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Abstract

The polarization state of an optical field is central to applications in optical commu-

nications, imaging and data storage as well as furthering our understanding of biological

and physical systems. Here we demonstrate two silicon photodetectors integrated with

aluminum nanoantennas capable of distinguishing orthogonal states of either linearly

or circularly polarised light with no additional filters. The localised plasmon reso-

nances of the antennas lead to selective screening of the underlying silicon from light

with a particular polarization state. The planar device, fully compatible with conven-

tional CMOS fabrication methods, incorporates antennas sensitive to orthogonal states

of polarization into two back-to-back Schottky photodetectors to produce a differen-

tial electrical signal that changes sign as the polarization of an incident optical beam

changes from one basis state to the orthogonal state. The non-null response of the

devices to each of the basis states expands the potential utility of the photodetectors

while improving precision. Each device is wrapped into a spiral footprint to provide

compatibility with the circular profile of conventional optical beams and has an overall

diameter of 50 µm. The sensitivity of these devices is demonstrated experimentally
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over a wavelength range from 500 to 800 nm establishing their potential for integration

into a wide range of optical systems.
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Polarization is a fundamental property of electromagnetic radiation that can be used to

probe biological1 and physical2 systems, as a channel for data transport and storage and as

basis states in quantum computing.3 Polarized light microscopy can elucidate information

about orientational order within cells below the diffraction limit4 or strain and variations in

crystal geometry in materials. The use of different polarization states can be used to increase

the storage capacity in optical data storage systems5,6 and the potential for using polariza-

tion to increase the bit rate and data security in optical telecommunication systems7–9 is

well-known. Conventional detectors, however, are sensitive to only the intensity of an elec-

tromagnetic wave and additional optical elements such as waveplates, polarizers and liquid

crystal devices are required in the beam path to determine the state of polarization of the

field. Such components are bulky and can compromise the speed and cost of optical systems

and limiting their utility.

In response, there has been a significant investment of effort into the miniaturization of

optical elements including lenses,10,11 waveplates12,13 and polarization filters14 using plas-

monics relying on the excitation of propagating or standing waves on the boundary between

a dielectric and a metallic particle or surface. This effort has largely centred on passive

optical devices due to the relative ease of fabrication and characterization compared to ac-

tive optical devices. Recently, however, novel plasmonic nanoantennas have been used in

conjunction with Schottky and PIN photodetectors.15–18 The role of the nanoantennas in

these cases include increasing sensitivity,17 the broadening of the operating range via hot

electron injection16 or polarization selectivity.15 Polarization sensitive photodiodes found in
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the literature tend to respond directly to only one polarization state and have a null or

suppressed response to the other. The device demonstrated in,15 for example, generates a

measurable photocurrent for only one of the circular polarization states.

Ch A

Ch B Ch B

Ch A

Figure 1: Schematic representation of two spiral MSM photodetectors with rectangular (left)
and chiral (right) nanoantennas.

Here we propose and experimentally demonstrate intregated devices using planar metal-

semiconductor-metal (MSM) photodiodes incorporating tailored arrays of plasmonic nanoan-

tennas in the active region of each photodetector that are capable of discriminating between

optical signals with different polarizations. The device utilizes a differential detection tech-

nique19–22 which has been shown to significantly improve the robustness of physical systems

to noise. The technique involves using two complementary signals and creating a differen-

tial response in the detector rather than relying on independent outputs. Therefore, the

detector generates a null response only for unpolarized light. The use of aluminum provides

broadband performance across much of the visible spectrum. In this paper we fabricated

two photodetectors incorporating nanoantennas with a tailored sensitivity to different polar-

ization states. We experimentally demonstrated the ability of each detector to distinguish

between either linear or circular polarisations of incident light. The devices are fully com-

patible with standard CMOS fabrication techniques and the approach presented here could

be extended to the extraction of more comprehensive polarization information from an op-

3



tical field in the form of Stokes parameters as well as exotic polarisation states (for example

azimuthal or radial polarization) or different properties such as wavelength or phase. As a

consequence, the work presented here demonstrates the potential for a new generation of

compact, low-cost detectors which could be used in future optical systems.

