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Angle-sensitive photodetectors are a promising device 
technology for many advanced imaging functionalities, 
including lensless compound-eye vision, lightfield 
sensing, optical spatial filtering, and phase imaging.  Here 
we demonstrate the use of plasmonic gradient 
metasurfaces to tailor the angular response of generic 
planar photodetectors.  The resulting devices rely on the 
phase-matched coupling of light incident at select 
geometrically tunable angles into guided plasmonic 
modes, which are then scattered and absorbed in the 
underlying photodetector active layer.  This approach 
naturally introduces sharp peaks in the angular response, 
with smaller footprint and reduced guided-mode 
radiative losses (and therefore improved spatial 
resolution and sensitivity) compared to analogous 
devices based on diffractive coupling.  More broadly, these 
results highlight a promising new application space of flat 
optics, where gradient metasurfaces are integrated within 
image sensors to enable unconventional capabilities with 
enhanced system miniaturization and design flexibility.  © 

2024 Optica Publishing Group 

 

Photodetectors are ubiquitous in science, technology, and 
everyday life, and are traditionally designed for the sensitive 
detection of optical intensity, at the expense of all other 
degrees of freedom of the incident light (phase, polarization, 
wavelength, angular momentum).  As a result, the 
measurement of these additional properties generally 
requires the use of bulky and complex systems, e.g., based on 
interferometry, polarimetry, spectral and spatial filtering.  In 
recent years, the development of more functional light sensors 
capable of measuring multiple degrees of freedom 
simultaneously has emerged as a new topic of extensive 
research [1, 2], motivated by increasingly demanding 
applications.  A particularly important functionality in this 
context is the ability to detect the local direction of light 
propagation.  Combined with computational imaging 
techniques, this capability can enable multiple advanced 
imaging modalities, such as compound-eye vision with 
ultrawide field of view, lightfield sensing for 3D imaging, 
optical spatial filtering in computer vision, and the 
visualization of transparent phase objects by wavefront 
sensing. 

The simplest implementation of directional image sensors 

involves paired combinations of suitably aligned microlenses and 

photodetectors [3, 4].  However, the resulting systems suffer from 

limited spatial resolution and field of view, due to a fundamental 

tradeoff between size and numerical aperture in microlenses.  An 

alternative approach involves the integration of diffractive 

elements on the photodetector illumination window to selectively 

transmit or block incident light depending on its direction of 

propagation.  In one implementation, stacked gratings based on the 

Talbot effect have been used to produce a sinusoidal dependence of 

responsivity on angle of incidence [5, 6].  More recently, 

photodetectors coated with plasmonic grating couplers have been 

developed featuring geometrically tunable peaks in their angular 

response [7-9].  Several advanced imaging functionalities have also 

been demonstrated in these reports, including microscale cameras 

and lightfield imagers [5], lensless compound-eye vision [7], optical 

edge detection [6, 8], and quantitative phase imaging [9].  However, 

the diffractive operating principle of these devices severely restricts 

their design flexibility, for example to decouple the angular and 

spectral responses for broadband achromatic operation.  

Wavefront sensing has also been reported based on near-field 

scattering by micro-apertures across adjacent pixels [10], which 

provides a rather weak wavelength dependence at the expense of 

limited ability to control the shape of the angular response.   

In this work, we describe the development of angle-sensitive 

photodetectors based on the gradient metasurface (GMS) design 

platform, motivated by its distinctive ability to provide enhanced 

miniaturization and multifunctional operation.  To date, plasmonic 

and dielectric GMSs have mostly been used as free-space passive 

components, designed to shape the incident optical wavefronts 

according to a desired device operation (e.g., light focusing, 

polarization control, holographic projection) [11, 12].  In the context 

of integrated devices, they have been employed for the detection of 

orbital angular momentum [13], directional light emission [14-16], 

and to interface waveguided modes to free space radiation [17-21].  

