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Abstract

[n this thesis [ present photoexcitation experiments on YBa,CuyO-_; (YBCO)
and niobium nitride (NbN) in order to demonstrate the viability of superconduct-
ing materials as optical detectors having the ultimate sensitivity, ultrafast response
times, and broadband responsiviry,

In the case of YBCO. we designed and implemented a comprehensive study of
epitaxial YBCO thin filins patterned into a microbridge structure so as te extract
their intrinsic photo-induced carrier dvnamies, in addition to demonstrating their
excellent properties as photodetectors. Depending on if the microbridge was bi-
ased into the resistive or the superconducting state. a resistive electron heating or
a kmetic-iductive photoresponse. respectively, was observed. Our ervogenic. 200-
fs temporal resolution. and sub-millivolt sensitivity electro-optic sampling svstem
was used to record the photoresponses. The two-temperature model was success-
fully fitted to the resistive electron heating photoresponses which allowed for the
extraction of the electron-phonon and phonon-electron interaction time constants.
while the Cooper pair breaking and quasiparticle recombination time parameters
were obtained by successfully fitting the Rothwarf-Tavlor model to the kinetic-

inductive photoresponses. Our experiments also showed the photoresponses to
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be spectrally insensitive over the tested wavelength range of 0.4 pm to 0.81 ym.
Further analvsis also showed YBCO to have an effective quantum vield of ~450.
showing the promise of being a very sensitive detector.

To demonstrate a detector that posses single-photon detectivity, fast respouse
times. broadband responsivity, good quantum efficiency. and high signal-to-noise
ratio. we patterned a ultrathin NbN film into a sub-micron-wide strip and biased
it close to the critical current value at a temperature far below its trausition tem-
perature. [n this case a large. easily measurable voltage transient was generated
when a photon was absorbed into the NDN strip. The response mechanisin is
due to a supercurrent-assisted hotspot formation that lead to a resistive barrier
across the width of the strip and the generation of a voltage that is proportional
to the resistance of the barrier. Our elegantly simple single-photon detector has
already been found applicable in VLSI CMOS testing and to various quantim

computational and quantum comnmnications svstens.
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Chapter 1

Introduction

Studies on the response of superconductors to light radiation have not onlv helped
to further our understanding of supercomductiviey, but have also led to the promise
and even the realization of new optical devices based on superconducting tech-
nologies. Optical studies in the early 1960°s have helped to verifv the Bardeen-
Cooper-Schrieffer (BCS) theory (1] that is fully applicable for conventional, low-
temperature superconductors (LTS). and currently provides interesting insight
into superconductivity of high-temperature superconductors (HTS). The BCS the-
ory states that. despite their natural tendeney to repel each other. electrous bind
together via electron-phonon interaction below a critical temperature to form
Cooper pairs. [t is the Cooper pair's reaction to incident light radiation that
makes superconductors appropriate for such applications as high-speed optical
sensors. When exposed to optical radiation. the Cooper pairs are broken into in-
dividual quasiparticles in the form of highlv energetic (or hot) electrons. At some
later time. the quasiparticles recombine back to Cooper pairs again. A voltage

response can be measured. corresponding to this optically induced. hot-electron
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energy relaxation process. From the applied point of view. such mechanisms can
be the basis for a sensitive optical sensor operation.

Although much has been learned about the properties of LTS. the full under-
standing of the nonequilibrium phenomena in HTS has not been attained as vet.
Most of the research, including some work presented here. is fucused on a better
understanding of the pairing mechanism in these materials. In this thesis. [ present
stidies on the nonequilibrinm hot-electron effect superconductors towards opti-
cal sensors and towards the better understanding of their nonequilibrinum carrier

dvnamices.

