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Abstract

This thesis concerns the measurement and characterization of the Surface Plasmon

Drag Effect (SPDE) in metallic structures and its application to the electrical detection

of surface plasmon polaritons (SPPs). We demonstrate that SPPs absorbed in a metal-

lic structure generate an electric current, which polarity depends on the propagation

direction of the absorbed SPP, without the need of any applied voltage. We investigate

the effect in gold and silver thin films of different thickness and on various metallic bi-

layers, which are deposited on right angle prisms and hemispheres to allow coupling of

light to SPP through the Kretschmann-Raether configuration. We then simultaneously

measure the angular spectrum of the reflected light and the electric current generated

by the effect. The accuracy of the experiment allow us to determine the effect effi-

ciency and thus to quantitatively compare different samples. In an attempt to clarify

the mechanism giving rise to the current generation, we compare our experiments with

existing models of the Photon Drag Effect (PDE). This is a similar phenomenon medi-

ated by photon absorption where the current is the result of momentum transfer from

the photon to conduction electrons. We find that the model qualitatively predicts our

results and thus SPDE can be interpreted as the result of quasimomentum transfer

from SPPs to the electrons, but care must be taken for considering the prediction of the

model quantitatively. In addiction, we discovered that the effect shows local efficiency

enhancement and even change of the current polarity in the presence of films with

defects. Those results suggest a different interpretation to previous literature results

and overall deepen the understanding of the phenomenon. A clear comprehension of

the mechanisms leading to current generation is crucial for designing future applica-

tions in sensing and photonic circuitry. Despite the low efficiency in the visible range,

in fact, this effect can be attractive since it promises to have an ultrafast response, to

retain its sensitivity at longer wavelengths and has the peculiar ability of sensing the

propagation direction of the SPP.
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Chapter 1
Introduction

The pursuit of optical digital technology is one of the preeminent goals of modern re-

serarch. The use of photons, rather than electrons, to process information could offer

unprecedented computational capability for future computers, tackling the limitations

imposed by electron transport in present circuits [1–3]. Merging the micro-world of

photonics with the nano-world of electronics is challenging, because shrinking the di-

mension of photonic components is hindered by the diffraction limit. Surface Plasmon

Polaritons (SPPs) have been shown to be capable of strong photonic field confinement

and waveguiding [4–8] at the nanoscale, below the diffraction limit, and thus promise

to be the elective technology for carrying information in future optical circuits. Direct

electrical detection and emission of SPPs is crucial if one wants to achieve a practi-

cal plasmonic nanocircuit, because coupling conventional optoelectronic devices with

plasmonic waveguiding would cause delays, signal attenuation and excessive volume

of the overall system [9]. This has encouraged research in this direction and led to

the development of SPP detectors [10–14] and emitters [15–17], along with logical

elements such as modulators and switches [18–21] and fuelled the exploration of non-

linear plasmonic effects [22–24].

It has recently been demonstrated [25–27] that light absorption due to SPPs sup-

ported on a metal film provides an electrical current dependent on the direction of the

SPP wave vector. This can be termed Surface Plasmon Drag Effect (SPDE), in anal-

ogy to the Photon Drag Effect (PDE) which is a similar phenomenon well known in
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semiconductor physics. An enhanced efficiency has also been predicted in systems

with field confinement below the metal skin depth [28], such as metal nanowires, and

detection of circularly polarized light’s angular momentum [29] has been achieved. No

theoretical models employed so far, to the best of our knowledge, have been able to

quantitatively predict the experimental results in the literature. In addition, a model

based on momentum conservation [30, 31] in some cases underestimates the exper-

imental data [25] and in others overestimates it [26]. Literature results also show

features that cannot be explained on the grounds of the momentum transfer theory,

suggesting the need for a more accurate investigation of the SPDE.

We fabricate silver and gold structures on the flat surface of hemispheres and on

the hypotenuse surface of right angle prisms to allow SPP excitation on the silver-air

interface via the Kretschmann-Raether configuration[4, 5, 32]. The stripes are electri-

cally connected to a low impedance current amplifier and both sample reflectivity and

the generated current are simultaneously recorded as a function of light’s angle of inci-

dence θ using a lock-in system. We chose to use low power laser excitation in the CW

regime, whereas all experimental reports so far, to the best of our knowledge, have

employed pulsed laser excitation with power densities in the range of MW/cm2 and

therefore studied the high power, high speed response of the effect. This allows us to

fabricate a very low impedance electrical detection setup so that the generated current

can be measured without significant signal attenuation. This would be relevant even in

the case of a load impedance as low as 50Ω because the metal stripe resistance is of the

order of a few Ω, as has been proved by test experiments. Direct electrical detection of

SPPs and plasmon enhanced photodetection is readily achieved and combining it with

the simultaneous measurement of the reflectivity we are able to accurately asses the

efficiency of the effect. We show that the SPDE is linear with the absorbed power and

that the electrons are pushed in the direction of propagation of the absorbed SPP. The

effect is only visible when the incident light is p-polarized with respect to the sample

surface and disappears with s-polarization. The internal efficiency has the same po-

larity and similar value between angles where the SPP is coupled and off-resonance,

suggesting that, on the SPP modal confinement range under study, the SPP-mediated
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process giving rise to current generation is similar to that mediated by photons. This

evidence is in contrast with the experimental results shown in previous reports [26],

and we believe that the difference might be due to local effects. In fact, we discovered

that there can be local enhancement and polarity change of the current in the presence

of sample irregularities such as defects, which are often present on the sample edge.

We were able to distinguish those local effects from the SPDE because the low power

excitation regime allows the use of a small spot size, whereas in the literature experi-

ments the spot is larger than the stripe. Once we characterize the efficiency of single

metallic layers, we move to the investigation of metal bi-layers. Results on several

multilayer structures suggest that the SPP field distribution and metal resistivity play

an important role in the determination of the efficiency of the effect.

We compare our measurements with the photon drag hydrodynamic model [30, 31],

and find that it correctly predicts the effect directionality and linearity with absorbed

power, but lacks quantitative agreement with the measurements. To test the model

further, we study the dependence of the current on incident power density and discover

that the only variable of importance in the determination of the current is the incident

power and not its density. This is in contrast with what would be qualitatively expected

from the model as it is applied in the literature. These results suggest that the model is

appropriate for an intuitive description of the phenomenon, but additional care has to

be taken in its application for describing the SPDE.

This thesis is divided in two chapters providing the theoretical background for the

understanding of the phenomenon, and three chapters illustrating the various experi-

ments performed to study it, along with results and discussions. Chapter 2 provides

an introduction of surface plasmon polaritons and the coupling technique used in this

study. An overview of the existing methods for electrical detection of SPPs will also

be provided. Chapter 3 is devoted to the physics of the photon drag effect (PDE). It

will also show similar effects where electric currents are generated by electromagnetic

forces acting on free carriers, and how the PDE is different from those. The surface

plasmon drag effect results so far present in the literature will be illustrated and dis-

cussed. In chapter 4 we will demonstrate the electrical detection of SPP via the SPDE
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and accurately describe the experimental setup which allowed us to obtain such re-

sult. Chapter 5 will make use of the basic results of chapter 4 to extract qualitative

and quantitative informations on the SPDE in single layers. The resulting data will

then be critically discussed in the framework of the hydrodynamic model. In chapter 6

we will describe the measurements on bi-layer sample and illustrate the limits of the

hydrodynamic model in those cases. Furthermore, we will compare those with theo-

retical simulations of the field distribution of the SPP in the structures. We will also

investigate the power density and resistance dependence of the efficiency and critically

analyse the local changes in the response that we attribute to sample defects.



Chapter 2

Physics of surface plasmon polaritons

This chapter introduces the theory of surface plasmon polaritons (SPPs). The physical

reasons behind their attractive features, such as sub-wavelength field enhancement and

confinement, damping mechanisms, coupling techniques will be illustrated. Specifi-

cally, in section 2.1 the concept of plasmons will be introduced, with focus on bulk

plasmons. Section 2.2 is devoted to surface plasmon polaritons existing on interfaces

between semi-infinite metal and dielectrics. In sections 2.3 and 2.3.1 the derivation

is then deepened into the cases of symmetric and asymmetric metal-insulator multi-

layer structures, particularly highlighting the different characters existing in different

structures. After this basic introduction to SPPs, section 2.4 will focus on their op-

tical coupling and detection via grating and prism coupling, with particular focus on

the latter. In the final section 2.5 there will be an overview on the existing literature

concerning the electrical detection of SPPs.
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2.1 Bulk plasmons

To introduce Surface Plasmon Polaritons, it is important to first describe Bulk Plas-

mons.

Let us think of a plane wave, described by [4]

E(r, t) = Re
[
E0 exp[i(k · r−ωt)]

]
. (2.1)

When it interacts with the metal, electrons will be driven by Coulomb interaction

with this electric field E(r, t) to oscillate. As they move, they will scatter with the

other electrons and the lattice, resulting in a damping term γ = 1/τ in the distribution

of their velocities, where τ is the average time for a scattering event to occur. If the

wavelength of the wave is much longer than the unit cell and the electron mean free

path, we can look for a spatially local response and thus, in the interaction, ignore the r

dependence of the electric field, so that E = E(t). Therefore we can write the equation

of motion for the electrons:

F(t) =−eE(t) = mr̈+mγ ṙ (2.2)

where e and m are the electron charge and mass, respectively. One particular solution

for this equation is

r(t) =
e

m(ω2 + iγω)
E(t). (2.3)

which leads to a polarization field P =−ner and is explicitly

P(t) =−ne
e

m(ω2 + iγω)
E(t). (2.4)

From Maxwell Equations, we know that P is connected to the electric displacement

field D and the electric field E through

D = ε0E+P = ε0ε(k,ω)E (2.5)

where ε0 is the vacuum permittivity, ε(k,ω) is the relative dielectric function of the

material [33]. Again, since we are looking for a spatially local response we can ignore
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the k dependence on the dielectric function, so that ε(k,ω) = ε(ω). We can therefore

substitute (2.4) into (2.5) yielding

D =

(
ε0−ne

e
m(ω2 + iγω)

)
E = ε0ε(ω)E (2.6)

It is thus straightforward to get an expression for the dielectric function of the material

ε(ω) = 1− ne2

ε0m(ω2 + iγω)
= 1−

ω2
p

ω2

(
1

1+ i
ωτ

)
. (2.7)

Where we used γ = 1/τ and we introduced the plasma frequency of the free electron

gas [34]

ωp =

√
ne2

ε0m
. (2.8)

It is clear from (2.7) that when ω >> 1/τ , which is when the damping can be ignored

in the interaction between the wave electric field E and the electrons, the dielectric

function ε(ω) frequency behaviour strongly depends on the plasma frequency ωp (see

e.g. [33])

ε(ω) = 1−
ω2

p

ω2 (2.9)

When ω = ωp, the dielectric function ε(ω) = 0. This condition is caused by

the fact that the polarization field created by the movement of the electrons exactly

counteracts the effect of the electric field E on the dielectric displacement field D, i.e.

P = −ε0E. Therefore D = 0, and the electric field is a pure depolarization field [4].

The plasma frequency can therefore be seen as the natural frequency of a free oscilla-

tion of the electron sea. Note that in a perfect metal D = 0 also for any ω < ωp, since

E = 0.

Looking at the Wave equation [4]

k(k ·E)− k2E =−ε(k,ω)
ω2

c2 E (2.10)

we can see that when ε(ω) = 0 there are allowed longitudinal wave solutions, where

k ‖ E. Therefore when an electromagnetic wave is incident on a material at its plasma

frequency ωp, it excites a collective longitudinal oscillation of the electrons within it.
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Figure 2.1: Electron energy loss spectra of aluminium for different electron energies. The peaks that

appear at a multiple of 15.3 eV correspond to the excitation of bulk plasmons and the ones at multiple

of 10.3 eV correspond to the excitation of surface plasmon polaritons. From [35]

Furthermore, substituting (2.9) into (2.10) for transverse waves, where we have k⊥E,

we obtain

ω
2 = ω

2
p + k2c2 (2.11)

It appears clear therefore that when ω > ωp it is possible that the incident light ex-

cites transverse waves in the electron plasma. Those waves can be seen in Electron

Energy Loss Spectroscopy (EELS) spectra [35] as shown in Fig. 2.1 as peaks at energy

multiple of 15.3 eV . This is because h̄ωp = 15.3 eV in aluminium. In this EELS exper-

iment an aluminium sample is bombarded by electrons of a particular kinetic energy.

In Fig. 2.1, the incident electron energy in eV for each graph is noted on the left hand

side. Some of the electrons undergo inelastic scattering and their final energy is de-

tected by an electron spectrometer. The energy lost in the inelastic scattering can then

be plotted as in Fig. 2.1 and it can be interpreted as a manifestation of plasmon res-

onances. In addition, changing the energy of the incident electron changes the extent

of the surface component explored by the experiment because it corresponds to a dif-

ferent penetration depth into the sample [36]. Specifically, the data from the 2050 eV

kinetic energy corresponds to the energy lost by electrons in the first 2 nm depth, while
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the 760 eV corresponds to the first 1 nm layer1. Therefore the 760 eV spectrum corre-

sponds mainly to surface levels. We can see that as the surface contribution becomes

relevant, peaks at energies multiple of 10.3 eV become progressively intense compared

to the ones at 15.3 eV which are caused by bulk plasmons. Those surface peaks corre-

spond to another kind of excitation, the Surface Plasmon, which will be the subject of

the next section.

2.2 Surface plasmon polaritons on a metal - dielectric

interface

If we want to describe SPPs, we have to look for solutions of the wave equation that

satisfy the boundary conditions at the interface between a conductor and a dielectric.

We require that both media are non magnetic (µr = 1). Let us think of the situation

schematically described in Fig. 2.2. At first we will look for solutions of the wave

equation describing TM modes [4]:

∂ 2H̃y

∂ z2 +(k2
0ε− β̃

2)H̃y = 0 (2.12)

of the form

H̃y = Aeiβ̃xe−kzz, (2.13)

1This trend of decreasing depth when decreasing electron kinetic energy is reversed below 60eV

because fewer available energy states for the scattered electrons lead to lower scattering probability

Figure 2.2: Schematic of the coordinates used with respect of the geometry of the system.
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along with the corresponding equations for the electric fields, obtained from Maxwell’s

equations [33]

Ẽx =−i
1

ωε0ε

∂ H̃y

∂ z
; Ẽz =−

β̃

ωε0ε
H̃y, (2.14)

where k0 = ω/c is the wave vector in vacuum, β̃ = k̃x is the complex propagation

constant of the mode, kz is the imaginary part of the z-component of the total k vector

of the wave and ε = ε(ω) is the relative dielectric function of the medium under study.

In our case, with reference to Fig. 2.2, we label ε and kz as εd , kd for the dielectric and

ε̃m, km for the conductor. Notice that 1/|km,d| represents the extent of the penetration of

the wave in the respective layer, therefore represents its confinement. We are looking

for solutions at the interface (z = 0) which are propagating in the xy plane and are

confined to the interface. We therefore choose that the wave should propagate along

the x direction, so that β̃ = k̃x, and that it has an evanescent character in both media in

the z direction. The resulting solutions we seek will thus be of the form:

H̃y(z) =−Adeiβ̃xe−kdz (2.15a)

Ẽx(z) = iAd
1

ωε0εd
kdeiβ̃xe−kdz (2.15b)

Ẽz(z) =−Ad
1

ωε0εd
β̃eiβ̃xe−kdz (2.15c)

in the dielectric region, z > 0 and

H̃y(z) =−Ameiβ̃xekmz (2.16a)

Ẽx(z) = iAm
1

ωε0ε̃m
kmeiβ̃xekmz (2.16b)

Ẽz(z) =−Am
1

ωε0ε̃m
β̃eiβ̃xekmz (2.16c)

in the metal region, z < 0. Continuity at the interface z = 0 of the magnetic field H̃y and

the z component of the electric displacement field D̃z(m,d) = εm,dẼz gives the condition

[4]

Ad = Am
kd

km
=− εd

ε̃m
. (2.17)

Fields confinement to the z = 0 interface is ensured in equations (2.15) and (2.16) via

the terms e−kdz and ekmz. For those terms to be non diverging, we need that kd and
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Figure 2.3: Dispersion relation of SPPs at the interface between a Drude metal with negligible damp-

ing and air (gray line) and Silica (black line). From [4]

km have the same positive sign. Equation (2.17), hence, imposes the condition that

εd and Re[ε̃m] must have opposite sign for solutions to exist. Most importantly, the

components of the vector k must fulfil the wave equation condition

|k|2 = k2
x + k2

y + k2
z = εm,dk2

0 ⇒ kd,m = β̃
2− εd,m

ω2

c2 (2.18)

in both media d, m. We therefore can substitute (2.17) into (2.18) to obtain the disper-

sion relation for the SPP on a single conductor - dielectric interface

β̃ =
ω

c

√
ε̃mεd

ε̃m + εd
(2.19)

A plot of the real part of β̃ can be seen in Fig. 2.3.

In analogy with (2.18), we can define an effective surface dielectric function [36]

εs(ω) =
ε̃mεd

ε̃m + εd
=

[
1

ε̃m(ω)
+

1
εd(ω)

]−1

. (2.20)

Looking for the poles of εs(ω), we can know the asymptotic behavior of (2.19) at

large kx. We have a pole when ε̃m(ωsp) =−εd(ωsp), and we can calculate the surface
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plasmon frequency ωsp by substituting (2.7) into (2.19)[4], yielding

ωsp =
ωp√
1+ εd

(2.21)

The peaks observed earlier in Fig. 2.1 at multiples of 10.3 eV are generated by an

excitation at this surface plasma frequency ωsp. From (2.21) we can in fact see that

h̄ωp/h̄ωsp =
√

1+ εd = 1.48'
√

2 in agreement with results in Fig. 2.1. The surface

plasma frequency ωsp represents an electrostatic solution, since the group velocity

vg→ 0. One must take care in considering this asymptotic behaviour, because Re[̃kx]≡

Re[β̃ ] cannot grow to a number not fulfilling the approximation of locality, which is

broken for large k [36].

SPPs suffer from both intraband (Drude) damping and interband damping. The

interband damping is caused by SPP-induced electronic transitions to excited energy

levels, which are peculiar of the material under consideration. Since the electronic

band structure is not included in the Drude model, taking it into account requires the

substitution of the dielectric function calculated in (2.7) with experimental data that

can be found in literature [37, 38]. In the presence of surface roughness, SPP coupling

with free space radiation could be possible, leading to an additional radiative damping

term. Those damping mechanisms result in a complex propagation parameter β̃ , and

a limited propagation length L, defined by L = 1/2Im(β̃ ). If the dielectric is non

absorbing, i.e. εd is purely real, the non radiative damping effects are mostly caused

by absorption in the metal. Having a large field confinement implies that the surface

wave is proportionally more localized in the metal than in the dielectric, therefore the

resulting propagation length is smaller. It is thus always necessary to make a trade off

between confinement and propagation length [4].

2.3 Surface plasmon polaritons in insulator - metal -

insulator structures

In many practical experimental cases the SPPs under study will be propagating in thin

metal films on a dielectric substrate, or in metal-dielectric-metal multilayer structures.



2.3 SPPs in IMI structures 17

Figure 2.4: Dielectric-metal-dielectric substrate structure with coordinate system used in the calcu-

lations. Note that the z axis origin is taken to be in the center of the metallic layer, so that its thickness

is 2a.

