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Abstract

This thesis investigates a novel optoelectronic platform based on the integration of super-

conductive structures, such as thin films and micro-constrictions, with optical waveguides

for ultra-fast and ultra-sensitive devices with applications including high-speed optical

communications, quantum optical information processing, and terahertz (THz) devices

and systems.

The kinetic-inductive photoresponse of superconducting thin films will be studied as

the basic optoelectronic process underlying the operation of these novel devices. Analytical

formulation for the non-bolometric response is presented, and experimental photodetection

in YBCO meander-line structures will be demonstrated.

A set of superconducting coplanar waveguides (CPW) are designed and characterized,

which support the operation of the devices at microwave frequencies. Microwave-photonic

devices comprising a microwave transmission line and a light-sensitive element, such as a

meander-line structure, are designed and measured for implementation of optically tunable

microwave components.

In order to support low-loss and low-dispersion propagation of millimeter-wave and THz

signals in ultra-fast and wideband kinetic-inductive devices, surface-wave transmission lines

are proposed, incorporating long-wavelength Surface Plasmon Polariton (SPP) modes in

planar metal-dielectric waveguides.

The theory of superconducting optical waveguides, including analytical formulation

and numerical methods, is developed in detail. The implementation of superconducting

optical waveguides is discussed thoroughly, employing conventional dielectric-waveguide

techniques as well as optical SPP modes.

Superconductive traveling-wave photodetectors (STWPDs) are introduced as a viable

means for ultra-fast and ultra-sensitive photodetection and photomixing. A modified trans-
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mission line formalism is developed to model STWPDs, where light is guided through an

optical waveguide and photodetection is distributed along a transmission line.

As an appendix, a systematic approach is developed for the analysis of carrier transport

through superconducting heterostructures and micro-constrictions within the Bogoliubov-

de Gennes (BdG) framework. The method is applied to study the role of Andreev reflection

and Josephson-like phenomena in the current-voltage characteristics of inhomogeneous

superconducting structures. I-V characteristics are experimentally demonstrated in YBCO

micro-constrictions with potential applications in millimeter-wave and THz devices.
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With them the seed of Wisdom did I sow,

And with mine own hand wrought to make it grow;

And this was all the Harvest I reap’d–

“I came like Water, and like Wind I go.”

Omar Khayyám, Persian Poet and Mathematician– 1048-1131 A.D.
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Chapter 1

Introduction

1.1 Superconducting Optoelectronics

Superconducting optoelectronics has been a rapidly growing field of research during the

last two decades. Although the study of the photoresponse of superconducting films and

junctions [5–8] dates back to the discovery of the microscopic theory of superconductiv-

ity [9], it was not until recently that superconducting structures were seriously sought to

be employed as practical optoelectronic devices [10–13]. Ever since the pioneering works

in the early 90s [14, 15], where the idea of superconducting optoelectronics was conjec-

tured with emphasis on the use of high-temperature superconductors (HTS) as optoelec-

tronic materials, great theoretical and experimental steps have been taken by a number

of researchers and groups towards the implementation and realization of superconducting

optoelectronic devices. Among these achievements are the invention and development of

several novel optoelectronic devices, such as superconducting nanowire single photon de-

tectors (SNSPDs) [16, 17] and kinetic inductive detectors (KIDs) [18, 19]. The high speed

and/or ultra-sensitivity of superconducting optoelectronic devices operating at visible and
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near infrared wavelengths are on demand for a variety of applications, such as deep space

and satellite communications, optical-to-electrical interconnects for ultra-fast single-flux-

quantum (SFQ) digital processors, high-speed modulation and broadband photodetection

for optical communications, probing CMOS integrated circuits using photon emission tim-

ing analysis, and quantum key distribution systems [20–23]. In the visible to ultraviolet

regime, the photon counting and photon-energy resolving properties of superconducting

optoelectronic devices, such as transition-edge sensors (TES) [24], superconducting tunnel

junctions (STJ) [25], and KIDs [18], are very desirable for spectroscopy and astronomical

applications. At the terahertz (THz) and far infrared region of the spectrum, superconduct-

ing (photo)mixers and bolometers can provide generation, manipulation, and detection of

millimeter-wave and THz radiation, which in turn have many applications in spectroscopy,

biosensing, and imaging [26–28].

1.2 Thesis Contributions and Organization

Regardless of the operational details, such as operating wavelength and the application, an

optoelectronic device is generally composed of three essential parts. The most prominent

of all is an optoelectronic process that produces electronic or optical perturbations, as a re-

sponse to optical or electrical excitations, respectively. The second part is a means for sup-

porting the propagation of the electrical input/output signals. For low-frequency electrical

signals, where a device is considered a lumped-element component, a simple conducting

path would suffice. However, for fast devices operating at microwave and millimeter-wave

regime, the use of transmission lines and waveguides is inevitable. The third part is a pho-

tonic structure that provides the coupling between the optical waves and the active region

where the optoelectronic process takes place. For simple devices, this structure could be
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as straightforward as a focusing lens, whereas more sophisticated photonic structures such

as a cavity resonator or an optical waveguide, are utilized for more advanced devices.

Within the aforementioned conceptual framework, this thesis introduces a novel plat-

form for development of ultra-fast and ultra-sensitive optoelectronic devices based on su-

perconducting structures and materials. The kinetic-inductive photoresponse of supercon-

ducting thin films, superconducting microwave transmission lines, and superconducting

optical waveguides comprise the three basic elements of this novel optoelectronic platform.

Chapter 2 studies the kinetic-inductive photoresponse of superconducting thin films.

Because the existing photoresponse models, such as the rate equations [29] and gap thermo-

modulation along with the heat-diffusion model [30, 31], are mostly focused on lumped

element devices or the fast bolometric response, a new phenomenological formulation of

the problem is developed that accounts for the non-bolometric response and can be readily

extended for the analysis and design of distributed devices as well. The new formula-

tion takes the non-equilibrium carriers life-time as a phenomenological input, in much the

same way as in semiconductor photoconductive devices, and predicts the responsivity of

a superconducting kinetic-inductive detector. The optical pair breaking is related to the

perturbation of the kinetic inductance, which results in a photoinduced voltage by means

of an external dc bias current. While the kinetic-inductive photoresponse will be shown to

be generally nonlinear, the linear response under the small signal condition is discussed in

some detail. Finally, a YBCO meander-line structure is experimentally tested under differ-

ent operating conditions, to demonstrate the kinetic-inductive optoelectronic mechanism.

Chapter 3 is devoted to the design, development, and measurement of superconducting
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microwave transmission lines. A set of YBCO coplanar waveguides (CPW), operating up

to 50GHz, has been designed and experimentally tested to provide the microwave template

of the optoelectronic devices. Moreover, it is experimentally shown that by means of in-

corporating a light-sensitive element, such as a superconducting meander-line, microwave

properties of the device may be optically tuned. This microwave-photonic platform is em-

ployed to demonstrate tunable resonators and delay lines.

Since the kinetic-inductive photoresponse enhances at the millimeter-wave and THz

regimes, it provides a promising tool for ultra-fast photodetection and high-frequency pho-

tomixing. To support low-loss and low-dispersion propagation of millimeter-wave and THz

signals, chapter 4 studies metal-insulator-metal (MIM) waveguides. The analysis is general

and is not limited to superconducting structures. It will be shown that the coupled surface

plasmon polariton (SPP) waves at the two metal-dielectric interfaces may be utilized as a

THz surface-wave transmission line. Based on analytical and numerical field analysis, the

voltage and current waves are properly defined and the line parameters are obtained.

Inasmuch as the optical waveguides constitute the main ingredient of advanced opto-

electronic devices, the theory of superconducting optical waveguides, including analytical

formulation, numerical solution, and design criteria has been thoroughly developed in chap-

ter 5. Designs similar to dielectric optical waveguides as well as novel designs relying on

Surface Plasmon Polariton (SPP) modes have been presented and discussed. Further-

more, an experimental setup for characterization of optical waveguides and particularly

long-range surface plasmon optical waveguides has been developed, and is presented in the

Appendix B.
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Chapter 6 proposes a novel class of optoelectronic devices, namely superconducting

traveling-wave photodetectors (STWPDs), for ultra-fast and ultra-sensitive photodetec-

tion and millimeter-wave and terahertz photomixing with applications in high-capacity

optical communication, quantum-key distribution systems, and terahertz technology. The

proposed device is comprised of a distributed kinetic-inductive photodetector along a trans-

mission line integrated with a velocity-matched optical waveguide. The device model is

based on a modified transmission line theory, and its bandwidth and efficiency are formu-

lated accordingly.

Appendix C studies carrier transport through inhomogeneous superconducting struc-

tures including heterostructures, superlattices, and micro-constrictions. Insofar as reducing

the feature size of such structures, for instance micro-bridges, may induce new electronic

phenomena, such as the Andreev reflection and Josephson tunneling, a systematic frame-

work for the analysis of inhomogeneous superconducting structures is developed based on

the Bogoliubov-de Gennes (BdG) method. Numerical examples and experimental demon-

strations will be presented to illustrate the role of the Andreev reflection and Josephson-

like phenomena in the I-V characteristic of superconducting heterostructures and micro-

constrictions. While these effects should be voided in a kinetic-inductive element, never-

theless they may provide a new basis for optoelectronic and microwave-photonic devices.
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Chapter 2

Kinetic Inductive Photoresponse in

Superconducting Thin Films

2.1 Introduction

This chapter studies the photoinduced changes in the kinetic inductance of a supercon-

ducting thin film as the fundamental optoelectronic process responsible for the operation

of the devices which will be discussed throughout the rest of this thesis.

The theory of kinetic inductance is briefly reviewed. The effect of optical absorption on

the kinetic inductance of a superconducting thin film is discussed, and the regime of linear

response is highlighted. Photodetection measurements are presented as the experimental

evidences for the kinetic inductive photoresponse in optically illuminated superconducting

structures.
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2.2 General Theory of Kinetic Inductance

Cooper pairing comprises the underlying mechanism of superconductivity, where two elec-

trons pair up and produce a bound state by means of an attractive potential field at

the presence of a fully occupied Fermi gas [32]. These paired electrons, often referred to

as Cooper pairs, form a new type of charge carriers that dramatically differ from their

constituent normal electrons. Prominently, the excitation spectrum for the Cooper pairs

exhibits an energy gap equal to their bounding energy [9], denoted by 2∆1. Consequently,

the excitations with a quantum energy less than 2∆ cannot be coupled to the Cooper pairs;

and will propagate without any attenuation through a condensate of Cooper pairs, i.e. a

superconductor at zero temperature. At a finite temperature, however, the excitations will

be attenuated through the coupling to the quasiparticles created by the thermally bro-

ken pairs. The extremely low dissipation in superconducting microwave transmission lines

and the substantially high quality factor in superconducting microwave resonators [33] are

significant experimental consequences of Cooper pairing.

The spatial and spectral distribution of the coexisting Cooper pairs and quasiparticles

in a superconducting sample, at a finite temperature, determine the electronic structure of

the specimen. However, most of the classical macroscopic properties of superconductors can

be accounted for by means of a phenomenological model, namely the two-fluid model [34],

in which quasiparticles and Cooper pairs are presumed to constitute two non-interacting

fluids. Within this framework, quasiparticles are modeled by normal electrons with a mass

1Even for non-BCS superconductors, the magnetic flux quantization experiments demonstrate that
the superconducting condensate consists of paired electrons. For anisotropic superconductors, ∆ is the
minimum of ∆k, which designates the energy gap along the k direction.
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m = m0 and an electric charge q = −|e|,2 and obey the renowned Ohm’s law

J = σE, (2.1)

where J and E are the electric current density and the electric field, respectively. The

dispersive conductivity σ is, also, given by:

σ(ω) ≡ σ0
1 + jωτtr

, (2.2)

where ω is the angular frequency, τtris the electrons’ average scattering time, and σ0is the

dc conductivity,

σ0 ≡
nq2τtr
m

, (2.3)

in which n designates the number density of the normal electrons in the material. Super-

electrons, on the other hand, possess a mass m∗ = 2m0 and an electric charge q∗ = −2|e|,
and follow the London equations [35],

E = − ∂

∂t
(ΛJ), (2.4)

and

B = −∇× (ΛJ), (2.5)

where Bis the magnetic flux density, and Λ is the material’s London parameter,

Λ ≡ m∗

n∗(q∗)2
, (2.6)

2Here, m0 = 9.11×10−31kg is the electron rest mass; and e = 1.602×10−19C is the elementary electric
charge.

8



in which n∗ denotes the number density of the Cooper pairs in the material. Clearly,

both n and n∗ are functions of the temperature T . Nonetheless, the following conservation

condition must hold at all temperatures in order to conserve the number of free charge

carriers within the material,

n(T ) + 2n∗(T ) = N, (2.7)

where N is the electron number density for the material at the normal state, i.e. at a

temperature higher than the critical temperature Tc.

The combination of Maxwell equations and the London equations construct the clas-

sical electrodynamics theory of superconductors, in which the electric current density J

is composed of a normal part Jn , which obeys Ohm’s law (2.1), and a supercurrent Js ,

which follows the London equations (2.4) and (2.5). In general, the Poynting theorem [36]

yields

−
∮

S

(E×H).ds =

∫

V

(

E
∂D

∂t
+H

∂B

∂t
+ E.J

)

dv, (2.8)

where S is an arbitrary closed surface within the superconducting material encompassing

the volume V , and H and D respectively are the magnetic field and the electric displace-

ment density. Given that

J = Jn + Js, (2.9)

substituting the constitutive relations (2.1) and (2.4) into (2.8) results in

−
∮

S

(E×H).ds =

∫

V

(

E
∂D

∂t
+H

∂B

∂t

)

dv +
∂

∂t

∫

V

1

2
ΛJ2

s dv +

∫

V

1

σ
J2
ndv. (2.10)

In right hand side of (2.10), the first term corresponds to the stored electromagnetic energy

in the material and the last term corresponds to the ohmic dissipation ; the second term

however, shows that energy could also be stored within the supercurrent. The supercurrent

9



is related to the average velocity of the superelectrons vs through

Js = n∗q∗vs. (2.11)

Using (2.6) and (2.11),
1

2
ΛJ2

s = n∗

(

1

2
m∗v2s

)

. (2.12)

Equation (2.12) implies that the additional stored energy term corresponds to the ki-

netic energy of the superelectrons. While the kinetic energy of normal electrons dissipates

through collisions with the lattice, such a scattering is prohibited for Cooper pairs due to

the energy gap in their excitation spectrum. Therefore, superelectrons transport through

the lattice without any collisions, provided that the energy of the photons associated with

the electromagnetic field is less than the bounding energy of the Cooper pairs, i.e. h̄ω < 2∆.

The J2
s dependence of the new stored energy term suggests it can be equivalently rep-

resented by the stored energy in an inductor Lk, often referred to as the kinetic inductance

of the superconducting structure, whose magnitude depends on the material parameters

and geometry
1

2
LkI

2
s =

∫

V

1

2
ΛJ2

s dv, (2.13)

where Is is the total supercurrent passing through the volume V . While the superelec-

trons provide an inductive channel for the flow of current in a superconductor, the normal

electrons provide a resistive channel, which is represented by the normal resistance of the

structure Rn

1

2
RnI

2
n =

∫

V

1

2σ
J2
ndv, (2.14)

where In is the total normal current passing through the volume V . Hence, a supercon-

ductor with any arbitrary shape could be modeled by a kinetic inductance in parallel with
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Rn(T)

Lk(T)

I

Is

I

In

Figure 2.1: The equivalent circuit model of a superconductor in terms of its kinetic inductance Lk and
the normal resistance Rn.

a normal resistance, as depicted in Figure 2.1. For a superconductor of length ℓ, in which

the supercurrent and the normal current are uniformly distributed over its cross section

area A, the kinetic inductance and the normal resistance are respectively given by

Lk =
Λℓ

A
=

m∗ℓ

n∗(q∗)2A
, (2.15)

and

Rn =
ℓ

σnA
=

mℓ

nq2τtrA
. (2.16)
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2.3 Photodetection in Superconducting Thin Films

Photons with an energy greater than the bounding energy of Cooper pairs3, i.e. h̄ω > 2∆,

can break the pairs and create excess quasiparticles. Therefore, for a superconductor under

uniform optical illumination the number density of Cooper pairs, n∗, and quasiparticles, n

change from their equilibrium values n∗
0 and n0. The nonequilibrium carrier densities are,

in general, functions of both temperature and time,

n(T, t) = n0(T ) + δn(T, t), (2.17)

n∗(T, t) = n∗
0(T ) + δn∗(T, t). (2.18)

A number of theories and models exist for finding the nonequilibrium distributions

δn∗ and δn, differing in the level of adherence to the microscopic theories, mathemati-

cal sophistication, generality, and popularity. Rothwarf-Taylor rate equation models [29],

phenomenological approaches such as the two-temperature [37] or the µ∗ models [5], more

fundamental methods like the gap-control equation [38] and fully microscopic techniques

such as the Green’s function method [39] are a few of the widely-used approaches to name.

In practice, the instantaneous nonequilibrium carrier densities cannot be measured

directly, but rather the associated changes in the average macroscopic properties of the

superconducting structure are probed for the study of the photoresponse as well as in

photodetector devices. These macroscopic changes are often closely related to the kinetic

inductance and normal resistance of the structure, which themselves are readily related

to the carrier densities. For example, in Transition Edge Sensors (TESs) the change in

the resistance of a superconducting sample, at a temperature near its critical temperature

3In the rest of the thesis, when a reference to optical illumination is made it is presumed that the
condition h̄ω > 2∆ holds.
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Tc, as a result of a global phase transition into the normal state is measured for pho-

todetection [24]. In Superconducting Nanowire Single Photon Detectors (SNSPD), a local

superconducting-normal phase transition in a current-biased superconducting film at the

hot spot produces a photo-voltage pulse [16,17]. Moreover, in the Superconducting Tunnel

Junction (STJ) detectors, the resistance of a superconducting tunnel junction is optically

modulated [25]; and in the Kinetic Inductive Detectors (KIDs), the photoinduced changes

in the kinetic inductance of a microwave resonator shifts the resonance frequency [18].

Therefore, a physical model that approximately predicts the photoinduced changes

in the kinetic inductance and normal resistance of a superconducting structure, on the

average sense over the time scale of the problem, generally suffices for the purpose of device

engineering. Involvement of microscopic techniques and starting from first principles, for

engineering purposes, would hardly be an advantage for its own sake. In contrast, some

degree of phenomenology would be welcome provided it could lead to a more general,

accurate, and flexible framework. The experiment, nevertheless, will ultimately benchmark

the validity of any model or theory.

