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Zalevsky 

Abstract 

Surface plasmons polaritons (SPP) hold great promise for the next generation of fast 

nanoscale optoelectronic devices, as silicon-based electronic devices approach 

fundamental speed and scaling limitations. However, in order to fully exploit the 

potential of plasmonics, devices and material systems capable of actively controlling 

and manipulating plasmonic response is essential. Here, we demonstrate active 

control of the electric field distribution of a micro antenna by coupling SPP to a 

photosynthetic protein with outstanding optoelectronic properties and long range and 

efficient exciton transfer ability. The hybrid bio-solid state active platform is able to 

tune and modulate the optical activity of a micro plasmonic antenna via interaction of 

the bioactive material with plasmon oscillations occurring in the antennae. In 

addition, we demonstrate that the effect of the coupling can be further enhanced and 

controlled by an external potential applied to the micro antenna Photosynthetic hybrid 

system.     

 

Introduction  

Surface plasmon nanophotonics holds great promise for fast data processing due to 

the unprecedented capability of plasmons to enhance light-matter interactions and 

confine light into deep-subwavelength scale.  Plasmon-enhanced nanophotonic 

devices are poised to overcome the limitations of current silicon-based electronic 

devices approaching fundamental speed and scaling limitations
1
. Plasmonic 

nanoantenna
2–5

, waveguides
6–9

 and devices
10–12

 unlock an enormous potential for 

exciting new applications based on surface plasmons polaritons (SPPs). Surface 

plasmon polaritons (SPPs), often abbreviated to plasmons, are collective oscillations 

of the conduction electrons driven by light at the surfaces of metals
13–15

. As such, the 

plasmons oscillate at optical frequencies enabling strongly localized  electric field 

distributions. As plasmons can be confined to regions 100 times smaller than light 

focused to a diffraction-limited spot, they provide an unprecedented means to 

manipulate optical energy at the nanoscale. However, in order to exploit these 



properties, active manipulation of SPP interactions is required. By their very nature, 

SPP fields are strongly confined at metal surfaces and therefore highly sensitive to 

refractive index changes within a few tens of nanometres of the surface
16

. The basic 

idea in active plasmonic systems is to induce transient change in SPP through the 

interface with the dielectric coating. It was shown that by coupling of plasmons to 

electro-optic media, quantum dots, photochromatic molecules, graphene, or phase-

change materials, modulation of the SPP signal can be achieved
16

. Active plasmonic 

devices have the ability to tune and dynamically control optical properties using 

electrical, optical, mechanical or thermal external stimulation.  

In this work, we report the first successful attempt in integration of a photosynthetic 

protein - Photosystem I (PS I), to plasmonic antennae. This protein was chosen due to 

its extended antenna system which captures light efficiently and transfer its energy by 

a quantum coherence highly efficient exciton transfer mechanism, as been suggested 

in recent work
17

. Our hybrid bio-solid state active platform is able to tune and 

modulate the optical activity of a micro plasmonic antenna via interaction of the 

bioactive material with plasmon oscillations occurring in the antennae. We 

experimentally study and simulate the molecular effect on plasmon distribution and 

electric potential of a gold micro electrode coated with various thin films of 

photosystem complexes. Of particular interest is the response of the hybrid system to 

applied voltage in the purpose of having control over the electric field distribution of a 

plasmonic antenna by externally applied voltage. To achieve high spatial resolution of 

the SPP electric field distribution, we use Kelvin Force Microscopy (KPFM) an 

effective alternative method to near field spectroscopy, due to its high spatial 

measurement capabilities. This method allows visualizing localized plasmons and 

their electric field distribution on a single nanometer scale, as previously 

demonstrated by us
18

.  

Results 

The hybrid system. In order to perform a detailed and diverse investigation, we 

utilized four different types of photosynthetic films antenna coatings embedding the 

photosynthetic protein Photosystem I (PS I): 

1. Single PS I monolayer. 

2. Multilayer containing four oriented layers of PS I. 



3. Metal-PS I nano composites of gold colloids hybridized with PS I.  

4. Metal-PS I nano composites of silver nano particles hybridized with PS I. 

Photosynthetic proteins such as the photosystem I are nature’s most efficient light 

harvesting complexes known to exhibit outstanding optoelectronic properties. PS I 

was chosen for this study due to its outstanding optoelectronic properties and its long 

range and efficient  exciton and electron transfer
17,19–23

. PSI is a transmembrane multi-

subunit protein-chlorophyll complex that mediates vectorial light-induced electron 

transfer. 