Since each interface can support surface plasmon modes, the theoretical description of

such structures requires to account for their mutual interaction. Let us take for simplic-

ity an IMI structure, a three layer system represented by a thin metal film embedded

between two semi-infinite dielectric layers, as depicted in fig 2.4. As in the previous

section, we will consider a wave propagating along the x direction and is evanescent

in the z direction to ensure that it has a bound character. The solutions for the fields in

the semi-infinite dielectric layers will thus be as the same form of (2.15) and (2.16):

H̃y(z) = Aeiβ̃xe−kd1z (2.22a)

Ẽx(z) = iA
1

ωε0εd1
kd1eiβ̃xe−kd1z (2.22b)

Ẽz(z) =−A
1

ωε0εd1
β̃eiβ̃xe−kd1z (2.22c)

in the upper dielectric region, z > a and

H̃y(z) = Beiβ̃xekd2z (2.23a)

Ẽx(z) = iB
1

ωε0εd2
kd2eiβ̃xekd2z (2.23b)

Ẽz(z) =−B
1

ωε0εd2
β̃eiβ̃xekd2z (2.23c)

in the bottom dielectric region, z < −a. Once again, kd1 and kd2 are the imaginary

parts of the z-component of the k vector in the respective media, which determine the
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wave to be evanescent in the dielectric layers. In the inner metallic layer we must take

into account the superposition of the waves bound to the single interfaces, therefore

the field solution has the form

H̃y(z) =Ceiβ̃xekmz +Deiβ̃xe−kmz (2.24a)

Ẽx(z) =−iC
1

ωε0ε̃m
kmeiβ̃xekmz + iD

1
ωε0ε̃m

kmeiβ̃xe−kmz (2.24b)

Ẽz(z) =−C
1

ωε0ε̃m
β̃eiβ̃xekmz−D

1
ωε0ε̃m

β̃eiβ̃xe−kmz (2.24c)

We must now impose continuity of H̃y and Ẽx at the metal-dielectric interfaces in z = a

Ae−kd1a =Cekma +De−kma (2.25a)

A
εd1

kd1e−kd1a =− C
ε̃m

kmekma +
D
ε̃m

kme−kma (2.25b)

and z =−a

Be−kd2a =Ce−kma +Dekma (2.26a)

− B
εd2

kd2e−kd2a =− C
ε̃m

kme−kma +
D
ε̃m

kmekma (2.26b)

along with the wave equation in each region

k2
d1,d2,m = β̃

2− k2
0εd1,d2,m (2.27)

to get a result for the propagating bound modes. The solution is a transcendental equa-

tion [4, 5, 32] where the extent of the coupling between the metal-dielectric interfaces

depends on the layer thickness 2a

e−4kma =

(
km
ε̃m

+ kd1
εd1

)(
km
ε̃m

+ kd2
εd2

)
(

km
ε̃m
− kd1

εd1

)(
km
ε̃m
− kd2

εd2

) . (2.28)

Note that, if we increase the thickness so that 2a� 1/km, we obtain solutions for β̃

of two uncoupled SPPs propagating in the m− d1 and m− d2 interfaces. In general,

the equation must be solved numerically to obtain the correct values for β̃ for each

frequency ω . It is interesting to look at the simple solution in the special case of
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symmetric structures, where the outer layers have the same dielectric function εd1 =

εd2 = εd so that kd1 = kd2 = kd . In this instance, the dispersion relation 2.28 can be

split into a pair of equations

tanh(kma) =−kd ε̃m

kmεd
, (2.29a)

tanh(kma) =−kmεd

kd ε̃m
. (2.29b)

for which the solutions represent two bound modes supported by the structure. Equa-

tion (2.29a) describes a mode with Ẽx(z) of odd vector parity within the metal layer.

Upon decreasing the metal layer thickness, the mode is progressively expelled from

the middle metallic, lossy area into the outer dielectric layers, its confinement de-

creases and its propagation length increases. Therefore, the odd mode is also termed

long range surface plasmon, or LR-SPP [5]. Equation (2.29b), instead, describes a

mode with Ẽx(z) of even vector parity within the metal layer and has an opposite be-

haviour. Upon decreasing the metal layer thickness, its confinement increases and its

propagation length decreases, thus the even mode can be also called short range sur-

face plasmon, or SR-SPP [5]. Fig 2.5 shows the dispersion relation of the calculated

modes for an air/silver/air structure, with silver dielectric constant calculated from the

Drude approach and a schematic of the two field distributions (LR-SPP and SR-SPP).

We can see that the odd modes always have frequencies ω+ higher compared to the

single-surface SPP (full gray line), whereas the even modes ω− are always lower.

So far we focused on modes where the imaginary parts of the z-component of the

k vector in the dielectric is positive, i.e. kd > 0. This ensures that the fields in the di-

electric decay exponentially away from the film and the energy flux is directed into the

metal film in order to remove energy from the dielectric media (for dissipation in the

metal) as the wave attenuates with propagation distance. Upon inspection of (2.27), we

notice that if kd is a solution, −kd is also a solution, corresponding to waves exponen-

tially growing in the dielectric regions carrying energy away from the film [39]. This

two degenerate solutions thus describe leaky waves, in which the SPP attenuates both

via absorption in the metal and via radiation in the dielectric media. At first glance, this

solutions may look unphysical and thus be rejected, because the field magnitude seems



20 Physics of surface plasmon polaritons

Figure 2.5: Dispersion relation of the odd (ω+) and even (ω−) SPP modes in an air/silver/air structure

with metallic core 100nm (gray dashed line) and 50nm (black dashed line), compared to the uncoupled

air/silver interface mode (full gray line). The inset shows the Ẽx distribution for the odd mode (LR-SPP,

blue) and the even mode (SR-SPP, red). Silver is modeled as a Drude metal. From [4]

to go to infinity as z→±∞. They gain physical sense if we think of them as limited

in the z direction because the wave attenuation in the x direction causes radiation in z

to progressively end with propagation in x. This can be understood looking at fig 2.6,

which shows an SPP launched in the structure at the plane x = 0 and propagating in

the x direction. Such wave radiates energy in the dielectric layer at angle θ while it

attenuates along x. As a consequence, if we imagine a screen in the z direction, we

would detect more radiation as we go farther from the surface, and the shape of the

behaviour we would measure would be exp(kdz). This would be valid to a limit at a

distance z determined by the propagation distance and radiation angle [39].

2.3.1 Surface plasmon polaritons in insulator - metal - insulator

asymmetric structures

In the previous paragraph we have derived the dispersion relation of SPPs in IMI sym-

metric structures, finding that there are two bound modes described by (2.29a) and

(2.29b), which confinement and attenuation vary with film thickness. In addition to
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Figure 2.6: Schematic on how an SPP propagating in the x direction can generate an exponentially

growing field in the z direction by radiating in the medium d1 while is progressively attenuated. From

[39]

those there are two leaky waves [39] which correspond to waves localized at the two

dielectric-metal interfaces whose fields decay exponentially across the metal film, but

radiate into the dielectric region. In asymmetric structures, with εd1 6= εd2, there are

still four distinct solutions for a given film thickness, two radiative and two nonradia-

tive, but this time, since kd1 6= kd2, the degeneracy between the radiative solutions is

lifted. A schematic of the field distribution of three of those modes is shown in fig 2.7.

In one solution the wave energy is localized in one of the interfaces, say m−d2. The

wave amplitude decays exponentially across the metal film, and then grows exponen-

tially into the other dielectric medium, d1 in this case. In the d2 medium, the energy

flux is directed towards the film to supply energy from d1 for both dissipation in the

metal, and radiation into d2. The analogous case of localization in d1, and radiation

into d2 also occurs.

2.4 Optical excitation of surface plasmon polaritons

We have seen in Fig. 2.1 that SPPs can be excited by electrons in an EELS exper-

iment. Another way to generate SPPs on a proper interface is to use photons. It

must be noticed that the dispersion relation of SPPs on a conductor - dielectric in-

terface (2.19) never crosses the dispersion relation of photons in the dielectric (light
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Figure 2.7: Schematic of the field distribution of bound (red) and leaky (blue) modes from an asym-

metric structure. Arrows show the energy flow direction.

line, k = (ω/c)
√

εd), as can be seen in Fig. 2.3. This means that it is impossible to

couple photons coming from the dielectric into SPPs without having means to provide

the missing momentum ∆k. 2 For this end, it is possible to use the Grating Coupler or

the Attenuated Total Reflection (ATR) devices [32].

In a grating with period Λ, a photon incident at an angle θ0 onto it will have a

component parallel to the surface

k‖ =
ω

c
sin(θ0)±ng where n is an integer and g =

2π

Λ
(2.30)

Therefore the coupling will be possible when the projection of the photon k vector is

equal to the wave vector of a SPP mode supported by the structure

k‖ =
ω

c
sin(θ0)±ng =

ω

c

√
ε̃mεd

ε̃m + εd
= β̃ . (2.31)

Another effective way to couple photons into SPPs is to use the ATR geometry, also

known as prism coupling [32]. Let us think for simplicity of a metal in air, as shown

Fig. 2.8. We said earlier that it is impossible to couple photons coming from the air

side to SPPs in the metal-air interface because of a mismatch between the k-vectors

of light and SPP. We can provide the missing ∆k by making use of an optically dense

medium. If we shine light through a prism we can thus take advantage of the fact that

the k-vector will be increased by np times, the refractive index of the prism, making

2It is sometimes possible to directly couple low energy photons to SPPs because in most metallic

structures the ∆k difference decreases as ω → 0
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Figure 2.8: Schematic of the ATR method. kx represents the direction parallel to the surface, as

shown in the inset. Thick black line: Dispersion Relation of a SPP existing on the Metal-air interface;

black: air light line; blue: prism light line. The green line represents the photon excitation wavelength.

The prism light line is rotated upon change in the incidence angle θ (blue dotted line) because we are

plotting ω versus the projected wave vector kx.

it possible to couple evanescently to the SPP modes that are existing on the metal-air

interface. Notice that it is still impossible to couple into SPP existing in the metal-prism

interface, because they have a different dispersion relation which lies below the prism

light line. In the experiments is usually employed monochromatic light of frequency

ωL, see green line in Fig. 2.8, therefore we can only couple to a specific point of the

SPP dispersion relation. To match the ωL, which is fixed, with a kx which satisfies

(2.19), we change the incidence angle of light onto the prism. In fact, the projection of

the wave vector of light coming from the prism side is

kx =
ω

c
sin(θ)np. (2.32)

Changing θ thus corresponds to a shift of the projected dispersion relation of photons

in the prism side which is represented by a change in the angular coefficient of the light

line in Fig. 2.8. When

kx =
ω

c
sin(θ)np =

ω

c

√
ε̃mεd

ε̃m + εd
= β̃ (2.33)
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Figure 2.9: Otto and Kretschmann-Raether configurations for the ATR method.

is satisfied, incident light couples into the SPPs in the metal-air interface.

Prism coupling can be employed in two different ways, shown in Fig. 2.9. In the so-

called Otto configuration [40], the prism is put almost into contact with the metal which

is deposited on a separate substrate. The evanescent waves travel through the thin air

region which lies between the prism and the metal and couple to the SPP existing at

the interface. In the Kretschmann-Raether configuration [41], the metal is deposited

directly onto the face of the prism, so that the evanescent waves travels through the

metal to the opposite metal-air interface and couples with an SPP mode supported by

it. In the experiments, which are the subject of this thesis (cf. chapters 4,5 and 6), it

was chosen to couple light into SPPs in the Kretschmann-Raether configuration. Since

SPPs are TM waves (section 2.2), the coupling is only possible if the incident light is

p-polarized. The coupling to SPPs is clearly shown by a dip in the angular spectrum

of the reflected light coming out of the prism. The width and depth of the dip can be

easily calculated using the Fresnel equations [32]. For example, let us examine the

three layer system depicted in Fig. 2.9, i.e. the Kretschmann configuration [41]. In this

case, ε0, ε1, ε2 are the dielectric constants of the prism, metal and air (or dielectric),

respectively. For p-polarized incident light, Fresnel equations applied to this simple

system yield for the reflectivity R [32]

R =

∣∣∣∣∣ rp
01 + rp

12 exp(2ikz1d)
1+ rp

01rp
12 exp(2ikz1d)

∣∣∣∣∣
2

(2.34)
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where

rp
i j =

(
kzi
εi
− kz j

ε j

)
(

kzi
εi
+

kz j
ε j

) and kzi =

√
εi

(
ω

c

)2
− k2

x . (2.35)

This formula reproduces experimental results with an high degree of fidelity, see e.g.

[42] and Fig. 4.6 in chapter 4 of this thesis.

2.4.1 Thickness dependence of the Reflectivity dip and the loss

mechanisms

We must now take a small step from the simple, intuitive approximation of an SPP

on a single metal-dielectric interface and think, instead, of a SPP waveguide mode

supported by the metal film. As shown in section 2.3, when the thickness d of the

metal film becomes of the order of the penetration depth in the metal 1/Im(kz1), we

must take into account the presence of the prism-metal interface when considering the

dispersion relation of the SPP supported by the structure. Indeed, the structure is an

asymmetric IMI and therefore supports all the modes shown in Fig 2.7. The equation

for the accurate dispersion relation is given by (2.28)(
kz1

ε1
+

kz0

ε0

)(
kz2

ε2
+

kz1

ε1

)
+

(
kz1

ε1
− kz0

ε0

)(
kz2

ε2
− kz1

ε1

)
e2ikz1d = 0 (2.36)

When Im(kz1d)� 1, which happens for thick enough films, this reduces to (2.17), and

thus the result (2.19) is recovered. As the thickness d decreases, the interface between

the material with ε0 and the one with ε1 influences the solution for β̃ from the single

interface between the material with ε1 and the one with ε2, modifying it in β̃ +∆β̃ .

This change ∆β̃ is a complex number and can be calculated to be [32]

∆β̃ = rp
01e2ikz1d2

(
ω

c

)(
ε1ε2

ε1 + ε2

)3/2 1
ε2− ε1

= ∆β
′
+ i∆β

′′
(2.37)

Therefore the single interface dispersion relation is modified in

β̃tot = β̃ +∆β̃ = (β
′
+∆β

′
)+ i(β

′′
+∆β

′′
). (2.38)

The term ∆β
′

represents a shift of the propagating mode, while ∆β
′′

is another loss

mechanism that increases the damping of the SPP, adding up to the ohmic losses rep-

resented by β
′′
. This mechanism is the radiation damping discussed in section 2.3,
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Figure 2.10: Leakage Radiation from a prism sample (left) and from a hemisphere sample (right).

Note the overall shape from the prism is distorted from the expected circular shape seen in the case of

hemisphere, because of light refraction at the prism-air interfaces.

which is generated because part of the surface wave couples back in the prism side

into photons (see Fig 2.6). This gives rise to the leakage radiation, which can be seen

in the experiments by the appearance of a cone of light propagating from the surface.

The light escapes in a cone because the coupled SPP scatters elastically with surface

defects isotropically and because the only available photonic state in the prism can be

excited only when the condition (2.33) is met. The SPP travelling in plane scatters in

every direction and then couples out at an angle θ into a photonic state, hence a cone

of light can be seen. This cone has been observed both in the literature [43] and in our

own experiments (see Fig 2.10).

Making use of (2.38) we can rewrite the reflectivity (2.34) in the form

R = |rp
01|

2− 4ΓintΓrad

[kx− (β
′
+∆β

′
)]2 +(Γint +Γrad)2 (2.39)

where kx is calculated from (2.32), Γint = β
′′

are the ohmic losses, Γrad = ∆β
′′

are

the radiative losses. Therefore the dip in the reflectivity can be seen as a curve with

Lorentzian character [32]. It can be also seen that at resonance [kx− (β
′
+∆β

′
)] = 0,



2.5 Electrical Detection of Surface Plasmon Polaritons 27

thus we reach a minimum in the reflectivity given by

Rmin = |rp
01|

2− 4ΓintΓrad

(Γint +Γrad)2 (2.40)

This analysis ignores the damping due to the out-coupling from the air side mediated

by roughness, because it assumes ideal flat surfaces. In reality, this component creates

an additional term in Γrad . Upon inspection of equation (2.40) we can see that, since

|rp
01|2 ' 1, Rmin = 0 when the internal losses equal the radiative losses, i.e. Γint = Γrad .

This is achieved at a critical metal thickness, which for gold and silver above interband

transitions edge is about 50 nm. Above the critical thickness, the propagating mode

resembles the solution of SPP on the metal-air interface, whereas for thinner films the

radiative losses become dominant and consequently the mode becomes more leaky in

character.

2.5 Electrical Detection of Surface Plasmon Polaritons

If we want to take advantage of SPPs to carry information on a chip scale, one pos-

sible solution would be to use existing optical devices to emit light, couple it to an

SPP waveguide to transport data, and then use an out-coupling device to electrically

detect resulting light with a conventional photon detector. Unfortunately, each step

of this process introduces extra complexity, delays, signal reduction and volume to

the overall system, which limit the application of this approach [9]. The development

of integrated devices able to electrically launch and detect SPPs has therefore stimu-

lated an impressive effort in research and has made Active Plasmonics a very exciting

field. Recently electrical sources of SPPs have been reported, both inorganic [16, 44]

and organic-based [15], along with the demonstration of modulators [19, 20]. So far,

electrical detection of SPPs generally implies a setup including optical excitation, cou-

pling to SPPs and detection by a specific effect. Often SPP detectors are based on a

semiconductor-based photon detection structure which is put in the vicinity of an SPP

waveguide, so that the exponentially decaying field of the SPP can be absorbed by the

semiconductor creating electron-hole pairs. Those are then split by a built-in electric
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field or an applied bias and a photocurrent is therefore detected. This configuration has

been exploited by many authors. H. Ditlbacher et al. [14] used an organic diode to de-

tect SPPs launched by grating coupling into a metallic stripe (Fig 2.11a). Their detector

is made of a CuPC donor-like material and a PTCBI acceptor-like material sandwiched

between two 100 nm Silver layers, which represents a Metal-Insulator-Metal (MIM)

waveguide. They demonstrate the detection by focusing light on different regions of a

Silver surface in which is created the SPP-launching grating, and producing a 2D map

of the detected current which shows that the signal is present only when they couple

SPPs in the structure. J. K. Mapel et al. [45] employed a hemispherical prism to couple

SPPs which are then detected by an organic thin-film solar cell. They take advantage

of a structure of CuPC, C60 as the acceptor-like material and a BCP exciton block-

ing layer, which is in total 42.5 nm thick. They show that through coupling to SPPs

the efficiency of the cell is increased from 0.5% to 12% because they travel along the

surface instead of normally to it, greatly increasing absorption in the film. Another

example is by A. L. Falk et al. [13], in which SPPs are launched in a gold nanowire,

which is put into contact with a Ge nanowire field-effect transistor which acts as the

detector (Fig 2.11b). They demonstrate a conversion efficiency of 0.1 electrons/SPP

without bias, and claim to be able to reach 50 el/SPP with a bias of 1 V . P. Neutens et

al. [12] employed a GaAs-based Metal-Semiconductor-Metal structure detecting SPPs

traveling in an MIM waveguide (Fig 2.11c). In this work the substrate is made itself of

the undoped semiconductor, and then the gold-based MIM structure is deposited onto

it. An opening in the MIM structure is enough to create the MSM detector. The group

of P. Berini has published several papers [11, 46, 47] in which the detection of SPPs

is made by a Schottky-contact configuration. In this case SPPs are absorbed in the

metal and not in the nearby semiconductor. Absorption generates hot electrons, which

can have enough kinetic energy to cross the Schottky barrier between the metal and

a doped semiconductor, thus generating the photocurrent in the latter. Furthermore, it

has recently been reported by R. W. Heers et al. [10] the electrical detection of single

SPPs (Fig 2.11d). In this work the source of single photons consists in quantum dots

(QD) emission and the sensor is a superconducting single photon detector (SSPD) on
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Figure 2.11: Several examples of electrical detectors of SPPs. (a) H. Ditlbacher et al. [14], (b) A. L.

Falk et al. [13], (c) P. Neutens et al. [12], (d) R. W. Heers et al. [10].
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which a gold stripe is deposited to act as the SPP waveguide. Both the QDs and the

SSPD have to be cooled at 4K. Emitted light is coupled to SPP through a grating struc-

ture fabricated on the gold stripes. Light is shone locally on the structure, so that it is

able to produce a 2D photocurrent map. By comparing the statistics on the detection

from the regions of the grating and of the detector itself, it is possible to see that single

plasmon detection has indeed been achieved.

2.6 The surface plasmon drag effect for the electrical

detection of SPPs

This thesis investigates the use of Surface Plasmon Drag Effect (SPDE) for the elec-

trical detection of SPPs. We will see in section 3.5 that there has been experimental

proof [25–27] that the SPDE enables the detection of SPPs, but there is some incon-

sistency in the literature results which cast doubts about the origin of the phenomenon,

its efficiency and its dependence on energy flow direction. We will show in chapters 4

and 5 that we are able to successfully determine the effect’s efficiency and that a model

based on photon momentum transfer [30, 31] is able to qualitatively predict the exper-

imental data. In chapter 6 we will then challenge this model’s applicability, proposing

a modified version that takes into account the influence of an external circuit and of the

limited excitation area. In addition, we will show instances where photon momentum

transfer alone is no longer able to predict the effect.

Before showing those results, a review or the existing theory of light-induced elec-

tron flow in metals and semiconductors, known as Photon Drag Effect (PDE), will be

discussed in the next chapter.



Chapter 3

Theory of the photon drag effect

The photon drag effect, or light induced electron drift [48], is the generation of electri-

cal current caused by the force exerted by absorbed photons on conduction electrons of

a metal or semiconductor. In 1954 H. M. Barlow [49] predicted that an electromagnetic

wave travelling through a conductive medium would exert a force on the conduction

electrons, generating an electric current. This effect was later measured [50] and de-

scribed in the framework of the Lorentz force generated by the perpendicular E and H

fields of the wave, and thus termed dynamic Hall effect. After this pioneering work,

several groups have studied the effect, with focus on heavily doped semiconductors. In

particular, Gibson et al. [51–53] work on p- and n-doped Ge has led to the development

of photon drag detectors with ps response time which are currently used for detection

of CO2 laser pulses in the 10 µm wavelength range. The effect can be intuitively ex-

plained by the transfer of quasi-momentum from light to conduction electrons or holes

and described by the hydrodynamic model [30, 31].
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3.1 Momentum transfer from light to electrons: the

Hydrodynamic model

The most intuitive way of describing the Photon Drag effect is to think of light as an

ensemble of photons each having energy h̄ω and momentum p =
√

εd h̄ω/c, where εd

is the dielectric constant of the medium they are travelling in. It is assumed at this

stage that momentum p is described by the Minkowski relation. This assumption is

justified by comparison of the predicted results from the hydrodynamic model with

experimental evidence [54] and will be described in section 3.4.1. Let us think of

light with Poynting flux S incident on a conductor with an angle θ (see Fig. 3.1). For

simplicity we consider a metal with free carrier density n0 and DC conductivity σ0.