The first experimental study of the photoresponse of superconducting films was per-

formed by Testardi [40] through measuring the resistance change of a Pb film under the

illumination of laser pulses. He carefully measured the temperature rise of the film δT as

a result of the laser illumination in the normal state, i.e. T > Tc. The resistance measure-

ment at temperatures below Tc − δT exhibited features which could not be described by

a heating model. For instance, the response time was shorter than the thermal response

time; and the transition width was much larger compared to the case of no illumination.

From these observations and a series of quantitative comparisons, Testardi concluded that

the energy of the photons “should initially be shared among the electrons very rapidly, in
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a time scale τee, followed by a conversion to phonons over a longer time scale τeP”
4.

Other researchers, also, applied similar techniques to investigate the nonequilibrium

photoresponse of other superconductors, such as Nb and YBCO [4,41–44]. In a prominent

work, Bluzer performed photoimpedence measurements on YBCO films at the normal-

state T > Tc, the transition state Tc > T > Tc − δT , and the superconducting state

Tc − δT > T [4]. The experiments showed a thermal photoresponse 5 for the normal and

transition states, with a much higher amplitude and time constant for the latter. The higher

photoresponse amplitude for the transition state clearly resulted from a more severe change

in the sample’s impedance because of the phase transition. The longer time constant,

however, was attributed to the order parameter relaxation time, which could be greater

than the thermalization time constant at temperatures much close to Tc [38, 45]. Nev-

ertheless, the superconducting state photoresponse exhibited more complicated features,

such as a sign change in the falling tail of the photoresponse amplitude. Similar results

were inferred from the experiments on Nb. To interpret the results, Bluzer employed the

Rothwarf-Taylor model, where the dynamics of the three systems of pairs, quasiparticles,

and phonons are determined through a set of coupled rate equations [29]. His conclusion

about the observed photoresponse in the superconducting state presumed three stages, as

depicted in Figure 2.2. The photons are absorbed at time t0. From time t0 to t1, Cooper

pair density reduces from n∗
0 to n∗

1 through electron-electron interactions.6 From time t1

to t2, pair breaking dominates by electron-phonon interactions, wherein Cooper pairs con-

tinue to break, though at a slower rate. In the period from t2 to t3, phonon escape from

the system dominates and quasiparticles begin to recombine. At time t3, the transient has

elapsed and the Cooper pair density restores back to n∗
0.

4τee and τeP respectively stand for the electron-electron and electron-phonon interaction time.
5This photoresponse is also referred to as the bolometric photoresponse.
6This stage greatly resembles the avalanche breakdown in semiconductors; and sometimes is called the

cascading stage.
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Figure 2.2: Different stages involving the transient photoresponse of a superconducting film. Adapted
from [4].
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Photoresponse measurements reveal that the rise time of the transient response, i.e.

t1 − t0, is very short. For example, Bluzer reported a rise time less than 50ps which

was believed to be limited by the measuring equipment [4]. More recent photoresponse

experiments employing an electro-optic sampling technique reported transient times in the

order of 1ps for YBCO micro-bridges well below the transition temperature [10,11,46,47].

Such a fast photoresponse is surely non-bolometric7.

The aforementioned experiments show that the bolometric response can be represented

by a time constant τB , which depends on the thermalization time constant τth and the

gap relaxation time constant τ∆ as

τB = max(τth, τ∆). (2.19)

Similarly, the nonequilibrium response can also be accounted for by a time constant

τQ,where

τQ ≈ t2 − t0. (2.20)

The time constant τQ may be envisioned as the quasiparticle life time in the non-bolometric

regime. Clearly, these time constants can be empirically extracted from the photoresponse

measurements, nevertheless, more fundamental theories may be used to approximate them

in terms of elementary parameters such as τee and τe−P .

Fast and low-noise photodetection calls for exploiting the quantum photoresponse. Inas-

much as kinetic inductance is the most eminent macroscopic property of a superconductor

that directly responds to changes in the Cooper pairs density, probing the kinetic induc-

tance of a superconducting structure provides a viable means for quantum photodetec-

tion. To this end, several devices have been proposed for kinetic-inductive photodetec-

7The non-bolometric photoresponse is also referred to as the quantum photoresponse.
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tion [12, 13, 48–52], most of which incorporate weak-links, in the form of SQUID, either

as part of the photodetector device or for the read-out. SQUID-based kinetic inductive

photodetectors require operation in the voltage state, which adds to the noise-equivalent-

power (NEP) of the device, whereas SQUID-based read-out are bulky and complicate the

device operation. Hence, the works of this thesis deploy a kinetic inductive photodetection

scheme that does not require any superconducting weak-links. In this scheme, the super-

conducting structure is externally biased by a dc current I0. The photoinduced changes in

the kinetic inductance8 produce a time varying magnetic flux; which, in turn, results in a

voltage pulse due to the Faraday’s law,

Vph ≈ d

dt
(LkI0) = I0

dLk

dt
. (2.21)

This technique has been successfully demonstrated in studying the photoresponse of YBCO

micro-bridges [10, 11, 46, 47]. Experimental results for photodetector devices will be pre-

sented at the end of this chapter.

The following formulates the kinetic inductive photodetection scheme for a supercon-

ducting thin film of a cross section area A, a thickness ℓ9, and an energy gap 2∆ under a

uniform monochromatic optical irradiance p(t). This problem was investigated by means

of the gap thermo-modulation formalism and heat-transfer method in [30,31]. However, a

phenomenological approach, based on the bolometric and non-equilibrium time constants

τB and τQ, is presented here that readily models the photoinduced changes in the electrical

parameters of the structure. In general, the signal p(t) may be represented by a Fourier

8The role of quasiparticles is neglected, here, for the sake of simplicity. This matter, nevertheless, will
be taken into account in the formal treatment of the problem.

9The thickness ℓ is presumed to be smaller than the optical penetration depth δo, so that the absorption
would be nearly uniform over the thickness.
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integral

p(t) =
1

2π

∫ +∞

−∞

PS(ω)e
jωtdω. (2.22)

Assume that P0 = PS(0) is the average incident optical power. At a temperature close to

the critical temperature and for harmonics with ωτB < 1 the bolometric response dom-

inates, whereas at a temperature far from the critical temperature and for harmonics

ωτB ≫ 1 the non-equilibrium response is dominant. The time-invariant component of the

irradiance, P0, clearly fits into the bolometric regime and changes the Cooper pair density

from its equilibrium value n∗
0 to the steady-state value n∗

s

n∗
s = n∗

0 − gBP0, (2.23)

where gB is the bolometric quantum yield

gB ≡ ηBτB
2∆Aℓ

, (2.24)

and ηB is the thermalization efficiency. Therefore, the steady-state normal electrons density

changes to ns = N − 2n∗
s. Obviously, equation (2.23) limits the incident average power for

staying in the superconducting state. For a sample whose specifications are listed in Table

2.1, the maximum allowed average incident optical power, as a function of the operating

temperature, is depicted in Figure 2.3.

Provided that the time varying part of the incident optical power falls into the non-

equilibrium regime, the instantaneous Cooper pairs density follows

n∗(t) = n∗
s − δn∗(t), (2.25)
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Parameter Value

Critical Temperature (Tc) 86.9(K)
Debye Temperature (ΘD) 380(K)

Critical Current (Jc) 4(MA/cm2)
Energy Gap at T = 0K (2∆0) 32(meV )

London Penetration Depth at T = 0K (λ0) 200(nm)
Optical Penetration Depth (δo) 100(nm)

Length (ℓ)×Width (w)×Thickness (t) 2(µm)×2(µm)×100(nm)
Bolometric Response Time Constant (τB) 1(ns)
Quantum Response Time Constant (τQ) 1(ps)
Normal Electron Scattering Time (τtr) 0.1(ps)

Normal Conductivity (σ0) 5.56(k0/cm)

Table 2.1: Physical parameters associated with a typical YBCO thin film for use in optoelectronic
devices.
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Figure 2.3: Simulation of the temperature variation of the maximum allowable average incident power
for the YBCO sample of Table 2.1.
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with

δn∗(t) = gQ[p(t)− P0], (2.26)

where the nonequilibrium quantum yield gQ is

gQ ≡ ηQτQ
2∆Aℓ

, (2.27)

and ηQ is the pair breaking quantum efficiency. The modulation of the Cooper pair density

is accompanied by a modulation in the kinetic inductance and the normal resistance of the

film, that is

Lk(t) = Lk0

[

1− δn∗(t)

n∗
s

]−1

, (2.28)

and

Rn(t) = Rn0

[

1 +
2δn∗(t)

ns

]−1

, (2.29)

where Lk0 and Rn0 are the steady-state parameters, which may be found from (2.15) and

(2.16) by means of (2.23) and the carrier conservation condition (2.7). In general,

Lk(t) = Lk0 + δLk(t), (2.30)

and

Rn(t) = Rn0 − δRn(t). (2.31)

The opposite signs in (2.30) and (2.31) manifest the fact that reducing Cooper pair pop-

ulation increases the kinetic inductance, whereas a raise in the quasiparticles population

decreases the normal resistance.

According to the circuit model in Figure 2.1, the photoinduced voltage indexphotoin-
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duced voltage reads

Vph =
d

dt
[Lk(t)Is(t)] , (2.32)

where
d

dt
[Lk(t)Is(t)] = Rn [I0 − Is(t)] . (2.33)

Assuming Is(t) = I0 + i(t), the differential equation (2.33) reduces to

(Lk0 + δLk)
di

dt
+ (I0 + i)

d

dt
δLk + (Rn0 − δRn)i = 0. (2.34)

2.4 Linear Response

In light of the above equations, the kinetic inductance photodetection mechanism is ob-

viously nonlinear in general. Nevertheless, the photodetection may be linearized in the

small signal regime10, when |δn∗| ≪ n∗
s and 2|δn∗| ≪ ns. The conditions of small signal

operation are derived in the Appendix A. Upon the small signal assumption, equations

(2.28)-(2.31) yield

δLk(t) = Lk0
δn∗(t)

n∗
s

, (2.35)

and

δRn(t) = Rn0
2δn∗(t)

ns
. (2.36)

Hence, the linear regime corresponds to the case where the photoinduced changes in the

kinetic inductance and the normal resistance are small compared to their steady-state

values, i.e. |δLk| ≪ Lk0, and |δRn| ≪ Rn0. These conditions, in turn, imply that |i| ≪ I0.

10Hereafter, the terms “linear regime” and “small signal regime” will be used interchangeably.
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Therefore, equation (2.34) may be readily approximated by

Lk0
di

dt
+ I0

d

dt
δLk +Rn0i = 0. (2.37)

According to (2.22), the kinetic inductive responsivity follows

Rv(ω) ≡
Vph(ω)

PS(ω)
=

(

ηQτQI0
2∆Aℓn∗

s

)(

jωLk0Rn0

jωLk0 +Rn0

)

. (2.38)

The responsivity is a function of temperature through the temperature dependence of ∆,

n∗
s, Lk0, and Rn0. Two limiting cases of interest are the inductive limit jωLk0 ≪ Rn0

and the resistive limit jωLk0 ≫ Rn0. The responsivity at the inductive limit can be

approximated by

Rv(ω) = jωLk0IQ, (2.39)

whereas at the resistive limit

Rv(ω) = Rn0IQ, (2.40)

and the quantum current responsivity IQ is defined as

IQ ≡ ηQτQI0
2∆Aℓn∗

s

. (2.41)

Obviously, the realization of the linear regime at a given temperature, depends on the

incident optical power as well as the material parameters. For a thin film with parameters

of Table 2.1, the relative photoinduced changes in the kinetic inductance and the normal

resistance as a function of peak-to-average signal ratio are depicted in Figure 2.5 and Figure

2.6. The kinetic inductive responsivity of the film is shown in Figure 2.7.
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2.1 with different average incident power.
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Figure 2.5: Simulation of the relative photoinduced changes in the kinetic inductance of a thin film with
the parameters of Table 2.1 as a function of peak-to-average incident power ratio ζ = pmax/P0, at T=77K
(P0 = 50µW) and T=4.2K (P0 = 1mW).
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Figure 2.6: Simulation of the relative photoinduced changes in the normal resistance of a thin film with
the parameters of Table 2.1 as a function of peak-to-average incident power ratio ζ = pmax/P0, at T=77K
(P0 = 50µW) and T=4.2K (P0 = 1mW).
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2.1 at T=77K and T=4.2K.
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2.5 Experimental Photodetection in YBCOMicrostruc-

tures

A meander line structure could be used as a simple superconducting photodetector. The

meander shape increases the length-to-area ratio, which leads to a better overall responsiv-

ity. In order to guide the photogenerated signals, the meander line has been implemented

in the middle of a microwave coplanar waveguide (CPW)11. Figure 2.8 shows the images

of two meander-line structures with 3µm and 5µm line-width, respectively. The devices

respectively cover an area of 176µm×201µm and 176µm×195µm. Both the transmission

line and the meander structures are made of YBCO.

Figure 2.9 shows the resistance of the YBCO film as a function of the temperature.

Clearly, the critical temperature is about 86K. Figure 2.10 depicts the I-V characteristic of

the 3µm meander line12. Obviously, the critical current for the meander structure is about

5.5mA.

For the photodetection experiment, the device is dc biased, by means of two bias Tees,

inside a cryostat. The details about the cryogenic setup can be found in [53]. A 1550nm

laser beam is focused on the meander line structure. The laser pulses are Gaussian with a

duration of 45ps. One side of the transmission line is matched to prevent the interference of

the signal with its reflected replica. The photogenerated signal is amplified by an amplifier

with a gain of 100 and a bandwidth of 1.8GHz. Clearly, the photoresponse suffers from the

limited bandwidth of the amplifier. The output waveform is then monitored on a 16GHz

bandwidth oscilloscope.

The device is first operated with laser pulses at a repetition rate of 1MHz. The total

average incident optical power is 3.5mW. Figure 2.11 demonstrates the photoresponse

11The microwave properties of the CPW transmission line are addressed in the next chapter in detail.
12In the following, it is the 3µm meander line that has been used in photodetection experiments.
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(a)

(b)

Figure 2.8: Optical images of YBCO meander line structures with (a) 3µm and (b) 5µm line width.
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Figure 2.9: Measurement of the YBCO film resistance vs. temperature.
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Figure 2.10: The measured I-V characteristic of the 3µm meander structure at 77K.
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Figure 2.11: Measured photoresponse waveforms of the 3µm meander line structure for different bias
currents, at a temperature of 77K.

waveforms for different bias currents from 5mA to 6.5mA.

The detector is next operated at a constant bias current of 5.5mA under different optical

powers, where the results are illustrated in Figure 2.12. The photoresponse waveform

associated with the 4.9mW incident optical power clearly corresponds to a situation where

the whole meander-line structure turns into the normal state as a result of the optical

illumination.

One can readily recognize the bipolar photoresponse below the critical current, whereas

at or above the critical current the response is unipolar. The negative part of the pho-

toresponse corresponds to the recombination of the quasiparticles and restoration of the

Cooper pairs condensate. This feature exactly follows the kinetic-inductive mechanism

of Figure 2.2. The linear dependence of the photoresponse amplitude on the bias cur-
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Figure 2.12: Measured photoresponse waveforms of the 3µm meander line structure for different optical
powers, with a 5.5mA dc bias at 77K.
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Photoresponse Non-Bolometric Transition Bolometric

Current Bias (mA) 4.75 5.00 5.25 5.50 5.75 6.00 6.25 6.50
Rise Time (ps) 310 340 300 300 310 350 320 310
FWHM (ps) 490 500 500 530 540 630 620 700

Settling Time (ns) 0.88 1.93 1.18 1.24 1.34 1.96 1.66 2.91

Table 2.2: Summary of the measured photoresponse characteristics for the YBCO meander-line of Figure
2.11 at 77K.

rent is evidently illustrated in Figure 2.13, wherein different line slopes distinguish the

photoresponse regimes. Table 2.2 summarizes important features of the photoresponse.
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Figure 2.13: Linear dependence of the measured photoresponse amplitudes on the bias current at different
regimes.
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2.6 Summary

This chapter reviewed the kinetic inductive mechanism of the photoresponse in supercon-

ducting thin films based on the two-fluid model. The concept of the kinetic inductance was

precisely defined in terms of the stored electromagnetic energy by means of the Poynting

theorem, where it was shown that the energy associated with the kinetic energy of Cooper

pairs can be accounted for by the so called kinetic inductance Lk of the superconduct-

ing structure. The photoresponse mechanism relies on the optically induced variations in

the Lk as a result of breaking the Cooper pairs through the absorption of energetic pho-

tons, and results in a change in the impedance of the structure and is most conveniently

measured as a voltage by applying an external dc current bias. An analytical formula-

tion of the problem was introduced where the photo-generated voltage was calculated in

terms of the input optical power and the material parameters. While the responsivity is

generally nonlinear, a linearized model of the photoresponse was derived under the small

signal assumption. Finally, the photoresponse of sample YBCO meander-line devices were

measured under different operating conditions to demonstrate photodetection in the su-

perconducting, transition, and normal regimes.
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Chapter 3

Superconducting Microwave and

Microwave-Photonic Waveguides

3.1 Introduction

This chapter investigates structures for guiding the photogenerated high-frequency electri-

cal signals in superconducting optoelectronic devices.

A set of superconducting coplanar waveguide (CPW) transmission lines are designed

and measured up to a frequency of 50GHz. These transmission lines provide the microwave

template for all the devices which are experimentally investigated in this thesis.

Based on the same photoresponse mechanism as presented in chapter 2, microwave

properties of a structure may be modulated by means of an external optical signal. This

method is experimentally demonstrated to be useful for the implementation of microwave-

photonic devices. In particular, two optically tunable microwave devices are measured,

namely a tunable resonator and a tunable delay line.
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Slot Measured Attenuation (dB/mm)
Width (µm) 1GHz 5GHz 10GHz 20GHz 40GHz 50GHz

94 0.003 0.026 0.043 0.074 0.121 0.211
97 0.005 0.027 0.042 0.507 0.121 0.142
100 0.009 0.031 0.046 0.065 0.125 0.155
103 0.004 0.025 0.041 0.062 0.137 0.153
107 0.015 0.033 0.049 0.069 0.129 0.192

Table 3.1: The measured insertion loss for the CPW transmission lines of Figure 3.1a and 3.1b at some
sample frequencies.