1.1 Superconductivity, briefly

Superconductors are a class of materials whose de resistivity drops to zero below
a certain temperature T... called the transition temperature 231, This zero de re-
sistivity is maintained while the current density in the material is below a certain
value. J.. called the critical current density. In addition. superconductors exclude
magnetic fields below a critical magnetic field H.. the Meissner effect 41, and are
characterized by a macroscopic electronic wave function—long-range order pa-
rameter [1]. Superconductors are usually classified into two groups: conventional
or LTS. and high-T.. or HTS. LTS are usually metallic elements or compounds
with T, < 40 K. while HTS are associated with the perovskite copper-oxide-based
materials with T, tvpically above 10 K.

The carriers in a superconducting system are pairs of electrons called Cooper
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pairs and in LTSs. the pairs are formed and maintained through electron-phonon
coupling. as explained by the BCS theoryv. The Cooper pairing phenonema also
applies to HTS. but the pairing mechanism is still not understood and the quest
continues for the answer. The pairs have a certain binding energy per electron.
A, To break a Cooper pair. an energy of 2.\ is required since an electron excited
out of the supercondieting ground state must also pull its partner out. becanse
an unpaired electron cannot exist in the superconducting state [1i. The super-
conducting state. therefore. has an energy gap between the normal and supercon-
ducting electron states. analogous to the energy gap seen between the conduction
aned valence bands in semiconductors, as illustrated in Fig. 1.1, When subjected
to energies hw > E/ L electrons in a semicondnictor will be excited across the gap
resulting in the creation of electron-hole pairs (Fig. 1.1(a)). A similar situation
oceurs in superconductors. as shown in Fig. 1.1(h). where photons with e > 22
break Cooper pairs and transfer electrons into the contimunm of excited states.
These excitations are often referred to as quasiparticle excirations: thev can have
electron-like or hole-like properties. vet can readily recombine to form a Cooper
pair.

The energy gap in LTS is predicted by the BCS theory to be proportional to

the T of the superconductor, and is expressed as

2A(0) = 3.520,T.. (1.1)
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(a) Semiconductor gap

- - {Conduction
R { band

i

Quasiparticles

Cooper pairs in the
superconducting
ground state

Figure 1.1: Energy band diagrams of semiconductors (i) and superconductors
(h). Energies he > E,, can create electron-hole pairs in a semiconductor. or
break Cooper pairs in a superconductor to create a low energy and highly
excited electrons if hw > 2\

where 2A(0) is the energy gap at 0 K and Ay, is the Boltzmann's constant. The
energy gap is maxinnun at 0 K. and decreases to zero as the temperature is
increased to T... So niobium. for example. a known superconductor with 7, = 9.25
K 51, has 2A(0) = 3.05 meV. corresponding to an excitation threshold energy of
740 GHz '6]. Experimental evidence of the expected energy absorption above the
22\ gap was reported for Nb and several other conventional superconductors by
Richards and Tinkham 7).

Lacking in theory for HTS. several optical measurements were performed on
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Figure 1.2: The unit cell of YBaaCuyO-_y showing the location of the CuQ
plianes which are believed to contain the superconducting current.

YBasCuyO5_; (YBCO) - the most studied of the HTS which has led to it be-
coming the quintessential copper-oxide-based superconductor. Figure 1.2 shows
the cryvstalline structure of YBCO with its orthorhombic unit cell. It is widely
accepted that supercondncivity resides within the copper-oxide planes. and it is
known that the oxyvgen content can be varied. leading to the transition from an
insulating (antiferromagnetic) material for 4 > 0.7 to a supercondncting material

with T. = 90 K for 4 = 0.05 8.

And. although there have been conflicting re-
ports of the superconducting energy gap ranging from 2\ ~ 8kgT,. 9.10] to 22
~ 3.5kgT. [11. the general consensus is that YBCO has an energy gap in the
range of few tens of meV. corresponding to frequencies in the few THz range. or

alternatively. in the far-infrared part of the radiation spectrum.
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Concluding. incident optical radiation with energies ranging from the ultra-
violet to well bevond the infrared with energies i > 2. will be absorbed by
a superconductor. resulting in Cooper pairs being broken to form quasiparticles.
This is mentioned becanse of its relevance to applving superconductors to sensi-

tive. broadband optical detectors.