The rate of photons hitting the surface is equal to the flux normal to the metal surface

Scos(θ) divided by the energy of each photon h̄ω , yielding (S/h̄ω)cos(θ). Photons

which are not reflected at the surface (R · S) or transmitted through it (T · S) will be

absorbed by the material within the light penetration depth δ = 1/2Im(kz(ω)), where

kz(ω) =

√(
ω

c

)2
εm(ω)−

(
ω

c

)2
εdsin2(θ), transferring their energy h̄ω and their mo-

mentum p to the free electrons. Since we are interested in the current generated along

the surface, we consider only the parallel part of the momentum h̄kx = h̄ω

c
√

εdsin(θ).

Figure 3.1: Schematic of the hydrodynamic model of the Photon Drag Effect (PDE). The portion of

incident light which is not reflected is absorbed within the layer δ . The x component of the k-vector of

incident radiation exerts a shearing force onto the electrons of the conductor, in turn generating a DC

current density Jx.
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Denoting the momentum density of electrons by P we can write the rate of variation

for the component Px parallel to the surface as [30]

∂Px

∂ t
δ = (1−R−T )

〈S〉
c
√

εdcos(θ)sin(θ)− Px

τ
δ (3.1)

where we introduced the electronic momentum relaxation time τ . Therefore electrons

gain momentum by light absorption and lose it by scattering mechanisms. Under sta-

tionary conditions ∂Px
∂ t = 0, therefore

Px = (1−R−T )
〈S〉
c
√

εdcos(θ)sin(θ)
τ

δ
. (3.2)

Since

j = nev =
eP
m

(3.3)

we get

jx =
ePx

m
= (1−R−T )

〈S〉
c
√

εdcos(θ)sin(θ)
eτ

mδ
. (3.4)

which is the photon drag current density. From this equation it can be seen that the

drag current is linear with the incident power, even if the PDE is itself originated by a

second order effect [49, 55, 56] caused by the jointed action of the wave electric field

E and magnetic field B, as will be shown in 3.2. Since B ∝ E , the force exerted

which causes electron flow is proportional to E 2, thus to light intensity. Additionally,

if we think of this force as the result an electric field E (2) ∝ E 2 acting on the electrons,

we can see that the current generated is linearly dependent on it. This is in contrast

with what happens with second harmonic generation [55] where the intensity of the

resulting wave is proportional to the square of the electric field and the second order

susceptibility, (χ(2)E (2))2 ∝ (χ(2)E 2)2, thus to the square of light intensity (see also

section 3.3.1).

Some experimental evidence of the qualitative validity of (3.4) can be found in

[30, 51, 57]. Therefore the photons give momentum p to the electrons, setting them

into motion with an effect resembling a shearing force. This force is balanced by

scattering events in the metal, so that the electrons reach a velocity vx and therefore

generate a steady state current density jx [30, 31]. In chapter 6 a critical examination
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of equation (3.4) is undertaken. It is worth noticing at this stage that to obtain the

current Ix, which is ultimately what is detected, one should multiply jx from (3.4)

with the cross sectional area of the metallic slab. In addition, this result would be

accurate only in the presence of a uniform illumination on the surface of the metal,

because the finiteness of the illumination area is not taken into account in this simple

formula. Therefore we expect that in this particular case of tilted incidence on a surface

perpendicular to the current flow, this formula would not be accurate in the quantitative

prediction of the current I in practical situations where the excitation area is limited.

Nevertheless, we do expect the qualitative results of the formula (3.4), such as linearity

with absorbed power and directionality, to still be accurate.

3.2 Wave perspective: the dynamic Hall effect

An alternative view of the photon drag effect is to consider the result of the Lorentz

force exerted by the electric and magnetic field of the wave on the free electrons of a

conductor [55, 58, 59]. We will see in section 6.6 that a theory based on fields in the

metal, such as the one presented here, should be considered to predict the experimental

results when the near field plays an important role in the current generation. Barlow

[49, 50] first suggested the existence of this so called dynamic Hall effect and that it

could be used to measure the power density of an electromagnetic wave. His intuition

was based on the fact that the temporal electromotive force generated by the Hall effect

is

em f =
(RH

d

)
IyBz, (3.5)

where RH is the Hall coefficient, d is the thickness of the slab of a non magnetic,

conductive material, Iy is an electric current in the y direction and Bz is a magnetic

field along the z axis. In addition, the power density of an e.m. wave is given by the

Poynting vector

S = E×H, (3.6)
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Figure 3.2: Electric and magnetic fields of an electromagnetic wave traveling in the x direction. Within

an optical cycle, assuming an instantaneous shift of the electrons upon interaction with the electric field

Ey, the overall Lorentz force Fx on the charge carriers is nonzero. This generates a current with a DC

component which is non-vanishing upon time integration.

where E and H are the temporal electric and magnetic field of the wave, respectively.

Therefore, if the wave electric field E generates an electric current with negligible time

retardation, that current would be always in phase with the wave magnetic field H and

therefore create an electromotive force along the direction of propagation of the wave,

see Fig. 3.2. Furthermore, this em f would be directly proportional to S, and therefore

a measure of the wave power density.

This basic intuition can be deepened if we consider an electromagnetic wave inter-

acting with a free electron gas. Let us write the Newton’s second law for an electron

driven by the light field, including the magnetic component of the radiation [55]

d(mv)
dt

=−e(E(r, t)+v(t)×B(r, t))− mv
τ
, (3.7)

We think for simplicity of a linearly polarized radiation propagating along the x direc-

tion, with

E = Ey(x, t) = E0cos(kxx−ω0t−φ) (3.8)

B = Bz(x, t) = B0 cos(kxx−ω0t−φ). (3.9)

Substituting (3.8) and (3.9) in (3.7) it is obtained a system of coupled differential equa-

tions for the v vector in each direction :
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d(mvy)

dt
=−e(Ey(r, t)− vxBz(r, t))−

mvy

τ
, (3.10)

d(mvx)

dt
=−evyBz(r, t)−

mvx

τ
, (3.11)

where we assumed vz(t = 0) = 0. To help solving the equation analytically, we neglect

the Lorentz component in (3.10), since Bz ∝ Ey /c, and we move to non dimensional

variables by substituting

ṽ =
v
c
, t̃ = ωt τ̃ = ωτ; ξ =− eE0

mcω
(3.12)

into (3.10) and (3.11). In addition, we also make use of (3.8) and (3.9), ignore the

x dependence into the cosine, set φ = 0 and B0 = E0 /c. We thus obtain a modified

version of (3.10) and (3.11)

dṽy

dt̃
= ξ cos(t̃)−

ṽy

τ̃
, (3.13)

dṽx

dt̃
= ξ ṽycos(t̃)− ṽx

τ̃
, . (3.14)

The first equation (3.13) yields a solution for ṽy[55]

ṽy(t̃) = ξ
τ̃

1+ τ̃2

(
cos(t̃)+ τ̃sin(t̃)− e−

t̃
τ̃

)
+ ṽy(0). (3.15)

Inserting (3.15) in (3.14) we get

dṽx

dt̃
+

ṽx

τ̃
= ξ

[
ξ

τ̃

1+ τ̃2

(
cos(t̃)+ τ̃sin(t̃)− e−

t̃
τ̃

)
+ ṽy(0)

]
cos(t̃). (3.16)

We can see that equation (3.16) can be written in the form

dṽx

dt̃
+Pṽx = Q(t̃), (3.17)

and hence has a solution [60]

ṽx(t̃) =
[∫ t̃

0
Q(s)e

∫ s
0 Pdxds+C

]
e−

∫ t̃
0 Pds. (3.18)

Among the terms of Q(t̃), the only one which is not vanishing upon integrating over

an optical cycle is the component proportional to cos2(t̃), which yields a solution for

the time-averaged velocity along the x direction

〈ṽx〉=
ξ 2

2
τ̃2

1+ τ̃2 . (3.19)
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The solution for vx can be derived by inserting (3.12) into (3.19)

〈vx〉=
e2E 2

0
2m2c

τ2

1+ω2τ2 =
e2

m2c2ε0
〈S〉 1

ω2 + γ2 (3.20)

where γ = 1/τ and 〈S〉= ε0c
2 E 2

0 .

Therefore since 〈 jx〉=−ne〈vx〉 we get [55, 59]

〈 jx〉=−
τ2

1+ω2τ2
ne3

2m2c
E 2

0 =− ne3

m2c2ε0
〈S〉 1

ω2 + γ2 . (3.21)

Note that this result differs from the one derived using hydrodynamic model (3.4). It is

also true that in the hydrodynamic model the e.m. wave is incident from a non conduc-

tive medium onto the conductor and gets partially absorbed, therefore the reflection,

transmission and skin depth are taken into account, and the current is derived by a

momentum balance argument. In the wave approach, the calculation assumes that the

wave is already traveling within the material and exerts a force on the free electron.

The momentum balance in this case is included in the damping term of Newton’s sec-

ond law. Nevertheless, both (3.4) and (3.21) retain their proportionality with the wave

power density 〈S〉 and and the DC conductivity of the material σ0 =
ne2τ

m .

Keeping in mind that the plasma frequency is ωp =
√

ne2

ε0m and that 〈S〉=
〈
Φph

〉
h̄ω ,

where Φph =
photon
sec·cm2 is the photon flux, we can rearrange (3.21) as

〈 jx〉= (−e
〈
Φph

〉
)

h̄ω

mc2

ω2
p

ω2 + γ2 =−e〈Φel〉 . (3.22)

Where Φel =
electrons
sec·cm2 is the electron flux. Therefore we can write the quantum effi-

ciency of the photon drag effect from the semi-classical approach as

〈Q〉SC =
〈Φel〉〈
Φph

〉 = h̄ω

mc2

ω2
p

ω2 + γ2 . (3.23)

which shows dependence on the frequency ω and the damping γ = 1/τ . For compari-

son, we can calculate the quantum efficiency that would be obtained by the momentum

transfer model, from equation (3.4)

QM =
h̄ω

mc2
c

γδ
(1−R−T )

√
εdcos(θ)sin(θ). (3.24)



38 Theory of the photon drag effect

As mentioned earlier, the quantum efficiency is different because the momentum model

and the semi-classical model are derived from different perspectives.

We can calculate QM using the assumptions of the semi-classical model, thus con-

sidering a wave travelling within a metal of dielectric constant εm described by the

Drude model equation (2.7). With those conditions, we can ignore (1−R− T ) and

cos(θ)sin(θ) terms and substitute
√

εd with Re [
√

εm] in (3.24), obtaining

QM =
h̄ω

mc2
c

γδ
Re
[√

εm
]
. (3.25)

Since 1/δ = 2Im [kx] and [4]

Im [kx] =
ω

c
Im
[√

εm
]
, Im

[√
εm
]
=

Im [εm]

2Re [
√

εm]
, Im [εm] =

γ

ω

ω2
p

ω2 + γ2 , (3.26)

we can modify (3.25) obtaining

QM =
h̄ω

mc2
c
γ

2
ω

c
Im [εm]

2Re [
√

εm]
Re
[√

εm
]
=

h̄ω

mc2

ω2
p

ω2 + γ2 , (3.27)

which is equal to 〈Q〉SC from (3.23), as expected.

3.3 General formulation

In this section we will expand the simple pictures of the PDE in a more accurate model

[54, 56] which was originally derived for semiconductors such as germanium and sili-

con. We will also emphasize the difference of PDE with optical rectification (OR) that

can also lead to the generation of dc current but has different origin.

In the previous sections we introduced the photon drag effect in its two main deriva-

tions, one originating from a particle perspective, and another from a wave viewpoint.

Both are an approximation of the problem which are valid under some assumptions.

In the wave perspective, what is derived is the effect of an electromagnetic field on

a free electron jelly including the scattering time τ . The drift of charged particles is

the result of the non-vanishing Lorentz force component acting on them and therefore

pushing them along the wave propagation direction. In the momentum derivation, we

considered light as an ensemble of photons which are absorbed by the electrons. The
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Figure 3.3: Usual configuration for photon drag measurements in the literature. A rod of a semicon-

ductor such as Ge or Si is illuminated on one side and an electric field E builds up as a result of the

PDE.

absorption event is seen as a loss of a momentum quantum p from the wave which is

then gained by the electron sea as a whole. Overall the rate of momentum gain ∂ p/∂ t

results in a force which is counteracted by the resistive force described via the scat-

tering time τ . We already discussed the challenges of a realistic application of such

model in practical experimental situation in section 3.1. There are also fundamental

approximations made in the model for it to hold. First, we assumed that a photon does

not lead to an electronic transition to an excited energy level. Second, we assumed

that the photon momentum is given by the Minkowski formula p = (h̄ω/c) ·n [56, 61].

In the following section we will elucidate when and if it is appropriate to make those

assumptions, and in particular the choice of momentum formulation will be justified

in section 3.4.1.

Consider light of intensity Iph incident on a semiconductor rod of cross-sectional

area A and length L in a direction normal to its side, as shown in Fig. 3.3. In open

circuit condition, an electric field proportional to radiation intensity can be generated.

One of the effects responsible for this generation is PDE. In crystals lacking a center

of symmetry there can also be a second effect, termed optical rectification (OR) [56]

or photogalvanic effect [54], which has different origins. In general the electric field

generated Ei can be written in terms of a third-rank tensor Ri jk representing OR and a
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fourth-rank tensor Ti jkl describing PDE

Ei = Iph

∑
jk

Ri jk ·u j ·uk︸ ︷︷ ︸
Optical Rectification (OR)

+∑
jkl

Ti jkl ·q j ·uk ·ul︸ ︷︷ ︸
Photon Drag Effect (PDE)

 (3.28)

Here u j,k,l are the components of the unit polarization vector of radiation in the direc-

tions j,k, l, q j is a unit vector in the propagation direction. This is a general formula

and each element of the tensors Ri jk and Ti jkl depend on the properties of the material

under study and its crystal orientation with respect to light’s propagation direction. We

refer the reader to [56] and [54] for a more detailed analysis of every specific case.

It is nevertheless instructive to look into OR and PDE individually to highlight their

differences.

3.3.1 Difference between optical rectification and photon drag ef-

fect

In an attempt to elucidate the origin of the two main components of (3.28), we will

analyse them individually. Firstly, there is a fundamental difference between OR and

PDE. Optical rectification can be derived considering just the Coulomb force generated

by the wave oscillating electric field acting on the electrons and ignoring the wave

magnetic field, while PDE requires to take into account the Lorentz force component

in the Newton force equation [54, 56].

Let us focus on the simple derivation for optical rectification effect. As we saw

in chapter 2, the response of the material to the wave electric field E is to create a

macroscopic polarization vector P = ε0χE, where ε0 is the permeability of free space

and χ is the optical susceptibility. Since P =−ner, the polarization vector is strongly

linked to electron motion r. In the case of anisotropic media, one finds that [55]

P(t) = ε0

(
χ
(1)E(t)+χ

(2)E2(t)+χ
(3)E3(t)+ · · ·

)
(3.29)

is the generalization of the linear optical polarization for large electric fields. This is a

Taylor expansion of the optical polarization P in terms of the laser electric field E. The
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coefficients χ(N 6=1) are the nonlinear optical susceptibilities of order N, while χ(1) = χ

is the linear optical susceptibility. Vectors are omitted for simplicity at this point. In

vectorial form, the susceptibilities would become tensors of rank N. Let us limit the

Taylor expansion 3.29 to the term χ(2)E2(t) and let us neglect the higher order terms.

If we think for simplicity that the electric field has a harmonic behaviour

E(t) = E0cos(ωt) (3.30)

then

P(2) = χ
(2)E2(t) = χ

(2)E2
0 cos2(ωt) = χ

(2)E2
0

1
2

 (1)︸︷︷︸
OR

+cos(2ωt)︸ ︷︷ ︸
SHG

 (3.31)

The "1" in the last parenthesis represents the optical rectification or photogalvanic

effect. The other contribution has carrier frequency 2ω and corresponds to second-

harmonic generation (SHG). Since dc components do not lead to propagating electro-

magnetic waves, the OR component is usually neglected in calculations in the literature

focusing on the generation of second and higher order harmonics [55]. Note that OR

depends on the χ(2) parameter for the material under consideration. In centrosymmet-

ric crystals χ(2) = 0, therefore, there is no optical rectification.

There is a particular situation in which isotropic materials can show optical rectifi-

cation in the vicinity of an interface. In this instance the surface breaks the symmetry

of the material and thus can lead to a net dc electric field. This phenomenon is termed

surface photogalvanic effect [62] and is due to a diffuse scattering of the electrons

from the surface. Photon absorption accelerates the electrons because they gain ki-

netic energy h̄ω , therefore populating an excited state at energy ξ0 + h̄ω . In general

the transition probability of an electron excited by an absorbed photon is a function of

the electron momentum. Let us assume that the transition probability is proportional

to (Eph ·pel)
2 as an example, where Eph is the wave electric field and pel is electron

momentum. This means that there would be an equal probability of an electron being

excited by the field if it is moving along the photon propagation direction or against

it. If a photon is absorbed in the vicinity of an interface, there will be an equal num-

ber of electrons going towards the surface than the ones going towards the bulk of the
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material. If we assume that the electrons scatter isotropically from the interface, their

momentum will be lost, whereas the electrons going towards the bulk will produce an

electric current. If there was no surface, this current would be perfectly balanced by

the electrons moving in the opposite direction. Similarly, in thin films both the upper

and lower surface play a role and the degree of scattering from each surface determines

the intensity of the effect.

Let us now briefly discuss the photon drag effect and compare it with optical rec-

tification. As discussed in section 3.2, the effect is generated by the combined con-

tributions of the electric and magnetic field of the wave in the Newton force equation

(3.7) resulting is a second order effect, because the magnetic field magnitude B0 ∝ E0.

Nevertheless, the PDE is not dependent on the second order optical susceptibility term

χ(2), therefore is not dependent on the material’s isotropy. The anisotropy generat-

ing the current is caused by the direction of propagation of the wave which in turn

determines the direction of the resulting force acting on the electrons.

When both the PDE and OR are present, care must be taken to distinguish the

two. Since the polarity electric field caused by OR is dependent on the crystalline

orientation of the sample, it is independent of light propagation direction. Therefore

a possible experiment to discriminate the two components consists in introducing a

mirror on the other end of the sample to reflect transmitted light. This would lower the

intensity of the PDE, but increase the intensity of the OR effect.

3.4 Hydrodynamic model in the general formulation

In this section we show that the momentum transfer model equation (3.4) can be seen

as a special case of the general formulation (3.28). This will allow us to gain insight

on (3.4) and see its application to experiments. In section 3.4.1, comparison of the

theory with those experimental results will also allow us to justify the choice of the

Minkowski momentum formulation in section 3.1.

The PDE has been extensively used in sensors for THz radiation (see e.g. [54, 57]).

These are usually doped Ge or Si rods very similar to those depicted schematically
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in Fig. 3.3, therefore most experimental investigation of this phenomenon has been

performed with those semiconductors. We thus compare the theories (3.28) and (3.4)

to data from those semiconductors [63], due to a lack of experimental results on metals.

