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1. Simulation of the piezoresistive principle of micro-cliff structure

The model parameters of the micro-cliff were set according to the cross-sectional SEM images
and microscope images, which has shown in the Figure 2, and the modeling graphic in software
is shown in Figure Sla. The load was controlled to apply on the micro-cliff structure,
representing in the increased load displacement (Figure S1b). The Young’s modulus and
Possion ratio are set as 7 GPa and 0.272, respectively, which have the same order of magnitude
refer to the references.[![213] To be noted, the Young’s modulus and Possion ratio value here is
an estimated value, because the overall Young’s modulus and Possion ratio also depend on the
structure of the material, which may vary from the one measured from the flat 2D material in

the references.
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Figure S1. Simulation model and result (a) Simulation model (b) Simulation result of relationship

between contact area, pressure and load displacement

2. X-ray photoelectron spectroscopy (XPS) results, Raman spectral results, and
conductivity of RGO film

The XPS analysis of GO films before and after reduction are shown in Figure S2. After
reduction, the C:O ratio has been significantly increased from 3.38 of GO film to 11.47 of RGO
film (Figure S2a), which demonstrates the effective dissociation of oxygen-containing
functional groups (OCFGs) after flash reduction of GO films. Figure. S2b and Figure S2c¢
shows the XPS analysis for Cls peak of GO and RGO samples. For GO films, the OCFGs are
mainly C-O, C=0 and C=0-OH bonds. The above OCFGs have been effectively removed after
flash reduction process, as the dominant C-C peak up to 70 at% is identified in Figure S2c.
This suggests the restoration of C-C sp2 structure after flash reduction. Both high C:O ratio in
wide scan survey and dominant C-C bonding in C1s peak indicate the synthesis of high-quality

RGO material after flash reduction.
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Figure S2. X-ray photoelectron spectroscopy (XPS) results. (a) XPS survey analysis for GO and RGO

films (b) XPS analysis of Cl1s peaks for GO films (¢) XPS analysis of C1s peaks for RGO films

Figure S3 shows the Raman spectra for GO and RGO. GO sample exhibits both strong D and
G band located at 1372 cm! and 1602 cm-!, respectively. The red shift in both D and G band
compared to pristine graphene suggests the attachment of OCFGs to the graphene network.
After flash reduction, the D band shifts to around 1354 cm’! and the G band is identified at
around 1595 cm!. The blue shift in D and G band after flash reduction demonstrates the removal
of OCFGs and the restoration of graphitic sp2 structure. The effective reduction of GO has also
been indicated by the decrease in Ip/Ig ratio from 1.11 to 1.09 after reduction. It is noted that
the D band still shows high intensity after flash reduction, suggests high density of structural
defects such as pores and cracks in RGO films. Evidence of 2D peak is also shown in Figure

S2, suggesting the formation of high quality graphene networks.



—GO
——RGO

Counts (a.u.)

o

1 1 1 1 1 1 1
1000 1500 2000 2500 3000

Raman shift (cm™)

Figure S3. Raman spectra for GO and RGO.

Besides, the electrical conductivity of RGO film is measured through multimeter, which is 52
+10 S/m.

3. Micro-cliff structural deformation along with the pressure applied

Our micro-cliff structure deforms when pressure is applied. The contact area increases as
pressure is applied hence increasing the conductivity and decreasing the resistance. To visually
illustrate the contact progress, the effect of applied pressure on micro-cliff structural
deformation along with the applied pressure is characterized using an optical microscope, as

shown in Figure S4.

Before pressure loading




Figure S4. Micro-cliff graphene sensor deformation process. The images following the arrow direction

show the deformation process within soft to hard force pressure loaded and unloaded.

4. Side-view of micro-cliff structure and three-dimensional micro-cliff structure along
the depth direction

Figure S5 shows the side-view and top-view scanning electron microscope (SEM) images of
micro-cliff structures. As can be seen in side-view images Figure S5 (a) and (b), it is hard to
observe clear structures owing to the irregular cut edges and its deep structures. Due to the low
conductivity of the GO film, we can see strong charging effect which shows in the white area.
Instead, using optical microscope, the images (Figure S6) of the micro-cliff structure have been
taken at different depths. The deformation process occurred in different depths of the structure
and caused uneven contact at different “cliffs”. Figure S5 (c) shows the surface nanostructure

of the RGO film.
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Figure S5. SEM images of the side-view and top-view of the micro-cliff structure. (a) and (b) are SEM
images of the side-view with 2000x and 8000x magnification, respectively. (¢) Top-view SEM image of

surface nanostructure of the RGO film.



Figure S6. Three-dimensional micro-cliff structure of the RGO sensor. (a) to (d) are three-dimensional
structures of the micro-cliff along the depth direction with different focal positions. If we define the depth
(z) of the clear part of (a) is z = 0, then the depth of clear parts in (b), (c) and (d) are 200 4™, 400 41, 700

um_respectively.

