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1. Pt-coated AFM tip work function calibration

The work function (WF) calibration of Pt-coated tip is a necessary process in HD-
KPFM module, which has been conducted by using a standard highly oriented pyrolytic
graphite (HOPG, defaulted WF = 4.6 + 0.1 eV ). Fig. S1 shows the morphology of
layer structure (Fig. S1a) and its corresponding surface potential mapping (Fig. S1b).
According to the readout cross-section analysis line in Fig. S1c, the WF of Pt-coated

tip can be up to 5.74 £ 0.01 eV, calculated by equation CPD= SPy;, - SPsampie-
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Fig. S1 Pt-coated AFM tip work function calibration. (a) Topographic image of HOPG and its

corresponding surface potential (b), (c) readout cross-section analysis line from (b).

2. X-ray photoelectron spectroscopy (XPS) characterization

As shown in Fig. S2, the survey scan (Fig. S2a) shows signals from carbon, fluorine,
gold, and sulfur, no other elements were detected. The high-resolution C 1s peak was
fitted with 3 Gauss-Lorentz functions in Fig. S2b. The peak I located at 284.7 (marked
as red) is characteristic of carbon atoms in the aromatic backbone, and the peak II
located at about 285.2 eV (marked as yellow) is attributed to carbon bond to sulfur(?.
In addition, the peak III located at 286.2 eV (marked as green) is assigned to the shake-
up process in the aromatic matrixP3l. Fig. S2¢ shows the F 1s peak located at 689.2 is
assigned to the -CF; terminal group. The Au 4f patterns in Fig. S2d show that the intense
doublet peak (marked as red) located at 84.7 eV and 88.4 eV are ascribed to the thiol
SAM assembled on gold substrates and the weak doublet peak (marked as green)
located at 85.2 eV and 89.1 eV might be assigned to atoms located at certain positions
on the crystalline, faceted surfaces of nanoparticles?. The S 2p signal was fitted with
two doublet peaks. The intense one located at 162.1 eV (marked as red) is attributed to
sulfur bound to Au nanoparticles (Au-S) and the small one located at 163.5 eV (marked
as green) is assigned to the sulfur of free thiol terminal (S-H)M. In general, the
PhSHCF; monolayer was successfully assembled on the Au layer through Au-S

covalent bond.
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Fig. S2 XPS characterization of PhSHCF; chemically anchoring on Au film. (a) The survey scan,
and its corresponding high resolutions C 1s (b), F 1s (d), Au 4f (e), and S 2p (f), are presented,

respectively.

3. C-AFM calibration

The C-AFM module has been calibrated by verifying a series of standard resistors
including 0.01, 1, and 100 MQ provided by CSI AFM company. When the AFM probe
was falsely engaged and contacted with resistors, a continuous bias ranging from -1.0
to 1.0 V was applied for the [-V test. As shown in Fig. S3, the slope of I-V curves agrees

perfectly with the standard resistors' values, revealing no systematic error or artifact
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Fig. S3 I-V characterization of standard resistors for C-AFM calibration.



4. C-AFM measurement on intrinsic Au layer

We have conducted C-AFM experiments on sputtering intrinsic Au film for comparison
in this work. As shown in Fig. S4, evenly distributed sputtering Au film on a p*-Si
wafer (Fig. S4a), and the tunneling current signal (around tens of femtoamperes) can
be ignored (Fig. S4b) under the driven velocity of 3.75 um/s and the load pressure of
25 nN. Combining the experimental results in the text, it can convincedly prove that
PhSHCF3 SAM plays an important role in the output tunneling current of DMIM

structure.

Fig. S4 Characterization of Pt-coated tip moving on intrinsic Au film for comparison.

5. FEM simulation



The FEM simulation of the electric field distribution at the tip-sample interface was

V=10 mV.

carried out using the 2D electrostatic module in the COMSOL Multiphysics software
[5]. The PhSHCF; SAM was modelled by a 500 nm x 40 nm slab with a dielectric
constant £ =2.94 [6], The tip has a conical shape with a spherical apex of 30 nm radius.
A 1,500 nm x 1,500 nm slab was applied as an air atmosphere. The tip—sample contact
was modelled by an indentation distance determined by the DMT model. While the
initial electric potential V=10 mV was set at the tip—sample interface (Fig. S5), the
rest of tip surface was assigned to be “zero charge” and the tip end was set to be the

“ground” boundary condition.

Fig. S5 2D model for FEM simulation with an even distribution of 10 mV potential at the sample-

tip interface.

