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S1: Influence of phase design on the rotation rate of DH-PSF
As supplement of extended depth of field, the DH-PSF

metalens designed by us able to generate the focused rotating beam.

The phase distribution calculate formula [1] as below:

‘DDH=27ﬂ(f_W)+

n-1 n
(2n —1)6, ’T<p<\/%, n=12,..,N (1)

0, p>1

This formula means the phase distribution in polar
coordinate (p, ), constant N is sum of Fresnelzone. Figure S1
shows the relationship curves between rotation angle and depth
corresponding to different values of N. In the design of this
paper, we selected N =4, the working depth are 3.5cm —
13.5 cm. For the other working depth which need be realized, we
also can design through change N, bore size of metalens and
others. The Figure 3b shown the imitation unified DH-PSF which
generated by the DH-PSF metalens when object distance at
3.8cm, 7.6 cm, 11.5 cm. From the figure we can clearly see that
DH-PSF clockwise revolve along with depth increasing.
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Figure S1. Relation curves of DH-PSF rotation angle and depth corresponding to different N values. When N is
set to different values, simulate the relationship curve between the rotation angle and object distance of the designed

DH-PSF. With the increase of N, the rotation rate of the designed DH-PSF decreases with the increase of depth.

S2: Geometric dimension design of unit structure

We used the Lumerical FDTD solutions commerce software to imitate unit structure nanorods
with different period under TM polarization light normal incidence. The incidence light wave length
is 1550 nm. In order to achieve better functional effect of the metalens, we need a sufficient
number of unit structures to realize the phase distribution of the metalens, so the period should not
be too large. Shown as Figure S2, the magnetism field range magnetic field amplitude |H| in these
unit structures under two states when at p = 0.6 pm — 0.9 pm period. By observing their magnetic
field distribution, we can judge whether the light field is well confined to each nanorods. It can be
seen from Figure S2c,d that when the period is large, the light is well limited in the nanorods. This
means the partial phase transmission mainly controlled by unit structures under this situation [2,3],
almost no coupling between the adjacent unit structure, so we can ignore the affection between the
adjacent nanorods [4]. Finally, we chose the period is 0.8 pm. Then we can assume that the adjacent
nanorods we designed are weakly coupled. And we selected the unit structure size at 100 nm —
700 nm. In Figure S3, we drew the curve that phase cover range change along with unit structure
height. We chose the height is 1.6 pm under the situation that make ensure the unit structures not
coupling, phase of C-state unit structures able to cover 2w range along with that size of a change

from 100 nm to 700 nm. And the phase cover of the GST nanorods has multiplied four-folds



from C-state to A-state.

Figure S2: Near field distribution in GST rectangular nanorods of C-state (left) and A-status (right). The height of
nanorods is 1.6 pum . (a) Period is 0.6 pm , edge length of unit structures from left to right are
0.5 pm, 0.4 pm, ... 0.1 pm respectively. (b) Period is 0.7 pm, edge length of unit structures from left to right are
0.6 pm, 0.5 pm, ... 0.1 pm respectively. (¢) Period is 0.8 pm, edge length of unit structures from left to right are
0.7 pm, 0.6 pm, ... 0.1 pm respectively. (d) Period is 0.9 pm, edge length of unit structures from left to right are

0.8 um, 0.7 pm, ... 0.1 pm respectively.
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Figure S3: Phase coverage of GST rectangular nanorods in C and A states at different heights. The height of the

nanorods is 1.4 pm — 1.7 pm. Step length Ah = 0.02 pm, side length size a = 100 nm — 700 nm.

S3: Design methodology of the metalens

The design of the bifunctional metalens requires each nanorod to meet different phases in the
A-state and C-state of GST. Thus, the phase of the metalens in different states is changed to achieve
the purpose of a metalens to realize two functions through phase transition. Two phase distribution
of metalens are formula (2) and (3) respectively. Here worthy to attention that, though the coordinate
(x,y) in phase distribution function is continuous, but the position of unit structure on the
metasurface is discrete. So we can only calculate out the required ideal phase value of each one
position unit structure on the metasurface. The ideal phase values of the nanorods at (x,y) position
on the metalens are calculated as @gpop(xy) and @py(xyy by formula (2) and (3) in the text. We
took the phase scanned by the side length a = 0.1 um — 0.7 pm parameter of the nanorods in the
A-state and C-state as two databases. Each database is a collection of 301 groups (side length a,
phase @). They are @4 {ay,a,,...,a,} and @ {a,,a,, ...,a,} respectively. Since the quality of
reconstructed image using EDOF metalens will also affect the acquisition of DH-PSF and depth
estimation of DH-PSF metalens, we need to give priority to ensuring the function of EDOF metalens.
Finally, we designed EDOF metalens in A-state and DH-PSF metalens in C-state. Because the
metalens needs to match the two ideal phases of the nanorods in two states at each (x,y) position