We limit our analysis to the simple case of doped Si and Ge and look at the electric

field Ex generated along the [100] crystallographic direction, parallel to the incident

radiation Iph, which we define as the x direction. In this situation there is no OR and

(3.28) reduces to [56]

Ex = QIph, (3.32)

where Q is an element of the photon drag tensor Ti jkl . In general, Q is a vector but

in this instance is just a scalar since Ex ‖ Iph. The value of the parameter Q depends

in general on the frequency ω of the incident photon. In fact, optical transitions are

subject to the requirements of energy and wave vector conservation (see for example

Fig. 3.6):

ξ f −ξi = h̄ω Energy conservation (3.33)

q f −qi = k Wave vector conservation (3.34)

where ξ f , q f , ξi and qi are the electron final and initial energies and wave vectors

respectively and h̄ω and k are the photon energy and wave vector. The conservation

rules do not apply, however, when the quantities involved are small compared with

the uncertainties in their values. The uncertainty in the energy of an electron is of the

order of ∆ξ τ = h̄→ ∆ξ = h̄/τ . Therefore, the energy conservation is not required if

the photon energy h̄ω < ∆ξ , hence if ωτ < 1 and a similar conclusion applies to wave

vector conservation. Only in this frequency regime the photon drag effect is exactly

the simple result of radiation pressure in a medium of refractive index n 6= 1 and one

can ignore the electronic band structure. When ωτ � 1 the electric field in (3.32) can

be derived from the result of the hydrodynamic model in (3.4). In this situation we are

illuminating a semiconductor rod from one side and the generated current is parallel to

the light propagation direction, so that the θ dependence of (3.4) disappears. We will

look at radiation inside the semiconductor, so we will ignore reflection and assume
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negligible transmission. Therefore (3.4) becomes

jx =
〈S〉
c

eτ

m
K
√

ε ′ (3.35)

where we substituted 1/δ with the absorption coefficient K and ε ′ represents the real

part of the dielectric function of the medium in which the absorption happens. Since

jx = σ0Ex, we can calculate the electric field as

Ex =
jx

σ0
=

1
σ0

〈S〉
c

eτ

m
K
√

ε ′ =
1

σ0

nele2τ

m
1

nele
〈S〉
c

K
√

ε ′ =
〈S〉K
cenel

√
ε ′ (3.36)

Equating (3.36) with (3.32) and since 〈S〉= Iph, the parameter Q in equation (3.32) is

Q = K
cenel

√
ε ′. Thus we see that the hydrodynamic model can be seen a particular case

of (3.28) in the ωτ � 1 limit, which represents radiation pressure.

In the case of ωτ > 1 the energy and momentum conservation rules (3.33) be-

come important and photon absorption excites a direct or indirect transition between

electronic energy levels [54]. If direct transition are involved, the k-dependent Joint

Density Of States (JDOS) must be taken into account, and features like resonances

and sign inversions of the drag current [64] appear. In Fig. 3.4 and Fig. 3.5 we show

experimental results from [63] which show how dramatic the effect of optical transi-

tions can be in the cases of doped Ge and Si. In the figures is plotted the parameter

(Qnel/K) ∝ Ex /〈S〉 from (3.36) as a function of wavelength for p and n doped Si and

Ge. Note that in p-doped cases resonance features appear and abrupt sign inversions

are also possible. Those are due to the activation of damping mechanisms such as op-

tical phonons resonances only for electrons with k vectors in specific directions. In

other words, they are due to the k-dependent JDOS involved in the transition probabil-

ity, which makes more likely the excitation of electrons moving in a specific direction

than others, thus leading to an unbalance of the electron k-distribution and ultimately

to the current. As it could be expected, in this case the physics of the phenomenon

are much richer, because different energy levels are involved, with different effective

masses and scattering times. We will thus not go into detail, which can be found in

[48, 54, 56]. The n-doped samples (dashed lines) do not show such resonance features

because the conduction band do not have sub-bands which can be populated in the

energy range studied.
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Figure 3.4: The photon drag coefficient (Qnel/K) of n-type (dashed line) and p-type (full line) germa-

nium at long wavelengths. Note that the values become equal when ωτ � 1. Note also that intraband

optical transitions within valence sub-bands can generate resonances and sign inversions in the p-type

case. From [63].

Figure 3.5: The photon drag coefficient (Qnel/K) of n-type (dashed line) and p-type (full line) silicon

at long wavelengths. Note that the values become equal when ωτ � 1, as seen in Fig. 3.4. From [63].
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Figure 3.6: Model of the Photon Drag Effect due to free carrier absorption. Absorbed photon (1→ 2)

excites the free electron to a virtual level. An acoustic phonon provide the missing momentum h̄qph1 or

h̄qph2 to complete the transition to the final state 3a or 3b. Adapted from [54].

It is interesting to notice that at ωτ � 1 the value from n and p doped samples

become the same photon pressure result, as expected because the conservation rules

(3.33) no longer apply. Furthermore, the values from n-doped samples change as ω is

increased. In this instance the phenomenon can be explained by indirect optical tran-

sitions, in which photon energy is such that the excited electron does not populate an

higher energy level directly and an additional element such as a phonon or an impu-

rity center acts a source of the missing momentum to allow an indirect transition. The

transfer of momentum to free carriers yields an asymmetric distribution function in

k-space and hence and electric current. For visualization we consider a free electron

with a dispersion relation E(q) = h̄2q2

2m interacting with an incident photon and acoustic

phonon. The absorption of a photon increases its energy by ∆E = h̄ω and its wave

vector by ∆k = k, as depicted in Fig 3.6. Acoustic phonons deliver momentum while

their energy can be neglected because it is very small compared to the photon energies.

The slightly tilted vertical arrow shows an optical transition to a virtual intermediate

electron state, taking into account the momentum k absorbed from the photon. The hor-

izontal arrows indicate transitions from the intermediate state to final states emitting

or absorbing acoustic phonons of different wave vector qph1 and qph2 . The population
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of those two phonons will be different, therefore one of the two transitions (2→ 3a)

or (2→ 3b) will be favored, yielding a shift in the total momentum distribution of the

electrons and therefore to an electric current density j. A similar picture can also be

obtained for photon absorption enabled by scattering at impurity centers. Hence we

found that the momentum transfer model (3.4) is a special case of the general formu-

lation (3.28). We can now use this insight to justify the use of Minkowski momentum

expression in the derivation of section 3.1.

3.4.1 Abraham and Minkowski momentum

We have so far assumed that the wave momentum to be considered for the calculation

of the PDE formula is p = (h̄ω/c)
√

εd . Equivalently we can write p = (h/λ )n where

λ is the photon wavelength in free space and n =
√

εd is the refractive index of the

dielectric medium. However, it must be pointed out that the value of the momentum

to be associated with a photon in a dielectric has been a matter for dispute for many

years (See [56] and references therein). Two main theoretical expressions for photon

momentum in a nondispersive dielectric, introduced respectively by Abraham in 1914

and Minkowski in 1910 have been discussed in the literature. These can be written

Abraham p = (h/λ ) · 1
n

(3.37)

Minkowski p = (h/λ ) ·n (3.38)

Abraham’s expression derives from E×H and is believed to describe the momentum

to be associated with the electromagnetic field. Minkowski’s is based on D×B and

contains a "mechanical" component due to the reaction of the lattice. Several experi-

ments exist in favour of both expressions, therefore the question that usually one has

to answer is not really which of the expressions is correct in general, but which is the

most accurate in describing the effect under study. In the case of the photon drag ef-

fect we can think of comparing the results existing in the literature with the prediction

of the aforementioned formulae in (3.36). The values of the photon drag coefficient
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(Qnel/K) can be calculated from (3.32) and (3.36) as

Q
nel

K
=

E
〈S〉

nel

K
=

1
eh̄ω

p (3.39)

considering the Minkowski and Abraham formulation for the momentum yields

Abraham Q
nel

K
=

1
ce

1√
ε ′

(3.40)

Minkowski Q
nel

K
=

1
ce

√
ε ′ (3.41)

Substituting numeric values for Si ang Ge we obtain results for (Qnel/K) summarised

in the following table:

Si Ge

Abraham 0.62 0.52

Minkowski 7.1 8.33

If we look at Fig. 3.4 and Fig. 3.5 we notice that the asymptotic values at ωτ � 1,

which represent the photon pressure results, are 7.1 for Si and 8.3 for Ge, therefore the

use of the Minkowski formulation is justified.
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3.5 The SPP drag effect in the literature

It has recently been demonstrated [25–27] that light absorption due to SPPs supported

on a metal film provides an electrical current dependent on the direction of the SPP

wave vector, analogous to the photon drag effect. We termed this phenomenon Surface

Plasmon Drag Effect (SPDE). Work to date has largely come from two research groups,

T. Ishiara [25] and M. Noginov [26], who investigated the SPDE using prism coupling,

and, rather confusingly, both their results and their interpretation of the effect differ.

This state of affairs was a main motivation for the work in the present thesis.

In 2005 Vengurlekar and Ishihara [25] reported for the first time the observation of

SPDE in Gold films. They used prism coupling in the Kretschmann configuration to

launch SPP in a 47 nm thick Gold stripe and measured a current peak when the SPP

is coupled into the structure, as shown in Fig 3.8. At the plasma resonance angle, the

reflectivity is decreased, therefore they expected this to enhance the PDE effect. They

tentatively explain their experimental results through the momentum transfer model

equation (3.4), described in section 3.1, and obtained a predicted current of 70µA

Figure 3.7: Schematic of the SPP Enhanced PDE with prism coupling. The wave is incident from the

prism side and is coupled into a SPP (green). The SPP travels along the metal air interface and drags

the conduction electrons along the propagation direction, generating a current Jx. This configuration

has been exploited in our experiments as well as in the literature [25].
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Figure 3.8: Reflectivity (top) and SPP Enhanced PDE Current (bottom) angular spectra from [25].

The sample was a 47 nm Gold film on 3 nm Chromium on a BK7 hemisphere and the excitation wave-

length was 930 nm.

while they measure ≈ 4µA. In addition, their spectra revealed a sloping background

current (see Fig 3.8), which is left unexplained. The main focus of the article was

to demonstrate the effect rather than characterizing the phenomena, e.g the efficiency

(electrons/photons) of the SPDE process (notice how the SPDE current in the lower

plot of Fig 3.8 is measured as a voltage).

In the more recent work of Noginova et al [26] a change of polarity of the cur-

rent was observed for the angles of SPP coupling and those off resonance, see Fig 3.9.

Again, the hydrodynamic model (equation (3.4) in section 3.1) was used to evaluate the

results, this time yielding an underestimate of the generated current and at odds with

the results from Ishihara [25]. Moreover, the hydrodynamic model could not repro-

duce the polarity change in the current spectrum seen in Fig. 3.9. It was thus proposed
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Figure 3.9: SPDE as measured from [26]. Left: experimental setup. Right: reflectivity (red) and

current (blue) detected. Notice the current polarity change between in resonance and off resonance

angles. The samples were 30−60 nm silver stripes on a high index (np = 1.78) right angle prism.

that SPP-generated electron flow was mediated by plasmon-electron interaction, while

off resonance the generation was caused by the surface photogalvanic effect [62, 65]

described on page 41. In addition to the uncertainty in the theoretical interpretation

of those experiments, there is a confusion in the terminology used in other literature

results. In most experiment current generation from SPP induced forces is compared

to the photon drag effect, without distinguishing it from optical rectification (see 3.28).

Recently [29] Ishihara’s group demonstrated that by means of a hole array in a gold

substrate, structure which is well known to have plasmonic properties, it is possible to

electrically detect the angular momentum of circularly polarized light. The hole array

couples light into SPPs in the metal structure and their absorption gives rise to a current

perpendicular to the plane of incidence of the radiation. The signal polarity is depen-

dent on the orientation of the circular polarization as well as the angle of incidence. In

the terminology of this thesis, this phenomenon is ascribed to the optical rectification

rather than photon drag. In fact, the tensor Ri jk from (3.28) can be divided into two

components [54], the linear photogalvanic effect and the circular photogalvanic effect.

The latter is likely to be the cause of the signal measured in [29] and can be inter-

preted in terms of transfer of angular momentum, but is radically different from the

conventional PDE. In [27], the same group studied the current generated from grating-

coupled SPPs absorbed in gold. They employ a model based on Maxwell stress tensor
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in the dipole approximation, which takes into account near field distribution. This time

the model underestimates the experimental results by a factor of 10. Qualitatively,

they offer some insight on the origin of the effect, by dividing the force into different

components and confirming that the SPP propagation direction indeed determines the

current polarity. In addition, they show that the predominant force component is the

one depending on the field gradient. An enhanced efficiency has also been predicted

theoretically in systems with field confinement below the metal skin depth[28], such

as metal nanowires. This effect would generate a voltage up to 10 V due to the reduced

dimensionality of the system and of the strong SPP confinement. We argue that this

effect is mainly due to optical rectification, in fact the Lorentz-Abraham force compo-

nent is small compared to the force derived from the gradients of the field distribution

that are caused by the very high field localization.

It is thus apparent that the SPDE is lacking a clear interpretation and study. We

found there was room for improvement in both the measurements as well as the under-

standing of the SPDE.



Chapter 4
Electrical detection of SPPs via the

surface plasmon drag effect

This chapter describes the electro-optical setups specifically developed to study the

Surface Plasmon Drag Effect (SPDE) experimental results. As anticipated in this the-

sis introduction, the experimental apparatus we built allows us for the first time to

directly detect the SPDE current and hence have a reliable quantitative estimate of the

effect efficiency (see chapter 5). This is made possible by a low impedance electrical

setup, described in section 4.2.5, in conjunction with low power CW optical excitation

modulated at low frequency (section 4.2.1). Such frequency regime ensures that BNC

connector’s resistance is lowered from the usual 50Ω to near DC levels of about 0.1Ω,

and the use of a lock-in system guarantees high sensitivity despite the low power ex-

citation. The importance of having low circuit resistance will be highlighted via the

experiments in chapter 6. To the best of our knowledge, this is the first time the SPDE

efficiency is accurately looked at, and this allows us to compare our results with the

momentum transfer model (section 3.1) and gain insight on the effect origin. This

comparison will be shown in chapters 5 and 6.

We begin analysing a simple structure, consisting of a thin metal film on a dielec-

tric substrate. To allow SPP excitation on the silver-air interface via the Kretschmann-

Raether configuration [4, 32] described in section 4.2, the metallic structure is de-

posited on the hypotenuse face of a right angle prism or alternatively on the flat face
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of an hemisphere by thermal evaporation. The stripes are electrically connected to

the electrical setup and both sample reflectivity and the generated current are simul-

taneously recorded as a function of light’s angle of incidence θ , which is accurately

controlled by a computerized rotation stage. Direct electrical detection of SPPs and

plasmon enhanced photodetection is readily achieved and the effect shows linearity

with the absorbed optical power and dependence on the polarization of incident light.

Sensitivity of the current polarity to light propagation direction is confirmed by an ad-

ditional set of experiments which make use of an oscilloscope for electrical detection

and a pulsed laser to provide optical excitation. When the laser pulse is coupled at the

SPP resonance angle, a current pulse is also measured on the oscilloscope. Reversing

the angle also reverses the current polarity, proving that indeed that the electrons are

pushed in the direction of propagation of light.

4.1 Sample fabrication

We use a thermal evaporator (Fig. 4.1) for the fabrication of the samples, as it is one

of the most reliable ways to deposit metals. We chose to employ silver and gold as the

metals since they offer the lowest resistivity among metals [66]. From equation (3.4),

in fact, we expect the lower resistivity to increase the current generation efficiency

through a longer electron average scattering time τ compared to other materials.

Prior to evaporation, the samples have to be cleaned meticulously, as it was found

that small traces of dust or not fully evaporated solvent can cause defects in the final

sample that can lead to artefacts in the data (see section 6.4). Therefore the hemi-

sphere and prism samples are submerged in a solution of 10% Decon 90 solvent and

90% distilled water, then sonicated for 10 minutes, and the same process is repeated

substituting the solution with pure distilled water, acetone and finally isopropanol, in

this order. Care is taken to not allow solvent evaporation between the transition into

a new solvent bath, and nitrogen gas is blown on the final substrate to remove the

remaining isopropanol.

To allow deposition on right angle prisms and hemispheres, we required the fabri-
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cation of a custom evaporation mask, which makes it possible to deposit metal stripes

(see Fig. 4.2) of different dimensions on the samples. The stripes will be then electri-

cally connected to the measurement system to allow current detection, cf. section 4.2.

A striped structure ensures a better control over the sample resistance and also allows

multiple measurements on the same evaporated sample in the case of the prism, be-

cause each stripe can serve as a separate device. The stripes on the prisms are 14mm

long and 1.5mm wide, while on the hemisphere they are 10mm long and 2mm wide1.

To improve the homogeneity of the thickness the sample is rotated during the depo-

sition. The evaporation rate was optimized to minimize defects on the structures and

improve film quality. It is known [67] that increasing the evaporation rate in noble

metals reduces the resulting surface roughness. We found, nevertheless, that when

evaporating silver an evaporation rate greater than 10A/s can produce samples with

defects, probably due to the emission of clusters of silver particles during the deposi-

tion. This problem was not present in the case of gold. Therefore the gold samples

were evaporated at a 10A/s rate, while silver was deposited of a rate of 2A/s. Dur-

1Note that the effective length of the stripe from the electric point of view is given by the distance

between the electrodes when the stripe are contacted, as we will show later.

Figure 4.1: The evaporator by Angrstrom used for the fabrication of the samples.
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Figure 4.2: Metal stripes on right angle prism and hemisphere

ing the deposition, a thickness monitor in the chamber allows control over the extent

of the evaporated material on the sample. The film thickness is then measured on a

co-evaporated reference sample on a glass substrate by means of an Alphastep sur-

face profiler and further confirmed through fitting the reflectivity angular shape to the

theoretical curve (see section 4.2.4).

4.2 Angular resolved experiments

To study the SPDE we fabricated an electro-optical setup, shown in Fig 4.3, which

allows SPP coupling and simultaneous detection of the sample reflectivity and the

SPDE current with high accuracy. The apparatus can thus be divided into four main

parts, divided by different colors in Fig 4.3:

• Optical excitation via CW laser, polarization and mechanical modulation

(green);

• SPP Coupling via a computer controlled double rotation stage (red);

• Reflectivity measurement by means of a photodiode mounted on the rotation

stage (orange);

• Simultaneous electrical detection of the SPDE using a lock-in amplifier (blue)



4.2 Angular resolved experiments 57

4.2.1 Optical excitation

The first component of the setup that allows light coupling to SPP is the optical section,

circled in green in Fig 4.3. The aim is to create a laser beam with the correct polariza-

tion and which is modulated to allow frequency filtering by the lock-in in the electrical

section of the setup. Our source is a diode pumped solid state CW laser (Lambda Pro

UG-20), which emits light at 532nm wavelength and has an average output power of

20mW . A mechanical chopper is used to impose amplitude modulation to the beam,

which frequency serves as a reference for the lock-in amplifiers adopted in the elec-

trical detection setup. Despite the output laser mode is predominantly T EM00 and

linearly polarized, there are still higher order modes which are emitted and could be

detected during the experiment, generating uncertainty in the measurement. Therefore,

we added a linear polarizer with optical axis parallel to the polarization direction of the

main output mode so that differently polarized modes are reflected. After the modula-

tion and polarization stage, a half wave plate is employed to rotate the beam electric

field and make possible the choice between p- and s-polarization with respect to the

sample surface. By p-polarized we mean that the electric field of light is parallel to

the plane of incidence onto the metal surface, while in the s-polarized case the electric

field is perpendicular to the plane of incidence. Control of the incident polarization is

Figure 4.3: Illustration of the experimental setup for the simultaneous detection of the SPP induced

current and the sample reflectivity through the Kretschmann-Raether configuration.
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crucial to couple SPPs in the structure, as well as to distinguish phenomena unrelated

to SPPs, for example when light is s-polarized.2

After the optics, the laser power incident on the sample is about 13mW . The knowl-

edge of the incident power is crucial to determine the efficiency of the SPDE. All ex-

periments are performed an hour after the laser has been turned on to allow it to warm

up and thus the intensity to be stable. Then, before each set of experiments, the power

is measured with a power meter and the result is used as a reference to normalize the

data.

4.2.2 SPP prism coupling and reflectivity detection

The incident source described is used to excite surface plasmon polaritons into the

sample. This is achieved by means of the prism coupling section of the setup, circled

in red in Fig 4.3. As described in chapter 2.4, the coupling only happens if the light

is p-polarized and is incident at a particular angle θSPP, at which the projection of

the light wave vector along the surface of the metal matches with the wave vector of

an available SPP mode. In the simplest case under study the structure is just a single

metallic film, therefore the k-vector of the SPP mode to be excited can be approximated

to the solution (2.19) for a single metal-dielectric interface (derived in section 2.2). The

coupling condition can be simply described by equation (2.33) where in our case εd = 1

since we did not deposit dielectrics on the metal.

To control the angle of incidence, the sample is mounted on a motorized rotation

stage controlled by a custom-written software. A picture and schematic of the setup is

shown in Fig. 4.4. The rotation stage is fit with a custom mount that makes possible

to fix the sample in place and electrically contact it to the rest of the circuit without

compromising the possibility for optical alignment. This is made possible by a tri-axial

translation stage which allows accurate positioning of the sample so that the rotation

axis corresponds to the center of the surface of the metallic stripe under study. The

2SPPs can in principle still be coupled with s-polarized light by scattering from defects and surface

roughness, but this process is expected to be negligible in most samples.
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incident beam is coupled through the curved interface of the hemisphere or the short

side of the right angle prism. Light then incurs in total internal reflection if the angle

of incidence is greater than the critical angle, which for N-BK7 is 41.16°. With no film

deposited, the reflectivity above that angle would be 100%. If we deposit the metal

film, we introduce an available SPP mode on the metal-air interface, therefore we see

a dip in the angular spectrum in correspondence with the coupling angle θSPP. This

happens only if the light is p-polarized, because the SPP is a TM wave (see section 2.2).

