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Design of broadband achromatic metasurface device based on
phase-change material Ge,Sb;,Tes
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Based on the phase-change material Ge,SbyTes (GST), achromatic metasurface optical device in the longer-infrared
wavelength is designed. With the combination of the linear phase gradient GST nanopillar and the adjustment of the
crystalline fraction m value of GST, the polarization insensitive achromic metalenses and beam deflector metasurface within
the longer-infrared wavelength 9.5 um to 13 pm are realized. The design results show that the achromatic metalenses can
be focused on the same focal plane within the working waveband. The simulation calculation results show that the full-
width at half-maximum (FWHM) of the focusing spot reaches the diffraction limit at each wavelength. In addition, the
same method is also used to design a broadband achromatic beam deflector metasurface with the same deflection angle of
19°. The method proposed in this article not only provides new ideas for the design of achromatic metasurfaces, but also
provides new possibilities for the integration of optical imaging, optical coding and other related optical systems.
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1. Introduction

So far, transmission-type!l"?! and reflection-typel3#l

metasurface devices have gradually replaced bulky and huge
traditional optics devices, due to the compact and easy-to-
manufacture characteristics, as well as for flexible and effec-
tive control of electromagnetic wave polarization, amplitude,
phase, and propagation mode, =1 by adjusting the geometric
parameters of the nanopillar. With these advantages, meta-
surface devices are extensively used in such fields as invisi-
bility cloaks,!!?! high-dimensional holograms, [!314] ultra-thin

s,[15-191 and vortex beams.2%211 At the same time,

metalense
metasurface devices have obvious dispersion problems mainly
due to the intrinsic dispersion of the material itself. Intrinsic
dispersion is caused by many factors, like the resonance phase
of the metasurface nanopillars, different refractive index at dif-
ferent wavelengths and the difference of the propagation phase
in free space, which leads to the decline of imaging quality. In
a word, it is still a major challenge to realize achromatic meta-
surface devices.

In order to solve the chromatic aberration problem, re-
searchers used different methods to realize various achromatic
devices based on different materials. For instance, in 2017,
Wang Shuming ez al.[**! used Au as a nanopillar unit, SiO»/Au
as a substrate, designed a metasurface integration unit with
smooth linear phase dispersion, and combined with geomet-
ric phase to achieve broadband achromatic optics device. It is
proved that the designed metalenses and beam deflector meta-
surface can achieve achromatic effect within the near-infrared
In 2018, Sajan Shrestha
et al.? used positive squares, hollow squares, concentric

waveband of 1.2 um-1.68 pm.
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squares, cross-positive squares, and inner-cut squares to in-
crease the dispersion of the metasurface, resulting in higher
passivity of nanopillar. In the transmission mode, polarization-
independent achromatic devices can be realized in the near-
infrared waveband 1.2 um-1.65 um, and the focusing effi-
ciency can reach 50%. This method is an important step in
the practical application of metalens.

In recent years, the unique characteristics of the phase-
change materials have been developed by researchers and
achromatic metasurface devices have been implemented with
phase-change material. ~ With appropriate stimulation of
light, electricity or temperature, the phase-changing material
can alter between the crystalline state and the amorphous
state. Optical devices, like optical switch and achromatic
metalenses,?42%] have been realized based on these phase-

1.2 proposed a

changing material. In 2020, Ding Xiya ef a
chromatic aberration compensation metasurface scheme based
on phase-changing materials, and designed corresponding
achromatic metalenses and beam deflector metasurface within
the continuous waveband 8 um—11 um by uniformly adjust-
ing the crystallization fraction of the phase-change material
GeySbyTes (GST). This literature used the incident wave-
length of 8.5 um as the basic wavelength, and the size of the
nanopillars is obtained by scanning when the phase-change
material crystal fraction m is 0.6. Finally, the achromatic func-
tion of the metasurface device was realized by adjusting the
crystalline fraction of the phase-change material.

Combined with the design method in this article, the
phase-change material GST is selected as the material of the
nanopillar, because it has the characteristics of obvious phase
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change, significant refractive index change between amor-
phous and crystalline states, and fast switching speed.*”] Both
crystalline and amorphous states in the longer-infrared band
have low absorptivity, which makes it possible to achieve
achromatic design in the longer-infrared band. In this article,
the corresponding phase is obtained by changing the radius
of the nanopillars, so linearly polarized light is used as the x-
polarization state to realize the achromatic function.