Design

Utilization of plasmonic nanoantennas - the analogue of conventional antennas for optical

frequencies - permits the creation of metasurfaces sensitive to particular polarization states of

light. The electromagnetic properties of such surfaces can be tailored by varying the geometry

and constituent materials.23 Most metasurfaces that consist of nanoantennas with a broken

symmetry are intrinsically sensitive to the state of linear polarization of an electromagnetic

wave. The simplest and the most widely used antenna shape is the rod which behaves

as an electric dipole. Such a geometry has two lower order plasmonic resonances (with

dipole moments directed along the short and long axis) that depend on its longitudinal and

transverse dimensions. Creating a composite antenna consisting of two appropriately located

and oriented nanorods can create an antenna sensitive to other polarization states such as

left and right circular polarization.24 When a metasurface with these properties is placed in

front of an active region of photodetector it behaves as a polarization sensitive filter making

this detector sensitive to one of the polarization states.
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Figure 2: Schematic representation showing both channels of photodetectors integrated with
nanorods to sense either linear (left) or circular (right) polarization states (a). Active areas
of channels (A and B) are formed between common and signal contacts. A band diagram
under bias and a circuit diagram of each photodetector are shown on (b). Ev, Ec and EF

are valence, conduction and Fermi energy levels respectively. Experimental setup used to
obtain wavelength-dependent differential photocurrent measurements (c).

As previously discussed, to permit a differential response two separate channels in each
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photodetector are required. These channels should have a different response to the orthog-

onal polarization of the incident light. In this paper we present two photodetectors capable

of distinguishing polarization states of either linearly or circularly polarised light (Fig.2).

Each photodetector consists of three planar Al contacts twisted in a spiral (see Fig.1) to

spatially match the circular beam profile used. Furthermore, the overall circular shape of

the detector opens up the possibility of differentiating cylindrical vector beams25 and other

orthogonal beams. The width of the contacts and the spacing between them were chosen to

be 1.25 µm and 1.5 µm respectively. The diameter of the photodetector is 50 µm. Each con-

tact forms a Schottky barrier with the Si substrate. Taking the middle contact as common,

the whole structure represents two metal-semiconductor-metal (MSM)26 photodetectors con-

nected back-to-back (see Fig.2b). Such a configuration can operate only under reverse bias.

A schematic showing the double MSM photodetector band diagram under bias is shown on

Fig.2b. The biasing of the photodiode’s contacts leads to the presence of an electric field

gradient in the semiconductor substrate. Every electron-hole pair generated by absorption

in Si (in the case where hν > Eg) will be swept by this electric field to the electrodes, thus

creating a photocurrent.
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Figure 3: Scanning electron microscope image of the spiral photodetector (a). Nanoantennas
are absent between two signal contacts. The active regions with square (b), rectangular (c)
and chiral (d) nanoantennas respectively. The scale bar for image (a) is 10 µm and 1 µm
for images (b),(c),(d).

The photocurrent in each photodetector is determined by direct absorption of photons in

their active regions. The number of photons transmitted into the Si and, hence, absorbed,

is sensitive to the presence of nanoantennas on the surface and depends on their geometry.

If the orientation of the antennas between each pair of contacts is different, there will be an

imbalance between the photocurrents generated between each pair producing a polarization-

dependent differential signal. The responsivity Rq(λ) of each photodetector,27 therefore, is

affected by the spectral response16 of the metasurface:
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Rq(λ) = η0
L

L+W
(1 − e−α(λ)d)Sq(λ) (1)

where λ is the wavelength and q describes the polarization state of the incident field, α(λ)

is an absorption coefficient of Si, d is the thickness of the MSM absorbing region, η0 is a

internal quantum efficiency, Sq(λ) is the spectral response of the metasurface to polarization

state q, L and W are the finger spacing and width respectively.