As expected, using s-polarized light, the SPP dip disappears and the reflectivity above

the critical angle is close to 100%, proving that the dip we see is indeed due to SPPs.

The reflected light is measured by a detector which is then connected to a lock-

in amplifier triggered at the mechanical chopper frequency. Since when light hits the

sample surface at an angle θ , it is reflected from it at an angle 2θ , we employ another

rotation stage that enables the movement of the detector separately from the sample

so that the reflected beam is always detected. Both rotation stages are controlled by a

custom-written software which synchronizes the lock-in measurement with the angular

movement of the sample and the detector.

Figure 4.4: Picture (left) and schematic representation (right) of the setup for the simultaneous de-

tection of the reflectivity and the Drag current. Green arrow: laser light, blue arrows: angular motion

of the photodetector, red arrows: angular motion of the sample.
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Figure 4.5: Alignment of the hemisphere (left side) and prism (right side) samples. The circular dot

in each figure represents the rotation axis. Input (green), reflected (orange), back-reflected (blue) and

transmitted (red) beams are also shown. Refer to the text for the accurate description of each alignment

step.

4.2.3 Sample alignment

Prior to measuring the reflectivity and SPDE angular spectra, it is crucial to properly

perform the alignment of the sample with the rest of the optical setup. This ensures

that the angle by which the rotation stage is moved is indeed the angle of incidence θ

of the laser beam onto the sample surface. The first step is to make sure the beam is

incident on the rotation axis of the rotation stage and parallel to the plane of rotation.

The alignment must ensure that the sample surface is centred on the rotation axis of

the stage. The alignment steps are described in Fig 4.5 and are different for prism

and hemisphere. For the hemisphere, the beam must hit the centre of the circular flat

surface at any angle of incidence. To ensure this we employ several steps. Letters refer
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to the images on the left side of Fig 4.5.

(a) Rotate the sample so that the flat face of the hemisphere is facing the incident

beam and make sure the back-reflected beam overlaps with the incident one.

This gives the 180o angle reference to the motorized rotation stage.

(b) Move the rotation stage automatically to 0o and move the sample laterally and

vertically using the translation stage, until the reflection from the first interface

(1), the flat surface (2) and the back-reflected beam (3) all overlap with the inci-

dent beam. This ensures that the laser is hitting the center of the hemisphere.

(c) Move the rotation stage to 90o and change the depth via the third translation axis

until the beam hits the side of the hemisphere. This makes sure that the rotation

axis passes through the centre of the hemisphere flat surface.

For the prism, the beam does not hit the centre of the rectangular hypotenuse surface

at any angle of incidence because of beam walking. To ensure that the rotation axis

passes through the center, we can make use of the geometry of the sample and of the

consequent back-reflection. The alignment steps required are slightly different than

the hemisphere ones. Letters refer to the images on the right side of Fig 4.5.

(d) Rotate the sample so that the cathetus face of the prism is facing the incident

beam and make sure the back-reflected beam overlaps with the incident one.

This gives the 45o angle reference to the motorized rotation stage.

(e) Move the rotation stage automatically to 0o and move the sample laterally and

vertically using the translation stage, until the reflection from the first interface

(1), the flat surface (2) and the back-reflected beam (3) all overlap with the inci-

dent beam. This ensures that the laser is hitting the center of the prism.

(f) Move the rotation stage to 90o and change the depth via the third translation axis

until the beam hits the side of the prism. This makes sure that the rotation axis

passes through the centre of the prism hypotenuse surface.
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Those alignment steps are repeated each time a new sample is installed and guarantee

an accuracy of the angular measurement of about ±0.2o.

4.2.4 Reflectivity fitting

The measured reflectivity is expected to follow equation (2.34) (cf. section 2.4). Since

kzi for each layer, calculated via (2.35), is a function of θ through kx(θ) in equation

(2.33), so is rp
i j and consequently R = R(θ), as expected. Equation (2.34) links the re-

flectivity angular spectrum to the dielectric function of the metallic layer εm, its thick-

ness d and the dielectric function of the external layer εd . From fitting the measured

data of R(θ) to (2.34) is thus possible to extract information on the sample parameters

and structure. Since in our cases εd = 1, the variables to be found are three, namely the

real and imaginary parts of εm = ε ′m + iε
′′
m and the film thickness d. As starting values,

for εm we take advantage of tabulated data from [37, 38] and measured values from

ellipsometry, while for the thickness d we rely on measurements on a surface profiler

and the nominal values from the evaporator thickness monitor. The major uncertainty

Silver Gold N-BK7

ε −11+0.5i −4.9+2.3i 2.3086

Table 4.1: Dielectric constants at 532 nm wavelegnth, used for fitting. Metal εm indicated as best

fit to the data, as described in the text. Prism and hemisphere material N-BK7 data obtained from the

manufacturer [68]

in the starting values is the thickness, since the surface profiler has an uncertainty of

± 5nm and is performed on a separate co-evaporated test sample. Also, εm values

depend on the evaporation condition and can differ from ellipsometry data, especially

in regards to the imaginary part ε
′′
m. For each sample we use both p-polarized and s-

polarized R(θ) spectra, making sure that the same parameters εm and d are able to give

an accurate fit of both. Furthermore, we make sure that εm derived for a given metal

is the same for each sample comprised of that material, so that only the thickness d
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Figure 4.6: Reflectivity data obtained from a 41 nm gold stripe on hemisphere (black) and prism

(blue). Fit to (2.34) is shown in red, using the dielectric constant for gold and N-BK7 from table 4.1.

Incident wavelength was 532 nm.

is changed between those samples to obtain the fit. This ensures to have confidence

on the obtained fit values of εm, because they have to reproduce the reflectivity spectra

of several samples. As a result we obtain the sample εm and d with a high level of

accuracy. An example of the fitting obtained can be seen in Fig 4.6. In this case a gold

stripe was co-evaporated on hemisphere and prism at the nominal thickness of 45 nm

measured by the evaporator thickness monitor. The fit to (2.34), shown in red, allowed

us to determine the thickness to be 41 nm with a high level of accuracy. In addition, the

gold dielectric constant at the wavelength used of 532 nm was εm =−4.9+2.3i. This

is close to literature data from [37, 38]. The reflectivity obtained from the samples is

very similar, proving the accuracy of the experiment and sample fabrication.

The difference between the two data sets for angles above 60o is thought to be

caused by non-perfect sphericity of the hemisphere at the edges that deflect the input

beam. The incident beam is partially deflected outside the detector area. Consider that

the hemisphere is a half-ball lens, therefore the beam is focused at the input surface
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and defocused at the output surface. This means that the output beam will always be

diverging and becomes almost as large as the photo detector area. Therefore, even

the slightest deflection of the beam would cause partial loss of light. The solution to

this problem would seem to be to insert collection optics between the hemisphere outer

surface and the detector, but this has been found to cause several problems since it adds

reflections, possible local defect on the lenses can cause scattering, and in general adds

uncertainty to the measurements. For this reason, when we need to analyse the range

of angles above 60o, we choose to use the reflectivity data from the prism samples.

Since most SPP modes of the structure are coupled at lower incidence angles, this is

not an important issue in most cases.

4.2.5 Detection of SPP generated current

For the current detection we employ a low-impedance pre-amplification stage cascaded

by a lock-in amplifier. The electrical setup is illustrated in Fig 4.7 and the metallic

stripes are connected to it to allow current detection, see Fig 4.7a. After trying several

methods for creating an electrical bond between the metal and the rest of the circuit

we chose to use pressure-based contacts because of the ease of sample mounting and

also to prevent damage to the thin metal films. For right angle prisms, we employ

gold spring-loaded contacts connected to a PCB board that simultaneously connects

all the five evaporated stripes. They have a small contact area and are separated 12 mm

from each other. For the hemisphere, tin wires are pushed onto the single stripe. They

have a wide contact area and are separated 4.5 mm from each other. All the electri-

cal contacting elements are customized so that they fit to the sample mount and the

contacts exactly match the center of the metallic stripes. Alligator clips, again custom-

made to be properly shielded in a co-axial fashion, provide connection with the rest

of the electrical measuring system via BNC cables. The cables are connected to a low

impedance current amplifier with variable gain (Signal Recovery 5182), see Fig 4.7b.

The gain is chosen to be 106V/A to ensure good amplification while guaranteeing an

input resistance ℜin as low as 0.2Ω.



4.2 Angular resolved experiments 65

The CW optical excitation allows us to use a low frequency optical modulation

f ' 270 Hz. Consequently, the generated current also has a low frequency. The coaxial

cable connectors have a resistance ℜBNC very close to the DC value, which is measured

to be about 0.1Ω. It is also important to note that the input resistance ℜin of the current

amplifier increases with frequency and thus benefits from this measurement regime.

The generated current is therefore measured with negligible signal attenuation, that

would be relevant even in the case of a circuit resistance ℜcircuit = ℜBNC +ℜin as low

Figure 4.7: Electrical diagram of the current detection system. (a) The metallic stripes on prisms

and hemispheres are contacted with the electric circuit. (b) Current is amplified via a transimpedance

amplifier with ℜin = 0.2Ω. (c) The voltage Vout from the preamplification output is connected via a 50Ω

shunt resistance to the lock-in amplifier which filters it using the chopper frequency f from the optical

setup as a reference.
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as 50Ω, because the metal stripe resistance is of the order of a few Ω. This point has

been overlooked in the literature [25, 26] and will be experimentally demonstrated in

section 6.1. The output of the current amplifier is a voltage signal given by

Vout = 106 Iin (4.1)

This voltage output is used as the input for the lock-in amplifier (Stanford Research

830), depicted in Fig 4.7c. Since the output impedance is ℜout = 450Ω, introducing a

shunt resistance of ℜshunt = 50Ω at the lock-in input creates a voltage divider, and the

signal at the lock-in input is given by

Vlock−in =
ℜshunt

ℜshunt +ℜout
Vout =

Vout

10
= 105 Iin. (4.2)

Since the input voltage is made of both the signal we want to measure and the un-

wanted noise we have Vlock−in = VSignal +VNoise. Due to the amplitude modulation

of the incident light generating the current, the signal we want to measure VSignal is

predominantly at the modulation frequency f , while the noise is present at all frequen-

cies. The lock-in takes advantage of this, and performs multiple digital operations on

the signal which have the mathematical equivalent of a Fourier transform followed by

frequency filtering of the signal at the reference frequency f . As a result, the voltage

output after this filtering operation is not exactly VSignal , but the first harmonic of the

RMS value of the modulated signal. Since light is modulated as a square wave and

since we expect the SPDE response to be fast, our signal VSignal will also be a square

wave. If our signal is a square wave with peak-peak value of V0, it can be expressed as

a sum of harmonic functions

VSignal(t) =
V0

2
4
π

∞

∑
k=1

sin(2π(2k−1) f t)
2k−1

(4.3)

=V0
2
π

(
sin(2π f t)+

1
3

sin(6π f t)+
1
5

sin(10π f t)+ · · ·
)

(4.4)

The Fourier transform and filtering of the lock-in will select just the first harmonic

component of the signal, which will be V0 2/π . The value displayed is the RMS value

of this filtered signal, thus yielding

VMeas =V0
2
π
· 1√

2
= 0.45 V0 (4.5)
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Therefore, the original signal can be obtained by V0 = VMeas/0.45 = 2.221 VMeas. To

double check this correction value, we measured the signal from a photodetector with

an oscilloscope and compared the peak value with the one measured on the lock-in.

This measurement yielded a correction factor of 2.259, which is slightly different

than the theoretical one 2.221. Since the measured factor takes into account the non-

idealities of the experiment, we chose to use it to obtain the real values of the current

rather than the theoretical one. Therefore, we are finally able to get the relationship

Iin =
VMeas

2.259
10−5 = 0.443 10−5 VMeas, (4.6)

which allows us to obtain the SPDE current from the measured voltage VMeas.

4.3 The surface plasmon drag effect in silver films

By means of the electro-optical setup described, we are now in a position to prove

successful detection of SPPs via the surface plasmon drag effect. Moreover, we can

confirm that SPPs are coupled into the structure via the reflectivity spectrum, and si-

multaneously detect the current generated by the device.

In Figure 4.8 we show a typical angular spectrum of the measured current along

with the measured reflectivity from the sample. If p-polarized light is incident at the

coupling angles, SPPs are excited in the stripe and a clear current peak is measured, in

correspondence with the reflectivity dip arising due to SPP coupling [4, 32], cf. chapter

Ch:SPP, section 2.4. The current peak shape closely overlaps with the absorbed power

angular spectrum (full lines in Fig 4.8, bottom), demonstrating the linearity of the ef-

fect with the power. If the light is s-polarized, no SPP is excited in the stripe and both

the reflectivity dip and the current peak disappear. In this instance the detected electri-

cal signal is generated by the absorption of photons, rather than SPPs, in the metal skin

depth. Note that in the Fig 4.8 the absorption is obtained form the reflectivity spectrum

as (1−R(θ)), which is valid only when the transmission is negligible above the prism

critical angle (dashed line). In general, below the critical angle, the current values

differ from the (1−R(θ)) curve because it is no longer representative of absorption
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since the transmission is not zero. The current data in Fig 4.8 are quantitatively reliable

and any silver sample with the same stripe geometry will yield the same current value,

within the noise sensitivity. In this particular measurement, the noise was ±1.5 nA,

but it can be reduced in two main ways. One is to increase the integration time on the

lock-in amplifier, in this instance it was 1 s. This increases the signal-to-noise ratio

(SNR) by reducing the noise per each point, but leads to longer experiments that are

sensitive to changes in the experimental condition that can happen in those long time

intervals, such as laser power fluctuation. Another option is to perform multiple short

measurements and then average the resulting data. This way the reflectivity, which is

measured simultaneously, can be used to get a reference of the input power.

A temperature change in the sample may modify the electrical properties of the

metal. We ensured that the current generated is not affected by this effect noticeably, by

Figure 4.8: Measured cur-

rent and reflectivity angular

spectrum from a silver stripe

on hemisphere for p-polarized

(blue circles, blue line) and

s-polarized (red triangles, red

line) incident light. The

current is superimposed with

the (1 − re f lectivity) curves,

which coincide with the ab-

sorbed power spectrum above

the total internal reflection an-

gle (dashed black line). Note

that the current peak is de-

tected only if light is p-

polarized and only at the SPP

coupling angles, a clear sig-

nature of electrical SPP detec-

tion.
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performing different experiments on the same sample at different metal temperatures.

The temperature was modified by ohmic heating by flowing current trough the metal

stripe via a separate current generator.

In addition to the absolute measurement of the current peak, when SPP coupling

takes place, we can also monitor the polarity or sign of the peak value that indicate the

electrons are pushed, via momentum exchange from the incident light, in the direction

of the SPP propagation. This unique feature of SPDE, or more generally PDE, can be

confirmed by an additional measurement using an oscilloscope and described in the

following section.

4.4 Directionality of the SPDE with pulsed laser exci-

tation

The most interesting and peculiar features of the photon drag effect is capability of

sensing light’s propagation direction. Indeed the temporal response of the PDE, and

by association the SPDE, is extremely fast and often limited by the instrumentation

transients (see [54, 56]) To verify this for the SPP drag effect and strengthen our inter-

pretation of the phenomenon, we wanted to measure the current response generated by

a single light pulse coupled to a SPP. This required some modification of the existing

setup both from the optical excitation part as well as for the electrical detection, as

shown in fig 4.9.

4.4.1 Optical setup for the pulsed regime measurements

Our existing lock-in detection allowed us to increase the detected signal to noise ratio

by averaging the signal at the optical modulation frequency (see section 4.2.5) and

rejecting the noise at different frequencies. This allowed us to use a low power CW

laser and a very low modulation frequency. In addition, using low power densities had

the advantage of preventing thermal damage to the sample, which has to be addressed

in a pulsed regime. The disadvantage of lock-in detection is that the current polarity is
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imprinted in the signal in the form of phase, because the frequency filtering rejects the

DC components of the signal. Therefore, we only know for sure if the signal changed

polarity, but not the polarity itself. To overcome this we use an oscilloscope along

with a fast photodetector, capable of detecting signal polarity, but with the potential

disadvantage of having a lower noise filtering capability and sensitivity compared to a

lock-in.

Since we cannot lower the noise considerably, we have to increase the signal by in-

creasing the optical power. The CW configuration is no longer useful and we switched

to a pulsed laser with a considerably higher peak power. The optical excitation is pro-

vided by a diode pumped Nd:YAG laser (Crystalaser QL532-1W0). The main output

wavelength 1064nm is frequency doubled so that the output wavelength used in the

experiment is 532nm as before. The repetition rate of the laser can be set from 100 Hz

to 100 kHz and the peak power and time width change with the frequency because

the laser is Q-switched. At 10 kHz repetition rate used, the laser output consists in a

8 ns pulse with 38.5 µJ peak energy, resulting in 385 mW average power. The output

polarization is linear, although there are some less intense higher order modes which

have other polarizations. The beam is therefore further polarized and the polarization

axis is modified by the means of a half-wave plate as in the existing setup. In the ex-

periments the electric field is set to be perpendicular (p-polarized light) to the metal

surface. We took particular care to avoid damage on the metal stripe because of the

high power density, using neutral density filter to reduce it appropriately. The optics

used are the same as the angular detection setup, with the addition of a beam splitter

that sends half of the incident beam to a photodetector, used as both a reference and

a triggering signal. The sample is mounted on the same holder and rotation stage as

before, with the angle of incidence of the light beam kept on the SPP resonance angle.
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Figure 4.9: Electro-optical Setup for the detection of the Surface Plasmon Enhanced Drag Current

versus time.

4.4.2 Pulsed regime SPDE current detection

As already noted, the time sensitive electrical detection is performed through a digital

oscilloscope (Tektronix 2024b). A high speed current amplifier (Femto HCS-100M-

50K-C) is used to enhance the signal by a factor of 50 kV/A with limited bandwidth

filtering at 100MHz. The crocodile clips are directly connected to the amplifier with-

out any BNC in between to reduce signal distortion and noise pickup. The resulting

amplified signal is connected to the oscilloscope using a BNC and a 50Ω shunt re-

sistance. Optical triggering was found to be necessary since, if the laser reference

trigger output is connected to a BNC cable, currents related to the Q-switching of the

laser cavity are diverted in it. Since the Q-Switching uses voltage pulses of the order

of 10 kV , these currents generate a radio wave which is synchronized with the laser

pulse and can be picked up by the metallic stripe and the connected cables. This noise

pickup is further amplified by the electronics and renders the measurement impossible

without the complication of additional filtering. The optical triggering uses the pulse

from the photodetector to trigger a signal generator, which in turn delivers a reference

signal synchronized with the laser pulse at the desired amplitude and delay. This is
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directly fed to trigger the oscilloscope, removing the need to use the reference from

the laser driver thereby avoiding generation of the Q-switched noise. Despite this, the

Q-switching current still exists inside the laser, so a low intensity radio wave is still

generated and picked up by the measurement setup. To remove this added noise a

20 MHz low pass frequency filter is required to increase signal-to-noise to acceptable

levels.

We performed measurements on a 65 nm silver film sample evaporated onto a hemi-

sphere. Light was incident at the angle of resonance of + 44o and then at the opposite

angle (− 44o). Fig. 4.10 shows that, for incident light at + 44o, the current peak as-

sociated with the surface plasmon drag effect has positive sign. When the angle is

reversed, the electrons are pushed in the opposite direction and the sign of the mea-

sured current is reversed. In effect the results clearly highlight that the SPDE reflects

the SPP propagation direction.

Figure 4.10: Drag Current versus time filtered at 20 MHz and averaged 128 times. Blue and orange

line represent the signal at two opposite incidence angle, showing the dependence of the polarity of

the signal with the direction of propagation of the SPP. The inset show the polarity convension used in

the experiment. Note that since electrons have negative charge, the current direction is opposite to the

electron drift direction.



Chapter 5
Efficiency of the plasmon drag effect in

silver and gold single layers

In the previous chapter we focused on the experimental apparatus in its various ele-

ments, and on how we successfully measured the surface plasmon drag effect and thus

electrically detect SPPs. Looking at measured data we have already been able to un-

ambiguously show that the current is indeed generated by SPP absorption in the metal.

Furthermore, its polarity suggests that conduction electrons are pushed along the prop-

agation direction of the SPP (see Fig. 4.10). In this chapter, we further examine those

processes and compare different samples. The accurate and simultaneous measure-

ments of the reflectivity and current allow us to move a step forward in the charac-

terization of the effect and to calculate the detection efficiency of the phenomenon,

something that to date has remained unreported in the literature. Depending whether

we put our emphasis on photon detection enhanced by SPP coupling or on SPP de-

tection, we are interested in different figures of merit to evaluate the device efficiency,

which we will define in the following sections. We then use these derived parameters to

compare different devices employing gold and silver metallic stripes of different thick-

ness, and to extract information on the fundamental effect. Furthermore, we study the

role of SPP coupling on the effect efficiency, by looking the difference between in and

off resonance data, different incident light polarization and metal film thickness. We

find that the effect is qualitatively well described by the photon drag hydrodynamic
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model, confirming that the SPDE could be the result of momentum transfer from SPP

to electrons.

