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In this paper, I introduce a novel design method of a high performance nanophotonic beam deflector 
providing broadband operation, large active tunability, and signal efficiency, simultaneously. By com-
bining thermo-optically tunable vanadium dioxide nano-ridges and a metallic mirror, reconfigurable 
local optical phase of reflected diffraction beams can be engineered in a desired manner over broad 
bandwidth. The active metagrating deflectors are systematically designed for tunable deflection of re-
flection beams according to the thermal phase-change of vanadium dioxide nano-ridges. Moreover, by 
multiplexing the phase-change supercells, a robust design of actively tunable beam splitter is also veri-
fied numerically. It is expected that the proposed intuitive and simple design method would contribute 
to development of next-generation optical interconnects and spatial light modulators with high perfor-
mances. The author also envisions that this study would be fruitful for modern holographic displays and 
three-dimensional depth sensing technologies. 
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I. INTRODUCTION

Over the past decade, rapid advances have been achieved 
in developing high-performance flat optic elements based 
on metamaterials and metasurfaces providing revolution-
ary improvement of optical functionalities, form factor, 
and integration density, beyond the classical refractive and 
diffractive optic elements [1]. Among various working 
principles, optical gradient metasurfaces capable of impart-
ing local phase change and extending Snell’s law of refrac-
tion and reflection [2], have risen as the most powerful and 
effective design principle to manipulate scattered optical 
wavefront in extraordinary manners. As a result, various 
flat meta-optical elements steering free space beams have 
been successfully demonstrated by exploiting dielectric or 
metallic nanoantenna designs for beam deflection, lensing, 
and hologram [3–9]. Modulation of free space beam direc-

tion is the fundamental functionality in optical information 
processing systems including interferometer, optical inter-
connect, optical data storage, and holographic displays [10].

However, most of optical metasurfaces made of dielec-
tric or metal only provide fixed functionalities once they 
are designed and fabricated. Active optical metasurfaces 
can tune scattering properties in desired ways according to 
applied external stimuli [11] so that they would play pivotal 
roles in a wide range of optical imaging, display, and sens-
ing applications. Among many active optical platforms, 
phase-change materials (PCMs) such as vanadium dioxide 
(VO2) [12–17] or chalcogenide compounds [18–21] have 
attracted much attention in the nanophotonics community 
for the use in demonstration of actively tunable metasurfac-
es owing to their excellent tunability in optical frequencies. 
By virtue of such advantage and the following large design 
degree of freedom of nanostructures, PCM would be the 
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most powerful material candidate in the visible and near-
infrared regime, when compared to other platforms such as 
transparent conducting oxide and graphene [22, 23]. It is 
worth noting that VO2 shows the giant insulator-to-metal 
transition (IMT) at the relatively low critical temperature 
(~68 °C) [24]. Based on the IMT, many researchers have 
reported active beam steering metasurface devices based on 
gap plasmons [21, 25] or Mie resonances [26]. Yet, these 
principles combining strong subwavelength resonances and 
generalized Snell’s law of reflection are not able to meet 
on-demand multi-objective performances with broad opera-
tion bandwidth, high signal efficiency, and large extinction 
ratio, required for practical applications.

In 2018, my colleagues and I demonstrated a high per-
formance active diffractive metagrating that consists of 
dual VO2 ridge waveguides (VRWs) working in the optical 
communications regime [14]. The proposed mechanism 
based on weakly resonant waveguiding and transverse elec-
tric (TE) polarization enables high diffraction efficiency 
without plasmonic loss and severe chromatic dispersion. 

Based on the previous study, here, I propose a novel 
multi-objective design method of flat high-performance 
beam deflector exploiting active VRW arrays combined 
with a metallic mirror. To simultaneously achieve broad 
bandwidth, enhanced optical efficiency, near-unity modula-
tion depth, the VRW metagrating is designed and verified 
via theoretical calculations and numerical simulations. 
Compared to the inverse design and topology optimized 
devices based on brute force numerical optimization algo-
rithms [27], the proposed design rules provide more simple 
geometry with physical intuition, relieved fabrication feasi-
bility, tolerance, and cost, ease of design improvement, and 
potential combination with electro-thermal electrodes to the 
substrate mirror without sacrificing optical design perfor-
mance.

The rest parts of the paper are as follows: first, the basic 
concepts are introduced. Then, numerical design processes 
and results of modulation performances of tunable beam 
deflectors and a tunable beam splitter are presented. Last, 
the conclusion is presented with summary and future per-
spective. In this study, numerical electromagnetic simula-
tions are conducted by the conventional rigorous coupled 
wave analysis [28] and permittivity data of aluminum is 
quoted from [29].

