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paradigm in reconfi gurable metasurface-
based optics. Here, we use electromag-
netics and device simulations to design 
electrically pumped semiconductor hetero-
structure resonators capable of arbitrarily 
tuning the refl ection phase of infrared 
light with little change in amplitude. 

 Previous approaches for tuning 
metasurfaces—using metallic resona-
tors coupled to an index tunable back-
ground [ 8,23–28 ]  or mechanically changing 
the shape of metallic resonators [ 5,29,30 ]  have 
been unable to achieve reconfi gurable 
2π phase shifts. This inability to achieve 
2π phase control stems fundamentally 
from the nature of the underlying optical 
antennas. Because the light-matter inter-
action lengths are subwavelength and 
the quality factors modest ( Q  ≈ 1−10), 
very large refractive index modulation is 
needed (Δ n  ≥ 1). InSb [ 31–33 ]  or InAs [ 27,34,35 ]  
support free-carrier index shifts of this 

magnitude due to their high mobility and low electron effective 
mass. In our previous theory work, [ 36 ]  we demonstrated full 2π 
tuning of the transmission phase of semiconductor metasur-
face by modulating the carrier concentration in InSb resonators 
between 10 17 –10 18  cm −3 . However, we did not consider how to 
achieve such modulation. Here, we use combined electromag-
netic [ 37 ]  and device simulations to demonstrate subwavelength 
1D heterojunction device resonators with electrically reconfi g-
urable refl ection phase. We fi rst demonstrate a new resonator 
geometry that allows for integration of metal electrodes with 
dielectric-type Mie resonances. Subsequently, we incorporate 
an InSb based heterojunction device layer into the resonator 
architecture. This novel device design employs electron and 
hole blocking layers to achieve large modulations of carrier con-
centration over electrically large dimensions, enabling near-2π 
tuning of refl ection phase with minimal changes in refl ection 
amplitude. Finally, we demonstrate fully continuous and tun-
able steering of high-quality narrow, diffraction lobes in reso-
nator arrays.  

  2.     Results and Discussion 

 Given the need for integrating top and bottom electrical con-
tacts, our basic metasurface element is a modifi ed version of 
a 1D “strip” resonator sitting atop a refl ecting back electrode 
shown in  Figure    1  A. The resonances of individual or periodic 

 An electrically reconfi gurable metasurface comprising an array of 1D semi-
conductor Mie resonators on a refl ecting ground plane is theoretically 
demonstrated. The design is based on magnetic dipole modes that interfere 
with image fi elds in a metal substrate to produce a 2π phase shift in refl ec-
tion about the resonance wavelength. Analogous voltage-dependent phase 
shifts are produced using novel InSb/In 0.8 Al 0.2 Sb heterojunction resonators 
incorporating top electrodes that minimize perturbations of the electromag-
netic mode. The devices exploit large swings in the InSb electron density 
to produce mid-infrared resonances tunable through free carrier refraction. 
Combined electrical device and full wave electromagnetic simulations show 
up to 300° phase shifts with less than 1dB of loss. Using this resonator as 
a basic building block, an electrically tunable metasurface is demonstrated. 
By applying a voltage gradient across the metasurface, an incident beam is 
steered in a unidirectional fashion continuously between ±72° (from normal 
incidence. This work describes a pathway to unprecedented control of light 
via electrically reconfi gurable metasurfaces. 