5.1 Effect efficiency as plasmon-enhanced photon de-

tectors

To evaluate our device performances as an SPP-enhanced photon detector we can look

at the external responsivity, which is calculated as the ratio between the measured

current I(θ) and the incident optical power P0
1

ηext(θ) =
I(θ)
P0

, (5.1)

where θ is light incidence angle. This figure of merit represents the efficiency

in terms of A/W of the device for the conversion of incident photons into detected

current via the SPDE, well known as Responsivity in the field of optical detectors [69].

Implicitly, ηext is the product of the coupling efficiency of light into SPPs and the

current generation efficiency of the absorbed SPPs.

Metal thickness is known to modify the degree of coupling of light to SPP by influ-

encing the plasmon predominant loss mechanisms,[32] changing the width of the plas-

monic resonance and consequently the shape of the reflectivity dip, as seen in chapter

2. To study if this has an influence on the current generation efficiency, we chose metal

thickness of 30nm, 50nm and 69nm so the SP resonance lies below, near or above

the critical coupling thickness and thus moving from a predominantly radiative loss

character to a ohmic one [32].

The first step of this investigation is the fabrication of the samples of the desired

thickness. Despite the thickness monitor inside the evaporation chamber, we accurately

determine the thickness of the sample by fitting the reflectivity data to the theoretical

1Note that, to obtain the correct value for P0, one must take into account only the power transmitted

through the prism or hemisphere outer interfaces, which changes with the angle and polarization in the

case of prism samples.
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curve as described in section 4.2.4. When silver is used as the metal, one has also

to take into account that a thin layer of oxide quickly forms over the sample surface,

and continues to form over the sample lifetime. To avoid this, the experiments were

performed shortly after deposition. Nevertheless, a thin 0.3 nm oxide layer had to be

assumed to be present to obtain an accurate fit to theory. Taking into consideration the

additional layer requires a matrix-based approach for the computation of the reflectiv-

ity [71].The results of the reflectivity fitting are shown in Fig 5.1. The data (symbols)

show very good agreement to the theoretical fit (full lines) using films thickness of

30 nm, 50 nm, 69 nm shown in Fig 5.1 in black, blue and red respectively. Silver di-

electric function was chosen to be εAg =−11+0.5i for all samples. This value is very

close to results from ellipsometry studies performed on separate samples and to litera-

ture results from Johnson and Christie [37], and it provides a good fit for all the samples

fabricated. Silver oxide dielectric function was chosen εAgO = 6.5592+0.8933i from

the literature [70]. The 69 nm sample shows a larger width of the predicted plasmon

dip, which can be explained by the presence of SPP radiative out-coupling in the air

side due to surface roughness. This introduces an additional radiative loss mechanism

Γrough in equation (2.39), leading to a spread of the dip width in respect to the theo-

retical one which assumes perfectly flat surfaces. This could be taken into account by

artificially changing the silver dielectric function used for the fitting, but we chose to

keep it constant for all samples for consistency.

Having fabricated the correct samples and ensured their thickness, we measured

the SPDE generated from them as a function of the incidence angle. This measure-

ment was performed at the same time as the reflectivity, therefore we can be confident

that the current generated at a certain angle is indeed caused by the light absorbed at

that angle, which can be inferred from the reflectivity. The metallic films employed

in this study were deposited on hemispheres, because it was found that measurements

using a prism often show additional features in the current spectra. When the incident

beam hits some areas of the surface, it can generate current artefacts which are prob-

ably caused by local irregularities of the film. Refraction on the prism outer interface

causing the incident beam to move across the sample during an angular scan, making it
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Figure 5.1: Fitting (full

lines) of the reflectivity data

(symbols) obtained from sil-

ver sampless of different thick-

ness on hemispheres. From

top to bottom, samples of sil-

ver thickness 30 nm (black),

50 nm (blue), 69 nm (red).

All samples were fit with a

silver dielectric function of

εAg = −11 + 0.5i and assum-

ing 0.3 nm of silver oxide

was formed on the surface,

with εAgO = 6.5592 + 0.8933i

from [70]. Excitation was p-

polarized 532 nm light.

more likely to hit those local irregularities. This phenomenon will be closely analysed

in section 6.4. Hemispheres do not show this problem because refraction from the
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Figure 5.2: Top: angular

spectrum of the current gen-

erated by the SPDE from a

30 nm silver stripe deposited

on hemisphere. Dots repre-

sent data obtained on the same

sample in different vertical po-

sitions. The full line is the av-

erage from those multiple mea-

surements. The inset shows

a schematic of the experiment,

not to scale. Bottom: corre-

sponding reflectivity measure-

ments highlighting that they

are the same for each mea-

surement. Excitation was p-

polarized 532 nm light.

outer surface is irrelevant, since the beam is always incident at 0o on it and always hits

the centre of the circular surface. Nevertheless, it could happen that that in the centre

there is an irregularity causing an artefact. To make sure that this is not the case, we

perform multiple measurements at different vertical positions on the stripe and average

those spectra to obtain a mean value and a standard deviation. This process is shown

in Fig 5.2 for the 30 nm sample. The top graph shows the different measurements

performed in various positions close to the centre as dots of different colors, and the

average of those measurement as a black line. The corresponding reflectivity measure-

ments are shown in the bottom graph with the respective colors. Please note that the

inset showing the schematic of the stripe is not to scale. In the real experiment the

spot diameter is 100 µm and the stripe has a 2 mm width, and the lateral shift in the
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position is about 60µm. Already from this measurement we can see that the current

peak shape resembles the reflectivity dip shape above the total internal reflection angle

(TIR angle), with the peak angle corresponding to the SPP coupling angle.

The combination of multiple measurements and averaging provides us with a value

for the detected current and an associated standard deviation σ , which is the statistical

error. To evaluate the total error on the experiment, we must also take into account the

noise that is present in each point because of the imperfect detection. This is calculated

from the standard deviation of the current detected in quadrature. In fact, the detected

current is the component of the signal in phase with the modulated signal, whereas

the component in quadrature has 90o phase shift from the detected signal and has a

value of 0± noise . Therefore averaging all the points in quadrature yields a mean

value of 0 and a standard deviation which represents the measurement noise. This

is present intrinsically in each detection. Since the noise is uncorrelated, averaging

n measurements reduces it by a factor
√

n. The total error Err is therefore obtained

adding all the errors in quadrature, thus

Err =

√
Noise2

n
+σ2

′

(5.2)

This way we obtained the current average value I(θ) along with the error Err.

Dividing I(θ) by the incident power P0 yields the external responsivity of the ef-

fect via (5.1). Figure 5.3 shows the external responsivity derived from several mea-

surements on three silver stripes of different thickness on hemispheres. The measured

efficiency is of the order of 1 µA/W for all samples, comparable with the responsivity

of commercially available photon drag detectors operating in the terahertz frequency

regime and usually based on doped semiconductors. The difference in efficiency be-

tween the samples is predominantly caused by the difference in the absorbed power

spectrum. The current spectra follow in fact the corresponding 1−R(θ) spectra, as

shown in Fig 5.4, and there does not seem to be a major difference other than this be-

tween the samples. This hints at a similar fundamental current generation efficiency,

which will be studied further in the next section. Comparing the shape of the re-

sponse with those in the literature [25, 26], we can find some differences. In the results
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Figure 5.3: Top: measured

external responsivity (µA/W)

of samples with silver thick-

ness of 30nm (black, squares),

50nm (blue, circles), 69nm

(red, triangles). The shaded

areas show data standard de-

viation. Bottom: correspond-

ing reflectivity of the 30nm

(black), 50nm (blue), 69nm

(red) samples, measured simul-

taneously. Excitation was p-

polarized 532 nm light in all

cases.

shown in Fig 3.9, the current polarity changes between in- and off-resonance angles,

phenomenon explained ascribing the current generation mechanism to the surface pho-

togalvanic effect in the off resonance region and to plasmon-electron coupling at the

SPP resonance. In our results it is clear that this does not happen, since the polarity is

constant at all angles, and there seems to be the same mechanism behind the current

generation which spectra solely depends on the absorbed power spectrum. We will see

in section 6.4 that the difference could be explained by local effects, because we do

see occasionally polarity change in the spectrum in the presence of defects and surface

irregularities. In the literature results shown in Fig 3.8, there is a baseline in the mea-

surement which cannot be explained by the photon drag theory, which is absent in our

data.
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5.2 Effect efficiency as surface plasmon electrical de-

tectors

The simultaneous current and reflectivity measurements and their accuracy allow us

to control the degree of coupling of the incident light to SPP and thus evaluate the

efficiency of the internal process that is giving rise to the current. This is done by

normalizing the measured current by the power absorbed in the stripe. In the region

of angles above total internal reflection, transmission is zero, therefore the absorbed

power is derived from the measured reflectivity as Pabs(θ) = (1−R(θ))P0 where R(θ)

is the measured reflectivity angular spectrum. Therefore the internal responsivity is

ηint(θ) =
I(θ)

(1−R(θ))P0
(5.3)

This value also represents the detection efficiency of a SPP absorbed directly into

the device. To calculate ηint(θ) from the measured data is straightforward because it

just requires to apply (5.3) to the data shown in Fig 5.4. Unfortunately, the interpreta-

tion of the correct values of the efficiency is hindered by an increase in its uncertainty

in the angles where 1−R(θ) has very low values and the current detected is low as

well. In the left column of Fig 5.5 we show the internal responsivity ηint(θ) for sil-

ver samples of different thickness. The problem of increase in the data uncertainty is

evident. This is because we are dividing the error by a small value

ηext(θ)+Errext

1−R(θ)
= ηint(θ)+Errint ⇒ Errint =

Errext

1−R(θ)
(5.4)

To solve this, we decided to apply a criterion for selection of meaningful data based

on the signal-to-noise ratio (SNR)2 and then average the data which did not fulfil the

criterion. We can calculate SNR as

SNR =
ηint(θ)

Errint
(5.5)

Since the error on the data is represented in terms of the standard deviation, an SNR= 3

means that the signal average is three times its standard deviation. We chose the value
2This method is known in medical imaging as the Rose Criterion for signal visibility [72]
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Figure 5.4: External respon-

sivity (µA/W) of the current

generation for silver stripes on

hemispheres of 30nm (black),

50nm (blue) and 69nm (red)

thickness superimposed with

the corresponding (1− R(θ))

spectra. This shows that the

spectra closely overlap for all

samples.

of SNR = 3 as the discriminating limit between "visible" data and "noisy" data and

it can be seen in Fig 5.5 on the right that the "visible" data correctly correspond to
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Figure 5.5: Left: internal responsivity ηint(θ) (µA/W) of the SPDE current generation for silver

stripes on hemispheres of 30nm (black), 50nm (blue) and 69nm (red) thickness, superimposed with the

corresponding absorption angular spectrum (full lines). Right: signal-to-noise ratio (SNR) calculated

for each sample. The numbers represent the limiting angles where SNR > 3.

where the SPDE peak is. In the region of angle where the SNR < 3, we perform a

windowed moving average to make sure that the SNR becomes at least 3. This is done

by selecting an averaging window of N points around the data point to reduce the error

by a factor 3. Since averaging N samples reduces the error by
√

N and the minimum
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Figure 5.6: Symbols: in-

ternal responsivity (µA/W) of

the current generation for sil-

ver stripes on hemispheres of

30nm (black), 50nm (blue)

and 69nm (red) thickness.

Lines: corresponding absorp-

tion angular spectrum (full

lines) for each sample. The

shaded areas is where cur-

rent generation is predomi-

nantly due to SPP absorption,

while elswehere is due to pho-

tons. The efficiency is con-

stant because the current an-

gular shape closely overlaps

with the absorbed power spec-

trum.

SNR = 1, we chose the window to be N = 10 so that the averaged signal will have

SNR > 3 and fulfil our criteria. The result is shown in fig 5.6 for all samples. Since the

current I(θ) is proportional to (1−R(θ)), as can be also seen from Fig 5.4, in ηint(θ)

the SPP peak feature disappears and we obtain a constant value of about 1.17 µA/W
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for all samples. The shaded areas denote the angular region where there is SPP cou-

pling and thus current generation is mediated by plasmons, whereas outside this region

the current is mainly generated by the absorption of photons in the metal skin depth.

Although the external efficiency ηext is very low in the off resonance regions, as it

is apparent from fig 5.3, the internal efficiency ηint proves to be similar to the one

measured in the resonance angles and has the same polarity. This suggests that the

mechanism of current generation from SPP absorption is similar to the one mediated

by photon absorption. In the region of angles around 42o in Fig 5.6, we can see that all

samples show an increase in the internal response by a factor of 2. This enhancement

might be caused by an increased concentration of photon absorption in the metal-prism

interface which would increase the drag current density. In the area of SPP coupling

the field is instead concentrated in the plasmonic mode which is distributed across the

stripe (see section 2.3). In any case, care has to be taken in evaluating the internal

efficiency in the angular area around the critical angle, since this coincides with the

area of maximum reflectivity and thus minimum absorbed power. Therefore a minimal

offset in the current or the reflectivity results in a considerable shift in the calculated

ηint . As mentioned earlier, metal thickness modifies the mode distribution of the SPPs

coupled in the stripes via equation (2.28) and has a particular influence on the plasmon

predominant loss mechanisms. Fig 5.7 shows the predicted extent of the internal losses

Γint (dashed line) and radiative losses Γrad (full line) as a function of silver thickness,

as calculated from the lorentzian-like formula for the plasmon dip 2.39. The inset of

figure 5.7 shows a comparison between the peak internal efficiencies for samples of

30nm, 50nm, 69nm silver thickness. The efficiency of samples of different thickness

has similar values, and the difference seen in the external responsivity in fig 5.3 is due

to the different reflectivity spectra of the samples. Therefore the different loss mecha-

nisms seem to have a marginal role in the determination of the effect efficiency, further

supporting the view that there is no fundamental enhanced SP effect on the photon-to-

electron conversion efficiency. If we average the peak values of ηint for all silver stripes

thickness we obtain 1.17±0.15 µA/W . To our knowledge, these are the only reports

of the efficiency of the SPDE. This has been possible because we developed a system
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Figure 5.7: Internal losses Γint (dashed line) and radiative losses Γrad (full line) of the coupled SPP

as a function of silver thickness. Circles represent the thickness of the fabricated samples. Inset: Peak

internal responsivity of the samples.

specifically to allow the direct detection of the SPDE current (see section 4.2.5). We

will show in chapter 6 that indeed not using a low impedance electrical detection setup

critically modifies the magnitude of the measured current.

5.3 Effect efficiency on gold films: dependence on elec-

tron relaxation time

We wanted to explore the effect of a different metal on the efficiency of the SPDE to

test if the predictions of the hydrodynamic model were confirmed. From the simple

formula (3.4), we expect the current generated by the device to show a linear depen-

dence on electron relaxation time τ . In this respect choosing a different metal, with a

different relaxation time, should be reflected in the SPDE results. We deposited gold

films of 41 nm on hemisphere and performed sequential multiple measurements on the

same position. As before, we made sure that the peak value of the current did not vary

across the stripe to ensure the absence of irregularities causing artefacts. Results for

the measured external responsivity ηext(θ) and the corresponding reflectivity R(θ) are
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Figure 5.8: Top: angular

spectrum of the external re-

sponsivity of the SPDE from a

41 nm gold stripe deposited on

hemisphere obtained by mul-

tiple measurements. The full

red line is the absorbed power

spectrum A(θ) obtained from

fit as 1− R(θ)− T (θ). Bot-

tom: corresponding reflectiv-

ity measurements on the same

hemisphere (black) and co-

evaporated prism (blue) along

with the fit (red). The differ-

ence between the spectra is ex-

plained in section 4.2.4.

shown in Fig 5.8. Note that since the incident wavelength is 532 nm, for Au films,

interband transition play a role in the photon absorption and therefore the reflectivity

minimum is 0 at 41 nm metal thickness. For the same reason, absorption is consistent

also below and at the critical angle θcr, as it is apparent by Fig 5.8. Since the reflectiv-

ity minimum is 0, 1−Rmin = 1, hence the peak value of ηext corresponds to ηint and

has the value of 0.43± 0.02 µA/W . This is about 0.27 times less than the value of

ηint in silver. Since the effective mass of electrons in silver and gold have values close

to the free electron mass [37], the major influence on the efficiency can be attributed

to the electron relaxation times. In table 5.1 we summarize the values of τ from [37]

for silver and gold and the corresponding measured ηint . Then we calculate ηint/τ for

each metal.

It is clear that the values of ηint/τ ' 0.0467 µAW−1 f s−1 = 46.7 A µJ−1 in both

cases, confirming that indeed the difference in the internal efficiency for the two metals
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τ [ f s] ηint [µAW−1] ηint
τ

[µAW−1 f s−1]

Silver 31±12 1.17±0.15 0.0466±0.0229

Gold 9.3±0.9 0.43±0.02 0.0468±0.0067

Table 5.1: Values of τ from [37], the corresponding measured ηint and the calculated ηint/τ for silver

and gold.

can be explained by the different electron relaxation times. Furthermore, this evidence

strengthens the hypothesis that the momentum transfer model is able to qualitatively

predict the SPDE.

5.4 Comparison with the momentum transfer model

In chapter 3 we described the different models that have been developed for the photon

drag effect. Our objective is to find if we can apply those models to the surface plasmon

drag effect to gain insight on the fundamental process giving rise to current generation.

We therefore focus on the simplest model based on momentum conservation, the pho-

ton drag hydrodynamic model [30, 31] and compare it with our experimental results.

The equation for the current density in the direction parallel to the metal stripe is given

by (3.4) that we rewrite below for clarity

jx(θ) =
eτ

δm∗
〈S〉
c

npsin(θ)cos(θ)(1−R(θ)−T (θ)), (5.6)

where 〈S〉 is the time-averaged Poynting vector, e is the electron charge, m∗ is the

electron effective mass, τ is the electron relaxation time, c is the light speed, np =

1.5194 is the prism refractive index at 532nm, δ is the effective optical absorption

depth into the sample and θ is the light’s angle of incidence on the metal surface. R(θ)

is the sample reflectivity and T (θ) is the transmission, which is 0 above the critical

angle and will thus be neglected in the following calculations. The current Ix(θ) we

measure would be calculated from jx(θ) integrating it along the cross sectional area of

the stripe, which is limited by the width W in the lateral direction y and the thickness
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th in the vertical direction z. Hence we obtain

Ix(θ) =
∫ W

0
dy
∫ th

0
dz jx(θ)' jx(θ)δ 2W0 (5.7)

where W0 is the 1/e2 laser spot radius. Therefore, since 〈S〉= P0
πW 2

0
, the current is

Ix(θ) = 2
eτ

m∗
P0

cπW0
npsin(θ)cos(θ)(1−R(θ)). (5.8)

We can look for a qualitative agreement comparing equation (5.8) with the measure-

ment shown in Fig 4.8 and in Fig 5.2. The model predicts the shape of the peak current,

being I(θ) ∝ (1−R(θ)) for both s and p polarization data, therefore confirming the

linearity of the effect with absorbed power in our low power regime. The directionality

of the effect shown in fig 4.10 is also correctly predicted by the model. We do not see a

sin(θ)cos(θ) dependence on the current, but for the range of angles studied in that ex-

periment this could fall below the measurement noise level. The external and internal

responsivity can be calculated by substituting (5.8) into (5.1) and (5.3), respectively,

obtaining

ηext(θ) =
I(θ)
P0

= 2
eτ

m∗
1

cW0
npsin(θ)cos(θ)(1−R(θ)) (5.9)

and the internal responsivity is

ηint(θ) = 2
I(θ)

(1−R(θ))P0
= 2

eτ

m∗
1

cπW0
npsin(θ)cos(θ). (5.10)

The dependence on 1−R(θ) is confirmed in silver for all films thickness in the exter-

nal efficiency measurements in Fig 5.4 and 5.3, and also in gold samples in Fig 5.8.

In all cases ηext shows linearity with the absorbed power Pabs. As a consequence, ηint

in Fig 5.6 is also correctly predicted by (5.10) to be constant with angle after normal-

ization, with the exception of the critical angle region. Furthermore, the comparison

between the peak internal efficiency ηint and the electron relaxation time τ shown in

the table 5.1 suggests that this simple model correctly predicts the linearity of the effect

efficiency with τ . In the inset of Fig 5.7 we can see that the peak internal efficiency

ηint in stripes with different thickness is constant between the samples, with a weak

increase in the case of a 30 nm thick film. This suggests that the mechanism of current

generation is weakly sensitive to the SPP loss character, thus supporting the hypothesis
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that the surface plasmon drag effect can be interpreted as a surface plasmon enhanced

photon drag effect in our configuration. Therefore the internal efficiency ηint is that of

the PDE, whereas the external efficiency ηext is enhanced by the SPP mediated pho-

tonic absorptionThis interpretation is corroborated by the data shown in fig 5.6, where

the efficiency of the effect does not change noticeably in magnitude between the SPP

resonance angle and off-resonance above the critical angle, and conserves the same

polarity. In the critical angle itself, instead, the efficiency increases considerably in all

samples. We believe this could be caused by a different absorption localization in the

sample, as we will show in the next chapter.

