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Note S1. Synthetic-phase metasurfaces

The combination of multiple metasurfaces brings versatile functions and applications.
It is of great significance to reduce the number of metasurfaces while maintaining their
rich functionalities. Here we demonstrated that by integrating two phase profiles into a
single metasurface, these phase profiles could work well independently. The meta - a
phase profile is the sum of a gradient phase profile for beam steering and a cubic phase
profile for Airy beam generation (Fig. S1A). The phase profile of meta- 2 is obtained
by adding the gradient phase profile for beam steering and a focusing phase profile for
focal spot generation (Fig. S1B). We show that the experimental results of both the
meta-device for varifocal Airy beam focal spot generation in a 2D plane and the meta-
device for focal spot manipulation in 3D space match the theoretical ones (Fig. 4,5).
The most immediate benefit is that the varifocal meta-device becomes much more
compact and easier to integrate into devices like future 6G communication systems and
advanced imaging systems.
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Supplementary Figure S1 | Illustration of the combination of phase profiles for
synthetic functions in a single metasurface. (A) The phase profile of meta - a (right)
is synthesized by a gradient phase (left) and a cubic phase (middle). (B) the phase
profile of meta - 2 (right) is synthesized by a gradient phase (left) and a spherical
focusing lens (middle).



Note S2. Discussion on the focal length and accessible area of the

varifocal meta-devices

For the meta-device for focal spot manipulation in 3D space, the designed range of the
focal length is from 40 mm to 60 mm. We first perform the theoretical calculations and
show theoretical intensity distributions in x-z plane when the focal length is set to 60
mm, 50 mm, and 40 mm, shown in Fig. S2A, 2B and 2C (or upper panel of the Fig.5D,
SE and 5F), respectively. We notice that there is a slight mismatch between the focal
length we set and that in the theoretically calculated results. Such a disagreement is
reasonable, as the authors previosuly discussed in Figure S14 of (60), since when the
meta-lens is small, the intensity peak will be less than the designed focal length. For
more proof, we double the meta-device, and the corresponding theoretically calculated
results are shown in Fig. S2D, S2E, and S2F, when the focal lengths are 60 mm, 50 mm,
and 40 mm, respectively. This confirms that our Fresnel diffraction algorithm is correct.
And we choose the minimum (40 mm), the maximum (60 mm), and a value in between
(50 mm) to do measurements to verify the design. Fig. S2G, 2H, 21 show the measured
intensity distributions when x = y = 0 (extracted from data shown in Fig. 5D, 5E and
SF, respectively). The dashed lines here indicate 80% of the maximum intensity, which
we adopt as the maximum access area.
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Supplementary Figure S2 | Discussion on the focal length and accessible area of
the varifocal meta-devices. (A-C) Theoretical intensity distributions in the x-z plane
when the focal length is set to 60 mm (A), 50 mm (B), and 40 mm (C), respectively.
(D-F) Theoretical intensity distributions of the double-diameter meta-device in the x-z
plane when the focal length is 60 mm (D), 50 mm (E), and 40 mm (F), respectively. g-
i) The measured intensity distributions (x =y = 0), corresponding to the (A), (B), and
(C), respectively.



Note S3. Self-healing property of the generated Airy beam

The self-healing property of the Airy beam is essential for the stable transmission of
THz signals. Here, we perform experiments to verify the Airy beam's self-healing
property, when the focal spot is in the zero-order diffraction. Fig. S3A shows the
experiment setup. We place a piece of foam board between the sample and the detector.
And we put a stripe of copper foil onto the foam board. The copper foil works as an
obstacle to block the THz wave. The foam board could work as a support frame because
it is transparent to the working wavelengths. The obstacle is set to block the main lobe
of the generated Airy beam. The size of the obstacle is 34*3 1, and Fig. S3B shows its
position. Fig. S3C shows the measured intensity distributions in the x-z plane without
and with the obstacle. From the bottom part of Fig. S3C, we could find that the
measured intensity decreases sharply and then quickly recover when the obstacle blocks
the main lobe of the Airy beam. Thus, the self-healing property of the generated Airy
beam is validated.

[

Supplementary Figure S3 | Validation of the self-healing property of the Airy beam.
(A) The experimental setup. (B) Illustration of the placement of the obstacle. The size
of the obstacle is 3 mm * 3 mm (34*31). (C) Measured intensity distributions in the
x-z plane without the obstacle (top) and with the obstacle (bottom).



