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Figure S1. (a, b) Normalized distribution of exposure doses for single focal spot in the
(a) XY plane (z= 0) and (b) XZ plane (y=0). (¢, d) Normalized distribution of exposure
doses of 50 focal spots in single circular path in the (c) XY plane (z= 0) and (d) XZ
plane (y=0). (¢) Normalized distribution of exposure doses for four scanning paths in
the XZ plane. (f) Normalized distribution of exposure doses for four scanning paths
along the X axis when z= 0 and y=0.
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Figure S2. (a) Schematic demonstration of reducing the diameter of nanopores by
increasing the laser power. (b) Schematic demonstration of reducing the diameter of
nanopores by reducing the scanning speed. (c) Schematic demonstration of reducing
the diameter of nanopores by reducing the diameter of the scanning path. Normalized
distribution of exposure doses along the X axis when z= 0 and y=0.
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Figure S3. (a) 3D models of the nanopores with different asymmetric shapes. (b)
Geometric parameters of these asymmetric shapes with a unit of pum. SEM images of
the fabricated nanopores with different shapes and varying slicing distance in Z
direction of 300 nm (c), 200 nm (d) and 100 nm (e).
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Figure S4. Geometric design of the seven nanopores.

Table S1 Geometric parameters of the seven nanopores.

Parameter Unit Value
d; nm 800
dy; nm 2400
dzz nm 800
ds; nm 800
d32 nm 2400
ds nm 800
d42 nm 800
d43 nm 1200
ds; nm 800
ds» nm 1200
ds; nm 1800
de1 nm 1200
d62 nm 1200
d63 nm 800
d7 nm 1200
ds nm 1800
d;; nm 800
h4/h1 0.5
hs/h; 0.75
h6/h1 0.5
h-/h; 0.25
h; nm 1000, 2000, 6000




Discussion:

Numerical models of the diameter of nanopores:
The entire exposure doses are calculated by the sum of the intensity’s squares of
all the focal spots along the fabrication path. The intensity distribution of each focal

spot could be described as':
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where Iy is the peak irradiance at the focal spot, @0 is the beam waist at the focal spot,
and 20 is the corresponding Rayleigh length. Here, the peak irradiance at the focal spot
could be calculated by the power (P), the pulse width (7), the repetition rate (f ) of the

laser:
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The unit of [0 is GW/cm2. Besides, the beam waist and the corresponding Rayleigh

length of the focal spot with a 3D Gaussian distribution could be calculated as 480 nm
and 1040 nm?. Considering the accumulation effect, the boundary conditions for each
focal spot are set at [_\BwO’ \Ewo] in the XY plane and [_\BZO’ \/57 0] in the Z
direction.

Figure S1a, b show the calculated results for the focal spot which is located at the
position (500 nm, 0, 0).

The number of focal spots along a circular scanning path () could be calculated

as:
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where C is the circumference of the circular path, V is the scanning speed. To
simplify the calculation, we assumed the number is 50 when the diameter of scanning
path is 1000 nm and the scanning speed is 10 mm/s.

Figure Slc and d show the calculated results for 50 focal spots which are located
along the circular path with a diameter of 1000 nm at focus plane.

Figure Sle show the calculated results for 4 scanning paths with a slicing distance
of 300 nm. There are 200 focal spots in total.

To predict the diameter of the generated nanopores, we extracted the distribution
of exposure dose along the X axis when z= 0 and y=0 (Figure 1f). The simulation results
were normalized by dividing the index of 3000000 and the diameter was obtained by a
threshold value of 0.077.

To simulate the effect of the laser power (P), the diameter of the scanning path
was 500 nm and the scanning speed was 10 mm/s. Some typical images were shown in
Figure S2a. The simulation data and the experimental results can be fitted with an

empirical formulas:

P-P,
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(5-4)

dy = 20 P, =477

where 7 nm, k=471 nm/mW, mW, 4 = 9.79.
To simulate the effect of the scanning speed (V), the laser power was 10 mW and
the diameter of the scanning path was 500 nm. Some typical images were shown in

Figure S2b. The simulation data and the experimental results can be fitted with an



empirical formulas:
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where %o = 490 nm, k= -3.87 x10 - s, V0= 0.900 mm/s, 4 = 2.85,

To simulate the effect of the diameter of scanning path (D), the laser power was
10 mW and the scanning speed was 10 mm/s. Some typical images were shown in
Figure S2c. The simulation data and the experimental results can be fitted with three
empirical formulas:

d=ax (D-Dy,)’ (5-6)
where @ = 17.3, B = 0-561, Dy = 680 nm. Here, Diim is the lower limit of the
diameter of the scanning path for the fixed laser power and scanning speed. @ and B
are parameters related to the fabrication conditions and the photoresists.

Effect of the slicing distance:

The slicing distance also has an effect on the final shape of the nanopores due to
the memory effect along the Z axis. We fabricated five nanopores embedded in a cubic
structure for the comparison of different slicing distance for complex shapes (Figure
S3). For the objects with the same height, the slicing distance of 100 nm brings more
extra polymerization in the central zone, leading to a distortion of the desired shape.

Moreover, a smaller slicing distance requires a longer fabrication time for the same

object. Consequently, the slicing distance is fixed as 300 nm throughout this paper.
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