The hydrodynamic model thus provides the correct qualitative dependence of the

effect on light direction, absorbed power and electron relaxation time. Despite this

good agreement qualitatively, the magnitude of the predicted efficiency underestimates

the measured values. As an example, let us calculate the internal efficiency ηint(θ) in

silver and gold through (5.10) at the peak angle, which are θ = 43.8o in silver and

θ = 47.8o in gold. The material properties are described by τ found in table 5.1 and

m∗ 'mel , the free electron mass, in both metals. The parameters to substitute are [73]

mel [kg] e [C] c [ms−1] W0 [m] np

9.1×10−31 1.6×10−19 2.99×108 50×10−6 1.5194

Table 5.2: Values for the parameters used in the calculations, from [73]. Spot size W0 obtained from

measurements (see section 6.2).

Table 5.3 shows the results of (5.10) for the internal responsivity in silver and gold

along with the experimental values.

The model underestimates the efficiency by about an order of magnitude. We will

see that this is not always the case. In fact, we calculated the current I(θ) via (5.8),

the way it has been already applied in the literature, yielding an underestimate of the

current in gold films [25] and an overestimate in silver films [26]. We will see in section

6.1 that this is not the correct way to apply the model, as it overlooks the effects of the

resistance of the stripe and of the measurement circuit. Indeed, we found that those
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Calculated ηint [µAW−1] Experimental ηint [µAW−1]

Silver 0.176±0.068 1.17±0.15

Gold 0.053±0.005 0.43±0.02

Table 5.3: Values of ηint for silver and gold, measured and calculated from (5.10) using the values

from table 5.2 and from the text.

have a crucial influence on the current magnitude. Additionally, we found that the spot

radius W0 does not influence the effect efficiency as suggested by equation (5.10). In

section 6.5 we will therefore propose a different way to apply the model that explicitly

takes into account those experimental variables.



Chapter 6
Limits of the momentum transfer picture

In the previous chapter we derived the SPDE efficiency in silver and gold single lay-

ers and critically compared the results with the hydrodynamic model of photon drag,

which is based on momentum transfer (section 3.1). Linearity on absorbed optical

power and directionality are correctly predicted by this simple model. Furthermore,

we found that the difference in efficiency between silver and gold films is also pre-

dicted by the model and explained by the different electron relaxation times in those

metals. In this chapter we now challenge the hydrodynamic model and show when it

stops to be a good representation of the effect.

• Firstly, we show that the magnitude of the detected current depends both on the

stripe resistance and on the circuit resistance, so that co-evaporated films can

have a different efficiency depending on the stripe geometry.

• Secondly, we show that, although the effect is predicted by the hydrodynamic

model to be dependent on the absorbed power density, it is insensitive to a change

in the incident spot size and hence shows dependence just on the total power

absorbed rather than on its density. The spot size is hence irrelevant for the

determination of the SPDE generation efficiency, providing that it is less than

the stripe width.

After all, providing the same number of photons are hitting the sample, and assuming

each photon excites an electron, then the spot size should be irrelevant for the efficiency
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of the SPDE, contrary to what equation (5.10) is suggesting. We then show more

cases when the hydrodynamic model cannot predict the data correctly qualitatively. We

fabricate and study silver-gold bi-layers, showing that the current is no longer linearly

dependent on the average electron relaxation time and microscopic field distribution

has to be taken into account. Furthermore, we also show evidence of local efficiency

enhancement of the current generation that are likely caused by imperfections of the

sample surface. The effect is enhanced in samples of lower surface quality and is

dependent on the local beam position on the sample. We believe that this result partly

explains the behaviour reported by Noginova and co-workers [26]. We generate a

surface map of the metal stripe using this enhanced SPDE and compare it with the

corresponding SPP coupling efficiency map and microscope pictures, highlighting the

sensitivity of the effect. Lastly, we examine the model to understand its limits and adapt

it, proposing an empirical formula which better predicts the data in some instances.
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6.1 Resistance dependence

In section 5.4 we anticipated that the measured efficiency of the effect shows a depen-

dence on the stripe and circuit resistance. This dependence is overlooked by the model,

which assumes that the only section of the circuit that matters is the spot volume, as we

will show in section 6.5. We will see how the current is rather dramatically affected

by the stripe resistance, by looking at co-evaporated stripes of different dimensions.

Furthermore, we show that the current is also affected by a change in the resistance of

the circuit.

6.1.1 Stripe resistance

The data in Fig 6.1 show the measured external efficiency ηext and reflectivity from

two co-evaporated silver stripes, one on a prism and the other on an hemisphere. The

efficiency is very different in magnitude between the two samples, despite qualitatively

they both follow the absorption angular shape A(θ) = 1−R(θ). The stripe evaporated

on the prism is approximately 5 times less efficient than the one on the hemisphere.

Since they are co-evaporated, the material is the same and the thickness th is very sim-

ilar. This can be inferred by looking at the reflectivity measurements, showing very

little difference between the spectra. Therefore, those two samples have the same opti-

cal and plasmonic properties. The only difference between them is the stripe geometry,

therefore their overall resistance. As described in chapter 4, metal stripes on prisms

and hemisphere differ by stripe width W and length L. For the stripes on hemisphere,

Lh = 4.5 mm and Wh = 2 mm, whereas for prisms Lp = 12 mm and Wp = 1 mm. The

length L used is the distance between the electrical contacts. The resistance of the

stripes can be calculated by the known formula [74]

ℜstripe = ρ
L

W th
, (6.1)

where ρ is the material resistivity. Since th and ρ are the same, the two resistances

only differ by a L/W factor. Therefore the ratio between the resistance of the two
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Figure 6.1: Top: exter-

nal responsivity (µA/W) of

the current generation for co-

evaporated 50nm thick silver

stripes on hemisphere (black)

and prism (red). The two

stripes have different dimen-

sions, hence different resis-

tance. Bottom: correspond-

ing reflectivity spectra, show-

ing very little difference be-

tween the two samples. Inci-

dent wavelength was 532 nm.

stripes is
ℜprism

ℜhemisphere
=

Lp

Wp

Wh

Lh
= 5.33. (6.2)

Since this value is close to the ratio between the efficiency of the two samples, this

suggests that the different resistance of the two stripes influences directly the current

generation. If we multiply the measured current Imeas(θ) by the corresponding resis-

tance ℜstripe, we get a voltage value Vx(θ) which is similar for both samples. Therefore,

we can define a new efficiency, in terms of V /W

ζext(θ) =
V (θ)

P0
= ℜηext(θ) (6.3)

ζint(θ) =
V (θ)

P0 A(θ)
= ℜηint(θ), (6.4)

where A(θ) = 1−R(θ). The value of ζint in this sample was ' 0.83±0.1µV /W . We

will analyse this interpretation further in section 6.5.
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Figure 6.2: Peak internal responsivity η int as a function of the circuit resistance ℜcircuit for a 38 nm

silver stripe on a prism with incident wavelength 532 nm. Inset: schematic of the electrical circuit of

the experiment.

6.1.2 Circuit resistance

We mentioned already in section 4.2.5 that a low impedance electrical setup is crucial

for the correct measurement of the SPDE. The magnitude of the detected current is,

in fact, severely affected by the circuit resistance ℜcircuit. To accurately evaluate the

extent of this effect, we fabricate a 38 nm silver stripe on a prism and measure the peak

current generated by the SPDE as a function of the total circuit resistance ℜcircuit =

ℜload +ℜin, where ℜin = 0.2 Ω is the input resistance of the current amplifier. The

results are shown in Fig 6.2 along with an electrical schematic of the experiment in

the inset therein. The load resistance ℜload is manually varied at steps of about 1 Ω

up to 10 Ω and the peak current generated by the SPDE at each step is recorded. The

symbols represent the results of the internal responsivity ηint at the peak angle as a

function of ℜcircuit. The data show that even a resistance as low as 5Ω is sufficient

to halve the efficiency. Therefore having a low ℜcircuit in our experimental setup is

fundamental for the evaluation of the effect efficiency. The red line shows a fit to the
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Figure 6.3: Norton equivalent circuit of the SPDE device (right) with the corresponding Thevenin

equivalent circuit (left).

equation

ηint =
ζint

ℜstripe +ℜcircuit
, (6.5)

where ℜstripe = 5.02Ω is the stripe resistance calculated from (6.1), with ρ = 1.59×

10−8 Ωm [66], th = 38 nm, W = 12 mm and L = 1 mm. The fit yields ζint = 0.864±

0.016 µV /W .

This aspect has been so far overlooked in the literature. This is because the SPDE

device is considered to be an ideal current generator, while it has instead a limited

power and therefore a limited current that is able to drive into the measurement cir-

cuit. The schematic in the inset of Fig 6.2, which is assumed to derive the fit equation

(6.5), can help to clarify this. The portion of the circuit representing the sample, with

a voltage generator and a series resistance ℜstripe, can also be seen as the Thevenin

equivalent of our device [74]. In an ideal voltage generator, ℜstripe = 0, all the power

is delivered to the circuit load ℜcircuit, and the current is Ix = Vx /ℜcircuit. In our real

system, instead, the current is determined by Ix =Vx /(ℜstripe +ℜcircuit), thus also the

stripe resistance must be taken into account. Another perspective is to interpret the

device as a current generator and derive its Norton equivalent circuit. This can be done

by simply calculating the Norton current IN = Vx /ℜstripe and the Norton resistance

ℜN = ℜstripe, as shown in Fig 6.3. An ideal current generator would have ℜN = ∞,

therefore all the current would be delivered to the circuit regardless of the magnitude

of ℜcircuit . In our real case, ℜN = ℜstripe is very small, therefore for a correct measure-
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ment of IN also ℜcircuit must be very small, otherwise the current would flow through

ℜN instead. Hence this shows the importance of having a very low impedance detec-

tion setup. In addition, notice that IN =Vx /ℜstripe is indeed the current we measure, as

seen in the previous paragraph. This is the current generated by the device, but differs

from sample to sample depending on its resistance ℜstripe.

The dependence on circuit resistance also happens in most photodetectors, but usu-

ally a load resistance of 50 Ω is low enough to avoid signal distortion and damping.

This is because most photodetectors are based on a semiconductor junction, which has

a very high impedance in absence of signal which lowers in the presence of incident

light. In the case of our SPDE based device, the output impedance is the stripe re-

sistance ℜstripe, which is of the order of a few Ω, thus even a load resistance of 1 Ω

influences the current magnitude.

6.2 Power density dependence

Both in our experiments Fig 5.4 and in previous reports [26] the plasmon induced

drift has been measured to be linear with the absorbed power, but no report so far,

to the best of our knowledge, has looked into the power density dependence of the

effect. The theories predicting the photon drag current from momentum conservation

[30, 31, 62, 75], such as the hydrodynamic model in eq (3.4), calculate the generated

current density J from the time-averaged Poynting vector 〈S〉 and are therefore linearly

dependent on the power density. The current is then calculated via (5.8) and thus is

dependent on the spot radius W0.

To verify this behaviour, we measured the SPP-induced current angular spectrum

as a function of the optical excitation 1/e2 spot radius W0, while keeping the incident

power constant. The measurements are performed on a 50 nm silver stripe deposited on

a right angle prism, to avoid the lensing effect which would be present if a hemisphere

is used. The spot size is modified by changing the magnification of the laser beam

through a lens pair. The dimension of the spot width W0 on the stripe is determined

after every angular measurement by a blade-like method, moving the sample vertically
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Figure 6.4: Spotsize measurements (symbols) and fit (full lines) for 108 µm (blue, circles), 270 µm

(orange, squares) and 330 µm (green, triangles) 1/e2 laser spot width W0. The vertical position 0

represents when the beam is completely on the metal stripe.

and using the metal stripe as the blade. Using p-polarized light incident at the coupling

angle, when the beam is incident on the metal the reflectivity is almost zero, whereas

when it hits the prism surface total internal reflection ensures maximum reflectivity.

Therefore moving the sample vertically and measuring the reflected intensity yields a

sigmodal-shaped curve which represents the integral of the Gaussian-shaped spot. The

results of those measurements are shown as symbols in Fig 6.4. The measured signal

is normalized and then fit to the integral of a gaussian beam shape [76] to have an

accurate evaluation of the spot radius W0, full lines in Fig 6.4. The formula used for

the fit is ∫
dz
[

exp−2
(z− z0)

2

W 2
0

]
, (6.6)

where z is the vertical position and z0 is a vertical shift from the centre of the Gaussian

envelope. The imperfect agreement of the curve corresponding to the 108 µm spot is

caused by light scattering by irregularities on the stripe edge. For each W0, we measure

the SPDE current I(θ). The results are shown in fig 6.5a, along with a schematic of

the spot sizes compared with the stripe. We couldn’t see any spot size dependence of

the current magnitude, whereas it would be expected to change, since shrinking W0
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Figure 6.5: Power density dependence of the SPDE. (a) Current angular spectra (symbols) and hydro-

dynamic model prediction (full lines) for a 50 nm silver stripe on right angle prism, for 108 µm (blue,

circles), 270 µm (orange, squares) and 330 µm (green, triangles) 1/e2 laser spot width W0. Spots are

shown in the inset compared with the stripe width (azure square). Incident power was constant between

the measurements. (b) Peak current as a function of the 1/e2 laser spot width W0 for the hydrodynamic

model (black full line), equation (5.8), in comparison with the data (simbols). Inset: Schematic showing

the optical excitation volume in the sample. Incident wavelength was 532 nm.

increases the power density and consequently the predicted current, see equation (5.8).

This comparison is highlighted in fig 6.5b which shows the predicted peak current from

the hydrodynamic model using equation (5.8) compared with the experimental data, as

a function of W0. Therefore, not only the measured current depends on the circuit and

sample resistance, but it does not depend on the spot width W0. These results will be

critically examined in the section 6.5.

6.3 Surface plasmon drag effect in metal bi-layers

In this section we describe the experiments performed on siler/gold bi-layers. We saw

already in section 5.3 that the difference in SPDE efficiency between gold and silver

single layers can be explained by the different electron relaxation times τ in those

metals. The hydrodynamic model assumes that the material can be assigned a single

set of parameters. What happens when thin bi-layers are used instead?
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We co-evaporate bi-layers on hemisphere and prisms, with the aim of using the

hemisphere samples to measure the SPDE, and the prisms mainly for an accurate mea-

surement of the reflectivity, as discussed in section 5.1. The total thickness of the layers

th = thAg + thAu is chosen to be about 45 nm, because from preparatory calculations it

was seen that this ensures to yield a similar reflectivity minimum for all samples, thus

similar amount of maximum absorbed power yielding accurate current measurements.

We then chose the composition of the layers to be about a third silver and two thirds

gold and vice-versa, and we ensure that for each composition we had a sample with

each metal on the air side. This amounts to four different samples, which composition

was determined by fitting the reflectivity data using the matrix approach [71]. The re-

sults are summarized in table 6.3. The dielectric function used were εAg =−11+0.5i

for silver and εAu =−4.3+2.3i for gold. 1

The stripes on hemisphere and prisms have the same dimensions as the ones used

for single layers. The samples are fabricated using two subsequent evaporation. One

of the prism stripes is shadowed during the first deposition, then before the second

evaporation the prism sample is inverted so that the first layer is now shadowed. This

way, the final prism sample has five stripes, one of which is the first layer, another

is the second layer, and three are bi-layers. This allows to have a control reflectivity

measurement on each single layer separately and thus have confidence on the layer

1This differs slightly from the value used for gold, εAu = −4.9 + 2.3i, in section 5.3 because of

different deposition parameters.

A B C D

Prism / Hemisphere

First layer 15 nm gold 30 nm gold 24 nm silver 9 nm silver

Second layer 25 nm silver 11 nm silver 18 nm gold 30 nm gold

Air

Table 6.1: Composition of the bi-layer samples, from fit to the reflectivity data.
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Figure 6.6: Reflectivity measurements for the sample A comprised of 25 nm silver and 15 nm gold,

as shown in the schematic. Data from the first layer (top, left), the second layer (bottom, left) and the

resulting multilayer (right). Incident wavelength was 532 nm.

composition.

In Fig 6.6 a schematic of the prism sample A, along with the reflectivity measure-

ments of each single layer (left) and the resulting multilayer (right) are shown. Notice

how the reflectivity of the single layers is very different from that of the bi-layer be-

cause of the optical interaction between the metals when they are stacked together.

The current from SPDE was then measured on the co-evaporated stripes on hemi-

spheres, after having confirmed that they have the same reflectivity.The results for the

external responsivity ηext(θ) from (5.1) for all samples are shown in FIg 6.7. They are

arranged vertically from A to D. Note that A and B have silver on the air side, whereas

C, D have gold on the air side. This impacts on the reflectivity curves (right), which be-

come progressively similar to the gold reflectivity seen in Fig 5.8. The ηext(θ) curves
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Figure 6.7: External responsivity ηext(θ) (left) and corresponding reflectivity R(θ) (right) for silver-

gold bi-layer samples. The data are arranged vertically from sample A to sample D, with reference to

table 6.3. Incident radiation wavelegnth was 532 nm.
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Figure 6.8: (a) Internal responsivity ηint at the SPDE peak for single layers and multilayers. (b)

Average electron relaxation times τ calculated via the arithmetic avrage (6.7) (cyan squares) or the

weighted average (6.8) which takes into account SPP penetration in the metal.

angular shape retain the dependence on (1−R(θ)) seen for single layers in chapter 5.

The magnitude of the peak responsivity, on the other hand, is very different between

the samples, despite the minimum of the reflectivity curves has very similar values. We

calculate the internal responsivity from (5.3) and plot the value at the SPDE peak angle

for each layer composition in Fig 6.8a, along with the values for single layers derived

in chapter 5. We found in section 5.3 that the internal responsivity ηint for single layers

depends on the electron scattering time τ . We want to see if this can also explain the

difference in efficiency ηint of the multilayer samples. There are two situations we

look into, either the response to the SPP momentum transfer comes from the whole

stripe, or is locally determined by the SPP extent of penetration in the sample, thus

predominantly from the metal on the air side. Therefore we calculate an average scat-

tering probability in two ways. For the first case, τavg is simply an arithmetic average

of the scattering times of silver and gold used in section 5.3 and is calculated as

τavg =
thAuτAu + thAgτAg

th
. (6.7)

In the second case, τavg is instead calculated by a weighted average depending on the

SPP penetration depth as

τavg =

∫ th
0 〈Sx(z)〉τ(z)dz∫ th

0 〈Sx(z)〉dz
, (6.8)
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where τ(z) is approximated by a step function with values τAu and τAg in the z regions

where gold or silver are present, respectively. The power density distribution Sx(z) was

calculated using material parameters and the thickness derived from fit. The results for

(6.7) and (6.8) are shown in Fig. 6.8b. We can see by comparison with the internal re-

sponsivity ηint in Fig. 6.8a that neither (6.7) nor (6.8) are able to explain the differences

in the values of the effect efficiency, in contrast with what happens in single layers. We

will discuss in section 6.6 the possible reasons that may explain this discrepancy.
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6.4 Local response: edge effects and defects

As anticipated in section 5.1, we discovered that there can be local enhancement and

polarity change of the current in the presence of sample irregularities such as defects,

or enhanced roughness. This effect depends on the position where light is incident on

the metal surface. When the beam hits an area where such irregularities are present,

we see those unexpected features in the measured current. We were able to distinguish

those local effects from the SPDE because the low power excitation regime allows

the use of a small spot size, whereas in the literature experiments [25, 26] the spot

is larger than the stripe to avoid damage caused by excessive power density. In our

measurements the spot is always smaller than the stripe and thus local inhomogeneities

can be detected, instead of being averaged over a large area. For the experiments used

in the evaluation of the SPDE efficiency, we made sure to use samples with surfaces

as uniform as possible and we always perform measurements in multiple areas of the

sample to make sure that the beam is not accidentally hitting a defect. As mentioned

in section 5.1, it is easier to find a smooth area when the metal stripe is deposited on

an hemisphere, because beam walking is absent. Hence the spot is always in the same

position during an angular scan, and one has only to ensure the absence of spurious

effects at one incidence angle. When using a right angle prism for the experiment,

those features can appear in the angular spectrum as well, because light’s refraction at

the prism side causes the beam to hit the metal stripe in different positions for different

incidence angles. For this reason, every angle of incidence θ corresponds to a different

position x along the length of the stripe, therefore there is an increased likelihood of

illuminating a non uniform area and generate the local effect. There are two evidences

suggesting that the phenomenon is caused by local surface irregularities. Firstly, it is

enhanced in rougher or damaged samples. Secondly, is generated in a specific position

on the metal stripe.

