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 Section 1: Calculation and correction for phase diagram
The phase diagram for arbitrary multi-focus spot comes from the superposition of  Gratings and Lenses following the
equations below with corresponding coordinates in Fig. 2(a) and further adjustment.

Classical equation without any correction:
1) The target multi-focus coordinate on a line: 

D0
j = D0

j (xj, yj, zj) , (S1)

where the j is the sequence number of the point.
2) Derivation of grating period px,j from x-direction distance which is the same as y-direction distance: 

px,jsinθ = λ , (S2)
 

tanθ =
xj

fOB
, (S3)

where λ is the laser wavelength and fOB is the focal length of the objective.
3) Approximate derivation of Fresnel lens’ focal length from z-direction distance: 

1
fOB + zj

≈ 1
f0,j

+
1
fOB

, (S4)

where the zj is coordinate of z, the f0 is the focal length of Fresnel lens for light modulation.
4) The converted corresponding axis of the target foci for phase diagrams: 

Dphase
j = Dphase

j (px,j, py,j, f0,j) . (S5)

Correction of the derivation equations:
1) Correction 1:  To improve the uniformity,  slight randomization for coordinate is  introduced which is  still  on the

target line as shown in Fig. 3(b): 

Drandom
j = Drandom

j (xj, yj, zj) . (S6)

√
2

For example, we have a line with three dots: (1, 0, 1), (2, 0, 2), (3, 0, 3), (4, 0, 4), which follow the equation z = x. The
randomization can be (1, 0, 1), (1.92, 0, 1.92), (2.95, 0, 2.95), (4, 0, 4). It is noticed that the terminal points remain un-
changed to keep the length intact. The coordinates always have an offset less than 10% of the interval distance between
adjacent points that is “ ” in this example. The practical selection of this ratio depends on the concrete design.

2) Correction 2 (Fig. S1): Adjustment of z-direction coordinate with error due to refractive index of glass n: 

z0,j =
zj
n
, (S7)

zj z0,jwhere  is the target coordinate, is the optimized coordinate.

3) Correction 3 (Fig. S2): The refractive index and optimized focal distance are introduced into the grating derivation,

where the zero point is not much far from the surface related to objective focal length by default:
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Fig. S1 | Schematic of z-direction axis (a) without and (b) with adjustment.
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px,jsinθ = λ , (S8)
 

tanθ =
xj

fOB + zj
, (S9)

θwhere px,j is the period of blaze grating,  is deviation angle.

4)  Correction  4  (Fig. S3):  The  optimized  relationship  between  propagation  direction  axis z and  Fresnel  lens  focal
length f0 where the focal points of Fresnel lens and objectives do not overlap: 

1
fOB + z0,j

=
1
f0,j

+
1
fOB

− d
f0,jfOB

, (S10)

where d is the distance between the phase diagram and the objective, which is constant for the certain optical system.

5) The final parameters for foci: 

Dfinal
j = Dfinal

j (px,j, py,j, f0,j) , (S11)

6) The final transmission function for phase image where the intensity is adjusted by introducing the normalized en-
ergy adjustment coefficient I: 

T = Aeϕi =
∑

j

[
Ij × exp

(
2πrx
px,j

+
2πry
py,j

+
πr20
λf0,j

)
i
]

.
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Fig. S2 | Schematic of optimization of x-direction axis that is as the same as y-direction axis.
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Fig. S3 | Schematic of practical condition for z-direction displacement.
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 Section 2: Experiments for corrections
 

 Section 3: Morphology of glass grooves

 

Uncorrected Corrected

Fig. S4 | Correction of coordinate under irradiation by objective 20×. Scale bar: 100 μm.

 

Uniform Randomized

Fig. S5 | Change of phase diagram for V-shape dot array with 21 points when introducing randomization.
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Fig. S6 | Morphology of isosceles triangle grooves with angles of (a) 90° and (b) 115° on quartz.
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Fig. S7 | Morphology of right-angle triangle grooves on quartz.
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Fig. S8 | Morphology of (a) trapezoidal groove array on borosilicate glass, (b) cylinder arrays on quartz.
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Fig. S9 | Surface roughness detection of trapezoid groove array. (a) Raw data. (b) Data after removal of surface pattern fluctuation. (c) Anal-

ysis of surface roughness. The raw data (a) is primarily modulated into a plate (b) with only the removal of the major shape profile. The surface

roughness (Sa) is finally obtained by the software analysis.
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Fig. S10 | Sectional profile of V shape grooves compared to the desired profile, revealing shape error of ~4 μm.

 

30.0 μm 50.0 μm 100 μm

a b c 

Fig. S11 | 45° tilted view SEM images of laser modulation results with 12-point multi-focus (a, b) and the result after chemical etching (c).
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 Section 4: Fabrication parameters for experiments
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Fig. S12 | 45° tilted view SEM images of laser modulation results with multi-focus forming trapezoidal groove (a, b) and the result after chemical

etching (c–e). And (d) is the top view.

 

Table S1 | Fabrication parameters.
 

Experiments Materials Pulse energy/μJ
Pulse

width/ps
NA of

objective
Scanning

speed/mm·s−1

Etching
time/h

Fig. 1(e,f,g), Fig. S11, Fig.
S12

Fused silica 140 0.3 0.45 20 3

Fig. 2(b) Fused silica 50 0.3 0.45 10 /

Fig. 2(c) Fused silica
30/30/50/80/100 for each layer

from the top to bottom
0.3 0.65 10 /

Fig. 3(a) Fused silica 50 0.3 0.45 10 /

Fig. 3(b,c) Fused silica 60 0.3 0.45 10 /

Fig. 4(b,c) Fused silica 50 0.3 0.45 10 /

Fig. 4(b,c) Fused silica 60 0.3 0.45 10 /

Fig. 5(a,b) Fused silica 40 0.3 0.45 10 3

Fig. 6(a) left Fused silica 160 3 0.45 10 3

Fig. 6(a) right Fused silica 140 3 0.45 15 3

Fig. 6(b) Fused silica 80 0.3 0.65 10 3.5

Fig. 4(c), S8(e) Fused silica 120 0.3 0.65 30 6

Fig. 4(d), S8(a)
Borosilicate

glass
200 10 0.45 20 5

Fig. S4 Fused silica
30/30/50/50/50/80/80/100 for

each layer from the top to
bottom

0.3 0.45 10 /

Fig. S6(a,b) Fused silica 140 3 0.45 10 3

Fig. S7 Fused silica 150 3 0.45 10 3

Xu K et al. Opto-Electron Adv  7, 240082 (2024) https://doi.org/10.29026/oea.2024.240082

240082-S7

 

https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082
https://doi.org/10.29026/oea.2024.240082

	 Section 1: Calculation and correction for phase diagram
	 Section 2: Experiments for corrections
	 Section 3: Morphology of glass grooves
	 Section 4: Fabrication parameters for experiments