3.2 Design and Measurement of YBCO Microwave

Transmission Lines

Successful operation of an optoelectronic device requires low-loss and low-dispersion propa-

gation of the photogenerated signals to the output port(s). At RF/microwave frequencies,

this requirement can be suitably met through the integration of the active region with

a microwave transmission line. To this end, a set of CPW transmission lines have been

designed and measured to ensure proper propagation of the electrical signals along the

device. Microwave probes are used to accurately and reliably read the high-frequency

signals out of the transmission lines. The transmission lines are made of a 100nm thick

YBCO film on top of an LAO substrate with gold patches at the ends, which provide good

contacts between the probe tips and the device. According to the analysis of supercon-

ducting transmission lines in [54], the width of the center strip is designed to be 60µm

with different slot size between the ground lines and the center signal strip. The results of

the S-parameter measurements, at a temperature of T=77K, are illustrated in Figure 3.1.

Table 3.1 summarizes the measurements at some specific frequencies.
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Figure 3.1: The measured magnitude of (a) S11 and (b) S21 for 4mm-long YBCO CPW transmission
lines with a 100nm-thick YBCO film and 60µm-wide center strip on an LAO substrate with different slot
size, at a temperature of 77K.
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3.3 Experimental Demonstration of Superconducting

Microwave-Photonic Devices

Microwave properties of a superconducting structure may be controlled by an external

optical signal, based on the photoresponse mechanism introduced in the previous chapter.

This technique can be used to implement optically tunable microwave devices. In the

following, a meander-line structure embedded in the middle of a CPW transmission line,

is experimentally shown to be capable of serving as a microwave-photonic device. The

supporting transmission line is one of the characterized CPWs in the previous section,

with the 107µm slot width.

Optical radiation changes the kinetic inductance of the meander-line structure. This

change results in a shift in the resonance frequency of the structure. Therefore, by adjusting

the average incident optical power, one can optically tune the resonance frequency of the

meander-resonator. Figure 3.2 and Figure 3.3 depict the measured S-parameter of the

device under different levels of optical illumination.

As Figure 3.4 illustrates, the frequency shift linearly varies with the incident optical

power. For the 3µm and 5µm meander lines, the slope of variations is -66.9 GHz/W

and -81.4 GHz/W respectively. The negative sign shows that the resonance frequency

shifts toward lower frequencies at a higher optical power. This effect is attributed to the

increase in the kinetic inductance as a result of pair breaking. The increase in the kinetic

inductance is accompanied by an increase in the normal conductance of the device due

to the photogenerated excess quasiparticles. Therefore, optical pair breaking reduces the

contribution of the inductive channel to the microwave signal transmission and accentuates

the role of the normal channel. The increase in the device insertion loss with incident optical

power clearly illustrates this fact; and is shown in Figure 3.5. The photoinduced loss is 40.2
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Figure 3.2: The measured S-parameters for the 3µm meander line structure under different incident
optical power, at a temperature of 77K.
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Figure 3.3: The measured S-parameters for the 5µm meander line structure under different incident
optical power, at a temperature of 77K.
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Meander Line Resonance Frequency Excess Insertion Phase Shift
Feature Size (µm) Shift (GHz/mW) Loss (dB/mW) (deg/mW)

3 -1.34 0.80 -65.6
5 -1.63 0.54 -31.0

Table 3.2: The measured performance of the meander line structures as microwave-photonic devices.

dB/W and 27.2 dB/W for the 3µm and 5µm meander lines, respectively. Consequently,

the quality factor of the resonator decreases at a higher incident optical power. This effect

is evident from the broadening of the resonance with the incident optical power in Figure

3.2 and Figure 3.3.

The photoinduced change in the kinetic inductance also modifies the signal transmission

phase. Therefore, at a given frequency, the device may function as a tunable delay line.

Figure 3.6 shows the variation of the signal transmission phase with incident optical power.

Clearly the phase shift is not constant over the whole frequency range; thus, for a signal

with an extended bandwidth the device may be used for waveform generation. However, if

the signal is narrowband the device perfectly serves as a delay line. Figure 3.7 illustrates

the linear dependence of the photoinduced phase shift on the incident optical power. The

slope of variations is -3.28 (deg/mW) and -1.55 (deg/mW) for the 3µm and 5µm meander

lines, respectively.

Table 3.2 summarizes the performance of the meander line structures as microwave-

photonic devices, based on a 5% optical coupling efficiency.
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Figure 3.4: Measured resonance frequency versus the incident optical power for the (a) 3µm and (b)
5µm meander line structure, at a temperature of 77K.
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Figure 3.5: Measured insertion loss versus the incident optical power for the (a) 3µm and (b) 5µm
meander line structure, at a temperature of 77K.
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Figure 3.6: Variation of the measured signal transmission phase with incident optical power for the (a)
3µm and (b) 5µm meander line structure, at a temperature of 77K.
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Figure 3.7: Measured transmission phase shift as a function of incident optical power, at a temperature
of 77K, for the (a) 3µm and (b) 5µm meander line structure, respectively at f=20GHz and f=26GHz.

46



3.4 Summary

This chapter demonstrated the design and measurement of several microwave and microwave-

photonic devices. A set of YBCO CPWs on LAO substrate were designed and fabricated

whose S-parameters measurement showed insertion and reflection losses respectively less

than 0.22dB/mm and greater than 20dB up to a frequency of 50GHz. Then, devices

comprising of YBCO meander-line structures in the middle of a CPW were measured for

microwave-photonic applications. The tunable resonators with 3µm and 5µmmeander lines

exhibited -66.9 GHz/W and -81.4 GHz/W frequency tunability ratios and 40.2 dB/W and

27.2 dB/W photoinduced loss factors, respectively. The tunable phase shifters with 3µm

and 5µm meander lines respectively showed -3.28 (deg/mW) and -1.55 (deg/mW) phase

tunability ratios.
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Chapter 4

Millimeter-Wave and Terahertz

Transmission Lines based on Surface

Waves in Plasmonic Waveguides

4.1 Introduction

Low-loss, quasi-TEM and low-dispersion propagation of THz waves has been experimen-

tally demonstrated in both air-filled parallel-plate waveguides (AF-PPWGs) [55, 56] and

dielectric-filled parallel-plate waveguides (DF-PPWGs) [57, 58]. PPWGs have been used

in two-dimensional interconnect layers [59], planar quasi optics [60], transmitters [61],

generators [62] and photonic crystal filters [63] for applications ranging from the study of

whispering-gallery modes [64] and photonic crystals [65] to biosensing [66] and guided-wave

spectroscopy [67].

It is well-known that metal-dielectric surface waveguides (MD-SWs) also support the

propagation of electromagnetic waves in the form of surface plasmon polariton (SPP) modes
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[68,69], ranging from visible and near infrared [70–72] to far infrared and THz region of the

spectrum [73, 74]. While the propagation along MD-SWs is highly dissipative at optical

wavelengths, low-loss propagation of visible and near infrared waves is achievable based on

the long-rang surface plasmon polaritons (LRSPPs) in such structures as symmetrically

loaded metal slabs [75, 76] and strips [77] as well as metal-clad waveguides [78]. However,

at THz and far infrared wavelengths, SPPs benefit from low-loss propagation along the

metal-dielectric waveguides, which has been the subject of study in recent years [79, 80].

The low-loss and quasi-TEM nature of THz wave propagation in PPWGs and MD-SWs,

provokes the idea of employing the transmission line theory to study these structures, which

enables circuit-like techniques to be used for the analysis and design of THz devices and

components, in particular, THz optoelectronic devices, such as traveling-wave photomixers

[81–84] and detectors [85, 86].

MD-SWs, in general, are not regarded as practical structures for guiding THz waves due

to the poor confinement of the fields to the surface, arising from the Zenneck-wave nature of

the propagation. Nevertheless, aside from its theoretical importance, the metal layer can be

replaced by a doped-semiconductor [73,74,87,88] to provide better confinement. The same

arguments hold if corrugated surfaces that mimic SPP behavior for THz regime [89, 90]

are used rather than the flat metallic surface. Moreover, it will be shown that the low-loss

and quasi-TEM propagation in PPWGs is due to resonant excitations of SPPs at the two

metal-dielectric boundaries. Therefore, the behavior of PPWGs can be best understood,

in the THz regime, as two coupled MD-SWs that serve as the basic elements of any planar

THz plasmonic passive element. Therefore, the rest of this chapter develops transmission

line models for MD-SWs and PPWGs, based on their full-wave field solutions.
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4.2 Surface Waves at the Boundary of Two Semi-

infinite Media

Figure 4.1 shows the interface of two semi-infinite media consisting of linear, isotropic and

homogenous materials. For an electromagnetic wave propagating along the z-direction,

Maxwell’s equations may be more conveniently written in terms of the longitudinal and

transverse field components and operators,

∇t × Ez + z× ∂Et

∂z
= −µ∂Ht

∂t
, (4.1a)

∇t × Et = −µ∂Hz

∂t
, (4.1b)

∇t ×Hz + z× ∂Ht

∂z
= ǫ

∂Et

∂t
, (4.1c)

∇t ×Ht = ǫ
∂Ez

∂t
, (4.1d)

where ∇t = x × ∂
∂x

+ y × ∂
∂y
. Since there is no variation in the geometry and the field

distribution along the y-axis, i.e. ∂
∂y

= 0, the solutions of Maxwell’s equations are divided

into TE and TM polarizations. In general, the nonzero field components are of the form

of (ψy, ψx, ψz), which corresponds to (Ey, Hx, Hz) and (Hy, Ex, Ez) for TE and TM waves

respectively. Assuming a time-harmonic field,

ψy(x, z; t) = ψ(x)ej(ωt−γz), (4.2a)

ψx(x, z; t) =
−γξ
ωµ

ψ(x)ej(ωt−γz), (4.2b)

ψz(x, z; t) =
jξ

ωµ

dψ(x)

dx
ej(ωt−γz), (4.2c)
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Figure 4.1: The interface of two semi-infinite media.

where ξ = 1 for TE waves and ξ = (−µ/ǫ) for TM waves. The wavefunction ψ(x), satisfies

the one-dimensional wave equation

[

d2

dx2
+ (ω2µǫ− γ2)

]

ψ(x) = 0. (4.3)

Since the two media are semi-infinite, the wavefunction ψ(x) must vanish at infinity, i.e.

ψ(±∞) = 0. Hence,

ψ(x) =











Ae−κ1x, for x > 0

Beκ2x, for x < 0

(4.4)

where κi = ±
√

γ2 − ω2µiǫi and the sign is chosen such that ℜe{κi} > 0, in both media.

The mode condition follows from applying the boundary conditions at x = 0

κ1
µ1

+
κ2
µ2

= 0, for TE waves, (4.5a)

κ1
ǫ1

+
κ2
ǫ2

= 0, for TM waves. (4.5b)
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4.3 Metal-Dielectric Surface Waveguide

Consider the plasma-dielectric boundary, where the permittivity of the dielectric and the

plasma are ǫ1 and ǫ2 respectively. Because both media are nonmagnetic, i.e. µ1 = µ2 = µ0,

the mode condition (4.5a) has no solutions. Therefore, the plasma-dielectric does not

support any TE surface wave. However, for plasmas ℜe{ǫ2} < 0, the interface supports a

TM surface wave whose longitudinal propagation constant γ is

γ = ω

√

µ0ǫ1ǫ2
ǫ1 + ǫ2

, (4.6)

and consequently,

κi = ω

√

−µ0ǫ2i
ǫ1 + ǫ2

. (4.7)

Generally, the propagation constant is a complex number γ = β− jα, where β is the phase

constant and α is the attenuation constant. If |ǫ2| ≫ |ǫ1|, then [68]

β ≃ ω
√
µ0ǫ1 = β0n1, (4.8a)

α ≃ β
ǫ1ǫ

′′
2

2|ǫ2|2
, (4.8b)

κi ≃ β

√

−ǫ2i
ǫ1ǫ2

, (4.8c)

where β0 = ω
√
µ0ǫ0, n1 =

√

ǫ1/ǫ0, and ǫ2 = ǫ′2 − jǫ′′2.

It is well known that metals exhibit plasma characteristics below their plasma fre-

quency, which normally lies within the ultraviolet(UV) part of the electromagnetic spec-

trum. Therefore, metal-dielectric interfaces are capable of guiding electromagnetic waves

along their boundaries [68, 70–72]. This property has led to the introduction of plasmonic

52



Table 4.1: The complex refractive index of gold, silica and silicon at different wavelengths [1–3].

Wavelength Gold (Au) Silica (SiO2) Silicon (Si)

λ(µm) n k n k n k

1.55 0.599 9.81 1.45 - 3.48 1× 10−2

30 56.6 192 2.45 0.12 3.68 4.8× 10−2

269 521 598 1.96 4× 10−5 3.74 8× 10−2

Table 4.2: Simulated characteristics of the gold-dielectric surface wave for different dielectrics and wave-
lengths.

Waveguides λ(µm) f(THz) β/β0 α/β0 Leff δ1/λ δ2/λ

Au-Air 1.55 193.5 1.0052 5.97× 10−4 206µm 0.78 8.07× 10−3

Au-Air 30 10 1 + 1× 10−5 6.77× 10−6 35.27cm 16.61 4.14× 10−4

Au-Air 269 1.1 1 + 1× 10−7 7.87× 10−7 27.20m 83.72 1.33× 10−4

Au-SiO2 1.55 193.5 1.4659 0.0019 67µm 0.37 8.02× 10−3

Au-SiO2 30 10 2.4501 0.1301 18.35µm 2.86 4.14× 10−4

Au-SiO2 269 1.1 1.9600 5.93× 10−6 3.61m 21.79 1.33× 10−4

Au-Si 1.55 193.5 3.7188 0.0425 2.9µm 0.06 7.59× 10−3

Au-Si 30 10 3.4804 0.0103 232µm 1.37 4.14× 10−4

Au-Si 269 1.1 3.7400 0.0800 267µm 6.22 1.33× 10−4

optical waveguides, which can confine optical power to the vicinity of the guiding sur-

face. At visible and near infrared (NIR) wavelengths, even sub-wavelength confinement is

achievable, however at the far-infrared (FIR) domain, confinement to the surface is very

poor. For example, consider the gold-dielectric boundary at three different wavelengths

λa = 1.55µm, λb = 30µm and λc = 269µm, with the complex refractive indices listed in

Table 4.1. The characteristics of the surface wave associated with this interface are listed

in Table 4.2. The penetration depth δi measures the field confinement.

Table 4.2 clearly shows that the field penetrates less into the metal at a longer wave-

length, which results in lower dissipation, and the confinement weakens. Interestingly the
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long-wavelength surface waves are quasi-TEM. It is readily found that

|Ex1|
|Ez1|

=

√

|ǫ2|
|ǫ1|

. (4.9)

At THz frequencies, |ǫ| is usually much greater for metals than for dielectrics. Therefore,

the surface wave may be very well approximated as a quasi-TEM wave and a transmission

line approach may be applied to THz plasmonic waveguides.

4.4 MD-SW Transmission Line

Explicit expressions for the field components of the surface wave read

H1 = (0, 1, 0)e−κ1xej(ωt−γz), (4.10a)

E1 = (
γ

ωǫ1
, 0,

jκ1
ωǫ1

)e−κ1xej(ωt−γz), (4.10b)

H2 = (0, 1, 0)eκ2xej(ωt−γz), (4.10c)

E2 = (
γ

ωǫ2
, 0,

−jκ2
ωǫ2

)eκ2xej(ωt−γz). (4.10d)

Voltage

The surface mode at the metal-dielectric interface is a TM wave; therefore, equation (4.1b)

yields

∇t × Et = 0, (4.11)

which enables to define the potential Φt as a solution of the Poisson equation

∇2
tΦt = −∇t.Et. (4.12)
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The solution of (4.12) subjected to the boundary condition Φt(±∞) = 0 is

Φt(x) =











γ
ωǫ1κ1 e

−κ1x, for x > 0,

−γ
ωǫ2κ2

eκ2x, for x < 0.

(4.13)

The discontinuity of the potential at the metal boundary, clearly shows the presence of

surface charges. The voltages at the two sides of the metal-dielectric interface are

V1 ≡ Φt(0
+) =

γ

ωǫ1κ1
, (4.14a)

V2 ≡ Φt(0
−) =

−γ
ωǫ2κ2

. (4.14b)

Therefore, the voltage at each point along the transmission line is

V (z) = V0e
j(ωt−γz), (4.15)

where

V0 ≡ V1 − V2 =
γ

ω

(

1

ǫ1κ1
+

1

ǫ2κ2

)

. (4.16)

From (4.8c), it is found that |κ2|/|κ1| = |ǫ2|/ǫ1|. According to the condition of quasi-TEM

approximation, i.e. |ǫ2| ≫ |ǫ1|, one finds that |V2| ≪ |V1|, thereby the second term in

(4.16) can be neglected and V0 ≃ V1.

Current

For SPP modes, the flow of current is due to the coherent charge waves at the surface of the

metal, rather than conduction. This fact is accounted for by considering that the current
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and charge densities in the matter are associated with the polarization vector [74, 91]

Pi = Di − ǫ0Ei = (ǫi − ǫ0)Ei, (4.17)

and

Ji =
∂Pi

∂t
, (4.18)

ρi = −∇.Pi. (4.19)

Applying (4.18) to (4.10b) and (4.10d)

J1 = (ǫ1 − ǫ0)(
jγ

ǫ1
, 0,

−κ1
ǫ1

)e−κ1xej(ωt−γz), (4.20a)

J2 = (ǫ2 − ǫ0)(
jγ

ǫ2
, 0,

κ2
ǫ2
)eκ2xej(ωt−γz). (4.20b)

Hence, the current in longitudinal direction for width W of the surface waveguide is

I(z) = W

(
∫ 0

−∞

Jz2(x)dx+

∫ +∞

0

Jz1(x)dx

)

= I0e
j(ωt−γz), (4.21)

where

I0 ≡ ǫ0

(

ǫ2 − ǫ1
ǫ1ǫ2

)

W. (4.22)
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4.4.1 Line Parameters

Characteristic Impedance

The characteristic impedance of the line is defined as Zc ≡ V (z)/I(z). Therefore,

Zc =
1

ωW

(

ǫ1 + ǫ2
ǫ0ǫ2

)
√

−ǫ2
ǫ1

, (4.23a)

≃ 1

ǫ0ωW

√

−ǫ2
ǫ1

. (4.23b)

For example the characteristic impedance of the Au-air surface waveguide with W = 1mm

is (101− j345)Ω and (8.4− j9.6)KΩ, respectively at λb = 30µm (10THz) and λc = 269µm

(1.1THz).