1.2 Why superconducting photodetectors

The response time. wavelength responsivity, quantmn efficiency, and minimom
detectable power are common specifications used for the characterization of op-
tical receivers. Semiconducting-based photodetectors tvpically provide very good
values for such parameters. but with severe limitations in some cases. In the case
of response times. edge illnmination of simple. planar photoconductive switches
has been reported to be as fast as 540 f5 (120 For high sensitivity. Si avalanche
photodiodes have been shown to have a current responsivity of ~ 50 A/W ar a
wavelength of 790 nm. But these excellent parameter values are achievable when
the optical wavelength to be detected is confined up to the near-infrared radiation.
At longer wavelengths extending bevond 1 pm. the performance parameters dete-
riorate dramatically since the photon energy. even for narrow-gap semiconductors,
becomes smaller than energy the band gap of the semiconductor. For that rea-
son. there are very few interband-tyvpe semiconducting photodetectors bevond the
near-infrared part of the radiation spectrum.

Photodetectors based on superconducting technology address some of the lim-



1.3. OVERVIEW 7

itations of semiconductor photodetectors. Superconducting devices are inherently
fast and are ultrasensitive because of their quantum nature and low-noise crvogenic
operation environment. The 2\ energv gap is two to three orders of magnitude
lower than in a semiconductor: thus a photon absorption in a superconducting
detector ereates an avalanche electron charge two to three orders of magnitnde
higher for the same photon energy. This leads to the enhancement of the sensi-
tivity to reach the ultimate limit--single-quantuin detection. extends the range
of detectable energies well bevond the infrared part of the radiation spectrum.
and results in an enhanced energy resolving device. Although there are conceiv-
able drawbacks. such as the need to cool to crvogenic operating temperatires,
stperconducting devices do offer the viablility of a broadband. single quantun
detectivity. and picosecond response time quantum detector. They also offer very
low dark currents and very low noise—a tvpical feature for any crvogenic electronie

element.

1.3 Overview

In the remainder of this thesis. [ begin by describing the various photoresponse
mechanisms that exist in supreonductors in Chapter 2. As onr main interests are
with the ultrafast photoresponses. we concentrate on the conditions that give rise
to such responses. and introduce their theoretical descriptions that will later be
used to analyze the experimental data.

The photoresponses from superconductors were predicted by their theoretical
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descriptions to have single-picosecond response times. Thus. we would need a spe-
cial oscilloscope that is capable of resolving such ultrafast transients. In Chapter 3.
[ describe our electro-optic sampling system as the research tool that was used
to measure the single-picosecond photoresponse signals from our superconducting
samples.

In Chapter 4. [ first give a brief account of the previous YBCO photoexcitation
research that has been conducted, providing the background information for our
experimental goals. [ then describe the experimental procedure. including the de-
sign and fabrication of the samples. the experimental setup. and the experimental
tasks. I then discuss all the resalts of our YBCO photoexcitation experiments in
Chapter 5.

In Chapter 6. [ present our single-photon detector. [ first give a brief review
of existing single-photon detectors. followed by an explanation of the photore-
sponse mechanism for our detector. [ then describe the implementation of our
hot-electron detector. including a discussion on the choosing of NbN as the sensor
material. the fabrication of the device. and the experimental setup. Finallv. [
demonstrate that our detector is indeed a single-photon detector.

Finally. in Chapter 7. [ summarize the accomplishments of the work performed

in the thesis. and give some thoughts on future works.