The PS I used in this study, derived from cyanobacterial membrane, is a nano-size 

protein-chlorophyll complex, which integrates 96 chlorophyll and 22 carotenoid 

pigment molecules in a helical protein membrane complex. It harvests photons with a 

quantum efficiency of ~1, and was found to be stable and photoactive when adsorbed 

in a dry environment
20,24,25

. This efficient and robust system exhibits a quantum yield 

close to 100%, with an energy yield around 58%. The nano-size protein has the 

potential to serve as an active component in optoelectronic devices and have potential 

use in the growing field of hybrid bioelectronics applications in molecular 

optoelectronics, such as a protein based solar cell, a nano energy source to power 

nano electronic circuits, and an efficient sensor for light
26–28

. Recently, we 

demonstrated the feasibility of PS I as an active material in plasmonics to spatially 

modulate light transmission through a metallic microslit
26

.  

 

Hybrid Sample fabrication Self-assembled mono and multi-layers of PS I were 

fabricated by formation of a direct sulfide bond between unique cysteine mutants in 

PS I and the antenna gold surface on chip (Method section). The advantage of this 

technique compared to spin coating is that here the surface of the gold is coated with 

covalently bound material with only a thin (few tenths of nanometer) of organized and 

oriented organic thin film. Multilayers were fabricated by crosslinking of successive 

PS I layers. This technique ensures that the PS I multilayer is covalently bonded to the 

surface in an oriented in a vectorially fashion
26

. Gold and silver PS I nano colloids 

were prepared as previously described
29

. In short, silver or Au ions in buffer solution 

were reduced with sodium borohydride (NaBH4) in the presence of the PS I. The 

reduction caused the formation of hybrid metal-PS I nanoparticles in which the PS I 

protein is embedded within the metal framework. Hybrid nanoparticles were absorbed 



onto the antenna in the same manner as of the isolated PS I. AFM images indicate 

dense coverage of nanoparticles on the surface with thicknesses ranging from 5 nm to 

15 nm for various films (Fig.S1).    

 

Voltage dependent surface potential measurements. The antenna system was 

designed such that it is connected at opposite ends to a micro electrode that enables 

application of voltage to the antenna (see Fig.1). Voltages in the range of 0V to 0.6V 

were applied to one end of the antenna, while the opposite end was grounded. The 

surface potentials (CPD) for the various coatings were recorded for different electrode 

voltages while illuminated with continuous white light source. Results are then 

compared with the uncoated reference antenna sample. Figure-1 shows the surface 

potential of an antenna coated with Ag-PS I hybrid colloids for three different gate 

voltage values. It is seen that the potential is concentrated mainly at the ends of the 

antenna and increases with increased voltage applied to the electrodes. 

Ag-PSI hybrid antenna system 

 

Figure 1: Surface potential (CPD) of Ag colloids-PS I hybrid antenna system at various 

external voltages applied to the electrodes connected to opposite sides of the antenna. Top 

row:  Overlay of the surface potential on topography images of the antenna system. Bottom 

row: Plain surface potential images of the hybrid antenna system.  

Next is the case for an antenna coated with Au-PS I hybrid colloids (Fig.2). Here, a 

similar behavior to the Ag-PS I hybrid colloids is observed where the electric field is 



concentrated mostly at the ends of the antenna. The difference is that for the Au 

coating case, the electric field distribution is more diffused. 

Au-PSI hybrid antenna system 

 

Figure 2: Surface potential (CPD) of Au colloids-PSI hybrid antenna system at various 

external voltages applied to the electrodes connected to the antenna. Top row:  Overlay of the 

surface potential on topography images of the antenna system. Bottom row: Plain surface 

potential images of the hybrid antenna system. 

In the case where the antenna coating is a single PS I layer, the observed effect is 

different (see Fig. S2a). In this case the electric field concentrates at the center and not 

at the ends as in the metal colloid-PS I hybrid case, and increases with increasing gate 

potential. 

For a 4 PS I multilayer coating the situation is similar to that of the single layer 

coating (Fig. S2b) however the formation of multilayer increases the electric field on 

the antenna and the electrodes as well. The surface roughness created by adsorption of 

four PS I layers can clearly be seen in the AFM images (Fig.S1b). 

Last, is a comparison to an uncoated reference antenna. We observe that the reference 

antenna acts as a capacitor with increasing electric field intensity as function of the 

applied external voltage. 