  1.     Introduction 

 The ability to control light-matter interactions at subwavelength 
scales using engineered structures has enabled the recent surge 
in metasurface research. [ 1–5 ]  Using metasurfaces, researchers 
achieve control over the phase, [ 6,7 ]  amplitude, [ 8,9 ]  and polariza-
tion [ 10,11 ]  of light by designing phased arrays of subwavelength 
resonator elements. These arrays can effect the functions of 
traditional optical elements by producing the appropriate spa-
tial phase profi le. [ 12 ]  Such metasurfaces have thus been used 
as fl at optical elements, [ 4,13,14 ]  ultrathin light absorbers, [ 15–17 ]  
and optical sensors, [ 14,18–20 ]  to name a few applications. In gen-
eral, metasurfaces exploit the ability to engineer the phase of 
light between 0 and 2π at subwavelength scales to form arbi-
trary wave fronts [ 21,22 ]  that reproduce the behavior of refractive 
and diffractive optical elements. To date, researchers have per-
formed this phase engineering by changing the physical geom-
etry or shape of resonators, producing static metasurfaces. [ 2 ]  
The ability to dynamically tune the phase of light between 
0 and 2π at subwavelength scales would thus promise a new 
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arrays of such structures can be deconstructed based on the per-
turbed Mie resonances in an infi nite dielectric cylinder. [ 15,38–42 ]  
For transverse magnetic (TM,  E -fi eld along the  x -axis) polarized 
plane-wave illumination the fundamental resonance is a mag-
netic dipole-like mode. On resonance, the electric fi eld inten-
sity is concentrated near the top of the resonator (Figure  1 B). 
The interaction of the top electric fi eld with its image creates 
an effective current loop, producing resonant magnetic fi elds 
centered at the substrate interface and pointing along the long 
axis of the resonator ( z -axis). At the magnetic dipole resonance 
wavelength ( λ  MD ), these electric and magnetic fi eld intensities 
are maximized. Of greater interest, however, is the impact of 
these resonances on the refl ection amplitude and phase.  

 The refl ection amplitude (red) and phase (blue) of a wire 
resonator array near the MD resonance is plotted in Figure  1 C. 
The MD resonance, centered at 13.5 μm, leads to a 2π phase 
shift as the wavelength varies between 10 to 16 μm. Ordinarily, 
a single scattering resonance (electric [ 39 ]  or magnetic [ 38 ] ) can at 
most shift the phase of light by π radians. [ 43 ]  Placing resonators 
on a metal substrate, however, gives a full 2π phase shift due 
to interference with image modes in the substrate. [ 44 ]  Unlike 
metallic resonators, these dielectric resonators have negligible 
losses (imaginary part of refractive index ≈ 10 −3 ). As a result, 
the refl ection has a near unity amplitude at all wavelengths, 
an ideal characteristic for a refl ect array metasurface. The res-
onance wavelength can be identifi ed from small dips in the 
refl ection amplitude, or by the wavelength of maximum phase 

gradient φ λ∂ ∂( / )  (Supporting Information). We exploit this 
fact to determine the dispersion of resonance wavelengths with 
resonator geometry in order to identify an optimal design for 
phase tunability. 

 The resonance wavelengths can be tuned from 8 to 15 μm 
by geometrically varying the size and aspect ratio of strip reso-
nators. In Figure  1 D, we plot the dispersion of the MD reso-
nance as a function of width ( w ) for different heights ( h ). At 
smaller widths ( w  < 2 μm), the resonance wavelength is more 

sensitive to changes in width than height, i.e., 
λ λ∂
∂

∂
∂>

MD MD

w h
. At 

larger widths ( w  > 3 μm), the curves fl atten and the opposite is 

true, i.e., 
λ λ∂
∂

∂
∂>MD MD

h w . This relative insensitivity to changes 

in width arises from the localization of the electric fi eld inten-
sity to the center of the resonator (Figure  1 B). Our design ulti-
mately requires suffi cient width to incorporate metallic elec-
trodes in these side regions of low E-fi eld intensity; throughout 
this paper we use 3 μm wide resonators. Since introducing 
free-carriers causes a resonance blueshift, [ 36 ]  we design the ini-
tial resonance wavelength (13.5 μm) red shifted with respect to 
the operating wavelength (11.35 μm) by selecting a resonator 
height of 1 μm. 