Chapter 2

Photoresponse Mechanisms in
Superconductors

A photadetector can be broadly defined as a device that vields an electrical
output signal in response to or as a replica of an input light signal. The phe-
nomena that give rise to the photo-generated electrical signal can vary depending
on the sensor material being nsed. the characteristics of the radiation being ab-
sorbed (e, g.. its wavelength. intensity. and time duration). and on the operating
electrical-bias and temperature conditions. In general. photodetectors are classi-
fied according to its opticai-to-electrical conversion effect. and there are several
books (e. g.. '13.14)) that discuss in detail these ditferent effects. particularly for
semiconducting- and metallic-based photodetectors.

For superconductors. Testardi first reported on the observance of resistance
in superconducting film when irradiated by pulses of laser light [15]. prompting
many photoexcitation studies that showed superconductors to be viable optical-
to-electrical transducers. From these studies. several photoresponse mechanisms
have been identified. which are either grouped as nonequilibriumn hot-electron pro-

cesses or an equilibrium thermal process. The distinction between the two groups
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lie in the photo-induced dynamics of the electron and phonon microscopic sub-
systems that results in the change of a macroscopic parameter which can then be
measured. For the nonequilibrinm response only the electron states are changed
by the radiation (to so-called highly energetic hot-electrons). while the phonon
subsystem of the material remains in thermodynamic equilibrinm with the sub-
strate and plays the role of the heat sink for the electrons. In the equilibrium
response regine. the electrons have reached a thermodynamic equilibritnn with
the material phonons, and both the electron and phonon subsvstems are described
by the same temperature shift.

In this chapter. I will discuss the nonequilibrinm and the equilibrium photore-

sponse mechanisins observed in superconductors.

2.1 Nonequilibrium processes

The noneguilibrium phenomena in metals was introduced as early as the 1950s.
In fact. Kaganov et al. was one of the first groups to state that during the es-
tablishiment of equilibrium between the electrons and the lattice in a metal. the
metal must be looked upon as a two-temperature svstem. and the heat transfer
between the electron and phonon subsystems can be calculated [16]. Anisimov et
al. later extended on this knowledge by theoretically describing the nonequilib-
rinm heating of the electron and phonon subsvstems in metals when subjected to
ultrafast laser pulses (where the laser pulse width is sufficiently shorter than the

electron-phonon dynamics) {17]. Unfortunately. proper experimental confirmation
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of Anisimov’s predictions had to wait until the development of high-repitition-rate
femtosecond-pulse-width laser sources in the 1980s. after which. several groups
reported time-resolved observations of the thermal relaxation of hot electrons in
metals [18-22].

In the experiments. an optical pump-and-probe method was emploved where
a 60-300-fs optical pulse was incident on the metal. and was assumed to instantly
heat the electrons to an elevated temperature. Subsequent relaxation of the energy
was then monitored by measuring rhe transient reflectivity with a second optical
(probe) pulse. The time constants extracted for the electron thermalization time
were in the range of sub-picosecond. and up to several picoseconds for the electron-
phonon interaction time.

The commonly accepted theory to describe this energy relaxation dvnamics
between the electrons and the phonons has been named the two-temperature (2-T)
model and is qualitatively illustrated in Fig. 2.1. Incoming femtosecond laser pulse
radiation is absorbed and thermalizes within the electron subsvstem via electron-
electron and electron-Debeve phonon interactions on a timescale 7. This causes
the temperature of the electron subsvstem T, to increase with a specific heat C,.
Next. the electrons relax by interacting with acoustical phonons on a time scale.
To—ph- Which also causes the temperature of the phonon subsvstem T, to rise with
a specific heat Cyn. Some phonons do give energy back to the electron svstem via
phonon-electron interaction on a time scale 7,,_.. but the efficiency of this process

depends on how much longer 7p4_, is than 7._px. and on the phonon lifetime in
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Figure 2.1: Hlustration of the energy relaxation processes in metals described

by the two-temperature model. Incoming ultrafast pulsed radiation is ab-

sorbed and initially thermalizes within the electron subsystem. The energy

then relaxes to the phonon subsystem. and eventually goes out to the sub-

strate,
the material. Eventually. all the energy relaxes out of the material through the
phonons escaping to the substrate on a time scale ...