In order to realize a wider bandwidth of achromatic meta-
surface optical device, a lot of work needs to be done on the
resonant unit. In this article, we use the linear phase gradient
combined with the crystalline fraction of the phase-changing
material GST to design an achromatic metasurface optical
device within the continuous wavelength range of 9.5 um-—
13 wm. Simulation results demonstrated that this achromic
metalenses is well realized with focus to the same focal plane
in the working waveband, and the diffraction limit is reached.
In addition, to further demonstrate the practicability of this
method, the method is used to realize a beam deflector meta-
surface with a deflection angle of 19° in the working wave-
band. Our study not only provides a way to the realization
of broadband achromatic metasurface, but also has potential
application in fields, like communication technology, medical
equipment, and holographic technology, and so on.

2. Design principles and method

Two types of metasurface devices, a transmissive achro-
matic metalenses and a beam deflector metasurface with the
same deflection angle, are designed by the phase-change ma-
terial GST. The working wavelength is 9.5 um-13 pm, and
the minimum wavelength is 9.5 um used as the basic wave-
length. The basic unit structure of the device consists of two
parts shown in Figs. 1(a) and 1(b). The top part of the unit
consists of concentric solid and hollow cylindrical nanopillar
with the high refractive index material of GST. The substrate
is CaF, with low refractive index of 1.34. The near-field dis-
tributions of these two structures are shown in Figs. 1(c) and
1(d), and both nanopillars support the waveguide cavity res-
onance. When 4 = 6.5 pm, it can be seen that the phases of
both nanopillars cover 0-27.

Periodic boundary conditions are used in the x and y di-
rections, perfect matching layer (PML) is used in the z direc-
tion, and the thickness of the PML is set to 27 /ky, where ko
is the wave vector in vacuum. The periods P; and P, of the
basic unit are set to be 2.3 pm in order to satisfy the Nyquist
sampling law P < A /2NA, where A is the wavelength and NA
is the numerical aperture with the value of 0.584.

In order to achieve high-efficiency and wide-bandwidth
achromatic metasurface devices, two types of nanopillars are
used in this article, as shown in Fig. 1. The device is composed
of solid cylinders and hollow cylinders of different diameters,

through the combination of linear phase gradient and phase-
change material fraction to realize an achromatic metasurface

device.
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Fig. 1. (a) Front view of nanopillars unit. (b) Top view of nanopil-
lars unit. Solid nanopillar is GST with height / and radius r;. Hollow
nanopillar have outer radius r, and inner radius r3, and the substrate
is CaF;. (c) The near-field image of a hollow cylinder, r, = 0.96 um,
r3 = 0.4 pm, A = 9.5 um. (d) The near-field image of a solid cylinder,
ry =0.88 um, A = 9.5 pum.

At the operating wavelength, the phase distribution for-
mula required by the achromatic device is

R Y S SR ()

where ¢ and f are the speed and frequency in vacuum, re-
spectively, F' represents the focal length of the metalenses,
and (x,y) are the position coordinates of the lens unit in the
plane lens. In order to realize the achromatic metalenses, an

additional phase shift is introduced shown in Fig. 2, and the
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corresponding formula is written as

2nf

o(x,yf)= —7( 242+ F2 = F)+ @sire(f),  (2)

where @giri(f) is a reference phase function that has nothing
to do with (x,y). After interacting with the metalens, only
the spatial phase difference has an effect on the focal point of
the lens. So we only need to consider the phase shift, that is,
when (x,y) = 0, the phase difference between the phase and
the reference phase (9.5 um). And the phase shift distribution

equation of the vertically incident wave is

A‘P(xd’af):‘P(xay7f)_(P(OaO,f)
= R -Rf=ny)f, O

27
m(x,y):—7( X2 4+y2+F2—F), 4)

where m(x,y) is the slope of the phase shift frequency. From
Egs. (3) and (4), it is concluded that the phase shift of the
broadband achromatic metalenses at all positions has a linear
relationship with frequency. In this work, hollow cylinders
and solid cylinders are used as nanopillars to increase the dis-
persion of nanopillars. Since the phase distribution of each
wavelength is completely independent, each GST nanopillar
unit should provide a unique phase response. Each nanopil-
lar is designed by changing the diameter r; of the cylinder
and the diameters r, and r3 of the hollow cylinder. There-
fore, this work uses the linear phase gradients dispersion of the
nanopillar to realize the achromatic device of 9.5 um-13 pum,
as shown in Fig. 3(a). The size and shape of its 12 nanopillars
are shown in Table 1.