6. Summarization of tutput performance of DC output generated based on
various effects.

Table S1. Current density of DC output generated based on various effects

Current Voltage  Impedance
No. Materials Ref.
(A m?) (mV) (MQ)

1 AFM Pt/Ir tip -MoS; nanosheets 106 7 10 [5]

2 AFM Pt/Ir tip -SiO, layer 10* - 105 [7]



3 Al film - n-type Si (Bulk)
4 Gold-coated stick - S0, layer on
p-type Si
s Stainless steel and n-type Si
(Bulk)
6 AFM Pt/Ir tip - graphite flake
AFM Pt/Ir tip - ZnO nanowires-
7
packed film
8 AFM Pt/Ir tip-modified Si(211)
9 AFM Pt/Ir-SAM-Au

1

40 600
35 300
0-'~102 10-20
104 135
103 5
100 400

7.60106 10

1073

103

1073

103

103

102

[8]
[9]
[10]
[11]
[12]

[13]

This
work

7. C-AFM I-V spectras of different molecule thiols modified on Au films

For comparison, we have also conducted C-AFM measurements on other kinds of SAM

on Au films including oligoacene thiols (thiophenol (PhSH), 4-tert-Butylbenzenethiol

(PhSHCH3;), 4-(Dimerthylamino)benzenethiol (PhASHNCHj;) and PhSHCF3) and alkane

thiols (1-decanethiol (C,oSH) and 1-octadecanethiol (C;sSH)). As shown in Fig. S6, it

shows different characteristics of -V spectras caused by their nature attenuation factors

and contact resistance.
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Fig. S6 C-AFM I-V spectras respecting to different molecule thiols modified on Au film. (a) C;,SH,
(b) C1sSH, (c) PhSH, (d) PhSHCF;, (e) PASHCHs, and (f) PASHNCHj;. Here, nine different points
are randomly collected from the surface (seen in legend for numbering). Insets of each graph show
the corresponding chemical formula.
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8. Pressure resistance test on PhSHCF; modified Au layer

Fig. S7 C-AFM I-V spectras respecting to different applied force on PASHNCH; SAM. (a) 30 nN,
(b) 50nN, (c) 100 nN, (d) 150 nN, and (e) 200 nN. Here, nine different points are randomly collected
from the surface (seen in legend for numbering). (f) the morphology of PhASHNCH; modified Au
layer after 10 full-cycle scanning under 200 nN.
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Fig. S8 Morphology characterization before (a) and after (b) intensive repetition scanning. (c) The
thickness test of PhASHCF; SAM extracted from (b) is marked in a green line indicating the
monolayer thickness of about 0.92 nm.

Regarding the thickness of PhSHCF; SAM, the monolayer thickness can be
theoretically calculated at about 8.93 A through molecular modeling within the
Cambridge Scientific Chem3D software (MM2). Here, the molecular length is defined
as the sum of the Au-S bond length (2.35 A) and the distance between the terminal F
atom on the -CF; to the S atom on the opposite end (6.58 A)Bl. Furthermore, the
thickness of PASHCF; SAM also can be examined from Fig. S8b marked in the green
line. The corresponding curve in Fig. S8c shows that the thickness of PASHCF; SAM

is about 0.92 nm, which is well agreed with the theoretical value.

9. Characterizations of Au nanoflakes

As is shown in Fig. S9a, the Au nanoflakes were synthesized through the hydrothermal
approach depicted in the Methods section and stored in a 20 mL glass bottle until
needed. The SEM image of a single triangle Au nanoflake (Fig. S9b) shows its side
length is about 30 um. To find a specific gold nanoplate before and after SAM
modification quickly and accurately, we used a silicon substrate marked with a
coordinate matrix in our experiment (Fig. S9c). After removing the native oxide in
diluted HF buffer solution, the Au nanoflake solution was dropwise dropped on Si
wafer and the Au nanoflake adhered to the substrate through van der Waals force. Fig.

S9d demonstrates a typical Au nanoflake attached to the Si surface. In contrast, the [-V



curves were tested prior (Fig. S9¢) and post (Fig. S9f) to the PhSHCF; SAM
modification. Similar to the results from the sputtering Au film, the typical ohmic
contact (before modification) can be completely changed into a symmetrical sigmoidal

shape (post to modification) resulting from the nonresonant tunneling effect of

PhSHCF; SAM.
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Fig. S9 Characterizations of Au nanoflakes and C-AFM I-V spectra. (a) Optical image of
synthesized Au nanoflakes stored in a glass bottle. (b) SEM image of one Au nanoflake with triangle
geometry. (c) Optical image of Au nanoflakes placed on one Si wafer with the coordinate matrix.
Inset, partial enlargement of one coordinate. (d) Typical topographic image of one Au nanoflake.
(e) and (f) C-AFM I-V spectras respecting prior and post to the PASHCF; SAM modifications on
Au nanoflake. Here, nine different points were collected from the surface (see legend for
numbering).

10. Characterizations of flexible Au NW/PDMS electrode

According to the method introduced in the Methods section, we initially synthesized

(c) (d)




the Au seed-mediated nanowire array on the glass slide (Fig. S10a). After peeling off
from the substrate, the Au NW/PDMS electrode can be conformally attached to the
back of the hand, as shown in Fig. S10b. Furthermore, we also verify its mechanical
performance such as the twist test (Fig. S10c) and foldable test (Fig. S10d). Finally, the

flexible Au NW/PDMS electrode is suitable for macroscopic demonstration.

Fig. S10 Mechanical performance test of flexible Au NW/PDMS electrode. (a) Optical image of
flexible Au NW/PDMS electrode fabricated on a glass slide. (b) Optical image of flexible Au
NW/PDMS electrode attached on the back of the hand. Inset, SEM top-view image of the gold
nanowire array. (¢) Twist test and (d) foldable test of flexible Au NW/PDMS electrode.
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