Mathematicallv. the temperature balance between the two subsystems is gov-

erned by the coupled ditferential equations 23.24:

’II; _ (\1):11(') C.

» (lt - V -z h(Y-r _Y-ph) (21)

'r_'—[)

T, C., C
Cont = = (T, = Tpn) — ~2(Tpu - T). (2.2)

(lt Te— —ph Tes
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where a is the radiation absorption coefficient. V is the volume of the sensor
device. T, is the global sample temperature. and P,,(¢) is the incident optical
power approximated as a gaussian pulse. [t should also be noted that Eq. (2.1) and
Eq. (2.2) were derived using the energy balance equation 7._pp = 7pn—o (G, /Cha).

The above scenario is also directly applicable to metallic superconductors.
Allen. and later Brorson. showed the measured electron-phonon relaxation time is
strongly related to the theory of superconductivity [25.26]. For HTS materials. the
common wisdom dictates that the energy relaxarion processes should be similar
to that illnstrated in Fig. 2.1, with thermalization occeurring via both electron-
electron and electron-phonon scattering processes. On the other hand. the inter-
play between these two energy relaxation channels, their relative strengths, and
the associated values of energy relaxation times mav be substantially different
271, Thus. the conventional energy relaxation model is used here to get some
working insight on the nonequilibrium dyvnamics in HTSs. remembering. however.
that the questions regarding the relative strengths of 7._,, and -, interaction
mechanisims remain opeu.

Yet another approach to describe the nonequilibrium response of a supercon-
ducting thin film is the kinetic-equation approach. which deals with the changes
in the quasiparticle and phonon densities. The physical processes which are being
exploited in this case are the carrier dvnamics. as opposed to energy relaxation
in the 2-T model. and is illustrated in Fig. 2.2. Qualitatively. upon absorption

of a light quantum. a Cooper pair is broken to create a highly excited (hot) elec-
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Figure 2.2: [llustration of the superconducting carrier dvnamics when illu-

minated with light radiation. The arrow from the open to the shaded circle
indicates the start and end state of the electron for a process. (a) After
the photon energy is absorbed and breaks a Cooper pair. a large number
of quasiparticles is generated through electron-electron and electron-phonon
interactions. (b) The quasiparticle starts to recombine back to form Cooper
pairs and emit phonons in the process. (¢) If the energy of the phonon is suf-
ficient it can break more Cooper pairs. (d) Eventually all the energy escapes
out to the substrate via phonon coupling.
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tron and lower energy quasiparticle. The hot electron. with almost the energy
of the absorbed photon. rapidly begins to thermalize within the superconductor
via electron-electron scattering and electron-Debyve phonon interaction. Energetic
photons are created during this process and thev in turn break more Cooper
pairs. Figure 2.2(a) shows this avalanche production of electrons in the thermal-
ization process. In Fig. 2.2(b). the electrons eventually relax back to low level
energy states (quasiparticles). and start to recombine back to Cooper pairs in
the superconducting energy condensate. The recombination time is to be noted
and is therefore assigned a variable 7. During the quasiparticle recombination.
a phonon is emitted. [f that phonon has an energy of twice the supercondieting
gap (called 22 phonon). it can break another Cooper pair. Figure 2.2(c) shows
the breaking of Cooper pairs by the 27 phonons, which ocenirs on the time scale
rg. The quasiparticle recombination process and phonon pair breaking process
continue simultaneously until the superconducting svstem fuds it energetically
favorable to remain in its equilibrium state. Eventually all the photo-induced
energy leaves the superconductor by escaping to the substrate through phonon
coupling. Figure 2.2(d) shows the phonon escape process of the energy which
oceurs on a time scale 7.