Shunt Admittance and Series Impedance

By examining (4.19), it is readily found that ρ(x) = 0 except at x = 0, which exhibits the

presence of the surface charge at the surface of the metal. This result is consistent with the

discontinuity of the potential Φt at the interface. Using (4.19), (4.17), (4.10b) and (4.10d)

ρs =
ǫ0γ

ω

(

ǫ2 − ǫ1
ǫ1ǫ2

)

, (4.24)

hence the total charge per width W of the transmission line is Q = Wρs. Generally,

both the charge Q and the voltage V0 are complex numbers, thus the ratio Q/V0 not only

determines the capacitance per unit length of the line C, but also the shunt conductance

per unit length G
Q

V0
= C +

G

jω
= ǫ0κ1W

(

ǫ2
ǫ1 + ǫ2

)

, (4.25)
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where C and G are real numbers. This yields that the shunt admittance per unit length

of the transmission line is

Y = jωC +G = jωǫ0κ1W

(

ǫ2
ǫ1 + ǫ2

)

. (4.26)

The inductance per unit length of the transmission line L is more appropriately defined

from the magnetic flux linkage φ and the current

φ = µ0

(
∫ 0

−∞

Hy2dx+

∫ +∞

0

Hy1dx

)

= µ0

(

1

κ1
+

1

κ2

)

. (4.27)

Since both φ and I0 are complex values, the ratio φ/I0 determines both the inductance L

and the series resistance R per unit length of the transmission line

φ

I0
= L+

R

jω
=

µ0ǫ1
ǫ0κ1W

. (4.28)

Therefore, the series impedance per unit length of the transmission line is

Z = jωL+R =
jωµ0ǫ1
ǫ0κ1W

. (4.29)

One can readily verify that
√

Z/Y gives the characteristic impedance Zc as defined in

(4.23a), and also ZY = −γ2. Note that the only deviation from the linear dependance of γ

to ω is from the material dispersion, i.e. ǫ2(ω), thereby the plasmonic surface transmission

line exhibits very low dispersion.
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Figure 4.2: Schematic of a PPWG.

4.5 Parallel-Plate Plasmonic Waveguide

The geometry of Figure 4.2 has been extensively studied regarding the propagation of

SPPs at optical frequencies, especially when the metal cladding is symmetric. Generally,

the structure supports a rich family of modes including both TM and TE modes. The

modes of interest regarding the propagation of SPPs are the fundamental even and odd

TM modes. Here, the parity refers to the symmetry of the transverse component of the

electric field Ex with respect to the center of the core. The lowest order even TM mode

has no cut-off for a vanishing core thickness [92]. This point has been used to demonstrate

long range propagating modes at optical frequencies [92, 93]. As will be shown later, this

particular mode is responsible for low-loss propagation of THz waves in PPWGs. However,

for a sufficiently large core thickness, higher order modes begin to appear. At optical

frequencies, these modes suffer from high attenuation, therefore, they are not generally

considered useful for power transmission [94]. Nevertheless, due to the much larger λ/h

ratio at THz frequencies, these modes are more vulnerable to cut-off than their optical

counterparts.

The wavefunction ψ(x) associated with this structure follows
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ψ(x) =



























Ae−κ2(x−d), for x > d

Beκ1(x−d) + Ce−κ1(x+d), for |x| < d

Deκ2(x+d), for x < −d

(4.30)

where

κi = ±
√

γ2 − ω2µoǫi, (4.31)

and the sign is chosen so that ℜe{κi} > 0. Applying the boundary conditions to (4.30), it

is found that for the even modes, i.e. B = C and A = D,

ζ = − tanh(κ1d), (4.32)

whereas for the odd solutions, i.e. B = −C and A = −D,

ζ = − coth(κ1d), (4.33)

where ζ ≡ (ξ2κ2)/(ξ1κ1).

4.5.1 TM Modes

The mode conditions (4.32) and (4.33) reduce to (4.5b) for |κ1d| ≫ 1, which represents

two independent surface waves at each metal-dielectric interface and was examined in the

previous section. It can be shown that the lowest order even TM mode1 has no cut-off for

a vanishing core layer thickness [95], i.e. for |κ1d| ≪ 1, analogous to the same mode at

optical frequencies [93, 96]. Figure 4.3 illustrates the dispersion of the fundamental mode

with a varying core thickness in an Au-air-Au PPWG at 1.1THz and 10THz. Clearly, the

1Hereafter, this mode is referred to as the fundamental mode of the PPWG.
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Figure 4.3: The simulated dispersion of the fundamental mode of an Au-air-Au PPWG with a varying
core thickness at 10THz (solid curve) and 1.1THz (dashed curve). (a) The normalized phase constant and
(b) the normalized attenuation constant.

loss is very small provided that the dielectric thickness is greater than a few micrometers.

In contrast, the first odd TM mode does not propagate at small values of d. For example,

this mode cuts off below d = 2.09mm, in an Au-air-Au PPWG at a frequency of 10THz.

Higher order TM mode solutions with oscillatory fields in the core layer are, in principle,

possible for this geometry, however their cut-off thickness are even higher than that of the

lowest order odd TM mode. Therefore, for a wide range of separation between the two

metals, they are in cut-off and do no play a role in transmission of THz power. This point

has also been demonstrated experimentally for DF-PPWGs [57] and AF-PPWGs [55].

Similar results hold if the air is replaced by other dielectrics as well. Figure 4.4 to Figure

4.6 show the dispersion of an Au-Silica-Au PPWG as a function of the core thickness at
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three different wavelengths, i.e. λ = 1550nm, 30µm and 269µm. For a sufficiently small

core thickness, the plasmonic mode is the only guided mode such that the PPWG is a single

mode plasmonic waveguide. After the core thickness reaches a fraction of the wavelength

other ordinary modes appear as guided waves. As the core thickness increases, the loss of

the plasmonic mode approaches to the extinction factor of the dielectric core. Therefore,

a low-loss dielectric is required to achieve low-loss THz waveguides. The THz plasmonic

mode in PPWG, can be viewed as the result of the resonant coupling of the SPP waves

at the two metal surfaces. These modes can be used to design low-loss and low-dispersion

THz transmission line [95].

4.5.2 TE Modes

Figure 4.7 and Figure 4.8 show the real and imaginary parts of γ as a function of h = 2d

for a Au-air-Au structure at 10THz and 1.1THz, respectively. Obviously, the TE modes

are in cut-off for a wide range of the core thicknesses. This result is consistent with the

modal properties of TE modes in the same geometry at optical frequencies, where their

cut-off thickness is even greater than that of the lowest order odd TM mode [93]. Hence,

for a practical dielectric thickness there exists no TE mode which contributes to THz power

transmission.

4.5.3 Fundamental Mode

The characteristics of the fundamental mode of a Au-air-Au PPWG are shown in Table 4.3

for different frequencies and dielectric thicknesses. Comparing the propagation constant of

the fundamental mode with that of the surface wave in MD-SW and also the field solution

(4.30) in the bounded region, it is obviously seen that the fundamental mode is associated
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Figure 4.4: Simulated dispersion of the guided modes of Au-Silica-Au parallel plate waveguide as a
function of the core thickness. (a) effective refractive index of the modes for Au-Silica-Au PPWG at
λ = 1550nm;(b) normalized attenuation constant of the modes for Au-Silica-Au PPWG at λ = 1550nm.
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Figure 4.5: Simulated dispersion of the guided modes of Au-Silica-Au parallel plate waveguide as a
function of the core thickness. (a) effective refractive index of the modes for Au-Silica-Au PPWG at
λ = 30µm;(b) normalized attenuation constant of the modes for Au-Silica-Au PPWG at λ = 30µm.
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Figure 4.6: Simulated dispersion of the guided modes of Au-Silica-Au parallel plate waveguide as a
function of the core thickness. (a) effective refractive index of the modes for Au-Silica-Au PPWG at
λ = 269µm;(b) normalized attenuation constant of the modes for Au-Silica-Au PPWG at λ = 269µm.
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Figure 4.7: The real and imaginary parts of the simulated propagation constant for the TE modes
associated with an Au-air-Au PPWG as a function of the separation between the metal plates, at a
frequency of 10THz.
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Figure 4.8: The real and imaginary parts of the simulated propagation constant for the TE modes
associated with an Au-air-Au PPWG as a function of the separation between the metal plates, at a
frequency of 1.1THz.
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Table 4.3: Simulated characteristics of the fundamental mode of an Au-air-Au PPWG at different
dielectric thicknesses and wavelengths.

λ(µm) h(µm) β/β0 α/β0 |Ez|/|Ex|
30 1 1.0226 6.60× 10−3 ≤ 0.005
30 20 1.0011 3.39× 10−4 ≤ 0.005
30 100 1.0002 6.97× 10−5 ≤ 0.005
30 1000 1.0000 9.50× 10−6 ≤ 0.005
269 1 1.0405 3.41× 10−2 ≤ 0.001
269 20 1.0020 1.77× 10−3 ≤ 0.001
269 100 1.0004 3.55× 10−4 ≤ 0.001
269 1000 1.0000 3.57× 10−5 ≤ 0.001

with the coupled surface waves at the two metal-dielectric interfaces attributed to the

resonant excitation of SPPs at the two boundaries.

At the large dielectric thickness limit, the waveguide approaches to two independent

surface waveguides. Therefore, from previous sections |ǫ2| ≫ |ǫ1| guarantees that the

fundamental guided mode is a quasi-TEM wave at large separation between metals. At

the thin dielectric approximation, |κ1d| ≪ 1, it is readily found that

γ ≃ ω
√
µ0ǫ1 +

1

2d

√

−ǫ1
ǫ2

, (4.34a)

κ1 ≃

√

ω
√
µ0ǫ1

d

√

−ǫ1
ǫ2

, (4.34b)

κ2 ≃ ω
√
µ0ǫ2. (4.34c)

Since |Ex|/|Ez| = |γ|/|κ1|, the condition of having a quasi-TEM wave is

(

ωd
√

µ0|ǫ2|
)1/2

≫ 1, (4.35)

which is normally satisfied for d greater than a few micrometers. The approximations
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(4.34) are valid as long as |κ1d| ≪ 1, which corresponds to

(

ωd
√

µ0|ǫ1|
√

|ǫ1|
|ǫ2|

)1/2

≪ 1, (4.36)

For the Au-air-Au PPWG, (4.36) holds up to d ≃ 500µm at 1.1THz and d ≃ 60µm at

10THz. If the condition (4.36) holds, the field in the dielectric is almost constant. This

corresponds to strong coupling between the surface plasmons of the two interfaces. Figure

4.9 shows |ψ(x)|2 for different situations in the Au-air-Au PPWG.

4.6 PPWG Transmission Line

The field components for the fundamental mode of the PPWG of Figure 4.2 are explicitly

shown below

H1 = (0, 1, 0)(1 + Γ)e−κ2(x−d), (4.37a)

E1 = (
γ

ωǫ2
, 0,

jκ2
ωǫ2

)(1 + Γ)e−κ2(x−d), (4.37b)

H2 = (0, 1, 0)
[

eκ1(x−d) + e−κ1(x+d)
]

, (4.37c)

E2 = (
γ

ωǫ1
, 0,

−jκ1
ωǫ1

)
[

eκ1(x−d) ± e−κ1(x+d)
]

, (4.37d)

H3 = (0, 1, 0)(1 + Γ)eκ2(x+d), (4.37e)

E3 = (
γ

ωǫ2
, 0,

−jκ2
ωǫ2

)(1 + Γ)eκ2(x+d), (4.37f)

where Γ ≡ e−2κ1d, and all the field components share in a ej(ωt−γz) factor. Also, the plus

sign in (4.37d) belongs to Ex2 and the minus sign is for Ez2.
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Figure 4.9: Simulated |ψ(x)|2 in an Au-air-Au PPWG for (a) h=500 µm and f =1.1 THz, (b) h=2000
µm and f =1.1 THz, (c) h=50 µm and f =10 THz, and (d) h=250 µm and f =10 THz.
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Voltage

The potential Φt(x) is the solution of (4.12) subjected to the conditions Φt(±∞) = 0

Φt(x) =











































γ(1 + Γ)
ωǫ2κ2

e−κ2(x−d), for x > d

−γ
ωǫ1κ1

[

eκ1(x−d) − e−κ1(x+d)
]

, for|x| < d

−γ(1 + Γ)
ωǫ2κ2 eκ2(x+d), for x < −d

. (4.38)

The discontinuity of the potential Φt(x) at the surface of the metallic plates shows

the presence of surface charge. The voltage of the bottom and top plates are defined as

VB ≡ Φt(−d+)− Φt(−d−) and VT ≡ Φt(d
−)− Φt(d

+), respectively. Therefore, the voltage

at each point along the transmission line is

V (z) = V0e
j(ωt−γz), (4.39)

where

V0 ≡ VB − VT =
2γ

ω

[

1− Γ

ǫ1κ1
+

1 + Γ

ǫ2κ2

]

. (4.40)

If the condition of strong coupling (4.36) holds, or equivalently |κ1d| ≪ 1, then (4.40)

reduces to

V0 =
2γh

ωǫ1
, (4.41)

where h = 2d.

71



Current

Applying (4.18) to (4.37), gives

J1 = (ǫ2 − ǫ0)(
jγ

ǫ2
, 0,

−κ2
ǫ2

)(1 + Γ)e−κ2(x−d), (4.42a)

J2 = (ǫ1 − ǫ0)(
jγ

ǫ1
, 0,

κ1
ǫ1
)
[

eκ1(x−d) ± e−κ1(x+d)
]

, (4.42b)

J3 = (ǫ2 − ǫ0)(
jγ

ǫ2
, 0,

κ2
ǫ2
)(1 + Γ)eκ2(x+d), (4.42c)

where the plus sign in (4.42b) belongs to Jx2 and the minus sign is for Jz2, and all the

current densities share in ej(ωt−γz) factor.

The longitudinal current for width W of the PPWG is

I(z) = W

(
∫ −d

−∞

Jz3(x)dx+

∫ 0

−d

Jz2(x)dx

)

= I0e
j(ωt−γz), (4.43)

where

I0 ≃ ǫ0

(

ǫ2 − ǫ1
ǫ1ǫ2

)

(1 + Γ)W. (4.44)

For the case of strong coupling |κ1d| ≪ 1, the current is

I0 =
2ǫ0
ǫ1
W. (4.45)

4.6.1 Line Parameters

Characteristic Impedance

Using (4.40) and (4.44), the characteristic impedance of the transmission line is

Zc ≡
V0
I0

=
2µ0ǫ1ωγ

ǫ0κ
2
1κ2W

. (4.46)
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In case of strong coupling, where the field in the dielectric is almost uniform, (4.46) reduces

to that of a conventional PPWG

Zc =
η0h

W

√

ǫ1
ǫ0
, (4.47)

where η0 =
√

µ0/ǫ0 is the intrinsic impedance of free space. For example, the characteristic

impedance of the Au-air-Au parallel-plate plasmonic transmission line is 50Ω for h =

400µm and W = 3mm at 1.1THz; and h = 60µm and W = 450µm at 10THz.

Shunt Admittance and Series Impedance

Using (4.19), it is readily found that ρ(x) = 0 except at x = ±d, which exhibits the

presence of the surface charge at the surface of the metallic plates.

ρs =
ǫ0γ

ω

(

ǫ2 − ǫ1
ǫ1ǫ2

)

(1 + Γ), (4.48)

hence, the total charge per width W of the transmission line is Q = Wρs. Therefore, the

shunt admittance per unit length of the transmission line is

Y ≡ jωQ

V0
= jωC +G =

jǫ0κ
2
1κ2W

2ωµ0ǫ1
. (4.49)

For strong coupling, this expression simplifies to the capacitance of a conventional PPWG

C =
ǫ0W

h
. (4.50)

The impedance per unit length of the transmission line is defined by means of the
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magnetic flux linkage φ and the current

φ = µ0

∫ ∞

−∞

Hydx = 2µ0

(

1− Γ

κ1
+

1 + Γ

κ2

)

, (4.51)

and thus,

Z ≡ jωφ

I0
=
j2µ0ǫ1ωγ

2

ǫ0κ21κ2W
. (4.52)

For strong coupling, the inductance of a conventional PPWG is recovered

L =
ǫ1η

2
0h

W
. (4.53)

One can readily verify that
√

Z/Y gives the characteristic impedance Zc as defined in

(4.46), and also ZY = −γ2.

4.7 Summary

This chapter studied the surface waveguide and the parallel-plate waveguide for transmis-

sion of THz waves. Full-wave field analysis was employed to distinguish the conditions

of quasi-TEM and low-loss propagation of THz signals. Transmission line models were

proposed based on the surface waves corresponding to the waveguides’ plasmonic modes,

which are consistent with the experimentally demonstrated low-loss, quasi-TEM and low-

dispersion characteristics of these waveguides. The transmission line models enables the

application of circuit-like techniques for the analysis and design of the elements of THz

monolithic integrated circuits, such as filters, directional couplers, power dividers and in-

terconnects as well as traveling-wave devices such as THz photomixers and detectors.

The fundamental even TM mode was shown to be responsible for low-loss, quasi-TEM

and low-dispersion propagation of THz signals in PPWGs. Moreover, it was discussed that
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this mode doesn’t have a cut-off for vanishing core layer thickness. Thus, this mode can

provide sub-wavelength confinement of THz fields well below the diffraction limit. This

mode corresponds to resonant excitation of surface plasmons at the two metal-dielectric

boundaries; therefore, the PPWG can be viewed as two coupled surface waveguides, which

support two coupled surface waves. Employing this surface plasmonic mode, a consistent

transmission line model for PPWG was obtained that gives the observed features of THz

propagation, which reduces to the conventional transmission line model at the limiting

case of the strong coupling. The existence of TE modes as well as higher order TM modes

with oscillatory field profile in the core layer were examined. While these modes can in

principle exist for sufficiently large thickness of the core layer, they are all in cut-off under

usual operating conditions in terms of the materials used for the core and metal cladding

as well as a practical thickness of the core layer.
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Chapter 5

Superconducting Optical Waveguides

5.1 Introduction

The integration of superconducting devices with photonic guided-wave structures is an

emerging strategy for ultra-fast and ultra-sensitive optoelectronics [97]. Several novel de-

vices, such as traveling-wave photodetectors and traveling-wave photomixers [86,98], have

been introduced based on this strategy and quite a few attempts have been recently made

for integrating optical waveguides with superconducting junctions [99, 100]. Before these

works, application of optical guided-wave structures in a superconducting device was rather

rare, and even fewer concern a real optoelectronic device. Nonetheless, two specific works

are really worth mentioning. The first one is the elegant and still admirable work of Gi-

labert and coworkers in the late 70s [101], in which a photodetector was proposed based on

inducing a superconducting weak-link by optical guided waves. The second is the work of

Yoshida and coworkers in the 90s [102], which consists of a traveling-wave LiNbO3 modula-

tor integrated with a superconducting transmission line. While the former takes advantage

of a superconductive photoresponse, in the latter the real optoelectronic mechanism is that
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of the LiNbO3 and the superconducting part improves the device performance in terms of

loss and dispersion.