)\min

@ (rad)

Psnift(f)

Amax

0
r (wm)

Fig. 2. Phase distribution of wide-band achromatic metalenses at work-
ing wavelengths.

Figure 3(a) shows the linear relationship with 12 GST
nanopillars as a representative. The slope from unit 1 to unit
7 increases, but the slope from unit 8 to unit 12 decreases
slightly compared to unit 1 and unit 7. Considering the prob-
lem of craftsmanship, the size of the hollow and solid cylin-
ders selected in this article cannot be accurate to 1 nm, so the
size searched by the slope cannot be a perfect match. There

is a certain deviation, and the achromatic effect cannot reach
the ideal state. Therefore, a wider achromatic effect can be
achieved by adjusting the crystalline fraction m of the phase-

change material.

Table 1. Data of dimensions of unit structures.

Type Unit number rp (um) ry (um)
I‘ 1 0.81 0
l 2 0.86 0
‘\‘ 3 0.91 0.1
4 0.96 0.14
5 0.98 0.1
© 6 1.07 0.94
I 7 1.1 0.2
8 0.78 0.16
9 0.89 0.4
‘\’ 10 1.04 0.65
o 11 1.01 0.53
12 1.01 0.46

Figure 3(b) is a metalenses composed of 49 GST solid
cylinders and hollow cylinders. Since metalenses are symmet-
rically arranged in the simulation design, there are 25 nanopil-
lars in the designed metalenses a linear relationship. And
Fig. 3(b) shows that there is still chromatic aberration within
the bandwidth of 9.5 um—13 pwm, and it can be seen that the
larger the wavelength, the more the derivative focus.

In addition, the unique properties of the phase-change
material are also used to increase the working bandwidth of the
achromatic metalenses by the adjustment of crystalline frac-
tion of the phase-change material. The dielectric constant of
GST under different crystalline fraction conditions can be real-
ized by the effective medium theory. The Lorentz—Lorenz!??!
relationship is used to define the crystalline fraction formula
of GST as

Efi(f) —1
geff(f)+2

~&cst(f)—1 B
- &ast(f)+2 +

m) &cst(f) — 1

5
gagst(f)+2’ ©)

where €,gsT and &.gsT are the dielectric constants related
to the frequency of crystalline and amorphous GST, respec-
tively. The dielectric constant of the phase-change material is

obtained from the literature. 2]

m is the crystalline fraction,
ranging from O (amorphous) to 1 (crystalline). In this work,
the refractive index of GST in the amorphous and crystalline
states is used within the waveband of 9.5 um-13 um, and the
corresponding refractive index varies from 4.27 (amorphous
state) to 6.3 (crystalline state). The simulation result of the
metalenses designed by the change of the m value of GST is

shown in Fig. 4.
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Fig. 3. (a) The output phase of some unit selected in the metalenses varies with frequency. (b) Distribution of the electric field intensity of the

metalenses at each wavelength.
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Fig. 4. The m-tuned achromatic metalenses. By adjusting the crystalline fraction m of the phase-change material, the distribution of electric

field intensity of achromatic metalens is studied.

In the experiment, the pulse energy can be controlled by
the local heating of femtosecond laser pulses.!*°! The crystal-
lization fraction of GST is adjusted by the pulse energy after
heating, so as to achieve the achromatic effect of the phase-
change material. [31-3%]

The metalenses are designed with the size of GST
nanopillars at 9.5 um. The types of nanopillars used are solid
cylinders. After simulation calculation, only by adjusting the
crystalline fraction m value of the phase-change material, the
achromatic effect will be achieved in the wavelength range
of 9.5 um—-10.5 um, when the wavelength is greater than
10.5 pm, the focal length is significantly reduced, so further
adjustment and optimization are still needed to realize achro-
matic lenses in a larger wavelength range.