Note S4. Broadband property of the varifocal meta-device

Broadband characteristics can effectively broaden the operating range of the device.
The most apparent benefit of the broadband performance of the metasurfaces is
wavelength multiplexing. Wavelength multiplexing can significantly increase the
transmission capacity in a THz communication system. Here, we conducted
experiments to check the performance of the broadband characteristics of our varifocal
meta-device. From Fig. S4, we find that the Airy beam varifocal meta-device works
well throughout the whole measured band (Fig. S4A); while the other could work from
290 - 320 THz, 280 — 320 THz, and 250-320 THz when the focal length is 40 mm (Fig.
S4B) 50 mm (Fig. S4C), and 60 mm (Fig. S4D) respectively.
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Supplementary Figure S4 | Broadband property of the varifocal meta-device. (A)
Airy beam varifocal meta-device, from 240 GHz to 320 GHz. (B) The meta-device for
focal spot manipulation in 3D space, from 240 GHz to 320 GHz, when the focal length
is 40 mm. (C) The meta-device for focal spot manipulation in 3D space, from 240 GHz
to 320 GHz, when the focal length is 50 mm. (D) The meta-device for focal spot
manipulation in 3D space, from 240 GHz to 320 GHz, when the focal length is 60 mm.
The top is the theoretical results for these four parts, and the bottom is the measured
results. The scalar bar is 5 mm.
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Supplementary Figure S5 | Performances of the 3D varifocal meta-device. (A-C)
Theoretical results for arbitrary focal spots in 3D space. (A) f =40 mm. (B) f=50
mm. (C) f=60 mm. (D-F) Experimental results for arbitrary focal spots in 3D space.
(D) £ =40 mm. (E) f =50 mm. (F) f = 60 mm. The scalar bar is 5 mm.
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Supplementary Figure S6 | Sketch of the THz wave transmission. Here,

u, (xo, yo,ZO) defines the incident plane and u(x, y,z) determines the plane of

emergence.
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Supplementary Figure S7 | The 3D model of the metasurface in the 3D printing

process.
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Supplementary Figure S8 | Field profiles of the main lobes of the Airy beam. The
figure shows the lines parallel to the x-axis and passing through the intensity maximum
in Fig. 4C. The label in the upper right corner of each figure is consistent with that in
Fig. 4C. The arrows indicate the full width at half maximum (FWHM). The values of
the FWHM can be found in Supplementary Table S3. The coordinates in the figure are
relative coordinate systems, and their actual coordinates are consistent with that in Fig.

4C.
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Supplementary Figure S9 | Field profiles of the focal spots in 3D space. (A-C)
shows the lines parallel to the x-axis and passing through the intensity maximum in Fig.
5A to 5C, respectively. The label in the upper right corner of each figure is consistent

with that in Fig. 5A to 5C. The arrows indicate the full width at half maximum (FWHM).
The values of the FWHM can be found in Supplementary Table S4. The coordinates in

the figure are relative coordinate systems, and their actual coordinates are consistent
with that in Fig. 5A to 5C.



Supplementary Table S1 | Handbook for Airy beam focal spot manipulation.