The incorporation of photonic guided-wave structures, especially optical waveguides,

into superconducting optoelectronic devices offers many different advantages. The most

prominent of all is the enhancement of optical coupling to the active regions; inasmuch as

unguided coupling of optical power to an optoelectronic device is usually very inefficient.

This argument is true for almost any optoelectronic device, including superconducting

and semiconductor devices. Thus, the overall system efficiency of waveguide devices are

normally much higher than their illuminated analogues. This factor is much more critical

for ultra-sensitive devices such as photon detectors. Given the fact that single photon

detectors and photon counting devices comprise an important part of superconducting

optoelectronics, their integration with optical waveguides is a promising prospect. For

example, one would expect that integrating an optical waveguide with SNSPDs results in

a substantial improvement of the overall device quantum efficiency.

Waveguide optoelectronic devices also have the advantage that their response to differ-

ent states of the optical input can be engineered. For instance, the modal characteristic of

the waveguide can be designed in order to achieve polarization sensitivity or to filter some

specific modes. For devices operating at visible, near- and mid-infrared wavelengths, optical

power can be coupled from the free space or a fiber to the waveguide and thereby to the ac-

tive region. For devices at far-infrared and THz regime, an antenna can feed the waveguide.

In the case that the entire optical power is not absorbed by a single active region, a series

of lumped element devices could be fed by a single waveguide. This technique, in turn,

raises such new possibilities as phased array and periodic devices. Furthermore, incorpora-

tion of an optical waveguide with superconducting devices is very promising for monolithic

superconducting circuits, where several components and sub-systems are present on the
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same chip. The SFQ digital processors and quantum information processing chips are two

good examples of this.

Moreover, traveling-wave devices are the other important class of guided-wave optoelec-

tronic devices, which is the subject of the next chapter. The main difference between the

traveling-wave and waveguide devices, is that the optoelectronic active region of the former

is not a lumped element anymore. In fact, in traveling-wave devices, the optoelectronic

functions are performed in a distributed manner along the effective length of the active

region.

This chapter discusses the analysis, simulation, and design of multilayer slab optical

waveguides, which contain dielectric, metal, and superconducting layers. A systematic ap-

proach, based on the transfer matrix method, is presented to model a multilayer waveguide

with any arbitrary number of layers and materials; and obtaining the dispersion equations

for the TM and TE modes. A robust and efficient numerical technique is developed to find

the complex roots of the dispersion equations, which are in fact the propagation constants

of the guided-modes. In addition, two major classes of waveguide design are introduced for

application in superconducting waveguide optoelectronic devices, including traveling-wave

structures.

5.2 Analysis of a General Multilayer Slab Waveguide

According to chapters 2 and 3, the width of active region for a typical superconduct-

ing device is in practice many times greater than an optical wavelength. Therefore, a

practical superconducting optical waveguide may be conveniently approximated as a one-

dimensional slab waveguide. This section aims at finding the solutions of the Maxwell

equations for the general structure of Figure 5.1, which consists of linear, isotropic, and
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Figure 5.1: Cross section of a general planar multilayer structure.

homogeneous materials. For the sake of simplicity, it is further assumed that the materials

are all non-magnetic. Therefore, each layer is characterized by its thickness di and complex

refractive index ñ = ni− jki, where ni and ki being the refractive index and the extinction

coefficient respectively.

Because ∂/∂y = 0 along the structure, the field components (Ey, Hx, Hz) and (Hy, Ex, Ez)

decouple; and constitute the TE and TM modes respectively. In general, the nonzero field

components of an eigenmode is of the form (ψy, ψx, ψz). Assuming a harmonic time varia-

tion

ψy(x, z; t) = ψ(x)ej(ωt−γz), (5.1)
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ψx(x, z; t) =
−γξ
ωµ0

ψ(x)ej(ωt−γz), (5.2)

and

ψz(x, z; t) =
jξ

ωµ0

dψ(x)

dx
ej(ωt−γz), (5.3)

where ξ = 1 for TE modes and ξ = −µ0/(ǫ0ñi
2) in each layer for TM modes. The

wavefunction ψ(x) satisfies the one-dimensional wave equation

[

d2

dx2
+
(

β2
0 ñ

2(x)− γ2
)

]

ψ(x) = 0, (5.4)

with β0 = ω
√
µ0ǫ0. Since ñ(x) is generally a complex function, the propagation constant

γ is also complex and can be written as γ = β − jα, where β is the phase constant and

α is the attenuation constant. For convenience, the normalized phase and attenuation

constants may be respectively defined as βeff = β/β0 and αeff = α/β0. The solution to

the wave equation (5.4) in the i’th layer for i = 1, 2, ..., r is

ψi(x) = Aie
−jκi(x−xi) +Bie

+jκi(x−xi), (5.5)

where

κi = ±
√

β2
0 ñ

2
i − γ2. (5.6)

The boundary condition at the interface of two layers is the continuity of the tangential

fields, ψy and ψz. To apply the boundary conditions to all the interfaces, it is convenient

to define the transfer matrix of each layer as follows. The transfer matrix of the i’th layer

Mi, relates the transverse tangential field ψyi and its derivative at the bottom boundary

of a layer x = xi, to the corresponding quantities at the top boundary of the same layer,
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x = xi+1.




ψyi(xi)

ζi
dψyi

dx
(xi)



 =Mi





ψyi(xi+1)

ζi
dψyi

dx
(xi+1)



 , (5.7)

where ζi = 1 for TE modes and ζi = 1/ñ2
i for TM modes. Using equations (5.1), (5.3) and

(5.5) it is straightforward to find Mi,

Mi =







cos κidi − 1

ζiκi
sin κidi

ζiκi sin κidi cos κidi






. (5.8)

By means of the transfer matrices and using the continuity of ψyi and ζi(dψy/dx) at the

interface of two layers, one can readily construct a relation between these two quantities

at the substrate interface to the corresponding values at the cover interface





ψys(0)

ζs
dψys

dx
(0)



 =

(

r
∏

i=1

Mi

)





ψyc(xr+1)

ζc
dψyc

dx
(xr+1)





≡





m11 m12

m21 m22









ψyc(xr+1)

ζc
dψyc

dx
(xr+1)



 . (5.9)

Since guided modes of the waveguide are being considered, the field in the substrate

and cover must vanish at infinity

ψys (x) = Ase
γsx x ≤ 0, (5.10)

and

ψyc (x) = Bce
−γc(x−xr+1) xr+1 ≤ x, (5.11)
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where

γs = ±
√

γ2 − β2
0 ñ

2
s, (5.12)

and

γc = ±
√

γ2 − β2
0 ñ

2
c , (5.13)

and the signs must be chosen in a way to have ℜe(γs) > 0 and ℜe(γc) > 0.

The two equations (5.10) and (5.11) combined with (5.7) and yield the dispersion

equation for the guided modes, whose complex roots are the complex propagation constants

of the propagating modes

f (γ) = ζsγsm11 + ζcγcm22 −m21 − ζsζcγsγcm12 = 0. (5.14)

5.3 Numerical Solution to the Dispersion Equation

There are traditionally numerous numerical methods available to solve transcendental equa-

tions akin to the dispersion equation found in the last section. One major shortcoming

of these methods, such as the Newton’s method [103] or downhill method [104], is that

they all need a priori knowledge about the number of roots as well as an initial guess for

them. In most cases, there is no such initial knowledge available. Furthermore, most of

these methods are limited by the number of layers or the materials that constitute the

waveguide. In superconducting optical waveguides, the extinction factor k of the super-

conducting layer may be of the same order as n. Therefore, such structures cannot be

solved by perturbative methods, which are commonly used to account for lossy dielectrics.

This section introduces an efficient, robust, and general numerical method, based on the

Cauchy integral theorem and the argument principle method (APM), which is capable of

handling any number of layers with any arbitrary complex index of refraction and solves
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both the guided and leaky modes of the waveguide.

The general method was proposed in the 60s to solve for the roots of any arbitrary

analytical function in the complex plane [105]. The use of this method to solve the planar

multilayer waveguides was suggested for the first time in the early 90s [106] and indepen-

dently shortly afterward in [107] with a slightly different formulation and much more conve-

nience in the numerical implementation. Some elegant modifications were later suggested

to eliminate the most computation intensive task of the method by means of analytical

calculation of the derivative of the dispersion equation, as well as the extension for solving

the anisotropic waveguides [108].

The basic idea behind this method is to find a polynomial whose roots are the same

as those of the dispersion equation. Instead of solving for the roots of a transcendental

equation the polynomial is solved, for which many efficient and convenient methods exist.

Thus, to find the roots (zi) of the dispersion equation (5.14), it is required to construct the

polynomial

p (z) =

S0
∏

i=1

(z − zi) =

S0
∑

k=0

Ckz
k. (5.15)

The order of the polynomial S0, which corresponds to the number of the roots of f(z),

and the coefficients Ck are found by means of the Cauchy integral theorem. The theorem

states that for a function f(z) which is analytical within and on the contour C,

Sm ≡ 1

j2π

∮

c

zm
f ′ (z)

f (z)
dz =

∑

i

zmi . (5.16)

It is readily seen that by putting m = 0 and calculating the above integral the number

of the zeros S0 and, thereby the order of polynomial are obtained at once. Because the

answer is known to be an integer, it is not even necessary to evaluate the integral with

a high precision at this step. Then, for m = 1, 2, ..., S0 the integral should be evaluated
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accurately to find Sm, from which the coefficients of the polynomial can be calculated by

the Newton recursive formula. Assuming that the coefficient of the highest order term is

unity [109],

Ck =
1

(k − S0)

S0−k
∑

j=1

SjCk+j (k = S0 − 1, ..., 0) . (5.17)

Computing the integral (5.16) involves three main tasks. First, evaluating the value of

the function f(z) and its derivative at any arbitrary point. Second, choosing the proper

contour which contains all the roots of the dispersion equation corresponding to the guided

modes of the waveguide. Third, implementing an efficient numerical method to evaluate

the integral.

Evaluation of the dispersion equation at a point f(γ) at γ = z may be done by multi-

plication of the two-by-two matrices Mi and using (5.14). In the following, the other two

main requirements are addressed.

5.3.1 Evaluation of the Derivative of the Dispersion Equation

In general, the derivative of any analytical function may be evaluated through proper

numerical methods. Here, an semi-analytical approach will be presented [108], which

considerably reduces the computational cost of the Cauchy integral method. Let’s define

u as γ = k0u. It is straightforward to show that the derivative of the transfer matrices

dMi/du is







k20di
κi sin κidi

k20di
ζiκ

2
i

cosκidi − k20
ζiκ

3
i

sin κidi

−ζik20
κi sin κidi − ζik

2
0di cosκidi

k20di
κi sin κidi






.
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The derivative of the transfer matrix of the multilayer structure subsequently follows

dM

du
≡





dm11
du

dm12
du

dm21
du

dm22
du



 =

r
∑

j=1

[

dMj

du
.

r
∏

i=1,i 6=j

Mi

]

. (5.18)

Thus, the derivative of the dispersion equation is obtained as

df(u)

du
=
ζsk

2
0u
γs m11 +

ζck
2
0u
γc m22 + ζsγs

dm11
du

+ζcγc
dm22
du

− dm21
du

− ζsζcγck
2
0u

γs m12

−ζsζcγsk
2
0u

γc
m12 − ζsζcγsγc

dm12
du

. (5.19)

In order to evaluate the derivative of the transfer matrix efficiently, the following algo-

rithm is used. For the first layer, M1 and
dM1
du

are computed. At the second layer, M2 and

dM2
du

are calculated. At this point, M (2) = M1M2 and dM
du

(2)
= M1

dM2
du

+ dM1
du

M2. This

procedure is repeated at each step with M (i+1) = M (i)Mi+1 and dM
du

(i+1)
= M (i)dMi+1

du
+

dM
du

(i)
Mi+1.

5.3.2 Determination of the Proper Contour for Integration

For a guided mode in a multilayer structure, with complex propagation constant γ =

k0(β̃ − jα̃), β̃ obeys the inequality [110]

max(ns, nc) < β̃ < max(ni). (5.20)

Furthermore, there is a limitation on the attenuation constant of a guided mode α̃. A
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guided mode cannot be more dissipative than a plane wave propagating in a homogenous

medium solely consisted of the most dissipative material of the structure. Similarly, in

case of waveguides with gain layers, the gain of a guided mode is limited to that of the

layer with the highest gain in the structure. Thus, if the gain is shown by a negative α̃ the

following inequality governs the attenuation constant of a guided mode;

min(ki) ≤ α̃ ≤ max(ki). (5.21)

In ordinary dielectric waveguides which are intended for passive optical elements, such

as interconnects or couplers, the loss is not desirable; thus, the constituent materials should

not impose much attenuation on the mode. Consequently, the value of α̃ is very low and the

complex propagation constant is located in the vicinity of the real axis in the complex β̃α̃

plane. In photodetectors, especially when superconductive layers are present, the complex

propagation constant is not close to the real axis and some of the lossy modes may not be

extracted unless (5.21) is taken into account explicitly.

Therefore, the proper contour is C2 in Figure 5.2, i.e. the rectangle whose lower left ver-

tex is
(

max(ns, nc),min(ki)
)

and upper right vertex
(

max(ni),max(ki)
)

. If the contour

C1 in Figure 5.2 is chosen for the integration, the substrate leaky modes are obtained.

The order of the polynomial that should be solved for extraction of the dispersion

equation’s roots equals to the number of the modes in the integration contour. For the

sake of precision of the results, it is necessary to avoid solving polynomials of order more

than four. To this end, the proposed contour can be divided into smaller contours, each of

which enclosing at most four roots. Since checking the number of roots within a contour is

an easy task, a recursive algorithm may be employed to divide the contour as many times

as required to avoid solving high-order polynomials.
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Figure 5.2: Proper Contours to find guided and leaky modes.

5.3.3 Numerical Integration

In order to numerically integrate a function f(z) over an interval [a, b] , the integral is

approximated by a quadrature sum

∫ b

a

f(z)dz =

N
∑

i=1

wif(zi). (5.22)

The choice of the nodes zi and the weights wi could be done with respect to the special

characteristic of the integrand function. Nevertheless, for the dispersion equation in hand,

no specific assumption is made and the nodes and weights are chosen as if the integrand is

an arbitrary function. A 7-point Gaussian rule G7f and a 15-point Kronrod rule K15f are

used to estimate the integration along a straight line [111]. If the difference between these

two methods is less than an acceptable tolerance, the K15f is considered as the answer of
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the integral since it is more accurate than G7f . Otherwise, the interval is divided into two

halves and the integration is repeated on each one [107]. The procedure could be continued

until a satisfactory result for the integral is obtained.

5.4 Buffered Optical Waveguides with Low-Index In-

terlayers

The implementation of superconductive optical waveguides involves some significant chal-

lenges. Neither the fabrication techniques nor the materials used in conventional optical

waveguides are directly applicable to superconductive optical waveguides. For instance,

high-quality superconducting films require direct deposition on top of certain substrates

or buffer layers whose optical refractive indices are usually much higher than that of the

superconducting layer. This problem is more severe for high-temperature superconductors

(HTS) which have a broader range of applications. A high-index substrate is classically

avoided in the design of conventional dielectric waveguides, because the optical power leaks

into the substrate. If the substrate possesses the highest refractive index among all the lay-

ers, no guided-mode will result. Although the structure still could be used as a waveguide

based on its leaky modes, the mode would suffer from extensive radiation loss. The deploy-

ment of thick low-index interlayers and buffer layers presents a remedy for the design of

superconducting optical waveguides based on mimicking their dielectric counterparts. The

thick low-index interlayer is grown on top of the high-index substrate in order to optically

decouple it from the rest of structure; thereby, taking the role of a virtual substrate. The

actual substrate will only provides the mechanical stability for the structure. To prevent

degradation of the quality of the superconducting film a lattice-matched buffer layer should

be deposited before the HTS. In practice, the decoupling of the guide from the substrate
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Figure 5.3: The schematic of a superconducting optical waveguide based on a low-index interlayer and
a buffer layer (a) the real structure (b) the equivalent optical guide.

requires that the thickness of the low-index interlayer to be several times of the wavelength.

The thicker the interlayer, the lower the power leakage. Figure 5.3a illustrates the physical

structure of a YBCO superconducting optical waveguide with a YSZ substrate and buffer

layer using SiO2 as the low-index interlayer. The effective optical guide is depicted in

Figure 5.3b. This structure was initially designed for multichip interconnect applications,

whose fabrication procedure can be found in [112], and was first proposed as an optical

waveguide in [86, 113].

Generally, the thickness of some layers in a waveguide might be determined by the
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Table 5.1: Simulated guided modes of the superconductive waveguide with ns = 1.45, n1 = 2.2, n2 =
1.60− j0.48, nc = 1.0 with d1 = 350nm and d2 = 150nm.

Mode β̃ α̃

TE0 2.0402 0.0147
TE1 1.5604 0.0790
TM0 1.9712 0.0432
TM1 1.4541 0.1160
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Figure 5.4: Simulated dispersion curves associated with the TE and TM modes of the waveguide with
dY BCO = 100nm and variable thickness of YSZ layer. The solid line curves and the dashed line curves are
respectively represent with TE and TM modes.
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Figure 5.5: Simulated dispersion surface of the fundamental TE mode of the waveguide of Figure 5.3b
for varying thicknesses of the YSZ and the superconductive layers. The color of each point on the surface
is associated with the normalized phase constant of the mode.
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Figure 5.6: Simulated dispersion surface of the fundamental TM mode of the waveguide of Figure 5.3b
for varying thicknesses of the YSZ and the superconductive layers. The color of each point on the surface
is associated with the normalized phase constant of the mode.
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fabrication technology. For instance, it is difficult to fabricate HTS films thinner than

70nm - 80nm or thicker than 300nm. Assuming dY SZ = 350nm and dY BCO = 150nm, as a

typical example, the complex propagation constant of the guided modes of the waveguide

are listed in Table.I. Nevertheless, for the purpose of design of a suitable waveguide, it is

usually of great help to sweep over a parameter of interest, such as the thickness of a layer,

for examining the modal dispersion. Figure 5.4 shows an example of such a dispersion

curve associated with the varying thickness of YSZ layer and a fixed thickness of the

superconductive film. One can readily observe the cut-off thickness of the fundamental

and the second order modes. Thus, if the thickness of the YSZ layer is less than 50nm, no

guided mode is available in the device. An interesting case is when the thickness of YSZ

layer is between the cut-off thickness of the TE mode and that of the TM mode; where

only the TE mode may propagate in the device and the detector exhibits high efficiency

for a perpendicular polarization of light. Therefore, this regime is suitable for any possible

polarization selective application. Other interesting designs may be proposed by means

of optimizing the thickness of both the YBCO and the YSZ layers, some of which will be

discussed in the next chapter. Figure 5.5 and Figure 5.6 depict the result of such analysis

as two dispersion surfaces for TE and TM modes, respectively.