3. Results and discussion

Without any phase compensation, the result of incident
wave is shown in Fig. 5(a). The focal length decreases as the
incident wavelength increases, which is due to the inherent
chromatic aberration of the material. If the cell size data is
only found by the slope of the relationship between the phase
and frequency, the achromatic bandwidth of the metalens is
limited. In addition, due to the variable characteristics of the
phase-change material between the crystalline and the amor-
phous, the metalens can exhibit a certain achromatic effect.
The simulation result of only adjusting the crystalline fraction
m of the phase-change material is shown in Fig. 4. Although
there is achromatic effect, the achromatic effect is not ideal,
and the wavelength range is small.

Therefore, two methods are combined together to com-
pensate for the chromatic aberration and realize the achro-
matic metasurface device. Firstly, hollow cylinders and solid
cylinders are chosen as nanopillars and their sizes are selected
according to the linear relationship between phase and fre-
quency. However, considering the problem of craftsmanship,
some practical sizes of the nanopillars do not match the re-
quired sizes. Therefore, the achromatic effect can be real-
ized only within the small bandwidth. In order to realize the
achromatic device with a larger bandwidth, we can change
the refractive index of the phase-change material between the
crystalline and the amorphous, and the achromatic effect can
be realized correspondingly. With the combination of these
two methods, the achromatic effect of the metalens with larger
bandwidth is realized.

Through simulation calculations, this method realizes an
achromatic metalenses with a larger bandwidth, increasing the
original bandwidth of 9.5 pm-10.5 um to 9.5 pm-13 pum, with
the increase of the bandwidth of 2.5 um. The electric field dis-
tribution in its x—z plane is shown in Fig. 5(b), the focal length
f =80 wm remains almost unchanged, and the result is as ex-
pected. The relationship between the achromatic focal length
and the incident wavelength is shown in Fig. 5(c). The fo-
cal length oscillates at 80 um in the bandwidth of the incident
wavelength from 9.5 pum to 13 wm, and it shows that the de-
signed achromatic metalens is feasible.

The corresponding FWHMs are 7.428 pm, 7.442 pm,
7.231 um, 7.338 pum, 8.074 um, 8.737 pum, 8.742 wm, and
9.122 um, respectively. According to the diffraction limit for-
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mula FWHM};,, = A /2NA, where A is the incident wavelength
and NA is the numerical aperture of 0.584, and the calculation
results show that the FWHM of the metalenses are close to the
diffraction limit. The wavelength dependence of the FWHM

spot size and focusing efficiency is shown in Fig. 5(d). It can
be seen from the figure that the focusing efficiency is above
60%. It is proved that the achromatic metalens designed in
this article has a good focusing effect.
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Fig. 5. (a) Chromatic metalenses. The distribution of electric field intensity at each wavelength using a metalenses designed with a solid cylinder
at A = 9.5 um. (b) Achromatic metalenses. The distribution of electric field intensity of achromatic metalenses at each wavelength and its FWHM
distribution at each wavelength. (c) The relationship between wavelength and focal length. (d) The relationship between FWHM, focusing efficiency

and wavelength.

In addition, Table 2 summarizes some of the work on
achromatic metalenses, comparing materials, working bands,
and focusing efficiency. Compared with literature, 182226 the
achromatic metalens designed in this paper not only has a
larger working bandwidth, but also has a higher focusing effi-
ciency. Moreover, the achromatic method used in this paper is
relatively novel, which brings new ideas for the realization of
achromatic lenses with larger bandwidth in the future.

Table 2. Comparison of the work in this article and other work of the
same type.