To control the dependence of the effect on the condition of the metal stripe, we

fabricate two gold stripes in two separate evaporation, using exactly the same param-

eters except the evaporation rate. Evaporation rates slower than 1 nm/s are known to
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Figure 6.9: Detected current (left) and corresponding reflectivity (right) with s- and p- polarized

incident light. Top: 41 nm gold on prism, evaporated at a rate of 1 nm/s Bottom: 41 nm gold on prism,

evaporated at a rate of 0.2 nm/s. Incident light wavelength was 532 nm.

result in rough films in gold [67]. The first sample is deposited at a rate of 1 nm/s,

and is also used to obtain the results in Fig 5.8 on a co-evaporated hemisphere. The

SPDE current and reflectivity detected from one of the stripes on prism can be seen

in Fig 6.9, top. Notice how additional features appear in the current spectrum, which

do not correspond to features in the reflectivity spectrum, whereas the SPDE is instead

expected to be linear with the absorbed power spectrum calculated as 1−R(θ), as

seen in Fig 5.8. The presence of these features become dramatic in the case of the

second sample, which was deposited at a slower rate of 0.2 nm/s on prisms and is

thus expected to be rougher. The results are shown in Fig 6.9, bottom. Despite the

reflectivity of the two samples are similar, the current spectra are very different. The

features are so dominant that any resemblance with the absorbed power spectrum is

lost, and in addition they appear even with s-polarized incident light. The s-polarized
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Figure 6.10: Internal responsivity ηint(θ) of a 41 nm gold sample evaporated at 0.2 nm/s, for p-

polarized (blue) and s-polarized (orange) 532 nm incident light

features seem to correspond to the p-polarized ones, differing in magnitude. Indeed, if

we calculate the internal responsivity ηint(θ) via (5.3), we obtain the same efficiency

for either polarization, as shown in Fig 6.10. This means that the internal efficiency is

not constant with angle, and the extent of the features depends on the magnitude of the

absorbed power. Because of the beam walking mentioned earlier, having features in

the efficiency at different angles means also that they are present at different positions

x.

To verify that indeed the change in efficiency is dependent on position rather than

angle, we perform a scan of a silver stripe on prism, by moving the sample vertically

along the y direction, while keeping the incidence angle constant at the SPP resonance.

In fig 6.11a we show the SPP drag current generated in different vertical positions

along the stripe section. We see a change in the generated current up to 4 times the

value measured in the uniform regions, and even a change of polarity. In fig 6.11b we

can see that this also seems to cause a shift of the peak angle in the current angular

spectrum, probably because the defect was located at a position x, hence an angle θ ,

slightly different than the SPP coupling angle.
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Figure 6.11: SPDE measurements on a 50 nm silver stripe on prism. (a) Vertical scan along the

sample of the SPDE current at the resonance angle, showing local enhancement of the generation

efficiency. (b) Current angular spectra of the features circled in (a). Spot size was 110 µm, and the

absorbed power constant.

We saw from Fig 6.10 that ηint can have a dependence on the position x, and from

Fig 6.11 that it also depends on the y direction, along the width of the stripe. This

means that we have the possibility of creating an x− y map of the sample surface via

the SPDE. To allow us to do so, a motorized translation stage was installed to allow

scanning of the metallic stripe in the x direction, while the y position is instead changed

manually. P-polarized light at 532 nm was shone at the reflectivity minimum incidence

angle to ensure maximum power coupled in the metal. The spot position was changed

by moving the prism sample in the x direction automatically along all the length of the

stripe, then changing the y position manually and repeating the process. The measure-

ments were performed in steps of 100µm, which was about the spot size. The sample

under study was the same rough gold sample used to obtain results inf Fig 6.10. The

results on the whole stripe are shown in Fig 6.12. We can see the current map (top)

and the corresponding power absorbed in the SPP calculated as 1−R (bottom). The

features that appear in the current map cannot be seen in the absorbed power map. This

means that the SPDE is more sensitive to some aspects of the metallic film than a con-

ventional prism coupling measurement. Furthermore, they are clearly created in a local

area of the stripe, whereas most of the surface has only minor fluctuation of the current.
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The feature on the left side corresponds to the electric contact, which scatters light as

well as creating a defect on the stripe. To understand the origin of the features seen

between x = 8 mm and x = 10 mm, we performed microscope measurement to see if

we could relate them with some sample defects. A comparison can be seen in Fig 6.13.

From top to bottom, we can see the same portion of the stripe seen as the Current map,

the power absorbed in the SPP calculated as 1−R, and an optical microscope picture.

The features in the current reveal an alternation of positive (red) and negative (blue)

current, with zero net current (white) between them, similar to what seen in Fig 6.10.

This could be caused by the beam partially hitting a small defect on different sides

as it passes onto it, yielding an opposite effect on either side which cancel out in the

middle. The microscope picture shows some small defects close to the edge, but they

don’t seem to be directly related to the current features. This suggests that the features

in the current are generated by irregularities at a scale smaller than what is visible at

the microscope magnification. If one would perform an angular SPDE measurement

on this sample with a spot size as large as the stripe width, one would get an average

spectrum comprising all the features that we individually measured. This could be the

reason why the results from prism samples in the literature [26] seen in 3.9 show po-

larity change and efficiency enhancement in some angles. Indeed, those features are

absent in [25] seen in 3.8 since they were using an hemicylinder for SPP coupling,

avoiding the problem of beam walking.

Figure 6.12: Current (top) and absorption (bottom) maps of a 41 nm gold stripe evaporated at

0.2 nm/s. Results obtained with p-polarized 532 nm light incident at the SPP coupling angle.
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Figure 6.13: Current (top) and absorption (middle) maps and optical microscope picture (bottom)

of the area between 8 mm and 10 mm of the stripe seen in Fig 6.12. Results obtained with p-polarized

532 nm light incident at the SPP coupling angle.
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6.5 Adapting the momentum transfer model

We have seen that our experiments clearly show that the detected current Imeas(θ) is

affected by the stripe and circuit resistance. The hydrodynamic model predicts the

current density via (3.4) to be

jx(θ) = (1−R(θ)−T (θ))
〈S〉
c

cos(θ)sin(θ)
eτ

mδ
.

We have seen that from our measurements there seems to be a better description of the

effect if we think of a voltage drop Vx(θ) on the combined circuit and stripe resistance

instead of a current Ix(θ) calculated from (5.8). In this section, we will use an alter-

native approach to calculate the potential drop generated by the photon momentum

transfer to the metal electrons. We consider a metallic stripe upon which radiation is

incident from a medium of refractive index np at angle θ , being absorbed within it in

a limited volume (see Fig 6.14). In our picture, incident radiation exerts a force on the

electrons in the excitation volume, which react by generating an electric field E. Radi-

ation force Frad is expressed in our approximation by the rate of momentum absorbed
d pabs

dt by the metallic stripe, assuming that all the momentum lost by radiation is gained

by the electrons. Therefore, in analogy with (3.1), radiation force can be written as

Frad =
d pabs

dt
=

P0 A(θ)
h̄ω

h̄ω

c
npsin(θ)cos(θ), (6.9)

where A(θ) = 1−R(θ)−T (θ), P0 is the incident power, ω is light angular frequency,

θ is the incidence angle and c is light speed. This force would then be balanced in the

Figure 6.14: Schematic showing radiation incident on a metal stripe (blue) being absorbed in a

limited volume (red cylinder).
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excitation volume by an opposing force Ffield from the electric field Ex generated by

the metal electrons

Ffield = Ex∆Q =−Ex (enel Aspot δ ), (6.10)

where ∆Q is the total electric charge in the excitation volume, derived from the electron

charge e, the electron density nel , the excitation area Aspot ' πW 2
0 and the effective

penetration depth δ . Notice that while for the hydrodynamic model derivation we

balance the absorbed momentum density with the rate of momentum loss per electron

via (3.1), we are instead considering the total force Frad and we are balancing it with an

electric force Ffield. Imposing Frad = Ffield and using (6.9) and (6.10) we get a solution

for Ex as

Ex =
Frad

−enel πW 2
0 δ

=− P0 A(θ)
cenel πW 2

0 δ
npsin(θ)cos(θ). (6.11)

If the incident power P0 is constant in time, Ex is also constant and therefore we have

an electrostatic problem, so that [33]

Ex =−∇V ' Vx

∆x
, (6.12)

where Vx is the potential drop in the x direction over the excitation volume and we can

approximate ∆x' 2W0, the average diameter of the spot. Combining (6.12) with (6.11)

we obtain the formula for the voltage difference Vx generated by the SPDE

Vx =−(2W0)Ex =
2

πW0 δ

1
enel

P0 A(θ)
c

npsin(θ)cos(θ). (6.13)

Notice that in this result there is no τ dependence and the only material parameter

included is the electron density nel .

6.5.1 Resistance dependence

If we now want to calculate the current Ix generated, we have to chose a resistance

ℜ upon which the voltage Vx is applied. We have seen in section 6.1 that, from our

experiments, we have to take into account the response of the whole circuit, hence the

value for the resistance that should be used is ℜ = ℜstripe +ℜcircuit, as seen in Fig 6.2.

The hydrodynamic model, instead, completely ignores what is outside the excitation
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spot, being based on the balance of momentum density. In fact, if we calculate the

current by only considering the resistance of the excitation volume ℜspot, we obtain

the hydrodynamic result (5.8):

Ix =
Vx

ℜspot
=Vx ·

(
Wspot δ

Lspot
σ

)
=

nel e2 τ

m∗
1

enel

2δ

πW0 δ

P0 A(θ)
c

npsin(θ)cos(θ)

=
eτ

m∗
2

πW0

P0 A(θ)
c

npsin(θ)cos(θ), (6.14)

being ℜspot = ρ
Lspot

Wspotδ
, Lspot 'Wspot and 1

ρ
= σ = nele2τ

m . Hence we see that our ap-

proach offers a generalization of the momentum transfer model. In the measurements

we thus have to use

Ix =
Vx

ℜstripe +ℜcircuit
. (6.15)

Since in our experimental configuration ℜcircuit � ℜstripe, and since ℜstripe is calcu-

lated from (6.1), we can approximate the result in (6.15) to

Ix =
Vx

ℜstripe
=

(
W
L

)(
th
δ

)
eτ

m∗
2

πW0

P0 A(θ)
c

npsin(θ)cos(θ). (6.16)

We can see that the W /L dependence seen in section 6.1 is correctly predicted by this

equation. Notice that the persistence of the penetration δ might explain the increased

internal responsivity at angles in the vicinity of the critical angle seen in Fig 5.6. The

feature might in fact be caused by the decrease in light penetration in this region,

compared with the distribution of the SPP mode coupled at higher angles. The fact

that the extent of light localization may play a role in the intensity of the effect has also

been proposed in the literature [28].

6.5.2 Power density dependence

We can see that equation 6.16 retains a dependence on the spot radius W0. This causes

the model to erroneously predict a power density dependence for the SPDE, as seen

in section 6.2. For photon drag detectors, where the active medium usually consists

of a doped semiconductor rod which is illuminated from one end, the power density
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dependence is not important, because the incident photon flux and the generated cur-

rent are collinear and the spot is usually bigger than the rod cross section (see Fig 3.3).

As a consequence, the current density and the power density are calculated over the

same cross sectional area, therefore linearity of the current with power ensures linear-

ity with power density. In our case, on the other hand, the current and the photon flux

are not collinear, light absorption happens in a limited volume inside the metal stripe

and consequently the cross sectional area of the incident photon flux is different from

the one of the generated current density, as can be seen in Fig 6.14. In fig 6.5a we plot

the measured induced current and the predicted one from the hydrodynamic approach

using the spot widths employed in the experiment. While the model predicts a change

in the current generation efficiency of at least 50% moving from the small 108µm spot

towards larger spot widths, we don’t see any change. The measured current proves to

be rather insensitive to W0 and, thus, to the incident power density, so that for small

spot sizes the model predicts a current higher than the measured one, while for larger

W0 it underestimates it, as can be seen in fig 6.5b. These discrepancy probably arise

from the fact that electrons are treated in the model as non-interacting particles con-

fined in the excitation volume, while they are in reality strongly interacting and thus

any local perturbation acts over the whole stripe. Therefore, when a force is generated

by the absorption of photons or surface plasmons, it is felt by the whole electron sea

rather than only by the electrons within the excitation volume. Absorption generates

an anisotropy in the electron’s momentum distribution, which in turn creates a field

acting on all electrons in the stripe and finally generates a current when the stripe is

short-circuited. Therefore the SPDE current is a manifestation of the photon mediated

perturbation of the whole system, and a local model cannot predict it accurately. We

already extended the locality of the model by considering the whole circuit resistance

in the calculation of the measured current Ix. We can attempt to further modify equa-

tion (6.16) and render it insensitive to the spot radius W0, by artificially introducing a

constant parameter w in its place. Using (6.16) in (5.3) and substituting W0 with w we
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get

ηint(θ) =

(
W
L

)(
th
δ

)
eτ

m∗
2

π wc
npsin(θ)cos(θ)

Choosing w = 35µm allows to have a better prediction of the data. This empirical

equation, along with the resistance dependence, can be useful to predict the effect

efficiency of the drag effect in experiments involving SPP localization similar to ours.

6.6 Discussion

The hydrodynamic model, with the modifications proposed in section 6.5, is able to

qualitatively predict the SPDE in single layer, smooth metallic films. We have seen that

this agreement starts to disappear in some cases, both involving breaking the symmetry

of the system. In case of bi-layers, this happens in the z direction by the introduction

of the metal-metal interface. In case of defects, the symmetry is broken in both the x

and y directions.

In the case of bi-layers, the different internal responsivity ηint seen in Fig. 6.8

can no longer be described solely by the difference in the electron relaxation time

τ , even if an average value is calculated taking into account field distribution within

the metal. A different approach based on forces on dipoles has been proposed in the

literature [27], where it has been also demonstrated that in their system the momentum

transfer model do not qualitatively predict the experimental results.The reason behind

this disagreement is that in the momentum conservation model electromagnetic far

field is used to calculate momentum transfer from light to the material system. When,

instead, the microscopic electromagnetic field plays an important role in generating

the force on electrons, a model based on those local fields, such as the one proposed in

[27] or [28], has to be used to correctly evaluate the experimental results.

To evaluate if an approach based on the microscopic field could help explain the

difference in ηint between the different layers (Fig 6.8), we calculated the field profiles

for the bi-layer structures and computed the value of the Poynting vector Sx as a func-

tion of the depth z within the structure. Integrating Sx over the metal, we can get the

results shown in Fig. 6.15. If we compare those results with the internal responsivity
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Figure 6.15: Integrated Poynting vector Sx in the z direction within the metal structure, as a function

of the layer composition.

values in Fig. 6.8, we can see that we get a better qualitative agreement than the one

obtained using τavg. Nevertheless, the agreement is not perfect, especially when the

gold is the thickest layer in the structure. This suggests that a more accurate model

should be employed for an adequate prediction of the generated SPDE current.

Field localization is likely to play a crucial role also in the generation of the features

seen in section 6.4. Enhanced roughness is known to cause field localization [32] and

this could in turn enhance the SPDE. Another possible explaination of the features

appearing in the current spectra is that defects represent additional surfaces which can

cause anisotropic electron scattering, analogous to the surface photogalvanic effect

described in section 3.3.1. This would cause an enhanced current generation, since the

resulting force depends on the wave electric field rather than its momentum. Lastly, it is

possible that local irregularities could couple light into strongly localized SPP modes,

which could generate an enhanced SPDE. Current polarity would then be determined

by the propagation direction of the coupled SPP.



Chapter 7
Conclusion and future works

In this thesis, we have successfully demonstrated and investigated electrical detection

of Surface Plasmon Polaritons (SPPs) via the Surface Plasmon Drag Effect (SPDE).

In chapter 2 we introduced the physics of SPPs in single and multi layers, and ad-

ditionally showed some techniques allowing to couple free space radiation to SPPs.

We also described the existing methods and their shortcomings, which allow direct

electrical SPP detection already found in the literature (cf. section 2.5) before describ-

ing our own implementation, which was designed to answer fundamental questions

about the effect. Chapter 3 described the physics of the photon drag effect (PDE)

and the models that have been used to explain this phenomenon. We also highlighted

the differences between the PDE and optical rectification, a similar effect arising in

non-centrosymmetric crystals. Section 3.5 presented the main literature results for the

SPDE, which are critically examined and compared to our results in the subsequent

chapters.

After those theoretical introductory chapters, in chapter 4 we presented the re-

sults on electrical detection of SPPs via the SPDE and accurately described the ex-

perimental setup and the techniques used to obtain them. We used prism coupling

in the Kretschmann configuration (section 2.4) to couple CW laser light to SPPs in

various metallic structures. We specifically designed a low impedance electrical de-

tection setup (cf. section 4.2.5) which allowed us to directly detect the SPP generated

current with negligible signal attenuation. For p-polarized light incident on the sam-
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ple, a clear current peak corresponding to the coupling of SPPs was detected, which

shape reproduced the absorbed power angular spectrum. Furthermore, we developed

a time-sensitive detection system which showed that, upon reversal of the direction of

propagation of the SPP, the sign of the detected current is reversed as well (cf. 4.4).

This is a clear and unambiguous evidence that the measured current is indeed sensitive

to the SPP propagation direction, a feature that is peculiar to the SPDE.

Our low impedance setup allowed us for the first time to accurately estimate the

SPDE efficiency in silver and gold single layers of different thickness (chapter 5) and

bi-layers of various composition (chapter 6). The efficiency proved to be insensitive to

SPP loss character and to have the same polarity and magnitude between the SPP res-

onance angles and off resonance, hinting that the current generation mechanism might

be similar between the photon and plasmon mediated effects, in contrast with what

was claimed in the literature [26]. Indeed, we showed that the hydrodynamic model

[30, 31] (described in equation (3.4), chapter 3), based on photon momentum transfer

to electron, can be used to qualitatively predict the measured data. Additionally, in

section 5.3 we showed that such model also correctly predicts the different efficiency

between silver and gold samples, owing to different electron relaxation times τ .

In chapter 6, we further considered the effect of the external circuit and stripe re-

sistance (cf. section 6.1), which has to be taken into account in the experiments. The

dependence of the SPDE on external resistance further underlines the importance of

having a low impedance detection setup, such as ours, to correctly measure the effect.

Furthermore, we showed that the hydrodynamic model erroneously predicts a depen-

dence on the incident power density. In fact, we found that the SPDE only depends

on the absorbed power, i.e. the number of photons, regardless of the laser spot size.

We therefore used our experiments to develop a modified version of the hydrodynamic

model (cf. section 6.5), which correctly considers the resistance and better predicts

the single layers experimental results. In section 6.3 we showed that in the case of bi-

layers a more accurate model evaluating the field distribution within the sample, such

as the one in [27], should be used for the correct interpretation of the experimental

data. In fact, the field distribution within the sample seems to play a critical role in
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the determination of the effect magnitude. We also found the current generation to

be very sensitive to local surface irregularities, which can cause efficiency enhance-

ment and change of current polarity, see section 6.4. The origin of these features could

be due to the surface photogalvanic effect or to scattering-assisted light coupling into

strongly localized SPP modes. We exploited this local effect to create a SPDE map of

the metallic stripe, and we showed that it is more sensitive to some features than SPPs

and photons. To the best of our knowledge, this is a novel effect, never so far reported

in the literature. This surprising local sensitivity, if understood, might be exploited

for microscopy, or nanostructures might be fabricated ad-hoc for enhancing the SPDE

efficiency.

The results presented in this thesis could be used as the starting point for the fab-

rication of different devices based on the SPDE. We already started investigating the

effect in metal bi-layers. One natural step forward would be to extend this study to

MIM structures. This would allow to couple different SPP modes and to see how their

different properties impacts the SPDE efficiency. Additionally, the insulator could be

chosen to be an organic or magnetic medium to see if this could affect the SPDE. An-

other interesting experiment would be to investigate the behaviour of the SPDE at THz

frequencies, to see if the efficiency of the effect could beat the existing PDE detec-

tors which are commercially used in this range. This could be done by using spoof

plasmons geometries to change the SPP coupling conditions of the material while re-

taining its advantageous electrical properties. The directionality dependence of the

effect could also be exploited to probe the enhancement of the SPDE by the means of

a gain medium. Let us assume one deposits such a gain medium on the metal stripe

and optically pumps it. The near field coupling to SPP from the gain medium itself

would be isotropic and therefore yield no net SPDE current. Stimulated emission of

SPPs, on the other hand, would be directional, so that the SPDE would unequivocally

show such an enhancement, decoupling it from the isotropic spontaneous emission.

This could allow a straightforward measurement of the SPP modal gain.
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