA 60 3.0 107 0.181

work




Table S3 Comparison of the performances of recently reported organic inverters operating at low

voltages.
0SC Operating
Ref. Dielectric Gain
(p-type, n-type) voltage (V)

16 Hf-SAND PBTOR, P(NDI2OD-T2) 4 38
17 pV3D3 DNTT, PTCDI-C13 5 131

18 HfTiO,/SAM Pentacene, PTCDI-C13 3 6
19 AlO,/SAM DNTT, PDI-8CN2 3 63
20 TiO,/SAM DNTT, PDI-8CN2 0.9 62
21 AlO,/SAM DPh-BTBT, N1100 1 180
22 HfO,/Polyimide Pentacene, PTCDI-C13 8 46

29-DPP-TVT,P(NDI20D-
23 Parylene-C/PMMA 10 13
T2)
diF-TES-ADT:PS,TU-
24 Parylene 10 25
3:PaMS
Cs-DNBDT-NW, PhC,-
25 AlO,/ PADMA 1 66
BQQDI

26 Al,O; /TMSC Pentacene, C60 4 500
27 C nanoparticles (NPs)/PS Pentacene, PTCDI-C13H27 1.5 500
28 Ta,Os Pentacene, PTCDI-C13 5 500
29 AlO,/SAM DNTT, Compound 8 3 370
This work HAO/SAM C6-DPA, TFT-CN 4 172




2. Figure S1 to S14
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Fig. S1 (a-d) The annealing of the HAO dielectrics by a “Nitrogen-Air-Nitrogen (NAN)” process.

After spin coating (Fig. S1(a)), a finely designed annealing process was used to optimize the
quality of the binary metal oxide dielectric film. First, a low-temperature pre-annealing
process was introduced to remove the most solvent, which prevents the volatilization process
from affecting the densification process of the film. After this, the film was raised to the
annealing temperature in a nitrogen atmosphere within a short of time (30 min) (Fig. S1(b)).
Next, the air was deliberately introduced and kept for a while (Fig. S1(c)), then it was changed
back to the nitrogen (Fig. S1(d)) and naturally cooled to room temperature. For comparison,

another dielectric was prepared, whose annealing process was all carried out in nitrogen.
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Fig. S2 (a) FT-IR spectrum of the HAO dielectric prepared by the NAN process with different
annealing temperatures. (b) Refractive index of the HAO dielectric processed by the NAN process
with different annealing temperatures. (c¢) Leakage current density of the HAO dielectric processed

by the NAN process with different annealing temperatures.

FT-IR data was presented in Fig. S2(a). For the as-spun films, the broad band centered at 3400
cm’!, the shoulder at 1650 cm™!, and the peak at 1590 c¢cm!' are assigned to O-H stretch
vibrations associated with hydroxyl groups, the H-OH bending vibration of adsorbed water in
the films, and the M-OH stretching vibration, respectively. M stands for Hf or Al. The CHj;
present in the as-spun film at, 1365 cm!, is likely from adsorbed solvent and organic ligand
in the HAO dielectric layer. These absorption bands were significantly suppressed or
eliminated by annealing at 400°C and above. The refractive index of dielectrics was measured
by spectroscopic ellipsometry (Fig. S2(b)), and the refractive index can reflect its density. It
showed that the film density was improved as the annealing temperature increased, and the
HAO dielectric layer annealed at 500°C and 600°C exhibited similar density. The same
phenomenon was also shown in the leakage current curves processed by different annealing
temperatures (Fig. S2(c)). When the annealing temperature reached 600°C, the leakage

current was not further reduced3°.



(a) (b) —400C

Hf 4f Al 2p 500°C

. ——600C
S5 3
© L
= =

25 20 15 80 75 70
Binding Energy (eV) Binding Energy (eV)

Fig. S3 (a) Hf 4f XPS spectrum of the HAO dielectric treated by NAN process with different
annealing temperatures. (b) Al 2p XPS spectrum of the HAO dielectric treated by NAN process with

different annealing temperatures.

To obtain more information on chemical bonding states from HAO dielectrics, the evolution
of the Hf 4f core-level XPS spectra related to different annealing temperatures were
investigated, as shown in Fig. S3. With the increase of annealing temperature, the doublet
peaks corresponding to Hf 4f5/2 and Hf 4{7/2 shifted towards higher binding energy sides,
indicating the formation of Hf-Al-O. However, When the annealing temperature was
increased to 600°C, the binding energy of the Hf 4f peak was detected to shift to the low
energy side, which may be due to the decomposition of HfAlO, and the partial formation of
HfOx. The same trend was also observed for Al 2p core-level XPS spectrum.?’-28 Thus, 500°C

was adopted as the annealing temperature.
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Fig. S4 (a) XRD patterns of the HfO, dielectric at different annealing temperatures. (b) Comparison
of the leakage current of the HfO, and HAO dielectric.

(a

-

Intensity (a.u.)

78 77 76 75 74 73 712
Binding Energy (eV)

(b)102 (c) E 400
10} —— Nitrogen L —— Nitrogen
-4 — N—
104k NAN =350 —— NAN
[§)
c
S 300
[§] \
(1]
o
S250F
[17]
Qo
© 200}
z
-12
. - . - 150 ' :
10 1.0 15 2.0 25 3.0 10° 10* 10°
Voltage (V) Frequency (Hz)

Fig. S5 (a) Al 2p XPS spectrum of the HAO dielectric treated in nitrogen. (b) Comparison of leakage
current of HAO dielectric treated by NAN process and treated in nitrogen. (¢) Comparison of unit-

area capacitance of HAO dielectric treated by NAN process and treated in nitrogen.
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Fig. S6 (a) Water contact angles of the bare-HAO surface. (b) Water contact angles of the SAM/HAO

Si

surface.

Fig. S7 Cross-section SEM images of the SAM/HAO dielectric.
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Fig. S8 Carrier mobility as a function of gate bias.The channel length was 135 pm, and the channel
width was 180 um
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Fig. S9 (a) Histogram of Vth measured from 30 devices. The channel length was 135 um, and the

channel width was 180 um.
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Fig. S10 Hysteresis characteristics of the OFETs based on C6-DPA 2DMCs and SAM/HAO

dielectrics. The channel length was 135 um, and the channel width was 180 um.
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Fig. S11 (a) Chemical structure of C6-DPA. (b, c)Typical transfer and output characteristics of the

OFETs based on C6-DPA 2DMCs and SAM/HAOQ dielectrics whose bonding mode is not controlled.

The channel length was 55 um, and the channel width was 190 pm.



(C) 014/ 0OV
0.8 0.12 1.2V

107{Vo=2V |
sl H=09cm/(V-s)
SS =82 mV/dec

0 1 2 0.0 05 10 15 2.0
V(V) V,(A)

Fig. S12 (a) Chemical structure of TFT-CN. (b, ¢) Typical transfer andoutput characteristics of the
OFETs based on TFT-CN 2DMCs and SAM/HAO dielectrics. The channel length was 40 um, and
the channel width was 200 pm.
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Fig. S13 XRD patterns of 2DMCs of C6-DPA, TFT-CN, and their p-n heterojunctions.
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Fig. S14 (a) Typical transfer curves in the p-channel operation mode of the aOFET. (b) Typical

transfer curves in the n-channel operation mode of the aOFET. (c¢) The circuit schematic of the
complementary-like inverter based on aOFETs.
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