To tailor the sensitivity of each channel, nanoantennas were placed inside the photodetec-

tor’s active regions (see Fig.3a). Each nanoantenna array responds to a different polarization

state. In our design we used two different sets of nanoantennas. This produces a photode-

tector sensitive to orthogonal states of either linearly (Fig.3c) or circularly polarised light

(Fig.3d). We also designed a photodetector with square nanoantennas (see Fig.3b) as a

control.

The polarization sensitive metasurfaces consist of arrays of Al nanoantennas. We used

single rectangular rods with a length of 95 nm and width of 45 nm to distinguish different

states of linear polarization. We used a superposition of two 45 nm wide rods with lengths

of 90 nm and 110 nm respectively to create a single layer chiral structure which responds

differently to left and right circular polarization. These two rods were oriented at 45◦ to each

other to maximise their chiral response.24 To reinforce the role played by the nanoantenna

geometry we also investigated a polarization insensitive control consisting of arrays of square

nanoantennas of side 95 nm. We chose the spacing between these antennas to be 300 nm in

both directions preventing near-field coupling. Nanoantennas and contacts were deposited

in the same fabrication step (see methods) and all have a thickness of 85 nm.

Experimental results

The experimental setup is shown in Fig.2c. Half (HWP) and quarter (QWP) wave plates were

used to control the linear and circular polarization states of the incident light to determine
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the detector’s responsivity. We performed a wavelength sweep from 500 nm to 800 nm with

25 nm step and 10 nm bandwidth. The photodetector was illuminated through a microscope

objective with NA 0.4 to produce a spot matching the approximate size of the photodetector.

The amplified photocurrent was recorded as a function of the rotation angle of the waveplates.

A mean power of 2.5 µW (see Characterisation section for more information) and bias voltage

of 3 V were maintained at each measurement during the experiment.
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Figure 4: An IV characteristic showing the differential photodetector’s channel in darkness
and under illumination (a). Generated photocurrent as a function of an incident power (b).

An I-V characteristic of one arm of the differential photodetector with square nanoanten-

nas is shown on Fig.4a. Since this detector consists of two back-to-back Schottky diodes, the

characteristic has no forward bias region. A slight asymmetry of the curve for positive and

negative bias can be explained by possible contamination of the surface during fabrication or

defects introduced when bonding the sample into a chip carrier. The photocurrent generated

by the photodetector as a function of the incident laser power at 625 nm wavelength and

3 V bias is shown on Fig.4b. Each channel of the photodetector was found to have a total

responsivity of approximately 0.08 A/W.
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Figure 5: Normalised photocurrent maps of a photodetector with rectangular nanoantennas
obtained with orthogonal polarization states of the light. The nanoantennas of channel A
and B are oriented along x and y axis of the graph respectively. The maximum photocurrent
appears when the incident electric field is perpendicular to the long axis of the nanoantenna.

To illustrate the principle of operation and demonstrate device performance we obtained

photocurrent maps of a spiral differential photodetector with nanorod antennas (sensitive

to linearly polarized light) using scanning photocurrent microscopy (SPCM).28 The spatial

position of the highly focused polarised beam was correlated with the photocurrent generated

by each channel of the photodetector (Fig.5). These currents were then normalised and

plotted together on the same scale. As can be seen in Fig.5 the photocurrent generation

in each channel is different for each linear orthogonal polarization state. If the polarization

of the incident light is parallel to the long axis of the nanorods (p polarization for Ch A)

then there is a maximum in reflection from them resulting in lower photocurrent generation.

This is in contrast to the hot electron generation regime when the photocurrent increases

as a result of the higher absorption in nanoantennas.16 Although this effect is also present

in our device it is negligible due to the much lower efficiency compared with direct photon

absorption in Si. The photocurrent generated outside the photodetector active area is much

lower since for MSM photodetectors the maximum in the electric field gradient appears

between the contacts. The light blue lines represent the increase of the photocurrent when

the area near the metal contacts is illuminated with a focussed beam. Such behavior can

be explained by electron-hole pair generation within the depletion region of each Schottky

photodiode which has a width of less than 300 nm for the materials used.29
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The normalised photocurrent at a wavelength of 625 nm produced by each photodetector