 

 



Uncoated reference antenna 

 

Figure 3: Surface potential (CPD) of the uncoated reference antenna at various external 

voltages applied to the electrodes connected to the antenna. Top row:  Overlay of the surface 

potential on topography images of the antenna system. Bottom row: Plain surface potential 

images of the hybrid antenna system. 

 

The difference in the electric field between the coated and uncoated antenna systems 

is summarized in a graph Fig.S3 (supplementary section). Comparison of the coated 

to the uncoated antenna shows that while the uncoated antenna resembles a capacitor 

with an even potential distribution across the antenna, the molecular coating 

concentrates the potential as dipoles on the antenna depending on the coating 

preference. Another evident difference between the coated and uncoated antennas is 

that the coating reverses the sign of the CPD compared with the uncoated antenna. 

This can be attributed to charge transfer between the metal interface and the coating 

as been previously observed20,24,25. When looking at the difference between the films 

we see that the Ag-PS I and Au-PS I colloids created a dipole, that is, the electric field 

radiates mostly at the ends of the antenna. From the potential cross-sections (Fig.S3, 

top row) and the potential images (Fig.1-2) it is evident that for both coatings the 

potential is concentrated at the ends of the antenna as indicate by the red and green 

arrows for the Ag and Au PS I coatings, respectively. This is in contrast to the 

molecular coating containing no metal colloids where the electric field is mostly 

concentrated at the center of the antenna (Fig.S3, bottom row) as indicated by the blue 



and gray arrows for the single and multilayer coatings, respectively. For all coatings, 

the external applied voltage at the electrodes increases the electric field of the antenna 

where it is concentrated. The enhancement is more pronounced however in the 

molecular system (no colloids) at higher externally applied voltages.   

Simulations 

We simulated the electric field distributions over the coated and uncoated antenna 

systems under white light illumination without voltage bias using commercial 

simulation software Ansys Lumerical FDTD. We placed the antenna on top of a Si 

substrate and located it at the middle of the simulation region (over xy plane) and a 

broadband plane wave source is placed above the structures (+z side) with the 

injection axis parallel to the surface normal (- ). The connectors were also included in 

the simulation model as finite size Au bars. The antenna-connector structure was 

covered with PS I and the Ag and Au nanoparticles were randomly distributed over 

the structure surface when applicable. Unpolarized illumination is applied and field 

distributions were recorded at fundamental planes (See methods for simulation 

details). Overall, the simulations reveal good correlation with the experimental 

results.  

 

Figure 4: Distribution of simulated electric field squared over (a) uncoated antenna 

(b) PS I single layer (c) PS I multilayer (d)Ag-PSI film (e) Au-PSI film. Illumination 

by unpolarized white light with perpendicular incidence is considered in simulations.     



As seen in the Fig. 4a-c, the field is mostly scattered by the antenna. However, from 

uncoated antenna (Fig. 3) to multilayer PS I coated antenna (Fig. S2b), field 

localization over antenna evidently increases with increased PS I content due to 

absorption from PS I (Fig. S4). As seen in the Fig. 4b,c, the localized field distributed 

over both the antenna and connectors and it is stronger in multilayer PS I case than 

that of single layer PS I in accordance with the experimental results Fig. S2. The field 

scattering from antenna is not observed in case of metal-PS I hybrid colloids since Au 

and Ag nanoparticles create strong field confinement on their surface, which 

dominates over other effects as seen in Fig. 4d,e and Supplementary Figure 4. We 

observe in the simulation especially noticeable in the Au-PS I situation (Fig. 4e), 

standing waves with round electric field distribution nearing the edge of the antenna, 

in good correlation with experiment (Fig. 2). The intensity of these concentrated 

electric fields are about 2-3time stronger than of the uncoated antenna in the Au-PSI 

case and ~4 times stronger in the Ag-PS I coating at these specific locations (See Fig. 

S3 top row, indicated by the green and red arrows). This is in correlation with the 

experimental results and interestingly, also in agreement with previous predictions 

and studies
29

 that showed enhancement of light absorption of PS I coupled to Au and 

Ag colloids by a factor of ~2.5 and 4, Respectively. Overall, the simulated field 

distributions (Fig. 4) are in parallel with the Voltage measurements (Fig. 1-2 and Fig. 