 As seen in Figure  1 B, the electric fi eld intensity is localized 
near the top of the resonator. In designing a free carrier-tun-
able resonator, one only needs to change the carrier concen-
tration in this region of the resonator. Previous work using 
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 Figure 1.    A) Sketch showing the dielectric (InSb) wire grating of width  w , height  h , and periodicity  d , on a metal (Au) substrate illuminated with lin-
early (TM, x) polarized light at normal incidence. B) Electric (top) and magnetic (bottom) fi eld intensity profi les of the fundamental magnetic dipole 
resonance excited within the resonator ( w  = 3 µm,  h  = 1 µm, and  d  = 6 µm) structure at an incident wavelength of 13.5 µm. The white dashed outline 
shows the boundaries within a single unit cell of the periodic structure. C) Refl ection amplitude (red axis on left) and phase (blue axis on right) as a 
function of the incident wavelength. The dashed line indicates the resonant wavelength  λ  MD . The refl ection coeffi cient goes through a 2π phase shift 
around this resonance. D) Dispersion of the fundamental magnetic dipole resonance wavelength as a function of width for different height resona-
tors ( d  = 6 µm). The curves fl atten beyond ≈3 µm widths as a result of the localization of the electromagnetic intensity to the middle of the resonator.
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spherical InSb Mie resonators [ 36 ]  showed that the index change 
(Δ n  ≈ 2 based on Drude model) from a doping concentration of 
1.5 × 10 18  cm −3  was suffi cient to obtain 2π phase shifts. We use 
a worst-case Drude scattering rate of 2 THz, reported for highly 
doped InSb, [ 32 ]  for all carrier densities. Thus, we consider 
arrays of fi xed-height InSb resonators comprising a high-carrier 
region (n-type: 1.5 × 10 18  cm −3 ) sitting atop an intrinsic region 
( Figure    2  A). The dispersion of  λ  MD  as a function of the frac-
tional height of the high-carrier region is shown in Figure  2 B. 
When  h  d  = 0, we have a completely undoped resonator and 
when  h  d  =  h  (total height of 1 μm) we have a completely doped 
resonator.  λ  MD  shifts from 13.5 to 9 μm as the resonator is 
changed from completely intrinsic InSb to completely high 
carrier concentration InSb. This shift in resonance wavelength 
happens primarily as the top 40% of the resonator carrier con-
centration is changed, as expected from the higher fi eld concen-
trations in this region. Thus, our subsequent device design will 
focus on changing the carrier concentration only in this region. 
Additionally, any carrier-tunable device design will also require 
integrating a top electrode.  

 Our novel electrode design also takes advantage of the 
localization of electric fi elds within the top-middle portion of 
the resonator. Covering the resonator completely with a metal 
electrode eliminates the dielectric resonance (Supporting Infor-
mation). A metal contact with a slit running down the center 
( Figure    3  A), on the other hand, minimizes overlap of the metal 
electrode with the mode profi le. Consider the case of a top 
Au electrode with a 1 μm gap. Although the electric fi elds are 
locally enhanced near the contacts, the magnetic fi eld inten-
sity is nearly identical to the original resonator. As a result, 
the refl ection amplitude and phase (Figure  3 C) are barely per-
turbed by the electrodes. The dispersion of resonance wave-
lengths with slit widths is further elaborated in Figure  3 D. For 
a constant resonator size ( w  = 3 μm,  h  = 1 μm), the resonance 
wavelength can be shifted over a broadband region in the mid-
infrared (8–18 μm). The gapped electrode resonator behaves 
like a split-dipole antenna [ 45 ]  coupled to a dielectric resonator, 
enabling further engineering of resonance properties by 
exploiting narrow slits. Here, however, we consider slit widths 

of 1 μm, in which the resonance properties are very weakly per-
turbed. This forms the basis for our resonator platform, which 
includes top and bottom contacts with an index tunable semi-
conductor confi ning the optical mode.  

 Building from this basic resonator geometry, we integrate a 
device structure capable of modulating the electron concentra-
tion in the top 500 nm from 10 16 –10 18  cm −3 . The central chal-
lenge of designing such a device is the need to modulate large 
carrier densities over hundreds of nanometers. In a depletion 
mode device, for instance, the top of the resonator would be 
n-doped and the electrons pushed toward the bottom of the 
resonator with an applied voltage. However, the fundamental 
scaling of depletion width ( W ) versus applied voltage ( V ) and 

doping concentration ( N ) preclude this approach 
ε ε

= ∞2 0W
V

Nq
. 

To deplete an electron density of 2 × 10 18  cm −3  from the top 
400 nm would require over 185 V. To avoid this fundamental 
tradeoff, we design a device structure capable of generating 
large electron densities through carrier injection under forward 
bias. Simple p–n homojunctions are incapable of achieving the 
requisite carrier modulations and hence we turn instead to het-
erojunction designs adapted from existing light-emitting diodes 
(LEDs) and laser devices. [ 46–48 ]  