5. Sensor performance measuring circuit

The sensor performance measuring circuit consists of 4 parts: DC supply, oscilloscope, 10k
resistor, and sensor. The DC supply provides a voltage of 5V applied in series to a 10k resistor
and sensor. In the series circuit, when the resistance of the pressure sensor changes due to the

pressure, its voltage value will change and be recorded by the oscilloscope.
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Figure S7. The sensor performance measuring circuit.

6. Different assemble methods for sensors

We used two different assemble methods for the micro-cliff graphene pressure sensor and
subsequently compared their performance. The schematics corresponding to these two methods
are shown in Figure S8. For the first assemble method (Figure. S8a), each RGO line of one
sensing layer overlaps the corresponding lines of another layer (may have a small spatial shift).
We call the sensor made by this method ‘overlapping pattern sensor’. The second assemble
method (Figure S8b) is to rotate one layer 90 degrees compared to the prior layer, leading to
each RGO line of one layer perpendicular to the RGO lines of the other layer. This kind of
sensor is called ‘cross pattern sensor’. To be noted, the overlapping patterned films can benefit

both sensitivity and working range (as shown in Figure Sa).
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Figure S8. Two kind of pattern sensor using different assemble method (a) overlapping pattern sensor

(b) cross pattern sensor

7. RGO pressure sensor without pattern and its sensing performance

The specified pattern (micro-cliff RGO lines) is the key factor to achieve the ultrahigh
sensitivity, because only the RGO lines have the micro-cliff structure. For comparison, here we
capture the optical microscopy and SEM images (Figure S9) to show the flash-reduced GO
sensing layers without the micro-cliff structures. The device without micro-cliff structure shows
5 kP,

poor sensitivity (1.12 1) and small working range (0-14 kPa) as shown in Figure S10.
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Figure S9. Optical microscopy and SEM images of an RGO layer without micro-cliff patterns (a)
optical microsopy image with low magnification. (b) Photo of the sensor captured using a camera. (c)
optical microsopy image with high magnification (d) SEM image with 500x magnification (¢) SEM figure

with 1000% magnification.
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Figure S10. Sensitivity performance of sensor without micro-cliff pattern
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8. Filter paper based low detection limit sensor film

A graphene micro-cliff pressure sensor that uses filter paper (Polyethersulfone membrane) as

substrate has been made to achieve low detection limit, as shown in Figure S11. The graphene

oxide film is coated on the filter paper using filtration method and then reduced by a flash with

a mask.

Figure S11. Micro-cliff pressure-sensing layer using filter paper as the substrate.

9. Sensitivity performance of our work and comparison of performance to similar work

in recent articles

Table S1 shows the performance of the micro-cliff sensor benchmarked against the
representative state-of-the-art piezoresistive pressure sensors [4-12]

Active Materials | Working | Sensitivity Response/ | Stability | Reference
Range Recover
Time (ms)
. IRT _ 1 .
g/lcl}c(r)oﬁ(igff 1(213)a 255 72568 KP, (032 - 5/3 5000 This Work
3.2 KPa),
-1
43615 KPa " (032 -
11.5 KPa),
-1
938 KPa " (48 - 160
KPa)
Laser Induced | <100 Kp 1 16 /27 1000 4
Graphene/PS KPa 149 K Pa _1 (< 1KPa),
659 " a  (1-10
-1
KPa), 2048 KPa
(10 - 100 KPa)
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polypyrrole/PD | <1KPa | o KP, ! (< 100 0.05/62 |15000 |5
MS ' 1
micropyramid Pa), 461.5 kP, (<

1 KPa)
PEDOT: <20 KPa Kp,~! 0.15 20000 |6
PSS/PDMS 85177 (<3KPa)
Continuous- 42Pa-3 | o kp,~! (100 - 261/131 1200 7
gradient KPa ) Ob Pa)
Wrinkles RGO
DNTT/PDMS/A | <90 KPa 514 KP,~ 1 (<250 1.8/6.7 10000 8
k Pa)

-1
MXene <10 KPa 609 KPq (6.4 Kpa 232/225 6000 9
Sphere/Reduced _ 10 KPa)
Graphene
Aerogel
Composites
-1
IliI/IV)\(]ene/PVA <20 KPa 440 KPg (5.37 KPa 138/127 10000 10
¥ ~ 18.56 KPa)
-1

SnSe, <384 43302 KP4 (<291 0.07/0.09 | 4000 11
Nanoplates/PD | KPa KPa)
MS/Au
self-assembled | <40KPa | ¢ o < KP, ™" (< 0.5/0.8 15000 | 12
Graphene ' kp -1

20KPa), 853.2 " a

(> 20 KPa)

Abbreviations: RGO, reduced graphene oxide;PS, Polystyrene;PDMS, Polydimethylsiloxane;
PEDOT:PSS, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate;DNTT, dinaphtho[2,3-
b:2’,3’-f]thieno[3,2-b]thiophene;Au, Aurum; PVA, Polyvinyl Alcohol; NWs, nanowires

10. Absolute resistance value of the sensor under different pressures

The measured absolute resistance value of the sensor under different pressures is shown in

Figure S12.
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Figure S12. Absolute resistance value of the sensor under different pressures.
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