S2a,b). Consequently, we attribute the results observed from surface potential 

measurements to field induced exciton generation. The localized field is absorbed by 

the PS I, which creates excitons. Applied DC bias spatially separates the electrons and 

holes, which breaks the binding within excitons and converts them to free charge 

carriers. This, in turn, induces conductivity as seen in Eqn. 1; 

1𝜌 = 𝜎 = 𝑞𝑛𝑒𝑥(𝜇𝑒 + 𝜇ℎ) (1) 

where 𝜌 is resistivity, 𝜎 is conductivity, 𝑞 is electron charge, 𝑛𝑒𝑥 is free charge carrier 

(electron-hole) concentration, and  𝜇𝑒(ℎ) is electron (hole) mobility. To calculate the 

potential distribution, the antenna can be discretized into smaller regional portions 

each having the resistance of 

𝑅 = 𝜌 𝑙𝐴  (2) 



where 𝑅 is the resistance, 𝜌 is resistivity, l is the length, and A is the cross-sectional 

area of the region of interest. The electric potential of a region is calculated as  𝑉 = 𝐼𝑅 (3) 

where V is electric potential, R is resistance, and I is the current. Consequently, the 

voltage distributed with respect to created conductivity (resistivity) distribution. This 

effect can be clearly observed by comparing voltage distribution of bare antenna case 

(Fig. 3) with PS I (Fig. S2a) and multilayer PS I (Fig. S2b) cases. In the case of bare 

antenna, the antenna acts as a capacitor due to absence of conduction between antenna 

ends, whereas in the presence of PS I, the voltage is distributed over the entire 

antenna-connector structure as seen in Fig. S2.   

Discussion 

The PS I due to its extended antenna system with quantum efficiency of 1, has the 

capability to capture light and efficiently transfer it to excitons 
17,26,29

. These excitons 

coupled with SPP, provide strong means to enhance the electric field of the SPP and 

allows to modulate the electric field distribution over the whole antenna system. In 

this work, we have studied four cases in which the PS I acts as the active ingredient in 

a plasmonic micro antenna. Comparing four different coatings, we see that a single 

coating and multilayer coatings, enhance the electric field of the antenna 

concentrating it mostly in the center as can be seen in the experiments (Fig. S2) and in 

the simulation (Fig. 4b,c) . The enhancement increases with the number of PS I layers. 

However, when metal colloids are introduced and coupled with the PS I, the field 

distribution takes a different form. In the case of the Ag and Au PS I colloids, the 

fields mostly localize at the ends (Fig. 1,2 and SI Fig.3) and standing wave modes are 

seen in the simulation, most prominent in the Au-PS I case (Fig. 4e). Similar behavior 

of standing waves formation was observed in the past for light propagation through a 

free standing micro gold slit coated with up to four layers of PS I
26

. In addition to the 

field enhancement, coating with PS I allows to modulate the electric field distribution 

of the antenna by applied voltage, in a non-trivial manner. Comparing to the uncoated 

antenna, we see that while in uncoated antenna applied voltage created a capacitor, in 

which only one side of the antenna is amplified by the electric field along the entire 

antenna length, in the case of coating, the amplification occurs at concentrated 

locations on the antenna which are determined by the exact coating texture and are 



enhanced with increasing voltage. The localization of the electric field over the 

antenna and its enhancement is attributed to the PS I role, acting as a nano-antenna 

that captures light efficiently and its extensive ability to generate excitons. To 

summarize, in this work we demonstrate how a bio-optical active protein that possess 

highly efficient exciton transfer mechanism, can be integrated in various ways into a 

micro plasmonic antenna. The integration allows to control electric field distribution 

of the plasmonic antenna and actively enhance electric field by external application of 

voltage. This work reports a new physical effect and opens a path to lead variety of 

novel breaking through applications such as the potential of this hybrid bio-solid state 

active platform to act as a Bolean logic gate to control optical output signals from 

plasmonic antenna in optics communications systems.  