5.5 Plasmonic Optical Waveguides

Surface Plasmon Polariton (SPP) waves at a metal-dielectric boundary provide an alterna-

tive mechanism for guiding the light [70,77,92,114]. In most of the conventional plasmonic

optical waveguides, the interface of a low-loss dielectric and a metal supports the plasmonic

surface wave, where the mode suffers from the dissipation by the metal. This high attenu-

ation is considered to be the predominant problem for passive plasmonic devices [115,116].
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In active optoelectronic devices, such as photodetectors, the active region should absorb

the light, therefore the associated optical guided-mode is necessarily lossy. Thus, for active

optoelectronic devices, the main requirement is to maximize the absorption of the optical

power by the active region, namely the coupling efficiency.

The generic structure proposed for superconductive plasmonic optical waveguides, as

shown in Figure 5.7, consists of a metal-clad HTS film, where the HTS film constitutes the

active region and is deposited immediately on a high-index substrate [117, 118]. Surface

Plasmon-mediated coupling of power to superconductive structures substantially simplifies

the fabrication process and is widely applicable to guided-wave superconductive optoelec-

tronic devices. However, this structure differs from conventional plasmonic optical waveg-

uides in two ways. First, the plasmonic interface supporting the electromagnetic surface

wave includes a highly-lossy HTS-metal boundary, rather than a low-loss dielectric-metal

boundary. Second, a high-index semi-infinite medium is present in the vicinity of the

metal-dielectric boundary.

The high extinction factor of widely-used HTS films, such as YBCO and TBCCO, will

be shown to be the main cause of absorption and dominate the loss in the metal, whereas

the absorption in the metal is the primary cause of loss in conventional low-loss dielectric-

metal plasmonic waveguides. The presence of the high-index substrate in close proximity

of the supporting plasmonic boundary modifies the modal characteristics of the resulting

SPP mode from those of the widely-used (a)symmetrically dielectric-loaded metal slabs.

Specifically a sharp cut-off is seen for increasing thickness of the HTS layer, which coincides

with the maximum coupling efficiency to the HTS layer. The cut-off thickness as well as

the maximum coupling efficiency depend on the index contrast between the substrate and

the HTS film, where both improve for a lower mismatch. Interestingly, in the regime of

interest, the contribution of the metal to the optical loss is subordinate, provided that the
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Figure 5.7: Physical structure of a superconductive plasmonic optical waveguide based on a metal-clad
HTS layer deposited on a high-index substrate. (a) Physical structure of a YBCO-Au bilayer on a high-
index LaAlO3 substrate; (b) the limit of an extremely thick HTS layer, where the SPP wave is decoupled
from the substrate; (c) LaAlO3-YBCO-Au structure as a superconductive plasmonic optical waveguide;
(d) MgO-YBCO-Au structure as a superconductive plasmonic optical waveguide.

thickness of the metal is sufficiently high to decouple the metal-HTS surface plasmon from

the air cladding.

The general structure which is studied in this section consists of a metal-clad HTS

layer deposited on a high-index substrate, as shown in Figure 5.7a. The structure of

Figure 5.7b shows a limiting case, where the thickness of the HTS layer is sufficiently large

in order to decouple the SPP wave from the substrate. The dispersion of the complex

propagation constant for this structure is depicted in Figure 5.8a. For extremely thin

Au layers, the effective phase constant βeff and attenuation constant αeff diverge. This

behavior represents a cut-off. For thicker Au layers, the Au-YBCO SPP wave begins to

decouple from the air cover and the complex propagation constant approaches to that of
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a SPP wave at the boundary of semi-infinite Au and YBCO media, i.e. 1.6132 − j0.502.

Figure 5.8b demonstrates that the absorption largely occurs in the HTS; and is more than

0.99 for large dAu. Therefore, increasing the thickness of the Au layer beyond the point

where the Au-YBCO SPP wave is decoupled from the air, does not affect the absorption

efficiency of the HTS layer.

Figure 5.9 and Figure 5.10 show the modal characteristics of the waveguides of Figure

5.7c and Figure 5.7d, respectively. These cases represent more practical situations, in which

the HTS layer is thin and the presence of the high-index substrate is of critical significance.

Figure 5.9a and Figure 5.10a clearly demonstrate the existence of a cut-off for increasing

thickness of the YBCO layer. While the effective index of the mode, i.e. βeff , decreases

for increasing dY BCO, the mode cuts off when its effective index equals the refractive index

of the YBCO. The cut-off thickness is higher for the MgO substrate whose refractive index

is smaller than that of the LaAlO3 substrate. The attenuation constant however, increases

with increasing YBCO thickness, since optical power will propagate dominantly through

the HTS layer whose extinction factor is higher than both of the substrates. This fact

directly affects the absorption efficiency of all the layers, as illustrated in Figure 5.9b

and Figure 5.10b. The absorption efficiency of the YBCO active layer increases with

increasing dY BCO, whereas the absorption of both the substrate and the metal decrease.

Close to the cut-off, the efficiency of coupling to the active layer is as high as 60% and

70%, respectively for the waveguides on the LaAlO3 and MgO substrates. Interestingly,

the dominant unuseful absorption, in both cases is the loss in the substrate not the metal.

It is readily seen that the extinction factor of both substrates are much higher than that

of the substrates used in conventional optical waveguides. Close to the cut-off, the loss

associated with the absorption by the metal, which supports the SPP wave, is less than

10%.
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Figure 5.8: Simulated dispersion curves and coupling efficiency of a YBCO-Au waveguide in the thick-
HTS limit, as a function of the metal thickness, at a wavelength of 1550nm. (a) Effective phase and
attenuation constants; (b) absorption efficiency of different layers.
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Although a great portion of the optical power is still absorbed by layers other than

the active layer, the coupling efficiency is much higher comparing to unguided illumination

schemes, where the coupling efficiency is well below a few percent. Other advantages of

guided-wave optoelectronics, such as extended bandwidth and advanced traveling-wave

architectures, apply to plasmonic devices as well and will be exploited in the next chapter.

A typical setup and associated techniques for the excitation and the characterization of

plasmonic optical waveguides are briefly presented in Appendix B, where several surface

plasmon waveguides are experimentally tested.
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Figure 5.9: Simulated dispersion curves and coupling efficiency of a LaAlO3-YBCO-Au waveguide, as a
function of the HTS thickness, at a wavelength of 1550nm. (a) Effective phase and attenuation constants;
(b) absorption efficiency of different layers.
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Figure 5.10: Simulated dispersion curves and coupling efficiency of a MgO-YBCO-Au waveguide, as a
function of the HTS thickness, at a wavelength of 1550nm. (a) Effective phase and attenuation constants;
(b) absorption efficiency of different layers.
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5.6 Summary

This chapter introduced superconducting optical waveguides for advanced optoelectronic

applications. A general formulation of the dispersion equation of the superconductive

optical waveguide was presented based on the transfer matrix method. Subsequently,

an efficient and robust numerical tool capable of finding the guided and leaky modes of

the waveguide was introduced based on the Cauchy integral method and the argument

principle method. It was pointed out that the ability of this method to find the optical

modes without an initial guess as well as its capability to treat lossy waveguides in a natural

way are central to the robustness and generality of the subsequent techniques. According

to the presented methods, two specific structures were proposes as superconductive optical

waveguides. The first design relies on a dielectric-waveguide approach and utilizes a low-

index interlayer and a buffer layer to accommodate the existence of a high-index substrate,

which is often needed for the deposition of high-quality superconducting films. The second

design uses SPP modes of a metal-clad superconducting film as an optical guided wave.

This strategy simplifies the fabrication and improves the coupling efficiency to the active

superconducting layer.
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Chapter 6

Superconductive Traveling-Wave

Photodetectors

6.1 Introduction

Kinetic-inductive photodetection was demonstrated in chapter 2 as a means for ultra-fast

and ultra-sensitive optoelectronics. However, there are several problems associated with

a simple lumped-element device, such as low responsivity, inefficiency of optical coupling,

and the limiting R-L time constant. A possible remedy to enhance the responsivity and

eliminate the lumped-element time constant is changing the architecture of the device into

a distributed one. This goal can be achieved when the photodetection takes place along

a transmission line, rather than a lumped-element micro-bridge [83,86,119]. For instance,

the center stripe of a coplanar waveguide(CPW) can play the role of the kinetic-inductive

photodetector. To this end, it is necessary that the optical power be guided over the the

transmission line; thus, the integration with an optical waveguide is required [98,113,118].

The device resulting from the integration of the thin film kinetic-inductive photodetector,
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the microwave transmission line, and the optical waveguide will be distributed both electri-

cally and optically, namely a superconductive traveling-wave photodetector (STWPD) [86].

Traveling-wave photodetectors have already been proved to be very successful in semi-

conductor optoelectronics [120–122]. A number of devices have been introduced, in which

p-i-n diodes [120–123], metal-semiconductor-metal(MSM) junctions and Schottky barri-

ers [81,82,85] are integrated with a transmission line and an optical waveguide. The device

function is not limited to detection, but also includes traveling-wave amplification [124] and

THz signal generation [81]. In fact, STWPDs have been also shown to be very promising

as traveling-wave photomixers for THz wave generation [83, 86].

6.2 Device Concept

Figure 6.1 shows the schematic of an STWPD. The device consists of a microwave trans-

mission line with superconducting strips and an optical waveguide. The transmission line

in Figure 6.1 is a CPW, however this is not essential to the device operation and a mi-

crostrip or any other planar transmission line could be used as well. The center strip of

the CPW serves as the distributed kinetic-inductive photodetector. The center strip may

be externally current biased using a bias-T. The optical waveguide is a planar multilayer

structure, whose length is determined by the modal attenuation constant of the guide. The

center strip is also a part of the optical waveguide and directly contributes to the modal

characteristics of the optical propagation. The optical waveguide is a lossy waveguide due

to the presence of a superconducting layer. Ideally, it is desirable that the superconducting

layer be the only absorptive layer of the waveguide, which assures that the loss is only due

to absorbtion of the light by the detecting element.

As the input light propagates down the waveguide, it is attenuated due to absorption
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Figure 6.1: Schematic of operation of an STWPD. The structure consists of a CPW transmission line
with superconducting electrodes integrated with a multilayer optical waveguide.

by the superconductive layer. At every point on the device, the absorbed optical power

is converted to a local voltage as the result of the kinetic-inductive photoresponse. The

role of the transmission line is to constructively collect the locally generated voltages, and

delivers the photogenerated electrical power to the load at the device output. Therefore,

an electrical wave co-propagates with the optical signal along the device. For constructive

interference of the local voltages, it is required that the phase velocity of the transmission

line matches to the group velocity of the optical waveguide [86]. In fact, it can be shown that

the effective bandwidth of traveling-wave devices is primarily determined by this velocity

mismatch [120, 122]. Hence for broadband operation, the integrated structure needs to be

designed for optimal velocity matching.

6.3 Distributed Photodetection along a Superconduct-

ing Transmission Line

Assume that the input optical signal is P (t) = P0[1 + cos(ωet)] at the front end of the

device z = 0; and is completely coupled to a guided mode of the waveguide with a complex

propagation constant γo = β − jα. The instantaneous optical power flowing at each point
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down the waveguide is

P (t, z) = P (t− z/vo, 0)e
−2αz, (6.1)

where vo = (∂β/∂ωo)
−1 is the group velocity of the optical signal and ωo is the light’s

frequency . Suppose that ξs is the optical absorption efficiency, which is defined as the ratio

of the absorbed power by the superconductive film to the total power loss in a unit length

of the waveguide in the +z direction. If the superconductive film is the only absorptive

layer of an ideal waveguide then ξs = 1. Therefore, the absorbed power density by the

superconductive film, As(t, z) ≡ −ξsdPdz , at a distance z from the waveguide’s input is

As(t, z) = 2αξsP0

[

1 + cos(ωet−
ωe

vo
z)

]

e−2αz. (6.2)

Using (2.38), the phasor form of the photogenerated voltage at point z is obtained as

vph(z) = kve
−Γoz, (6.3)

where

Γo = 2α+ j
ωe

vo
, (6.4)

and the voltage conversion factor kv is defined as

kv ≡ 2αξsP0Rv(ωe). (6.5)

The voltage conversion factor kv, represents the strength the device in converting optical

power into electrical voltage. Devices with a small value of kv need to have long optical

waveguides in order to convert all of the input optical power to the electrical domain,

whereas large kv usually corresponds to small devices. According to (6.5), high-kv devices
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must have very lossy optical waveguides; since kv is directly proportional to the absorbtion

constant α of the waveguide. This in turn limits the range of linear operation of the device,

where superconductivity ought to persist and must not be destroyed.

6.3.1 The Effect of an Additional Photoconductive Layer

Equation (2.38) readily implies that the responsivity of a superconductive film drops off

linearly at low frequencies. In general, the photoresponse of a superconductive film is of

a band-pass nature, which is suitable for high frequency signal generation by means of

detecting the beat frequency of two mixed optical signals [83, 119]. However, for broad-

band photodetection, one may be concerned about low frequencies as well. The inclusion

of a photoconductive layer in the optical waveguide is a solution to compensate for low

responsivity of the device at low frequencies.

Assume that ηp is the internal quantum efficiency, τL is carrier life time and ξp is

the optical absorption efficiency of the photoconductive layer. If the photoconductive and

superconductive layers are the only absorptive layers of an ideal waveguide then ξp = 1−ξs.
The absorbed power density by the photoconductive layer is

Ap(t, z) = 2αξpP0

[

1 + cos(ωet−
ωe

vo
z)

]

e−2αz. (6.6)

Thus, the phasor form of the photogenerated current is

iph(z) = kie
−Γoz, (6.7)

where

Ri(ωe) =
ηpq

h̄ωo

(

τL
τt

)(

1

1 + jωeτL

)

, (6.8)
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and τt is the transit time of the carriers [125]. The current conversion factor ki is defined

as

ki ≡ 2αξpP0Ri(ωe). (6.9)

6.4 Modified Transmission Line Theory for Traveling-

Wave Photodetection

If the superconductive thin film is part of a transmission line, then the effect of photode-

tection can be considered as distributed voltage and current sources, whose amplitude and

phase follow the equations (6.3) and (6.7). The equivalent circuit of a differential length

of the transmission line is shown in Figure 6.2. The impedance Z is the equivalent series

impedance of the transmission line, including the magnetic and kinetic inductances and the

series resistance. The admittance Y is the equivalent shunt admittance of the transmission

line, including the conductance and capacitance of the photoconductive layer.

In general, both Z and Y depend on the geometry of the transmission line. Analytical

expressions for Z and Y as well as the electrical complex propagation constant Γe =
√
ZY

for superconductive parallel plate transmission line and coplanar waveguide can be found

in [119] and [83], respectively.

The time harmonic form of transmission line equations for the transmission line of

Figure 6.2 are
d2

dz2
v(z)− Γ2

ev(z) = (Zki + kvΓo) e
−Γoz, (6.10)

and
d2

dz2
i(z)− Γ2

ei(z) = (Y kv + kiΓo) e
−Γoz. (6.11)
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Figure 6.2: Equivalent circuit model of a differential length of a thin film STWPD.

The analytical solutions of the above differential equations are

v(z) = v+e
−Γez + v−e

Γez +
Zki + kvΓo

Γ2
0 − Γ2

e

e−Γoz, (6.12)

and

i(z) =
v+
Z0
e−Γez − v−

Z0
eΓez +

Y kv + kiΓo

Γ2
0 − Γ2

e

e−Γoz, (6.13)

where Z0 =
√

Z/Y is the characteristic impedance of the transmission line and v+ and

v− are the amplitudes of forward and backward traveling voltage waves, which should be

found from the boundary conditions. There are three sets of terminations which are of

practical interest. In the first case the input is open circuited and the output is matched:

v(ℓ)

i(ℓ)
= Z0 and i(0) = 0. (6.14)
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If the length of transmission line is ℓ, then

v− =
Z0ki − kv
2(Γo + Γe)

e−(Γo+Γe)ℓ, (6.15)

and

v+ = v− − kvΓe + Z0kiΓo

Γ2
o − Γ2

e

. (6.16)

The second case is when the input is short circuited and the output is matched:

v(ℓ)

i(ℓ)
= Z0 and v(0) = 0. (6.17)

This set of loading provides more flexibility in biasing the device. In this case v− is obtained

from (6.15) and v+ is given as

v+ = −v− − Z0kiΓe + kvΓe

Γ2
o − Γ2

e

. (6.18)

The third case, which is suitable for broadband operation of the device, is when both

input and output are matched

v(ℓ)

i(ℓ)
= Z0 and

v(0)

i(0)
= −Z0. (6.19)

In this case v− is again represented by (6.15) and v+ is

v+ = − Z0ki + kv
2(Γo − Γe)

. (6.20)
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6.5 Device Performance

In this section, the quantum efficiency and bandwidth of STWPDs are examined as the

two most important device performance parameters.

6.5.1 Quantum Efficiency

There are three prominent and potentially inefficient mechanisms in the operation of STW-

PDs. First, the coupling of the incoming light into the guided modes of the optical waveg-

uide leads to the definition of “coupling efficiency” ηcop. Second, the absorbtion of light

by the layers that contribute to photodetection might be inefficient. It is likely to have

dissipative layers other than those which contribute to photodetection. Also, the non-ideal

geometry and material defects might impose other losses through radiation and/or scatter-

ing of light. Therefore, if the useful absorption occurs in the layers whose index i belongs

to the set U , then the overall “absorption efficiency” is

ηabs ≡
∑

i∈U

ξi, (6.21)

where ξi is the absorption efficiency of the i’th layer. The third potentially inefficient

mechanism is delivery of the photogenerated electrical power to the load. This inefficiency

is due to the loss in the microwave transmission line and load-line impedance mismatch

and is represented as a whole by ηTL.