integrated with either rectangular or chiral sets of nanoantennas is shown in Fig.6a,b,c as a

function of HWP or QWP rotation angle respectively. Due to fabrication imperfections, each

channel of the photodetector has a small variation in dark current. This results in a different

offset of the output signal. For normalization purposes the dark current of each channel was

subtracted from the output signals. A full rotation of a HWP takes 8 min during which

the laser source exhibited significant intensity fluctuations (random changes in the output

signal Fig.6a). The photocurrent from the detectors can also vary due to heating of the

sample during measurements (a constant slope of the signal Fig.6b). These fluctuations

are reflected in the raw signals (see Fig.6a,b,c) from both photodetectors. Although the

average value of the signals from each photodetector individually varies, the differential

photocurrent (see Fig.6d,e,f) has a relatively constant mean. Since the variation of power

affects both photodetectors and remains in-phase, a simple subtraction of photocurrents

eliminates the influence of this type of noise. An optical system utilizing differential spiral

photodetectors, therefore, is relatively insensitive to fluctuations in signal intensity compared

with conventional devices. This significantly increases a signal-to-noise ratio30 and, therefore,

opens up the possibility of higher communication speeds.

A nanorod antenna has a polarization response of a simple electric dipole oriented parallel

to the long-axis of the rod. The maximum in its induced dipole moment appears when the

electric field of the incident beam is directed parallel to the long axis of the rod (s and

p polarized light, see Fig.6g). As can be seen from Fig.6d in the case of the array of

rectangular nanoantennas the differential photocurrent follows Malus’ law. At the same

time, the difference between the two channels in the case of square nanoantennas (Fig.6e,i)

remains zero for all polarization states. Such behavior can be explained by the absence of a

polarization dependence in symmetric plasmonic nanoantennas.
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Figure 6: Normalised photocurrent affected by a signal power fluctuation from both channels
of photodetectors with rectangular (a), square (b) and chiral (c) sets of nanoantennas. As
can be seen, differential photocurrent of each photodetector (d),(e),(f) is not affected by
this type of noise. Figure (g),(i) and (j) show the amplitude of the differential signal at
each orthogonal state of polarization. The rotation of HWP and QWP are relative to the
fast axis of the polariser.

In the case of the chiral metasurface (Fig.7f), the differential response is a result of two

phenomena. The superposition of two rectangular nanoantennas oriented at 45◦ to each

other has a net dipole moment which is rotated 22.5◦ counter- or clockwise (depending on

the structure) relative to the longitudinal dimension of each rod. The rotation of a QWP

changes the polarization of the beam from linear through elliptical to circular. In this case

the effective linear component of the elliptical polarization state varies from -22.5◦ to 22.5◦.

The maximum difference of the photocurrent occurs when the effective linear polarization

angle matches the net dipole moment of the chiral structure. At the same time the differential

photocurrent changes for left and right circularly polarised light (see Fig.6j). As expected,
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the chiral response is weaker compared to the linear due to the chiral dichroism for 2D

structures used is around 10-15%.24
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Figure 7: Differential signals at different wavelengths for photodetectors with rectangular
(a), square (b) and chiral (c) nanoantennas (the solid lines are polynomial fits of experimen-
tal data to guide the eye). The side graphs show root mean square values of photocurrent
and reflect a differential responsivity at each wavelength.

The differential responses of photodetectors with rectangular, square and chiral nanoan-

tennas for a range of wavelengths 500 nm - 800 nm is shown on Fig.7a,b,c. The insets in

Fig.7 show root mean square values of photocurrent and reflect a differential responsivity at

each wavelength. The use of Al as a material for the antennas leads to a relatively broad

plasmonic resonance31 compared with other metals such as silver and gold. Although in most

applications this is an unwanted characteristic, in the case of polarization differential sig-

naling it significantly reduces the sensitivity of the photodetector to signal wavelength drift

and permits the use of the same design for each channel in wavelength division multiplexing

systems. Operating at frequencies outside of the plasmonic resonance (below 575 nm) leads

to a proportional decrease in metasurface polarization sensitivity. This fact explains the

lower amplitude of the differential signal for short wavelengths. The decrease in amplitude

at wavelengths above 750 nm can be explained by the decrease in absorption coefficient in
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Si at these frequencies (see Eq.1).