[5]. So, it existing deviation between the actual phase ¢{a,} and ideal phase of unit structure, they

are A, = |¢A{ar} - <pED0F(xly)| and A, = |goc{ar} - <pDH(x,y)| respectively. When designing



adjustable metasurfaces, some artificial intelligence algorithms can be used to screen the elements.
However, because the bifunctional metalens designed in this paper contains 1250 X 1250 unit
structures and each unit is a variable, using the traditional artificial intelligence algorithm requires
a lot of iterations and a large amount of calculation. Therefore, when determining the side length
dimension a of the unit structure, we minimized the total error A = A, + A at (x,y)
position, so as to select the r dimension value a, in the database. This method able to make
ensure that metalens phase match with ideal phase at the same time of reduce large quantity
calculation. Repeat the above method of select the unit structure size till finish fill the whole

metalens.

S4: Overall size distribution of the metalens
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Figure S4: The dimensions of all unit structures of the designed metalens. The side length of the metalens is 1 mm,
the period of the unit structure is 0.8 pm, and there are 1250 X 1250 unit structures in total. We use different

colors to represent different side length values a.

S5: Polarization insensitive property

Due to the centrosymmetry of the nanorods we select, the metalens we designed is
polarization insensitive [3]. In Figure S5, we drew the electric field distribution of a row of unit
structures (ten nanorods in Figure 2b) in the X —Y plane when TM and TE polarized light
are incident respectively. It can be seen from the figure that the response of the unit structure

to incident light with different polarization is basically the same.
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Figure S5: Electric field distribution of a row of unit structures (ten nanorods in Figure 2b) in the X-Y plane with
TM and TE polarized light. (a) Electric field distribution of C-state GST nanorods with TM polarized light. (b)
Electric field distribution of A-state GST nanorods with TM polarized light. (¢) Electric field distribution of C-state
GST nanorods with TE polarized light. (d) Electric field distribution of A-state GST nanorods with TE polarized
light. The wavelength of incident light is 1550 nm. The direction of incident light is the same as that in Figure 2b,
which is incident in the normal direction along the Z axis. The field distribution monitor is placed 10 um below
the ten unit structures.

S6: Uniformity of different depth EDOF-PSFs

Aim to the metalens actually imitated PSF (Figure 3a), we used MATLAB software to
verify that EDOF metalens generated EDOF-PSF at different depth are basically not changed.
We select the EDOF-PSF with a depth of 7.0 cm as the calibration PSE, and compare the
similarity between the three EDOF-PSFs (Figure 3a) simulated and the calibration PSF. Shown
as the below Table S1, R is the relate coefficient which calculated by MATLAB. The closer R
is to 1, the greater the similarity between the two images. On the contrary, the closer R is to
0, the smaller the similarity. From Table S1 we can see that, the similar among three EDOP-PSF
all achieved that R > 0.9, so we can ensure that EDOF-PSF almost not changed along with
depth change.

Table S1: Similarity calculation of EDOF-PSF of EDOF metalens which generated at three

different depths!