There is yet another hidden, but potentially inefficient mechanism. In fact, the con-

tribution of the absorbed photons to photodetection is not absolutely perfect; and leads

to the definition of the term “quantum efficiency”. Quantum efficiency can be defined in

several different ways. The conventional definition is the one used in semiconductor opto-
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electronics, i.e. the ratio of the average number of charge carriers generated to the number

of absorbed photons. This definition is suitable for possible photoconductive layers in

the device. Nevertheless, in superconductors a photon of sufficient energy might generate

hundreds of quasi-particles. The conventional definition of quantum efficiency does not

carry explicit information about efficiency of the process here 1. The photon-induced pair

breaking happens as a series of events mediated by phonon-electron and electron-electron

scattering as well as the condensate reaction through the self-consistency relation [6,37,38].

Hence, the quantum efficiency of the superconductive layer(s) is defined as the ratio of the

average actual number of broken Cooper pairs to its maximum possible value (P0τQ/2∆).

Thus, it is helpful to combine the absorption and quantum efficiencies into a single

parameter called “internal quantum efficiency”

ηint ≡
∑

i∈U

ξiηi, (6.22)

where ηi is the quantum efficiency of the i’th layer. Calculation of ξi can be done based

on the thorough analysis of the optical waveguide given in chapter 5. Having found the

longitudinal propagation constant of the guided modes, it is straightforward to calculate

analytically the field profile as well as power absorption in each layer and in turn the

absorption efficiencies ξi. So, the “external quantum efficiency” of the device can be defined

as

ηext ≡ ηcopηintηTL. (6.23)

1In fact, the term “quantum yield” is commonly used to refer to the average number of quasi particles
generated per absorption of a photon in a superconductive film. A useful treatment of quantum yield can
be found in [126].
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6.5.2 Bandwidth

In principle, there are three issues that limit the bandwidth of STWPDs. The first one is

the pair breaking time constant or the carrier life time τQ; which is usually in the order of

the electron-phonon and electron-electron scattering time constant of the superconductor.

For YBCO, these values are around 1.1ps and 0.9ps respectively [10]. Once operated in

the linear regime, STWPDs are not limited by the carrier life time up to THz frequen-

cies. Nevertheless, very close to Tc, the order parameter relaxation time is the dominant

limiting factor [38, 45]. The second limiting issue is the carrier drift time in possible pho-

toconductive layers. In fact, the role of the photoconductive layer is only to compensate

for the low responsivity of the superconductive film at low frequencies. Since the kinetic

inductive responsivity increases with frequency, whereas the photoconductive responsivity

decreases, the contribution of photoconductive layer could be ignored at high frequencies.

However, the carrier drift time may be reduced at will by shrinking the thickness of the

photoconductive layer and using a longer waveguide. The third and the dominant factor

which limits the bandwidth of STWPDs is the transient response of the distributed pho-

todetection scheme. As will be seen shortly, this factor depends on the mismatch between

group velocity of the optical signal and phase velocity of the electrical signal.

Assume that an optical impulse is applied to the input of a long STWPD. Because the

light is not reflected back, the propagating optical signal as a function of time and position

along the transmission line is

P (t, z) = P0δ(t− z/vo)e
−2αz, (6.24)
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and the absorbed power density by the superconductive film is obtained as

A(t, z) = 2ξsαP0δ(t− z/vo)e
−2αz. (6.25)

Suppose that the photoresponse of the device is instantaneous, it can be modeled as

two voltage impulses with equal amplitudes, one forward traveling wave and one backward

traveling wave. In general, the output voltage of the transmission line is the superposition

of the initially forward-traveling waves and the reflected part of the initially backward-

traveling waves. If the input is matched, i.e. γin = 0, the output only consists of the

initially forward-traveling waves. Thus, the device impulse response shortens and the

bandwidth increases. Nevertheless, a matched input dissipates half of the photogenerated

electrical power, therefore the efficiency of the device will be limited to 50%. In contrast, an

open input, i.e. γin = 1, allows the entire photogenerated electrical power to be delivered

to the load, however, at the expense of a prolonged impulse response and a restricted

bandwidth. Assuming that the responsivity of the superconductive film is R, using an

approach similar to [122], the output voltage is

v(t, ℓ) =

∫ ℓ

0

R

2
A(t− ℓ− z

ve
, z)dz + γin

∫ ℓ

0

R

2
A(t− ℓ+ z

ve
, z)dz. (6.26)

Substituting (6.25) into (6.26) and carrying out the integration, the output voltage can

be explicitly written as

v(t, ℓ) = αξsRP0

[

v+(t) + v−(t)
]

, (6.27)

where

v+(t) =







1
|vf |
e

2α
vf

(t− ℓ
ve

) ℓ
max(vo,ve)

≤ t ≤ ℓ
min(vo,ve)

0 otherwise
(6.28)
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and

v−(t) =







γin
vr
e

−2α
vr

(t− ℓ
ve

) ℓ
ve

≤ t ≤ ℓ
vo

+ 2ℓ
ve

0 otherwise
, (6.29)

in which vf,r = vo ∓ ve
vove . Hence, the 3dB bandwidth of matched input and open input

configurations are

BWm =
α

π

vove
vo − ve

, (6.30)

and

BWo ≃
α

π

√
2vove

√

5v2o − v2e
. (6.31)

respectively. The equations (6.30) and (6.31) obviously show that the matched input con-

figuration provides much higher bandwidth for the same device. The enhanced bandwidth

is at the expense of reducing the quantum efficiency to 50%, since half of the photogen-

erated power is absorbed by the input loading. Therefore, a very good figure of merit to

evaluate the performance of a device is the bandwidth-efficiency product, as is used in

conventional wide-band detectors [120–122].

6.6 Device Design

In this section, a sample STWPD device is designed based on the optical waveguide of

Figure 5.3, whose detailed optical analysis was given in chapter 5. The thickness of the

YBCO is assumed to be 100nm, which is a reliable thickness for fabrication of HTS ma-

terials. Moreover, the width of the superconductive film is taken to be 2µm, which allows

that optical lithography be used for patterning the device. The operating temperature is

set at 77K for the sake of simplicity.

The responsivity of the superconductive film (2.38) is directly proportional to the bias

114



0 1 2 3 4
0

10

20

30

40

50

60

70

f (THz)

K
v (

m
V

/m
)

Figure 6.3: The simulated voltage conversion factor for an STWPD with a low-loss buffered YBCO-
YSZ-SiO2 waveguide, where dY BCO = 100nm and dY SZ = 400nm, at a temperature of 77K.

current I0. However, I0 must be chosen well below the critical current. The critical current

density of the YBCO film, at the operating temperature is more than 1.2×106A/cm2 [112];

therefore, IB = 1mA is a suitable choice.

In order to complete the physical design, the thickness of the YSZ layer as well as the

length of the waveguide need to be determined. A thick layer of YSZ results in a low-

loss waveguide, whereas a thin layer of YSZ leads to a very lossy waveguide [98]. When

the dynamic range of the photodetector is of primary importance, a low-loss waveguide is

preferred. In contrast, in case the signal level is very low, a highly absorptive waveguide

is necessary. To see this, assume that the maximum allowable power absorption per unit
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Figure 6.4: The simulated voltage conversion factor for an STWPD with a highly absorptive buffered
YBCO-YSZ-SiO2 waveguide, where dY BCO = 100nm and dY SZ = 170nm, at a temperature of 77K.
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length of the superconductive film is Pmax, as discussed in chapter 2. From (6.2), it is

seen that the differential power absorption by the film is proportional to αP0, in which α

is the waveguide attenuation constant and P0 is the total absorbed power in the device.

For the same amount of Pmax, it is obvious that the low-loss waveguide has a greater value

of P0. Of course the optical waveguide should be sufficiently long in order to absorb all

the incident power. At a wavelength of λ = 850nm and a YSZ thickness of 400nm, the

normalized propagation constant for the fundamental TE mode is 2.07-j0.01, whereas for a

YSZ thickness of 170nm it is 1.83-j0.05. In order to absorb 99% of the input optical power

the device length should be ℓ=62.3µm and ℓ=12.5µm, respectively for the low-loss and

highly absorptive waveguides. Figure 6.3 and Figure 6.4 illustrate the voltage conversion

factor kv for the two devices, respectively.

If the embedded microwave transmission line of the STWPD is perfectly velocity-

matched with the optical waveguide and both ends of the line are load-matched, the overall

responsivity of the devices is as shown by Figure 6.5.
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Figure 6.5: The simulated overall responsivity of the sample STWPD devices.
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6.7 Summary

In this chapter, superconductive traveling-wave photodetector devices (STWPDs) were

introduced as a general platform for ultra-fast, ultra-sensitive and ultra-low-noise opto-

electronic devices. The basic mechanisms for the detection of light were examined based

on the kinetic-inductance theory of thin films and the modified transmission-line model.

While the emphasis was put on the photodetection, other optoelectronic functions, such

as photomixing and signal generation, can be realized by means of a photodetector device

fed by two slightly off-tuned optical inputs. The device performance parameters including

the voltage/current conversion factor, overall responsivity, bandwidth, and efficiency were

investigated. A sample structure consisting relevant materials used in a real device was

designed. Different regimes of interest for various applications were discussed, and the

overall performance of the sample device was simulated.
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Chapter 7

Concluding Remarks

7.1 Summary and Results

This thesis has investigated guided-wave superconducting quantum optoelectronic devices

as a novel platform for ultra-fast and ultra-sensitive optoelectronic and microwave-photonic

functions.

The kinetic-inductive photoresponse of superconducting thin films has been studied

in detail with emphasis on the linear response regime. The presented analysis takes the

nonequilibrium and bolometric carrier life-times as two phenomenological inputs and pre-

dicts the macroscopic responsivity of the structure in terms of the material parameters and

geometry. While the carrier life-times may be approximated by means of more fundamental

theories, in practice these parameters should be extracted experimentally. The analysis is

applicable both to lumped-element and distributed devices, and may conveniently account

for the nonequilibrium and bolometric components. The kinetic-inductive photodetection

scheme has been experimentally demonstrated by photoresponse measurements in current

120



driven YBCO meander-lines.

Several superconducting microwave transmission lines have been designed and mea-

sured, which serve as the microwave template for high-speed devices. Microwave-photonic

devices, such as optically tunable resonators and delay lines, have been designed and mea-

sured based on the integration of a kinetic-inductive element and a microwave transmis-

sion line. To provide low-loss and low-dispersion propagation of millimeter-wave and THz

signals, for ultra-fast and wideband photodetection as well as (sub)millimeter-wave pho-

tomixing, surface wave transmission lines have been introduced based on utilizing surface

plasmon polariton modes of metal-dielectric-metal waveguides. Complete field analysis has

been used to define voltage and current at such high frequencies, including the conditions of

quasi-TEM propagation, and the associated line parameters have been derived accordingly.

The theory of superconducting optical waveguides has been developed to support ad-

vanced waveguide optoelectronic devices. An analytical formulation and an efficient numer-

ical method has been presented to solve general multilayer slab waveguides comprised of

arbitrary number of layers and materials including superconductors, metals, and dielectrics.

The method has been applied to design several superconducting optical waveguides. It has

been shown that for designs similar to dielectric waveguides, the problem of a high-index

substrate may be rectified by means of including a thick low-index interlayer and appropri-

ate buffer layers. Moreover, metal-HTS plasmonic waveguides have been introduced as an

alternative technique with considerable ease in fabrication and a substantial enhancement

in the coupling efficiency. Experimental setup for the excitation and characterization of

metal strip plasmonic waveguides has been demonstrated and several long-range surface

plasmon waveguides have been measured, as presented in appendix B.
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Superconducting traveling-wave photodetectors have been proposed based on the in-

tegration of the distributed kinetic inductive photoresponse along a transmission line and

superconducting optical waveguides for efficient and high-speed optoelectronic device ap-

plications. The device has been modeled using a modified transmission line theory, and

the performance parameters, such as the bandwidth and efficiency, have been addressed.

It has been speculated that the inclusion of an additional photoconductive layer may ame-

liorate the responsivity of the device at low-frequencies. Different loading schemes have

been discussed and a sample traveling-wave device has been designed and analyzed.

The effects of inhomogeneities in the size and materials of superconducting structures,

including heterostructures and micro-constrictions, on the carrier transport characteristics

of the device has been studied in detail in the appendix C. A transfer matrix method has

been developed, based on a four-dimensional state vector in the Nambu space and the

solutions to the Bogoliubov-de Gennes equation, to calculate the probability amplitudes of

the ordinary and Andreev reflections as well as the transmission with and without branch

crossing and the I-V characteristics of one-dimensional inhomogeneous superconducting

structures. The method has been applied to a Nb-Au NSNSN structure, and the role of

the Andreev reflection in the device I-V characteristic and the differential conductance

has been highlighted. Furthermore, a YBCO micro-constriction has been designed and

measured to illustrate the possibility of Josephson-like I-V features for potential device

applications, especially at the millimeter-wave and THz domain.
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7.2 Future Works

Inasmuch as the research on superconducting optoelectronics involves the aggregate of

many challenging disciplines including advanced electromagnetism, solid-state physics, and

nanoelectronics; high-frequency, vacuum, and low-temperature measurements; micro- and

nano-fabrication; free-space and guided-wave designs and measurements at the visible,

near IR, terahertz, and millimeter-wave domains; the following highlights a few of the

most prominent continuations to the work of this thesis.

The fabrication and measurement of metal-HTS plasmonic waveguides is a viable means

to realize superconducting optical waveguides. These structures are simple and relatively

easy to fabricate, and are suitable for a substantial class of guided-wave optoelectronic

devices including traveling-wave photodetectors and photomixers. Nevertheless, direct ac-

cess to a decent fabrication facility is a central requirement for research at the device level.

Remote cooperation with an external source would be definitely inadequate, and might

compromise productivity and efficiency. At a technical level, great efforts should be made

in the high-resolution lithography and etching processes. Figure 7.1 shows two optical

waveguides fabricated on a Nb CPW transmission line1. Similar structures, albeit with

smooth-facets at an optical-grade, would be of particular interest.

The light sensitivity of superconducting junctions and micro-constrictions may provide

an alternative to the kinetic-inductive devices. While the kinetic inductive mechanism is

suitable for detection/photomixing of optical waves, this novel mechanism might outper-

form the kinetic inductive response for the millimeter and THz waves, where the energy of

1The different colors are due to the Fabry-Perot resonance modes of the structures with different
dielectric thicknesses.
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(a) (b)

Figure 7.1: Optical waveguides fabricated across the center strip of a Nb CPW transmission line.

photons is substantially smaller. I-V characteristics of flux-flow juctions, such as the one

demonstrated in chapter C, would be the key element in these devices.
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Appendix A

Conditions for Linear Kinetic

Inductive Response

Consider a superconducting film under an optical illumination p(t), where P0 = 〈p(t)〉 is

the average incident power and s(t) = p(t) − P0 is the signal. For the film to be in the

superconducting state, the average incident power may not exceed P0,max

P0,max =
n∗
0(T )

gB
, (A.1)

where gB ≡ (ηBτB)/(2∆Aℓ). Under an average incident power P0, the average steady-state

carriers densities read

n∗
s(T ) = (1− α0)n

∗
0(T ), (A.2)

and

ns(T ) = 2(θ + α0)n
∗
0(T ), (A.3)
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where α0 = P0/P0,max is the normalized average incident power and θ ≡ n0(T )/2n
∗
0(T ). In

order to avoid superconducting-normal transitions the peak incident power is limited to

Ps,max

Ps,max =
(1− α0)n

∗
0(T )

gQ
, (A.4)

where gQ ≡ (ηQτQ)/(2∆Aℓ). The time varying part of the steady-state carrier densities

follow

δn∗(t, T ) = −αs(1− α0)n
∗
0(T ), (A.5)

and

δn(t, T ) = +2αs(1− α0)n
∗
0(T ), (A.6)

where αs = s(t)/Ps,max is the normalized signal power. Therefore,

Lk(t) =
Lk0

1− αs

, (A.7)

and

Rn(t) =
Rn0

1 + ρs
, (A.8)

where

Lk0 =
m0ℓ

2e2An∗
s

, (A.9)

and

Rn0 =
m0ℓ

e2Aτtrns
, (A.10)

and ρs = αs(1 − α0)/(θ + α0). Linear operation requires that |αs| ≪ 1 and |ρs| ≪ 1.

In terms of the peak-to-average ratio of the incident optical power ζ ≡ pmax/P0, one can
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readily rewrite the conditions of linear operation as

g0α0ζ

1− α0

≪ 1, (A.11)

and
g0α0ζ

θ + α0
≪ 1, (A.12)

where

g0 ≡
gQ
gB

=
ηQτQ
ηBτB

. (A.13)
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Appendix B

Cutback Measurement for

Long-Range Surface Plasmon

Waveguides

This appendix briefly overviews the basic setup and experimental techniques for the excita-

tion and characterization of the surface plasmon mode of metal strip waveguides1. Figure

B.1 illustrates the schematic of the waveguide structures, where a 30nm-thick gold strip is

embedded inside a dielectric medium. Two sets of waveguides are measured, in which SiO2

and Cytop are used as the dielectric medium respectively [116, 127–130]. All the devices

are fabricated on SiO2 substrates, and only differ in the width and the length of the gold

strip.

The schematic of the measurement setup is depicted in Figure B.2. A 1550nm laser

diode is used to excite the waveguide. The laser light is guided through a polarization

1The devices were designed and fabricated by Professor Berini’s Group at the School of Information
Technology and Engineering, University of Ottawa. The presented measurements were performed, by the
author, at Professor Berini’s Laboratory.
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Figure B.1: A long-range surface plasmon waveguide. (a) Side-view (b) Top-view

.
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Table B.1: The results of cutback measurement for the waveguides of Figure B.3 and Figure B.4.

Dielectric Strip Width Propagation Loss Coupling Loss
W (µm) α (dB/mm) C (dB)

SiO2 4 3.12 1.43
SiO2 8 3.68 2.21
Cytop 5.4 6.74 3.02

maintaining fiber (PMF) to the waveguide. The tip of the fiber and the edges of the

waveguides are carefully cleaved to maximize the coupling. The close effective indices of

the fiber mode and the long-range surface plasmon wave enables the direct excitation of the

waveguide. The lateral position of the fiber is optimized by means the precision positioning

stages. A far-field image of the plasmonic mode may be obtained using a series of lenses.