For the directional photodetectors presented below, the GMSs are 

designed to phase-match light incident at select detection angles to 

surface plasmon polaritons (SPPs) on a metal film.  The excited SPPs 

are then scattered into the underlying photodetector active layer (a  
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Fig. 1.  GMS design.  (a) Schematic device geometry.  (b) Reflection phase (red 

trace) and amplitude squared (blue trace) of the GMS unit cell shown in the 

inset, computed as a function of nanostripe width Lx for normally-incident x-

polarized light at 0 = 1550 nm.  (c) Reflection phase vs nanostripe center 

position for a GMS designed to promote directional photodetection peaked 

at p = 45.  (d) Transmission coefficient of the GMS of (c) computed as a 

function of polar illumination angle  on the x-z plane.  Inset: transmission 

coefficient of the same device vs in-plane wavevector of the incident light. 

 

 

near-infrared Ge photoconductor) by a set of subwavelength slits 

perforated through the metal film.  

The resulting device structure is shown schematically in Fig. 1(a).  

The photodetector illumination window is coated with a SiO2/Au/ 

SiO2 stack (60/100/60-nm-thick) supporting an aperiodic array of 

50-nm-thick Au nanostripes.  In this geometry, the p-polarized 

reflection phase of each unit cell can be tuned across a large fraction 

of the entire 2 phase space by varying the nanostripe width Lx, as 

shown by the finite difference time domain (FDTD) simulation 

results of Fig. 1(b) for an incident wavelength 0 = 1550 nm.  This 

large phase tunability is enabled by the coupling between the 

nanostripe plasmonic resonances and their dipolar images in the 

metal film [18, 22].  At the same time, the unit-cell reflection 

coefficient remains quite large (> 90%) for all values of Lx [blue trace 

of Fig. 1(b)].  In the present devices, the nanostripe widths are 

selected so that their reflection phase varies linearly with their 

center position along the x direction, leading to a discretized version 

of the linear phase profile x = x (mod 2) [Fig. 1(c)].  As a result, 

SPPs on the underlying metal film can be excited by p-polarized 

light with in-plane wavevector 𝐤‖  satisfying the phase-matching 

condition 𝐤‖ + ξ𝐱̂ = 𝐤SPP. These SPPs are then intercepted by the 

adjacent slits where they are preferentially scattered into the Ge 

substrate, due to its higher refractive index (and therefore higher 

density of radiation modes) compared to the air above.  Light 

incident along any other direction is instead reflected back into free 

space, leading to a highly directional asymmetric angular response.   

Figure 1(d) shows FDTD simulation results for the transmission 

coefficient of a GMS designed for peak detection at a polar angle p 

= 45, computed as a function of polar  and azimuthal  

illumination angles, or equivalently as a function of 𝐤‖.  The array 

contains 29 unit cells, where neighboring nanostripes have center-

to-center distance x = 550 nm and reflection phase differing by x 

= 39.  The nanostripe widths range from 0 (corresponding to a 

missing nanostripe in the respective unit cell) to 500 nm.  The 

resulting phase gradient  = x/x produces the desired value of p 

according to the phase matching condition for light propagating on 

the x-z plane, i.e., 2πsinθp λ0 + ξ = 2πnSPP λ0⁄⁄ , where nSPP is the 

SPP effective index.  The design simulation results of Fig. 1(d) are 

fully consistent with expectations.  In the angular response map 

shown in the inset, high transmission through the GMS is obtained 

only for a narrow set of values of 𝐤‖ determined by the SPP phase 

matching condition.  For incident light propagating on the x-z plane 

[main plot of Fig. 1(d)], the transmission peak is centered near the 

target detection angle p = 45 with a small linewidth  = 6.0° full 

width at half maximum (FWHM) and maximum value Tmax = 53%.  

For comparison, the Fresnel transmission coefficient of the Ge/air 

interface is about Tref = 62%, so that the transmission penalty 

introduced by the GMS is quite small (Tmax/ Tref = 85%).  Additional 

simulation results (not included) show that for s-polarized light the 

GMS transmission is negligibly small (< 0.3%) at all angles, which is 

a consequence of the longitudinal nature of SPPs.  This polarization 

dependence limits the device sensitivity for applications involving 

unpolarized light, although it could also be exploited to enable 

polarization vision for improved imaging contrast. 