II. RESULTS

Figure 1(a) shows ellipsometry result from our previous 
work [14] of largely switchable optical permittivity spectra 
of VO2 grown on a sapphire substrate by pulsed laser depo-
sition. It is remarkable that in the near-infrared regime, the 
real part of VO2 permittivity changes its sign according to 
the phase. In the metallic phase, VO2 acts as a plasmonic 
metal while the insulating VO2 is a lossy dielectric with 
high index. It implies that TE polarized light cannot pene-
trate into the hot metallic VO2 and can be guided in the cold 

insulating VO2 waveguide as shown in Fig. 1(b). The plot 
shows the fundamental TE mode of the VO2 slab wave-
guide in the air depending on the width of the VO2 slab, 
when VO2 is at the insulating phase. Leveraging this largely 
switchable characteristic of VO2 waveguide, penetration of 
TE polarized light into the waveguide structures and optical 
phase shift from the structures can be engineered.

Figure 2(a) shows the concept illustration of the super-
cell structure of the proposed active beam steering device 
with thermally switchable deflection angle over broad 
bandwidth. I utilize an aluminum mirror as a substrate for 
efficient operation, and VRW structures are arranged with 
varying width and fixed thickness of 200 nm on the mirror. 
The supercell period (4Ʌ) is set to yield only three diffrac-
tion orders (−1st, 0th, and 1st) in the reflection side. Then, the 

FIG. 1. Optical dispersion of VO2. (a) Optical permittivity 
spectra of VO2 at the insulating and metallic phases. (b) 
Effective fundamental mode index of one-dimensional VO2 
slab waveguide at the wavelength of 1000 nm, 1300 nm, 1600 
nm, according to the varying slab width. The inset figure 
shows transverse electric field profile when the width and 
wavelength are 400 nm and 1000 nm, respectively, and VO2 is 
at the insulating phase.
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beam switching device deflects normally incident TE light 
into the 1st and 0th orders, at the insulating and metallic 
phases, respectively. 

The engineering of the device starts from numerical in-
vestigation of the unit cell characteristic, which determines 
the optical phase gradient of the supercell consisting of the 
four VRW unit cells. Even though the goal is to design op-
tical reflection at both phases of the VRW metagrating, the 
proposed design only considers the insulating phase design 
for high performance operation, unlike other brute force 
optimization methods with heavy computation loads. Since 
interaction between TE light and VRW arrays would be 
negligible and would not differ significantly from the me-
tallic mirror. The phase in Fig. 2(b) and amplitude in Fig. 
2(c) of the unit cell reflection is numerically investigated 
at the insulating phase, according to variation of the VRW 
width and operation wavelength. Thickness and unit cell 
period (Ʌ) are fixed as 200 nm and 500 nm, respectively. 
Similar to conventional gradient metasurfaces, the optical 
phase gradient design is conducted based on generalized 

Snell’s law for a one dimensional graded metagrating [2] 
as shown in Eq. (1) below. ni, θ i, θ r, λ i, and φ denote the re-
fractive index of the incidence side, the incidence angle, the 
reflection angle, the incident wavelength, the phase profile 
on the metasurface, respectively:

i
i r i isin sin .

2
  


 
dn n
dx

 

  

. (1)

When seeing the amplitude plot in Fig. 2(c), a reso-
nance dip occurs for narrow VRW widths depending on 
wavelength. To minimize amplitude modulation effect on 
reflection phase gradient, judicious selection of a center 
wavelength is necessary. The selection of VRW width val-
ues for supercell design, the widths for shifting 180, 90, 0, 
and –90 deg optical phase are required to build a supercell. 
For 180 deg phase shifting, no VRW structure is located 
on the Al mirror. Thus, the design issue is to choose proper 
width values for 90, 0, and –90 deg phase shifts with mini-
mal amplitude modulation effect. Considering the aspects, 