Conclusion

We have demonstrated a compact, fully CMOS compatible plasmonic metasurface-enabled

photodetector suitable for differential determination of orthogonal polarization states of light.

Here we demonstrated the performance of two antenna designs suitable for the detection of

states of either linear or circularly polarised light. Utilizing the spiral design presented here,

the differential photodetector can potentially be applied, along with a suitable antenna de-

sign, to determining other polarization states of light, such as spatially modulated radially

and azimuthally polarised optical beams.32 The differential nature of the photodetector en-

sures that in-phase noise associated with changes in incident intensity, thermal or operating

frequency fluctuations are strongly suppressed in the measured photocurrent difference. Sub-

stituting Si with a lower band gap semiconductor would open up the potential of producing

a device that could operate at near-IR wavelengths. This photodetector design, therefore,

could play a role in future telecommunication systems permitting increased operation speeds

and even higher channel multiplexing densities due to improved signal-to-noise ratios. Fur-

thermore, the concept presented here also lends itself to the development of devices for the

full determination of the Stokes parameters of an incident field and, taking advantage of

recent developments in the design of metasurfaces for sensing wavelength33 and phase,34 the

concept could be extended to extraction of other information from optical fields.
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Methods

Simulations

Finite element method (FEM) analysis, implemented in COMSOL Multiphysics 5.1 with RF

module, was used to simulate the resonance of different metasurfaces. Periodic boundary

conditions in transverse and longitudinal directions were used in models to understand the

effect of diffraction in case of array of nanoantennas. Scattering boundary condition below a

1 µm thick layer of Si terminated the model. The optical properties of Al used in the model

were taken from experimental data for bulk material.35

Fabrication

Photodetectors were fabricated on low doped (bulk resistivity ρ = 1− 10 Ω·cm) [100] n-type

silicon wafer. Aluminium was used as a material for MSM contacts as well as nanoantennas.

Such a choice of materials allows full compatibility with CMOS technology together with a

low fabrication cost. The wafer was spincoated with 240 nm PMMA 950k resist and then

exposed to create structures using a 100 kV EBPG5000+ electron beam lithography system.

The pattern was developed in 1:3 MIBK:IPA solution for 1 minute. The native oxide layer on

the silicon substrate was stripped using 4% hydrofluoric (HF) acid and immediately loaded
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into IntlVac NanoChrome II e-beam evaporator. The aluminium layer with a thickness of 85

nm was deposited at 0.7Å/s. After evaporation a lift-off step in pure acetone was performed.

During the lift-off process the solution was heated to 60 ◦C. A wet dicing saw (Disco DAD321)

was used to separate the photodetectors for packaging in a ceramic PLCC20 package.

Characterisation

A Fianium SC450 supercontinuum white light source was used to characterise the samples.

It was coupled with a Fianium SuperChrome VIS tunable filter to change a wavelength for

measurements. A combination of polariser with half and quarter wave plates were used to

produce and alter linear and circular polarization states respectively. HWP AHWP05M-600

and QWP AQWP05M-600 were fixed in a Thorlabs PRM1Z8 rotation stage. Utilisation

of Nikon CFI Plan Fluor x20 long working distance objective permitted the uniformly il-

lumination of the entire photodetector area. A polarization insensitive 50:50 beam splitter

(Thorlabs BS013) was used to align the beam. After alignment it was withdrawn from the

system. A pair of transimpedance amplifiers were designed and fabricated to work with the

differential photodetector. The amplification coefficient was fixed on both channels and set

to 106. A Keithley 487 source meter was used for precision biasing. The signal from the

amplifiers was then sampled by a National Instruments USB-6343 DAQ. For SPCM mea-

surements a Thorlabs S1FC635 fiber-coupled diode laser and Nikon CFI Plan Fluor x50 long

working distance were used to obtain a spot size of 1 µm. The resolution in both x and y

directions was of 200 nm.
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