The nanostripe array just described essentially behaves like a 

plasmonic-waveguide coupler.  Unlike typical applications of such 

devices, however, here the angular response must be controlled for 

all possible angles of incidence across the full hemisphere, which 

introduces two additional design considerations.  First, the 

nanostripe dimensions must be selected to avoid any periodic 

repetition across the array.  Otherwise, the GMS would 

simultaneously approximate discretized versions of additional 

linear phase profiles (modulo 2) with slopes equal to integral 

multiples of  [14], leading to the appearance of additional peaks in 

the angular response.  Second, it has been shown that a GMS with 

linear phase profile supports driven surface waves whenever no 

radiative channels exist for the reflected light [23].  Such surface 

waves are also excited in the device of Fig. 1 and can potentially 

produce a strong increase in the transmission background at large 

angles of incidence.  In the present work, however, we found that, 

unlike SPPs, these surface waves are predominantly scattered into 

free space before reaching the slits, even for moderate separations 

(960 nm in Fig. 1) between the slit and nanostripe sections.  As a 

result, their contribution to the GMS transmission is quite small [e.g., 

limited to the small bump observed near 75 in Fig. 1(d)].   

The overall device architecture of Fig. 1 was designed building on 

our prior work of refs. 7-9, where directional photodetection was 

achieved through the selective excitation of SPPs by a periodic 

diffraction grating.  Asymmetry in the angular response was then 

introduced by surrounding the grating coupler with slits on one side  



Fig. 2.  Measurement results for a GMS device based on the design of Fig. 1.  

(a) SEM image of the GMS.  (b), (c) Top-view (b) and cross-sectional (c) SEM 

images of a slit section.  (d) Photocurrent measured with the same device 

(red trace) and with a nominally identical photodetector without any 

metasurface (blue trace) versus polar angle of incidence θ on the x-z plane of 

Fig. 1(a).  (e) Measured photocurrent of the same GMS device as a function of 

both illumination angles θ and .  The device bias in these measurements is 

1 V.  The incident light is linearly polarized on the x-z plane with 1-mW power 

at the laser output and approximately 14 W on the device surface.    

 

 

and a nanostripe-array “reflector” on the other, designed to scatter 

all incoming SPPs back into free space.  Compared to these 

diffractive devices, the present approach has several important 

advantages.  First, by removing the reflector section, the pixel size is 

reduced (without sacrificing angular sensitivity), leading to a 

proportional increase in spatial resolution for imaging applications.   

In fact, for the device of Fig. 1(d), the full lateral dimension including 

GMS and slits section is 20.1 m, versus 27.2 m for the design 

reported in ref. 7 featuring the same angle of peak detection p = 45 

and similar (actually larger) linewidth  = 7.6.  Second, the present 

device also provides larger peak transmission [Tmax = 53% in Fig. 

1(d) versus 38% for the same baseline structure of ref. 7], and thus 

higher sensitivity.  This improvement is mostly ascribed to the 

suppressed radiative scattering of SPPs in the presence of the GMS 

linear phase gradient compared to periodic gratings, leading to 

higher SPP coupling efficiency [23].  Furthermore, with the use of 

more complex meta-unit geometries, the GMS platform of Fig. 1 can 

be extended to enable capabilities that are not accessible with 

diffractive devices.  Examples of practical interest include 

broadband achromatic operation, polarization independent 

response, and multifunctional operation such as the simultaneous 

measurement of angle of incidence and polarization.   

The GMS of Fig. 1 was fabricated on the illumination window of a 

Ge metal-semiconductor-metal (MSM) photoconductor.  Scanning 

electron microscopy (SEM) images of a resulting sample are shown 

in Figs. 2(a)-(c).  In the device fabrication process, the SiO2 and Au 

films are deposited by rf sputtering and electron-beam evaporation, 

respectively.  The Au film is patterned by photolithography to form 

the GMS back reflector and the two surrounding MSM electrodes.  

The SiO2 films feature suitably positioned apertures to allow for 

device biasing and current extraction.  The GMS nanostripes are 

fabricated by electron-beam lithography (followed by Au electron-

beam evaporation and liftoff), and focused ion beam milling is used 

to pattern the slits.  It should also be noted that our experimental 

samples consist of a few (7-9) identical repetitions of the structure 

of Fig. 1(a), with each nanostripe-array section surrounded 

symmetrically by two sets of slits [see Fig. 2(a)].  This arrangement, 

combined with a large (300 m) electrode separation, is convenient 

for the angle-resolved photocurrent measurements, because it 

eliminates the need for tightly focused incident light which would 

degrade the angular resolution.  Furthermore, it allows for a more 

conclusive demonstration of the asymmetric angular response of 

the GMS, where no SPPs are excited in the “backward” direction [the 

negative x direction of Fig. 1(a)] which would otherwise cause 

crosstalk and spurious signals in a pixel array. 