 Our heterojunction structure comprises aintrinsic InSb 
(470 nm) active region stacked between thin (30 nm) electron 
and hole blocking layers made of p-type and n-type In 0.8 Al 0.2 Sb 
(lattice matched), respectively ( Figure    4  A). The device stack 
is completed by a p-type (10 18  cm −3 ) InSb hole source. Since 
the effective mass of holes in InSb ( m  h  = 0.43  m  0 ) is much 
higher than electrons ( m  e  = 0.014  m  0 ), the relevant index 
shifts arise from accumulating electrons in the topmost InSb 
layer. The device band structure is calculated via a 2D com-
mercial device simulator [ 49 ]  and shown in Figure  4 B. Under 
forward bias electrons are injected from the top electrode 
into the active region, where they subsequently encounter 
the p-type In 0.8 Al 0.2 Sb (1 × 10 18  cm −3 ) electron blocking layer. 
Holes are injected from the p-type InSb (5 × 10 18  cm −3 ) into 
the active region where they subsequently encounter the n-type 
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 Figure 2.    A) Sketch showing a resonator structure, where the topmost portion of the resonator ( h  d ) supports a large electron density (1.5 × 10 18  cm −3 ). 
B) Plot of the phase gradient showing the variation in resonance wavelength for a 1 µm tall ( h ) resonator as a function of the height of the doped InSb 
region,  h  d  . The resonance wavelength is most sensitive to changes in the carrier density within the top half of the resonator.
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In 0.8 Al 0.2 Sb (1 × 10 18  cm −3 ) hole blocking layer. Electrons thus 
accumulate at high densities until they recombine with injected 
holes via band-to-band tunneling, Shockley–Read–Hall, [ 48 ]  or 
Auger [ 50,51 ]  processes. In the i-InSb layer, we assume an electron 
mobility [ 52 ]  of 7000 cm 2  V −1  s −1  (400 cm 2  V −1  s −1  for holes). At all 
voltages, we assume an Auger-limited lifetime of 135 ps, a value 
consistent with studies of optically pumped InSb. [ 51,53 ]  We use 
worst-case values of reported carrier lifetimes [ 53–56 ]  and mobili-
ties [ 52,57,58 ]  at high carrier concentrations to identify phenomena 
that do not rely on optimistic input parameters. These recombi-
nation processes enable high-speed GHz operation (subject to 
suitable RC time constants) in the high injection forward bias 
scheme. [ 51,59 ]  I – V  curves under forward bias are calculated via 
2D device simulation using the split top electrodes and plotted 
in Figure  4 C. The electron density in the i-InSb active region 
(red curve) is uniformly (Figures S3 and S4, Supporting Infor-
mation) modulated from 10 17  to 3.5 × 10 18  cm −3  by changing 
the forward bias from 0 to 1 V.  

 Combining these device simulations with electromagnetic 
FDTD simulations, [ 37 ]  we extract the refl ection phase and 
amplitude of an infi nite metasurface array as a function of 
the applied voltage (Figure  4 D). At an operation wavelength of 
11.35 μm (center of the atmospheric transmission window [ 60,61 ] ) 
a continuous refl ection phase shift of 300° is obtained with less 
than 1.5 dB of loss as the applied voltage is varied between 0 to 
0.9 V. Small kinks in the refl ection amplitude (0.55 <  V  < 0.75, 

Figure  4 D) arise from simulation artifacts caused by a “light-
ning rod” effect wherein fi elds are concentrated at perfectly 
right angle edges and corners (Figure S5, Supporting Infor-
mation). These results demonstrate an almost 2π phase shift 
with minimal losses in amplitude. The difference of 60 degrees 
from the maximum of 2π possible phase shift is due to the lack 
of confi nement of the radiating mode within the index tun-
able active region. As we will show subsequently, this range of 
phase tunability is suffi cient to reliably dial in arbitrary phase 
profi les. Thus, these device resonators form the basic element 
of a reconfi gurable metasurface capable of performing the 
function of virtually any linear diffractive or refractive optical 
element. 