Serial number Depth? R3

1 3.8 0.9037
2 7.6 0.9992

3 11.5 0.9860




!'Calculate the similarity between EDOF-PSF at three different depths and EDOF-PSF at 7.0 cm.
2The depth is the distance between the point source and the metalens.
3 R is correlation coefficient. The similarity calculation uses the corr2 function in MATLAB to
solve the 2-D correlation coefficient R between the two matrices. The range of R is0to 1.
The metalens we designed has a resolution of 625 lp/mm. Taking the depth of 9.5 cm
as an example, at this depth, we calculated that the Strehl ratio of EDOF metalens was 0.401.
Here, we also referred to the reference [5] and used MTF to evaluate EDOF metalens. Figure
S6 shows the MTF of the EDOF metalens with actual phase at different depths (3.8 cm, 7.6 cm,
11.5 cm). It can be seen that the designed metalens has a highly depth-invariant modulation
transfer function compared to a design without the wavefront coding term added, which

means it can produce depth insensitive EDOF-PSF, so as to reconstruct clear images.
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Figure S6: Modulation transfer function of EDOF metalens and standard metalens. Compared with the modulation
transfer function of standard metalens (dotted lines) without cubic phase term, EDOF metalens (solid lines) we
designed has a highly depth-invariant MTF. The distances of point light sources are 3.8 cm (red), 7.6 cm (green)

and 11.5 cm (blue).

S7: Method of 3D scene reconstruction

The object light with different depth is received by the detector after passing through the
metalens, and then we reconstruct a clear object depth image through the received blurred

image. (1) Obtain the vague images on the detector: we used MATLAB software to imitate the



generated vague image that detector observed incidence light with object information passed
through the metasurface. Firstly, we imitated the actual PSF of metalens at different depth.
Then folding the object light and imitate PSF through MATLAB software then got the vague
image after object passed through the metasurface. For the object light, we all added the noise
with variance 0.02. (2) Reconstruct clear images: Due to the strong invariability of EDOF-PSF
with depth, in the process of scene reconstruction at different depths, our PSF can select
EDOF-PSF at any working depth as the fixed template PSF. Here we used EDOF-PSF at fix depth
9.5 cm. Further more, we used the scene reconstruction algorithm based on regularization
filter algorithm to deconvolute the blurred image generated by EDOF metalens with the above
fixed EDOF-PSF to reconstruct the clear image. (3) Depth estimation: After reconstructing the
image, we used the depth estimation algorithm based on Wiener filter algorithm to
deconvolute the blurred image generated by DH-PSF metalens with the clear image just
reconstructed. Then we can get the DH-PSF of the object at this depth. For dual objects scene,
we selected the sub area of each interesting object through cutting images. We processed
depth estimation at each one sub area respectively. In the process of calculating the angle of
DH-PSF, we ignored some uninterested regions outside the two focal points, such as sidelobe
and noise. For the two main lobes of DH-PSF, we calculated their centroids and connect them,
so as to calculate its rotation angle. Finally, we created the clear depth image through that
estimated depths combine with the reconstructed clear images.

Table S2 and Table S3 indicated the theory value, estimation value and error of single
object and dual objects under different depth respectively.

Table S2: Theory value, estimation value and error of five different depths in single object

depth imaging

Theoretical depth' (cm) DH-PSF rotation angle” (°) Estimated depth? (cm) Relative error*
3.7 104.405 3.701 0.03%

5 76.4324 4.965 0.70%

7.4 50.7145 7.225 2.36%

9.6 39.8057 9.928 3.42%

12.7 34.5024 12.266 3.41%

! Theoretical depths are five different depths for a single object we set.

2 We use the depth estimation algorithm to obtain the estimated rotation angle of DH-PSF for



each object.

3 Estimated depths are the depths estimated through the rotation angle of DH-PSF and the
theoretical curve (Figure 4c).

4 Relative error represents the difference between the estimated depth and the theoretical
depth.

Table S3: Theory value, estimation value and error of two different depths in dual objects

depth imaging

Theoretical depth' (cm) DH-PSF rotation angle” (°) Estimated depth® (cm) Relative error
4.2 90.1288 4.262 1.48%

10.4 37.4465 10.986 5.63%

! The theoretical depths are the depths of each of the two objects we set.

2 We use the depth estimation algorithm to obtain the estimated rotation angle of DH-PSF for
each object.

3 Estimated depths are the depths estimated by simulating the whole physical process.

From Figure 3c, we can see that the DH-PSF metalens we designed can realize DH-PSF
which is very sensitive to depth change. Its rotation angle can correspond to the depth one by
one. Therefore, it can be well used to estimate the depth. For the estimation accuracy of DH-
PSF metalens in crystalline state, we can see the specific error values in Table S2 and Table S3
above. It can be seen that DH-PSF metalens has 3.42% error in single object depth imaging

and 5.63% error in dual objects depth imaging.
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