FIG. 2. Design of active beam deflector. (a) Schematic diagram of actively tunable beam deflector design. (b) Phase and (c) 
amplitude response of the VRW unit cell at the insulating phase according to the variation of VRW width and operation wavelength. 
(d) Normalized transvere electric field profiles of the insulating phase unit cells at the wavelength of 1500 nm. The VRW width are 
0 nm, 400 nm, 160 nm, and 100 nm, from the left in order. (e) Phase and (f) amplitude response of the VRW unit cell at the metallic 
phase according to the variation of VRW width and operation wavelength. 
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I chose width values for modulating reflection phase of 90, 
0, and about –80 deg at the wavelength of 1200 nm and 
1500 nm, respectively, for the two types of designs (See the 
dotted lines and inverted triangles of Figs. 2(b) and 2(c)). 
The width values for the 1200 nm design are 0 nm, 400 nm, 
90 nm, and 60 nm, while those for 1500 nm are 0 nm, 400 
nm, 160 nm, and 100 nm. The chosen unit cell responses at 
the insulating phase for 1500 nm design is graphically il-
lustrated with normalized spatial profiles of the transverse 
electric field in Fig. 2(d). To check negligible modulation 
effects of phase and amplitude at the metallic VO2 phase, 
the reflection coefficient is also numerically calculated at 
the metallic phase (Figs. 2(e) and 2(f)).

As shown in Figs. 3 and 4, the design performances of 
the two types of active beam deflectors turned out to be ex-
cellent in terms of signal efficiency, extinction ratio defined 
as R1/R0, and bandwidth. Here, R0 and R1 denote the zeroth 

and first order diffraction efficiency, respectively. The inset 
figures in Fig. 3 clearly verify high extinction ratio imply-
ing direction beam deflection characteristics and its thermal 
tunability. In the wavelength region around 1400–1600 nm, 
the type 1 device deflects incident light into the 1st order 
diffraction at the insulating phase, and switches the reflec-
tion direction to the 0th order when heated to the metallic 
phase (Figs. 3(a) and 3(b)). In case of the type 2 device, 
same function of active beam deflection occurs around the 
wavelength region of 1000–1300 nm (Figs. 3(c) and 3(d)). 
The deflection angle at the insulating phase toward the 
1st order diffraction calculated from the following Eq. (2) 
ranges from 30 (at the wavelength of 1000 nm) to 53 (at the 
wavelength of 1600 nm) deg, where Λ refers to the super-
cell period which set to be 4 times the unit cell period:

FIG. 3. Diffraction efficiency spectrum of the deflector design targeted for 1500 nm at the (a) insulating and (b) metallic phases, 
respectively. Diffraction efficiency spectrum of the deflector design targeted for 1200 nm at the (c) insulating, and (d) metallic 
phases, respectively. The inset figures denote normalized (a, c) vertical and (b, d) horizontal magnetic field profiles which describing 
reflection wavefront.
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Figures 3 and 4 suggest switchable power comparison 
between diffraction orders and the gradual phase change 
effect of VO2 for both designs targeted around wavelengths 
of 1500 nm and 1200 nm. The gradual phase change effect 
of VO2 is optically modelled as physical mixtures of the in-
sulating and metallic phases according to Maxwell-Garnett 
effective medium theory [11]. The legends in Fig. 4 refer to 
fill factors of the metallic phase VO2 so that increase of fill 
factor from 0 to 1 implies gradual phase change from insu-
lating to metallic.

In addition, the abovementioned design can be extended 
to a tunable beam splitter under normal illumination and 
reflective operation as depicted in Fig. 5(a). The idea is 
to make a supercell with 7 discrete phase shifts by multi-
plexing increasing and decreasing sawtooth gradients in a 
single supercell. Thus, at the insulating phase, two types of 
gradients act as -1st and 1st order deflections while both 

minimizing 0th order reflection (Fig. 5(b)). On the other 
hand, similar to the above designs, at the metallic phase, the 
device plays a mirror role by routing reflected light domi-
nantly into the 0th order over broad bandwidth (Fig. 5(c)). 
I expect that further simultaneous numerical optimization 

FIG. 5. Design of active beam splitter. (a) Schematic diagram 
of actively tunable beam splitter. Diffraction efficiency at 
the (b) insulating and (c) metallic phases, respectively. The 
legends in (b) and (c) denote the diffraction orders.

FIG. 4. Directional extinction ratio spectra according to the 
gradual phase change of VRWs. log10(R1/R0) plots of the 
devices designed for (a) 1500 nm and (b) 1200 nm wavelength, 
respectively. 
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of thickness and widths of VRW, suppression of -2nd and 
2nd order diffractions could be enhanced for increasing ef-
ficiency of the target beams.

III. CONCLUSION

In this paper, a novel reflective beam steering device de-
sign using nanostructured VO2 metasurface grating is pro-
posed for broadband efficient deflection and splitting with 
active thermal tunability. The electro-thermal modulation 
could also be possible when the metallic mirror is used as a 
Joule heating device with addressing of external electrodes. 
It is expected that the proposed design principles and ideas 
would be also fruitful for next-generation beam deflectors 
and spatial light modulators for modern digital holographic 
systems [30–32] for a wide range of applications.
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