 To illustrate the reconfi gurable capability of such tun-
able metasurfaces, we demonstrate a voltage controlled mid-
infrared beam defl ector. A beam steering device requires 

imparting a constant phase gradient ϕ∂
∂

⎛
⎝⎜

⎞
⎠⎟x
 across a meta-

surface. The diffracted angle is given by a grating equa-

tion [ 62 ] θ θ λ
π

ϕ
= +

∂
∂

sin sin
2

r i
x

, where θr  is the angle of diffrac-

tion, θ i  is the angle of incidence (θ = 0i , at normal incidence), 

λ is the operating wavelength, and ϕ∂
∂x  is the spatial phase gra-

dient. Based on Figure  4 C, we can map the required phase gra-
dient on the metasurface by applying the appropriate periodic 
voltage profi le across an array of otherwise uniform tunable 
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 Figure 3.    A) A resonator schematic showing the integration of a top electric contact with a central slit. B) Electric (top) and magnetic (bottom) fi eld 
profi les of the fundamental magnetic dipole resonance excited within the resonator ( w  = 3 µm,  h  = 1 µm,  S  w  = 1.5 µm, and  d  = 6 µm) structure at an 
incident wavelength of 14 µm. Although the electric fi eld intensity is enhanced near the electrode edges, the magnetic fi eld intensity is only weakly 
perturbed by the introduction of the electrodes (compare to Figure  1 B). C) Refl ection amplitude (red axis on left) and phase (blue axis on right) as a 
function of the incident wavelength. The dashed line indicates the resonant wavelength  λ  MD  = 14 µm. The electrodes introduce a weak perturbation 
to the resonance wavelength. D) The resonant wavelength of the metal slit resonator as a function of slit width ( S  w ) and height ( h ). The resonator 
exhibits more signifi cant shifts of the fundamental magnetic dipole resonance for narrow slit widths. For widths beyond 1.5 µm, the wavelength is only 
weakly perturbed.
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resonators. To start, we consider the simplest cases where the 
phase shift between adjacent resonators is an integer fraction 

of 2π ( Figure    5  A). In such cases the linear phase gradient is 

given by 
ϕ π∂

∂ = Λ
2

effx
, where Λ = ×eff n d ,  d  is the inter-resonator 

spacing, and  n  is the integer number of resonators over which 

the voltage profi le repeats itself. Hence the diffraction angle 

is given by θ λ= Λsin r
eff

, the standard equation for a beam 

defl ector in diffractive optics. [ 63 ]   
 The wavelength and angle dependent diffraction for 

an array of resonators ( w  = 3 μm,  h  = 1 μm and  d  = 4 μm), 
with  n  = 5 (inter-resonar phase shift of 72°) is shown in 
Figure  5 B. The incident plane wave couples only to the +1 
diffraction grating mode at 34.5° at an operation wavelength 
of 11.35 μm. The broadband nature of the magnetic dipole 
resonance (low  Q ) ensures a roughly 2 μm (Half Power Beam 
Width of the +1 diffraction lobe from 10 to 12 μm) spectral 
bandwidth for this diffraction lobe. The array exhibits a high 
diffraction effi ciency; more than 60% of the incident light is 
diffracted into the desired direction. The scattering effi ciency 
is even higher; more than 85% percent of the total refl ected 
light is directed into the desired diffraction lobe. This dif-
fraction lobe is plotted as the green curve in Figure  5 C. As 
can be inferred from this fi gure, changing the periodicity of 

the applied voltage profi le enables nearly 180° tuning of the 
desired diffraction lobe. 