Reference Material ‘Wave band Focus efficiency
Kantg!8] TiO, 640 nm—1200 nm 65%-75%
Shresthal??! TiO, 1200 nm-1650 nm > 20%
Guo!20] GST 8 um-11 pm -
Our work GST 9.5 um-13 pm > 60%

An achromatic beam deflector metasurface with the same
deflection angle is also designed and analyzed with the com-
bination of these two methods mentioned above. According
to the generalized Snell’s law, the phase gradient distribution
formula of the achromatic beam deflector metasurface is de-
signed as

n sin01fnzsin92:d—q)-£, (6)
dx 2m
where A is the incident wavelength, 6, and 6, are the incident
angle and refraction angle, and n; and n; the refractive indices
of the incident medium and output medium, respectively. In
the air with normal incidence, the generalized Snell’s law can
be rewritten as
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)

. c
sin6, = o o
where o represents the angular frequency, and c¢ represents
the speed of light in vacuum. The term d¢/dx represents the
phase gradient required to guide the beam to a certain angle
at a certain frequency, and there should be a certain linear re-
lationship between the phase gradient ¢ and the position x of
the beam deflector along the air—metasurface interface. There-
fore, the relationship between the required transmission phase
of the unit and its position x and angular frequency ® can be
written as the following formula:

®)

o(w,x) = ?xsin 0,.

In order to construct the beam deflector with the same refrac-
tive angle at different frequencies, the nanopillar unit needs to
satisfy the linear dispersion d¢/d®, which can be obtained by
changing the radius of the nanopillars to control the dispersion
shown in Fig. 6(a).

In this work, the deflection angle 19° of the achromatic
beam deflector metasurface is designed by combining the lin-
ear phase gradients with the crystalline fraction m value of the

—~

a)

Unit 12

Phase (rad)

=N W kR Ut 0 ©

24 25 26 27 28 29 30 31 32
Frequency (THz)

GST. In order to satisfy the linear relationship between the
phase and frequency of each nanopillar within the designed
waveband, the phase difference is A¢ = /6 with the inci-
dent wavelength 9.5 um, and A@ = 27/15 with 12.5 um. Fig-
ure 6(b) shows that the deflection angle of the designed beam
deflector at 9.5 um wavelength is 19°, which has obvious chro-
matic aberration in the working waveband. Through the indi-
vidual design of the nanopillar unit and the calculation of the
m value of the phase-change material, the achromatic beam
deflector metasurface is realized with the incident at wave-
lengths of 9.5 um, 10 pm, 10.5 um, 11 pm, 11.5 pm, 12 pm,
12.5 um, and 13 pum, and the corresponding crystal fraction m
are 0, 0,0, 0,0, 0.3, 0.5, and 0.7, respectively. And the deflec-
tion angles are 19.35°, 19.05°, 19.89°, 19.98°, 19.61°, 20.07°,
20.24°, and 21.25°, respectively, which are all within the ac-
ceptable error range. In addition, it can also be seen from the
output electric field diagram of the deflector in Fig. 7(a) that
the deflection angle is about 19°. The functional relationship
between the transmission field strength, deflection angle and
wavelength of the achromatic deflector is shown in Fig. 7(b).

11uym 11.5puym 12 pm 12.5 ym 13 ym

10 ym 10.5 pm

3
2
1
0
10pym 10.5pym 11 pym 11.5pym 12 um 12.5 pm 13 pm
m=0 m=0 m=0 m=0 m=0.3 =0.5 =0.7 1
. N o
-2
-3

Fig. 6. (a) The output phase of some unit selected in the beam deflector metasurface varies with frequency. (b) Chromatic beam deflector. Beam deflector
designed with a hollow cylinder is used at A = 9.5 um, and its deflection angle changes with the increase of wavelength, and there is obvious chromatic
aberration. (c) Achromatic beam deflector metasurface. After optimization, the beam deflector metasurface deflection angle is almost unchanged, which

is about 19°.
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Fig. 7. (a) Output electric field diagram at each wavelength. (b) 3D plot of transmitted field strength versus deflection angle, incident wavelength.
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4. Conclusion

This article proposes and simulates an achromatic metal-
enses and beam deflector metasurface device based on a phase-
change material GST. The metasurface consisting of hollow
cylinders and solid cylinders, is designed with the method of
linear phase gradients relationship of the nanopillars, as well
as the method related to the change of the crystalline fraction
m value of GST. The size of the nanopillar reduces or even
eliminates chromatic aberration in the longer-infrared wave-
length range of 9.5 um-13 um, and realizes the achromatic
beam deflector metasurface with the same deflection angle of
19°. The simulation results demonstrate the FWHM of the
metalens is close to the diffraction limit. The combination de-
sign method provides a new way for realizing phase-change
material achromatic metasurface devices.
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