No. (X, y)/ mm (84, 8y) /rad No. (X, y)/ mm (64, 8,) / rad No. (X, y)/ mm (64, 85) / rad
1 (0,0) (1.57,-1.57) 30 (2.03, 0.84) (1.178, -0.393) 58 (-2.18,-1.58) (-1.923, -3.104)
2 (0.7, 0) (1.376, -1.376) 31 (1.56, 1.56) (1.57,0) 59 (-1.59, -2.18) (-1.609, -2.790)
3 (0,0.7) (2.947, 0.195) 32 (0.84,2.03) (1.964, 0.393) 60 (-0.83,-2.57) (-1.294, -2.476)
4 (-0.7, 0) (-1.766, 1.766) 33 (0,2.2) (2.356, 0.785) 61 (0,-2.7) (-0.980, -2.161)
5 0,-0.7) (-0.195, -2.947) 34 (-0.84, 2.03) (2.749, 1.178) 62 0,0) (-0.911, -1.697)
6 (0.85, -0.85) (1.964, -0.393) 35 (-1.56, 1.56) (3.14, 1.57) 63 (0, 0) (-0.660, -1.445)
7 (1.2,0) (1.178,-1.178) 36 (-2.03, 0.84) (-2.749, 1.964) 64 0,0) (-0.408, -1.178)
8 (0.85, 0.85) (0.393, -1.964) 37 (-2.2,0) (-2.356, 2.356) 65 (0, 0) (-0.126, -0.911)
9 0, 1.2) (-0.393, -2.749) 38 (-2.03,-0.84) (-1.964, 2.749) 66 0,0) (0.126, -0.660)
10 (-0.85, 0.85) (-1.178, 2.749) 39 (-1.56, -1.56) (-1.57, 3.14) 67 (3,0) (0.393, -0.393)
1 (-1.2,0) (-1.964, 1.964) 40 (-0.84, -2.03) (-1.178, -2.670) 68 (2.9,0.78) (0.660, -0.126)
12 (-0.85, -0.85) (-2.749, 1.178) 41 0,-2.2) (-0.785, -2.356) 69 (2.6,1.5) (0.911, 0.126)
13 0,-1.2) (2.749, 0.393) 42 (0.83,-2.57) (-0.666, -1.847) 70 (2.12,2.12) (1.178, 0.393)
14 (0.85, -1.47) (-0.063, -2.011) 43 (1.59, -2.18) (-0.352, -1.533) 7 (1.5,2.6) (1.439, 0.660)
15 (1.47,-0.85) (0.440, 1.508) 44 (2.18,-1.59) (-0.038, -1.219) 72 (0.78,2.9) (1.697,0.911)
16 (1.7,0) (0.974,-0.974) 45 (2.56, -0.83) (0.277,-0.905) 73 ©,3) (1.979, 1.178)
17 (1.47,0.85) (1.477,-0.440) 46 (2.7,0) (0.591, -0.591) 74 (-0.78, 2.9) (2.231, 1.445)
18 (0.85, 1.47) (2.011, 0.063) 47 (2.57,0.83) (0.905, -0.277) 75 (-1.5, 2.6) (2.482, 1.697)
19 0, 1.7) (2.545, 0.597) 48 (2.18, 1.59) (1.219, 0.038) 76 (-2.12,2.12) (2.765, 1.964)
20 (-0.85, 1.47) (3.047, 1.131) 49 (1.59, 2.18) (1.533, 0.352) 77 (-2.6, 1.5) (3.016, 2.231)
21 (-1.47,0.85) (-2.670, 1.634) 50 (0.83,2.57) (1.847, 0.666) 78 (-2.9,0.78) (-3.016, 2.482)
22 (-1.7,0) (-2.168, 2.168) 51 0,2.7) (2.161, 0.980) 79 (-3,0) (-2.765, 2.749)
23 (-1.47,-0.85) (-1.634, 2.670) 52 (-0.83, 2.57) (2.476, 1.294) 80 (-2.9,-0.78) (-2.482,3.016)
24 (-0.85, -1.47) (-1.131, -3.079) 53 (-1.59, 2.18) (2.790, 1.609) 81 (-2.6, -1.5) (-2.231,-3.016)
25 0,-1.7) (-0.597, -2.545) 54 (-2.18, 1.59) (3.104, 1.923) 82 (-2.12,-2.12) (-1.979, -2.749)
26 (0.84,-2.03) (-0.393, -1.964) 55 (-2.56, 0.83) (-2.865, 2.237) 83 (-1.5,-2.6) (-1.697, -2.482)
27 (1.56, -1.56) (0,-1.57) 56 (-2.7,0) (-2.551, 2.551) 84 (-0.78,-2.9) (-1.445, -2.231)
28 (2.03,-0.84) (0.393,-1.178) 57 (-2.57,-0.83) (-2.237, 2.865) 85 (0, -3) (-1.194, -1.964)
29 (2.2,0) (0.785, -0.785)




Supplementary Table S2 | Handbook for focal spot manipulation in 3D space.