 The maximal asymmetric angle of defl ection for an integer 
periodic structure is given by  n  = 3, corresponding to an angle 
of 72°. As expected from the properties of diffraction grat-
ings, [ 63 ]  high refl ection angles exhibit lower diffraction effi ciency 
than smaller refl ection angles since a greater fraction of the 
resonators are tuned to a lossy state. As the integer periodicity 
increases, the diffracted lobe moves toward the normal and 
quickly increases in effi ciency. For periodicities of 5 or greater 
(green), the diffraction and scattering effi ciencies are basically 
constant. Although we only show easily simulated cases where 
the phase is 2π periodic with  n  resonators, any intermediate 
diffraction angle can also be achieved by dialing in the appro-
priate, not necessarily periodic phase profi le. However, in these 
cases phase errors are introduced whenever the necessary reso-
nator phase is between 300° and 360°—values inaccessible in 
our voltage-controlled scheme (Figure  4 D). To determine the 
impact of these phase errors, we consider a worst-case scenario 
corresponding to an integer repeat of  n  = 12. In this case, the 
11th resonator element should have a refl ection phase of 330°. 
Since the phase can only be specifi ed as either 300° or 360° 
(i.e., 0°), this introduces a maximal phase error of ±30°. Despite 
this repeating phase error, the array still exhibits a high quality 
diffraction lobe, with diffraction effi ciency nearly identical to 
the alternate cases with zero phase error. Thus, these results 
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 Figure 4.    A) Sketch of the heterojunction p-(InSb/In 0.8 Al 0.2 Sb):i-InSb:n-In 0.8 Al 0.2 Sb junction resonator structure of width  w  = 3 µm, height  h  = 1 µm 
( h  i−InSb  = 0.47 µm + h  p−lnSb  = 0.47 µm + h  p−lnAlSb  = 0.03 µm + h  n−lnAlSb  = 0.03 µm), metal slit width  S  w  = 1 µm, and periodicity  d  = 4 µm, operating under 
forward bias V. B) Band diagram of the resonator showing the band alignments of the type-II staggered heterojunction with both electron (≈0.4 eV) 
and hole (≈0.3 eV) barriers at 0 V of applied bias. C) Forward bias device characteristics of the hetero p–n junction device showing the current density 
(blue, right axis) and the electron concentration (red, left axis) inside i-InSb as a function of the applied forward bias V. The InSb accumulates a large 
electron density with less than a volt of applied bias. D) Voltage-dependent refl ection characteristics of a periodic array of resonators (Figure  4 A) at an 
operating wavelength of 11.35 µm. The red curve (left axis) shows the refl ection amplitude (|S 11 | 2 ) and the blue curve (right axis) shows the refl ection 
phase (Arg (S 11 )) as a function of charge carrier concentration inside InSb (bottom axis) and the applied forward bias (top axis). The phase varies by 
nearly 2π with less than a volt of applied bias.
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demonstrate metasurfaces capable of continuous and recon-
fi gurable beam steering over a large angular range with high 
effi ciency.  

  3.     Conclusions 

 In conclusion, we have shown that high-index heterojunction 
semiconductor resonators can serve as building blocks in phase 
tunable refl ect-array metasurface devices. Such devices are 
anticipated to be reconfi gurable at GHz time scales and capable 

of mimicking nearly all linear refractive and diffractive optical 
elements. Heterojunction devices using InSb and InAlSb layers, 
(infrared detectors, [ 55,64 ]  LEDs, [ 65,66 ]  transistors, [ 58,67,68 ]  etc.) sim-
ilar to the proposed structure have been demonstrated with 
comparable device characteristics. Fabrication issues related 
to dry etching and surface passivation [ 69,70 ]  with thin layers of 
SiN  x   (or other dielectrics), etc. have been successfully overcome 
to form state of the art devices using InSb and InAlSb layers. 
These metasurface resonators exploit novel lattice matched 
InSb-based devices to electrically modulate free-carrier densi-
ties over a large range and volume. The index tunable active 
layer is designed to maximally overlap with the high electric 
fi eld concentration of a resonant magnetic dipole mode. We 
demonstrate a continuously tunable phase shift of 300° with 
less than 1 dB loss at 11.35 μm with a voltage swing of less than 
1 V. As an illustration of this tunable performance, we demon-
strate a highly effi cient beam steering refl ect-array device. This 
reconfi gurable metasurface exhibits high diffraction and scat-
tering effi ciencies over a nearly 180° (±90°) fi eld of view. This 
demonstration highlights the potential of reconfi gurable meta-
surfaces, and suggests the possibility of creating metasurface-
enable infrared optics reconfi gurable at GHz frequencies.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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 Figure 5.    A) A metasurface with a periodic potential ( V  1–5 ;  V  6   =  V  1 ) forms 
a spatial phase gradient ( ϕ∂

∂ =
x

 2π/5 d  = π/10 µm) based on periodicity (5 d ) 

of the applied bias. B) The normalized refl ected fi eld amplitude is plotted 
as a function of the incident wavelength and the diffraction angle. The 
spatial phase gradient induces a high quality unidirectional diffraction 
lobe (marked +1) at an operating wavelength of 11.35 µm (dashed white 
line). The spectral bandwidth of this lobe is 2 µm. C) Polar plots showing 
the directional diffraction lobes of the refl ected beam at 11.35 µm for 
different voltage-dependent spatial phase gradients ( ϕ π∂

∂ = 2
.x n d

;  n  = 3, 4, 5, 

6, 8, & 12) for a linearly polarized plane wave at normal incidence. The 
case of  n  = 12 (purple) corresponds to the maximal possible phase error 
of the device. The metasurface enables continuous tuning of high quality 
diffraction lobes over a large angular range.
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