Methods 

Fabrication of the micro antenna on chip. SiO2/Si sample was spin-coated with 

double layer  electron-beam resist, PMMA 50K A4 at 5000rpm / PMMA 200K A6 @ 

5000rpm providing thickness of 100  / 100 nm.  Each PMMA  layer was subsequently 

baked for 120 s on a hot plate at 180C. The desired pattern was exposed using a 

CRESTEC CABLE-9000C high-resolution electron-beam lithography system using 

2nAmp, 0.2u-sec for the external pads, and 10pAmp, 0.9u-sec for the plasmonic 

antenna.  Then the samples were developed for 40 s using methyl isobutyl ketone 

(MIBK) and rinsed with IPA. The samples were subsequently exposed to Ar plasma 

to etch 10 nm in order to remove leftovers from the pattern, and 2 nm Cr and 18 nm 

Au, were evaporate using BESTEC thermal evaporator and then immersed in 180 Khz 

ultrasonic bath with NMP for 3 h for resist liftoff. The fabrication resulted I in an 

array of 20 antennas 1.5µm in length and ~100nm wide (see Fig.S1). Unique cysteine 

mutants were induced by site-directed mutagenesis in the psaB and psaC genes of 

photosystem I (PSI) from Synechocystis sp. PCC 6803 resulting in D235C/Y634C 

(Fig.S5) as earlier described. PSI was isolated from thylakoid membranes by 

solubilizing with n-dodecyl -D-maltoside (-DM) and purification on DEAE-

cellulose columns and on a sucrose gradient
24

. The structure of Synechosystis sp. PCC 

6803 was taken from PDB 6hqb
30

. 

 



Adsorption of PSI to the antenna. Adsorption of PS I monolayer was achieved by 

first cleaning the chip by Ar and O2 (50%:50%) plasma. The chip were then washed 

in ETOH for 2 minutes, dried and placed in a concentrated solution of PS I for half an 

hour under illumination and then washed in buffer and deionized water. Multilayers 

were fabricated by crosslinking of successive PS I layers. This technique insures that 

the PS I multilayer is covalently bound to the surface in an oriented vectorially 

fashion.  

Surface potential measurements. We used the lift-mode Kelvin probe force 

microscopy (KPFM) based on dual-line scan imaging, where a lift height of 30 nm 

was used to avoid interference from the topography. The topography height images 

were recorded simultaneously with phase and surface potential maps, which were 

compiled from the amplitude-modulated (AM)-KPFM measurements. All 

measurements were performed using Dimension Icon AFM system with NanoScope 

V controller (Bruker) at room temperature in inert atmosphere, when the system is 

located in the glovebox with oxygen level less of 0.1%.  

For KPFM measurements, we used a rectangular, Pt/Ir coated SCM-PIT (Bruker, 

CA,USA) probe with resonance frequency of 45-100 kHz and spring constant of 4 

N/m. To map CPD of the sample, we apply both AC voltage (VAC) and a DC voltage 

(VDC) to the AFM tip. VAC generates oscillating electrical forces between the AFM 

tip and sample surface, and VDC nullifies the oscillating electrical forces that 

originated from CPD between tip and sample surface. The antenna was excited using 

the white light of the KFM microscope. 

The images were captured in the retrace direction with a scan rate of 1.5 Hz. The 

resolution of the images was 512 samples/line. Nanoscope Analysis Software was 

used for analysis of the images. Before analysis of the images, the “flatting” and 

“planefit” functions were applied to each image.  

Characterization of film. To verify adsorption of the molecular films the samples 

were scanned and topography images of the surface were taken. In all cases, the scans 

indicate good adsorption and the formation of dense layer of molecular film with a 

thickness ranging from 5 to 15nm. The surface topography of the various coated 

samples and uncoated reference antenna is shown in Fig. S1b.  

A line scan taken across the electrodes (Fig. S1c) shows that the height of the bare 

uncoated electrode is 26nm±0.6nm. With the organic coatings it amounts to: 



30nm±0.8, 34nm±0.9nm, 36nm±1.2 and 41nm±1.8nm for the single PS I layer, Ag-

PS I colloids, Au-PS I colloids and PS I multilayer, respectively.    

Optical Simulations. The optical simulations were performed using commercial 

simulation software Ansys Lumerical FDTD. A broadband plane wave source is 

placed above the structures (+z side) with the injection axis parallel to the surface 

normal (- ). Unpolarized incidence results are obtained from the superposition of 

simulations performed with both x- and y-polarized illumination. PML boundary 

conditions were applied at ± 𝑧 boundaries, and periodic boundary conditions were 

applied at ±x and ±y boundaries. The structures are placed on the x-y plane on top of 

a Si substrate that is placed under the structures (-z side).  The Si substrate is 

embedded into PML layer. Near-field field and power monitors were used to obtain 

the electric field and absorption distributions. For the material models, Johnson-and-

Christy’s model is used for Au31, Palik’s model used for Si substrate32
, and our 

previously published data is used for PS I
26

. 
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