No. (X, y)/ mm (04, 85) / rad No. (X, y)/ mm (04, 8y) / rad No. (X, y)/ mm (04, 8y) / rad
1 (0, 0) (1.57,-1.57) 26 (0,0) (1.57, -1.57) 51 (0,0) (1.57, -1.57)
2 (9.5,0) (1.052, -1.052) 27 (12, 0) (2.105, -2.105) 52 (14, 0) (2.105, -2.105)
3 (0,9.5) (2.623,0.518) 28 (0,12) (-2.608, -0.534) 53 (0, 14) (-2.608, -0.534)
4 (9.5,0) (-2.089, 2.089) 29 (-12,0) (-1.037, 1.037) 54 (-14,0) (-1.037, 1.037)
5 (0, -9.5) (-0.518, -2.623) 30 0,-12) (0.534, 2.608) 55 (0, -14) (0.534, 2.608)
6 (10.96, -10.96) (-0.267, -1.304) 31 (15.2,-15.2) (0.251, -1.822) 56 (18.03, -18.03) (0.251, -1.822)
7 (15.5, 0) (0.518, -0.518) 32 (21.5,0) (1.037, -1.037) 57 (25.5,0) (1.037, -1.037)
8 (10.96, 10.96) (1.304, 0.267) 33 (15.2, 15.2) (1.822, -0.251) 58 (18.083, 18.03) (1.822, -0.251)
9 (0, 15.5) (2.089, 1.052) 34 (0, 21.5) (2.608, 0.534) 59 (0, 25.5) (2.608, 0.534)
10 (-10.96, 10.96) (2.875, 1.838) 35 (-15.2, 15.2) (-2.89, 1.320) 60 (-18.03,-18.03) (-2.89, 1.32)
1 (-15.5, 0) -2.623, 2.623) 36 (-21.5,0) (-2.105, 2.105) 61 (-25.5, 0) (-2.105, 2.105)
12 | (-10.96, -10.96) (-1.838, -2.875) 37 (-15.2, -15.2) (-1.32, 2.89) 62 (-18.31,-18.31) (-1.32, 2.89)
13 (0, -15.5) (-1.052, -2.089) 38 (0, -21.5) (-0.534, -2.608) 63 (0, -25.5) (-0.534, -2.608)
14 (10, -17.32) (-1.047, -1.047) 39 (12.5, -21.65) (-1.047, -1.047) 64 (15.5, -26.847) (-1.047, -1.047)
15 (17.32, -10) (-0.524, -0.524) 40 (21.65, -12.5) (-0.524, -0.524) 65 (26.847, -15.5) (-0.524, -0.524)
16 (20, 0) (0, 0) 41 (25, 0) (0,0) 66 (31,0) (0,0)
17 (17.32, 10) (0.52, 0.52) 42 (21.65, 12.5) (0.524, 0.524) 67 (26.847, 15.5) (0.524, 0.524)
18 (10, 17.32) (1.047, 1.047) 43 (12.5, 21.65) (1.047, 1.047) 68 (15.5, 26.847) (1.047, 1.047)
19 (0,20) (1.57, 1.57) 44 (0, 25) (1.571,1.571) 69 (0, 31) (1.571, 1.571)
20 (-10, 17.32) (2.094, 2.094) 45 (-12.5, 21.65) (2.094, 2.094) 70 (-15.5, 26.847) (2.094, 2.094)
21 (-17.32, 10) (2.618, 2.618) 46 (-21.65, 12.5) (2.618,2.618) 71 (-26.847, 15.5) (2.618,2.618)
22 (-20, 0) (3.141, 3.141) 47 (-25, 0) (3.142, 3.142) 72 (-31,0) (3.142, 3.142)
23 (-17.32,-10) (-2.618, -2.618) 48 (-21.65, -12.5) (-2.618, -2.618) 73 (-26.847, -15.5) (-2.618, -2.618)
24 (-10, -17.32) (-2.094, -2.094) 49 (-12.5, -21.65) (-2.094, -2.094) 74 (-15.5, -26.847) (-2.094, -2.094)
25 (0, -20) (-1.571, -1.571) 50 (0, -25) (-1.571,-1.571) 75 (0, -31) (-1.571, -1.571)

Supplementary Table S3 | FWHM of field profiles of the main lobes of the generated

Airy beam.
No. FWHM (mm) No. FWHM (mm) No. FWHM (mm) No. FWHM (mm)
1 4.5 2 5 3 4.5 7 3.5
9 5 12 4.5 16 4.5 19 5
29 6 33 4.5 39 5 46 4.5
51 4.5 67 4 73 5 82 5
Supplementary Table S4 | FWHM of field profiles of the focal spots in 3D space.
No. FWHM (mm) No. FWHM (mm) No. FWHM (mm) No. FWHM (mm)
1 45 2 4 3 3 7 35
12 35 14 2 16 4 26 35
27 3 29 2.5 32 45 35 3
41 3 50 5 51 3 52 3
55 4.5 57 3.5 58 3.5 66 4
7 4
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