The experimental samples were characterized by angle-resolved 

photocurrent measurements with polarized laser light, using the 

procedure described in ref. 7.  The incident wavelength was set to 

1610 nm, selected to maximize the angular detection peak (similar 

results were measured over a small wavelength range of a few 10 

nm, beyond which larger variations were observed).  This optimal 

value is somewhat larger (~ 4%) than the design wavelength 0 = 

1550 nm, which is attributed to small deviations of the device 

geometrical parameters from their target values.  With this 

adjustment, the measurement results are in good agreement with 

the design simulations.  A sharp peak centered at p = 42 with 

FWHM of about 9 is observed in the plot of photocurrent versus 

polar angle of incidence on the plane perpendicular to the 

nanostripes [red trace in Fig. 2(d)].  The angular response map 

across the full hemisphere [Fig. 2(e)] contains a similarly narrow 

region of high responsivity with a characteristic curved shape that 

originates from the phase-matched excitation of SPPs with different 

wavevectors.  The peak-to-average-background ratio in this plot is 

~3 versus ~5 in the GMS transmission map of Fig. 1(d).  This 

difference is mostly ascribed to the finite Au surface roughness in 

the experimental sample, which can scatter some of the incident 

light into SPPs regardless of its direction of propagation (a similar 

background enhancement was observed in the diffractive devices 

of ref. 7).  Finally, the blue trace in Fig. 2(d) was measured from a 

reference sample without any metasurface, but otherwise based on 

the same geometry and featuring similar dark resistance of ~800  

(in these Ge MSM devices the resistance has been observed to scale 

with quantum efficiency, likely due to fabrication-induced surface 

defects affecting the carrier density [7]).  At the angle of peak 

detection, the responsivity of the metasurface device (red trace) is 

as large as 75% of that of the reference sample, reasonably close to 

the predicted transmission ratio Tmax/Tref = 85% discussed above.  

Finally, Fig. 3 shows angle-resolved photocurrent data measured 

with two other devices based on the architecture of Fig. 1(a), 

illustrating the geometrical tunability of the angle of peak detection.   



Fig. 3.  Geometrical tunability of the angle of peak detection p.  (a) Inset: 

photocurrent versus polar and azimuthal illumination angles measured with 

a GMS device designed for peak detection at p = 30.  Main plot: horizontal 

line cut of the color map.  (b) Same as (a) for a different device with p = 60.  

The incident wavelength is 1560 nm in (a) and 1630 nm in (b).   The device 

of panel (a) [panel (b)] produces significantly larger [smaller] photocurrent 

compared to the sample of Fig. 2, which correlates with its larger (smaller) 

dark resistance of over 1000  (less than 20 ) [7].   

 

 

Both samples contain 31 nanostripes with nearest-neighbor 

separation and reflection-phase difference x = 610 nm and x = 

74 in Fig. 3(a), x = 590 nm and x = 20 in Fig. 3(b).  A 

pronounced peak in the angular response is again obtained in each 

plot, with maximum response at p = 30 in Fig. 3(a) and 60 in Fig. 

3(b), in good agreement with the SPP phase matching condition 

discussed above.  The device of Fig. 3(b) also features particularly 

large contrast and flat background, which may be related to its 

smaller phase difference x between neighboring nanostripes.  In 

this case, the desired linear phase profile is more accurately 

approximated by the discretized version implemented in the GMS, 

leading to increased robustness against fabrication imperfections.  

Even sharper peaks can be expected by further optimizing the 

fabrication process to minimize surface roughness and improve 

control of the nanostripe dimensions.   

In summary, these results demonstrate the ability to tailor the 

angular response of generic planar photodetectors through the 

integration of plasmonic GMSs on their illumination window and 

offer general guidelines for the design of suitable metasurfaces.  The 

resulting directional image sensors are promising for multiple 

applications within the growing field of computational imaging.  In 

analogy with extensive prior work in free-space flat optics, we also 

expect that more complex GMSs within the same architecture can 

be developed to enable additional advanced capabilities such as 

achromatic response, polarization independent operation, and 

multifunctional behavior.   
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