The insertion loss of a waveguide can be measured through coupling the output facet of the

waveguide into a fiber, as illustrated in Figure B.2b. The cut-back measurement technique

is applied to characterize the waveguides’ attenuation constant. For each waveguide, the

insertion loss (IL) is measured for devices with different lengths; and liner model is fitted

to the data

IL = 2C + αL, (B.1)

where C (dB) is the coupling loss at the facets, α (dB/mm) is the attenuation constant of

the waveguide, and L(mm) is the device length. Figure B.3 and Figure B.4 illustrate the

result of the cut-back measurements for the waveguide devices. The results are summarized

in Table B.1.
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Figure B.2: Schematic of the setup for (a) imaging the mode profile and (b) cutback measurement.
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Figure B.3: Measured insertion loss for the long-range surface plasmon mode of a 30nm-thick gold strip
inside SiO2.
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Figure B.4: Measured insertion loss for the long-range surface plasmon mode of a 30nm-thick gold strip
inside Cytop.
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Appendix C

Carrier Transport in Superconductive

Heterostructures, Superlattices, and

Micro-Constrictions

C.1 Introduction

The electronic structure of superconducting heterostructures and micro-constrictions has

recently received renewed attention. On the one hand, the advancement of nanofabrica-

tion technology has enabled the realization of artificial superconducting superlattices for

potential device applications. On the other hand, the intrinsically layered structure of high-

temperature superconductors motivates the research in the field for a better understanding

of the mechanism of superconductivity in these materials.

In many of the optoelectronic and microwave-photonic devices that have been studied

so far, it is often required that the feature size of the superconducting structure shrinks

down to a (sub)micron scale over a short length. This abrupt change in the dimension of
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the superconductor may squeeze the pairing potential field ∆, which in turn perturbs the

electrical properties of the device. In particular, such phenomena as the Andreev reflection

or Josephson tunneling may be induced within the device. While these effects should

be avoided in a kinetic-inductive device, they might provide novel mechanisms for doing

optoelectronics as well.

Generally, Bogoliubov-de Gennes (BdG) equation is used to study electronic excitations

within inhomogeneous superconductors [131]. Closed form solutions to the BdG equation

can be found only in a few cases, therefore the Wentzel-Kramers-Brillouin-Jeffreys (WKBJ)

approximation has been used for many problems such as the structure of vortex lines in

pure type-II superconductors [132], the intermediate states in type-I superconductors [133],

and the self-consistent pair potentials in SN junctions [134, 135].

The celebrated Blonder-Tinkham-Klapwijk (BTK) work [136] is a milestone, where the

BdG equation was used to study quasiparticle transport and the I-V characteristic of NS

junctions with particular emphasis on the role of Andreev reflection in the excess current

and the enhancement of the differential conductance. Ever since the BTK work, many

researchers have used the method to study different aspects of layered superconductors,

superlattices, and weak-links, such as the I-V characteristics [137–142], energy gaps [143],

the quasiparticle transport [144, 145], bound states spectrum [146, 147] and density of

states [148].

Besides the standard interpretation of the BdG equation, there has been also several

attempts to interpret the BdG equation as a single-particle wave equation [149] and even

more phenomenological approaches based on a macroscopic wave function [150] in the

same way as other macroscopic quantum phenomena, such as the Josephson effect [151].

Interestingly, these phenomenological approaches have succeeded to repeat many of the

previously known results with more simplicity, however this work strictly follows the stan-
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dard theory [131, 136].

In this chapter a transfer matrix approach is introduced for modeling layered supercon-

ductive heterostructures, and the propagator and boundary matrices are explicitly defined

based on the solutions of the BdG equation. It is then discussed how the scattering prob-

ability amplitudes for Andreev and ordinary reflection as well as transmission with and

without branch-crossing are computed from the structure’s transfer matrix. The scattering

probability amplitudes are in turn used to obtain the I-V relation of the structure, as well

as its differential conductance versus the voltage. As an example, the method is applied to

a niobium NSNSN device. The possibility of Josephson-like features will be also illustrated

by means of transport measurement in a YBCO micro-constriction.

C.2 Analysis and Formulation

Consider a one-dimensional multilayer superconductive structure consisting of N inter-

layers sandwiched between the left (L) and right (R) contacts, as shown in Figure C.1.

Each layer is characterized by its length di, pair potential ∆i, carriers effective mass m∗
i ,

and electrostatic potential Ui. A delta potential Wiδ(zi) is used to model the finite trans-

parency of the junction between the ith and (i + 1)th layers. The unitless parameter

Zi ≡ (m0Wi)/(h̄
2kF ) quantifies the strength of the barrier, where m0 and h̄ respectively

are the mass of an electron and the reduced Plank’s constant, and kF is the Fermi wavevec-

tor of the structure at equilibrium. The BdG equation governs the quasiparticles states in

the structure





H0(r) ∆(r)

∆∗(r) −H∗
0 (r)









u(r)

v(r)



 = E





u(r)
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 , (C.1)
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Figure C.1: Schematic of a general one-dimensional layered superconducting structure.

where E is the quasiparticle energy measured from the chemical potential µ,

(

u(r)

v(r)

)

is

the quasiparticle wavevector in the Nambu space, andH0 is the single-particle Hamiltonian.

In absence of a magnetic field A = 0 and within the ith layer, i.e. zi < z < zi+1, the

Hamiltonian reads

H0,i = −∇ h̄2

2m∗
i

∇+ µ+ Ui +Wiδ(z − zi+1). (C.2)

Within the ith layer





ui

vi



 = a+i





u0i

v0i



 sin[k+i (z − zi)] + b+i





u0i

v0i



 cos[k+i (z − zi)] (C.3)

+ a−i





v0i

u0i



 sin[k−i (z − zi)] + b−i





v0i

u0i



 cos[k−i (z − zi)],

where

k±i =

√

2m∗
i (µ+ Ui ± ǫi)/h̄

2, (C.4)
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ǫi =
√

E2 − |∆i|2, (C.5)

and

u20i = 1− v20i = [1 + ǫi/E]/2. (C.6)

While the value of u(r) and v(r) would suffice to describe the state of the quasiparticle

at every point in a uniform superconductor, the spatial derivative of the coherence factors

∇u(r) and ∇v(r) are also required to give a complete description of the quasiparticle state

in an inhomogeneous structure. Therefore, the generalized state vector of a quasiparticle

at a point z in the ith layer of a one-dimensional structure is represented as

Ψi(z) ≡

















ui(z)

vi(z)

u′i(z)

v′i(z)

















(C.7)

where u′(z) and v′(z) are derivatives of u and v with respect to z. The propagator matrix

of the ith layer and the boundary matrix of the interface of the ith and (i+1)th layers are

defined as

Ψi(zi) ≡ PiΨi(zi+1), (C.8)

and

Ψi(zi+1) ≡ BiΨi+1(zi+1). (C.9)

158



From (C.3) and the boundary conditions:

Pi =

















α+ −β γ+,−

k+i k−i

λ−

k+i k−i

β α− − λ−

k+i k−i
− γ−,+

k+i k−i

γ+,+ −λ+ α+ −β
λ+ γ−,− β α−

















, (C.10)

where

α± = η(u20ic
± − v20ic

∓), (C.11a)

β = ηu0iv0i(c
+ − c−), (C.11b)

γ±,± = η(u20is
±k±i − v20ic

∓k∓i ), (C.11c)

λ± = η(u0iv0i(k
±
i s

+ − k∓i s
−), (C.11d)

and

s± = sin(k±i di), (C.12a)

c± = cos(k±i di), (C.12b)

η = 1/(u20i − v20i). (C.12c)

Similarly,

Bi =

















1 0 0 0

0 1 0 0

−2ZikFmr,i 0 mr,i 0

0 −2ZikFmr,i 0 mr,i

















, (C.13)

where mr,i = m∗
i /m

∗
i+1.
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Therefore, the transfer matrix of the structure is obtained as

ΨL(0) ≡ TΨR(d) =

(

BL

N
∏

i=1

PiBi

)

ΨR(d), (C.14)

where d =
∑N

i=1 di is the length of the whole structure.

Hence, the problem of scattering of an incoming wave packet by the multilayer het-

erostructure reduces to the scattering by a single effective interface which is modeled by

T . For an incident excitation from the left, the solutions of the BdG equation in the left

and right contacts, which respectively involve incoming and outgoing particles, are





uL

vL



 =





u0L

v0L



 e−jk+
L
z + a0





v0L

u0L



 e−jk−
L
z + b0





u0L

v0L



 ejk
+

L
z, (C.15)

and





uR

vR



 = c0





u0R

v0R



 e−jk+
R
(z−d) + d0





v0R

u0R



 ejk
−

R
(z−d). (C.16)

Defining

S ≡

















a0

b0

c0

d0

















, (C.17)

the state vectors at the two contact boundaries can be written as

ΨL(0) = ALS +G, (C.18)
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and

ΨR(d) = ARS, (C.19)

where the explicit form of AL,R and G can be obtained from (C.15) and (C.16), and are

AL =

















v0L u0L 0 0

u0L v0L 0 0

jk−Lv0L −jk+Lu0L 0 0

jk−Lu0L −jk+L v0L 0 0

















, (C.20)

AR =

















0 0 u0R v0R

0 0 v0R u0R

0 0 jk+Ru0R −jk−Rv0R)
0 0 jk+Rv0R −jk−Ru0R)

















, (C.21)

and

G =

















u0L

v0L

jk+Lu0L

jk+Lv0L

















. (C.22)

In fact, the problem of scattering of an excitation by the structure reduces to a system

of linear equations given by

(TAR − AL)S = G. (C.23)

Following the BTK arguments [136], the probability amplitudes of Andreev and ordi-

nary reflection as well as transmission without and with branch-crossing’s respectively are

A(E) =
v−L
vF
a0a

∗
0(|u0L|2 − |v0L|2), (C.24a)
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B(E) =
v+L
vF
b0b

∗
0(|u0L|2 − |v0L|2), (C.24b)

C(E) =
v+R
vF
c0c

∗
0(|u0R|2 − |v0R|2), (C.24c)

D(E) =
v−R
vF
d0d

∗
0(|u0R|2 − |v0R|2), (C.24d)

where

v±L,R = h̄k±L,R/m
∗
L,R. (C.25)

Hence, the current density through the multilayer heterostructure is

J = 2N(0)evF

∫ +∞

−∞

[f0(E − eV )− f0(E)][1 + A(E)− B(E)]dE, (C.26)

where N(0) is the single-spin density of states at Fermi level, e is the electric charge of an

electron, V is the applied voltage and f0 is the fermi function.

C.3 Numerical Example

This section applies the method of the previous section to a niobium-gold NSNSN structure.

For the sake of simplicity, one may assume T = 0K, equal effective masses m∗
i = m0, and

transparent junctions Zi = 0. For an incident electron from the left, there is no ordinary

reflection and branch-crossing transmission, since all the junctions are transparent. Figure

C.2 shows the probability amplitude of Andreev reflection and ordinary transmission for

different layers thicknesses. By inspection, one can observe that for a larger thickness,

the scattering amplitudes approach to that of a simple metallic NS junction. Also, at

some specific energies, the incident electron undergoes total Andreev reflection or total

transmission. These situations correspond to the Bragg reflection/transmission and are
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responsible for the formation of stop/pass bands in an infinite periodic structure.

Figure C.3 shows the I-V curves associated with each structure. It is readily seen that

the curves fall between the I-V characteristics of SN and NN junctions. Therefore, by

tuning the layer thickness one can engineer the I-V curve. To achieve better control, it is

necessary to have more number of layers. At sufficiently high voltages, the conductance

of the device approaches to that of an NN metallic junction, nevertheless there is a finite

difference between those curves and the I-V of the NN junction. In fact, this difference is

the excess current resulting from the superconductivity of the device. The excess current

can also be tuned by appropriate thickness of the layers, between zero and the excess

current of a metallic SN junction.

Figure C.4 shows the differential conductance of the devices. Due to absence of ordi-

nary reflection the differential conductance is always between two and unity. In case of

finite transparency at the junctions, i.e. Z 6= 0, both the excess current and differential

conductance decrease. This is due to the suppression of Andreev reflection at the junctions

and the increase in ordinary reflection.
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Figure C.2: Simulated probability amplitudes for the Andreev reflection, A (solid lines), and ordinary
transmission, C (dashed lines), for niobium heterostructure at T = 0K with ∆/EF = 2.82 × 10−4 and
Z = 0. (a) NSNSN with d = 1.5ξ0; (b) NSNSN with d = 3ξ0; and (c) NSNSN with d = 8ξ0; (d) An NS
junction.
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Figure C.3: Simulated I-V characteristics for niobium heterostructure at T = 0K with ∆/EF = 2.82×
10−4 and Z = 0. Solid-line curve is for an NS junction, dashed line, dotted line and dash-dotted line are
for an NSNSN array with d = 1.5ξ0, d = 3ξ0 and d = 8ξ0, respectively.

C.4 Current-VoltageMeasurement of a YBCOMicro-

Bridge

This section demonstrate a Josephson-like current-voltage characteristic in a YBCO micro-

bridge. Figure C.5 shows the physical structure of the device, where two superconducting

banks are connected through a 1µm×2µm micro-bridge. The whole structure is made out

of a 100nm-thick YBCO film on top of LAO substrate.

Figure C.6 illustrates the device’s current-voltage characteristic, which was measured in

a four-point measurement setup at a temperature of 77K. Figure C.7 shows the character-

istic near the Josephson state. Clearly, the device exhibits a superconducting state up to

a critical current around 8mA. Then a transition state is seen followed by an abrupt jump

to the resistive state. The transition state is not normally observed in the Josephson junc-

tions based on Type-I superconductors. Given that YBCO is a Type-II superconductor,
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Figure C.4: Simulated differential conductance vs, voltage for variable unit cell length of a niobium
heterostructure at T = 0K with ∆/EF = 2.82× 10−4 and Z = 0. (a) NSNSN with d = 1.5ξ0; (b) NSNSN
with d = 3ξ0; (c) NSNSN with d = 8ξ0 and (d) an NS junction.
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Figure C.5: The optical image of a YBCO micro-constriction device. The device consists of two super-
conducting banks connected by a 1µm×2µm micro-bridge.
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Figure C.6: The measured I-V characteristic of the YBCO micro-constriction at 77K.

the transition feature may be attributed to the vortex-flow state and the phase-slip centers

in the bridge due to the self-magnetization [152]. On the reverse direction, a prominent

hysteresis is seen in the I-V characteristic.

While the micro-bridge structure is commonly used as an optoelectronic element, this

measurement shows that different electronic states may occur upon shrinking down the

size of the device, which could impede the kinetic inductive response. Nevertheless, the

Josephson-like I-V feature, might be employed as an alternative mechanism for novel opto-

electronic and microwave-photonics applications. This possibility is even more pronounced

for the millimeter-wave and THz regime due to the enhancement of the Josephson-like

voltage/current scales by a factor of at least 10.
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Figure C.7: The measured I-V characteristic of the YBCO micro-constriction near the zero-voltage state.
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Index

absorption efficiency, 110

Andreev reflection, 161

argument principle method, 82

attenuation constant, 80

bandwidth, 112

barrier strength, 156

Bogoliubov-de Gennes equation, 157

Bogoliubov-de Gennes method, 155

bolometric photoresponse, 18

bolometric quantum yield, 18

branch crossing, 161

buffer layer, 88

Cauchy integral theorem, 82

characteristic impedance, 57, 72

charge density, 56

complex propagation constant, 80, 82

complex refractive index, 79

conductivity, 8

Cooper pairs, 7, 12

coplanar waveguide, 37

coupling efficiency, 96, 110

current conversion factor, 107

current-voltage characteristic, 165

cutback measurement, 150

dispersion equation, 82, 85

dissipation, 9, 86

distributed photodetection, 103

electric potential, 54, 71

electron scattering time, 8

electronic structure, 7

energy gap, 7

external quantum efficiency, 111

field confinement, 49, 53

flux quantization, 7

fundamental mode, 62

Gaussian rule, 87

Hamiltonian, 157

heterostructure, 154
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high-index substrate, 88

integration contour, 86

internal quantum efficiency, 110

junction transparency, 156

kinetic inductance, 10, 20

kinetic inductive photodetection, 17

kinetic inductive photodetector, 103

kinetic inductive responsivity, 22, 117

Kronrod rule, 87

linear photoresponse, 21

London equations, 8

London parameter, 8

Long-Range Surface Plasmon Polariton, 49,

150

low-index interlayer, 88

Maxwell equations, 50

metal-dielectric surface waveguide, 49, 52

micro-constriction, 154, 165

microwave transmission line, 37

microwave tunable phase shifter, 42

microwave tunable resonator, 39

microwave waveform generator, 42

microwave-photonic devices, 39

mode condition, 51, 60

multilayer structure, 78

Nambu space, 157

Newton recursive formula, 84

nonequilibrium photoresponse, 14, 18

nonequilibrium quantum yield, 20

normal current, 9

normal electron, 7

normal resistance, 10, 20

numerical implementation, 83, 162

numerical integration, 87

Ohm law, 8

parallel plate waveguide, 49, 59, 69

phase constant, 80

phase-slip center, 168

photoconductive layer, 106

photodetection, 17

photodetection measurement, 27

photoimpedence, 14

photoresponse, 13, 14

plasmonic superconducting optical waveguide,

95

Poisson equation, 54

polarization vector, 56
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Poynting theorem, 9

quality factor, 42

quantum efficiency, 110

quantum photoresponse, 16

quantum yield, 111

quasi-TEM wave, 49, 54, 68

quasiparticle, 7, 12

quasiparticle state vector, 158

quasiparticle transmission, 161

quasiparticle transport, 162

quasiparticle wavefunction, 157

resonance frequency, 39

responsivity, 117

S-parameter measurement, 37

slab waveguide, 78

small signal regime, 21

stored energy, 9

superconducting optical waveguide, 78

superconducting optoelectronics, 1

superconducting traveling-wave photodetec-

tors, 103, 114

supercurrent, 9

superelectron, 8

surface plasmon polariton, 49, 93

TE mode, 50, 62, 79

terahertz, 49

thermal response, 14

thermalization efficiency, 18

TM mode, 50, 60, 79

transcendental equations, 82

transfer matrix, 81, 85, 156, 160

transmission line model, 54, 69

transmission line theory, 49

traveling-wave detector loading, 108

traveling-wave photodetection, 107

two-fluid model, 7

voltage conversion factor, 105, 115

vortex-flow, 168

wave equation, 51, 80

wavefunction, 51, 60

Zenneck wave, 49
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