This carrier relaxation dvnamics was mathematically modeled by Rothwarf
and Tavlor. who proposed two coupled kinetic equations (henceforth known as

the RT equations) that describe the interplay between the 2.\ phonons and quasi-
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where Ngp. Voo and N_p are the nmumbers per unit volume of quasiparticles.
22 phonons. and thermal equilibrium phonons respectively. [gp is the external
generation rate for the quasiparticles (optical pulse). and R is the recombination
rate for the quasiparticles into Cooper pairs. Under weak perturbation. the RT
equations can be linearized and the quasiparticle recombination time rp can be

introduced as

)

TR = (2.4)

R‘\'Qp'r '
where Ngpr is the thermal equilibrium value of Ngp 2910 The linearized RT
equations are equivalent to the 2-T equations (Eq. (2.1) and Eq. (2.2)).

[t should be noted here that Chang and Sealapino also used a broader inter-
pretation of the RT equatious and applied them to conventional superconducting
thin films driven into nonequilibrinm conditions by thermal phonon injection.
quasiparticle injection and microwave and optical radiation 30].

After the discovery of HTSs. there was a large effort to study their nonecpilib-
rium properties. Several authors performed optical pump-and-probe experiments
on YBCO thin films to study the quasiparticle relaxation processes [31-36]. while

other photoexcitation experiments helped to identify the conditions that give rise
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to the various nonequilibrinn photoresponses. The more noteworthy observed
photoresponses are the photoactived transient fux flow reponse 37-400. the resis-
tive electron heating reponse T41-1451. and the kinetic-inductive response 46-56!.

The basic process behind the photoactivated Hux flow voltage response is that
incident photons induce the motion of vortices (normal regions in a superconduc-
tor) subject to a Lorentz force in a current-biased film. When the vortices move.
an observable voltage transient is generated. However. the photoresponse mech-
anism is not fullv developed as the exact process by which the photons enhance
the motion of the vortices is still uncertain, On the other hand. the resistive
electron heating and the kinetic-inductive photoresponse can be obtained when
the sensor is either de current-biased into the resistive or the superconducting
state, respectivelv. and their theoretical descriptions are based on solntions of the
two-temperature (2-T) and/or the RT equations. respectively. Both models ade-
quately show the working mechanisms for a HTS (in particular YBCO) thin film
photodetector. and in addition. they also help to shed some light on the intrinsic

carrier behavior.

2.1.1 Resistive electron heating photoresponse

[f the superconducting sensor is operated at a temperature very close to or below
T.. and current-biased above [. into the resistive state. the photoresponse that

can be observed is attributed to the resistive electron heating effect 571 The
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Figure 2.3: Results from numerically solving the two-temperature model
equations (Eq. (2.1 and Eq. (2.2)). illustrating the nonequilibrinm heating
conditions between the electron and phonoen subsystem in a superconductor.
A fast voltage response can be measured that is proportional the electron
temperature dynamics. The rise time of the voltage response is due to the
electron thermalization time ~r. and the fall timme is governed by the electron-
phonon relaxation time 7, _ 4.

2-T model equations are best suited to theoretically describe the photoresponse
obtained under such operating conditions.

The time evolution of T, and T, resulting from numerically solving Eq. (2.1)
and Eq. (2.2) for a YBCO thin film structure is shown in Fig. 2.3. In the calcu-
lations. the temperature dependence of the electron specific heat C, = ~T, was
used. and values for + and C,, were obtained from Refs. [58.59]. It was also as-

sumed that the radiation was uniformly absorbed into the volume of the sensor.
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The sample temperature was set at T, = 94 K. corresponding to the effective
temperature the filin has reached from being biased into its resistive state. The
sample temperature can be expressed as T, = T2/T,, (601, where Tj, is the ambient
temperature set at 85 K. and T, for a high quality YBCO filin is typically 90
K.! The simulated waveform is in units of T,.. but it can easily be translated into

voltage. which is proportional to AT, according to

. R ,
AV = 7 AT (

(8]
ot
=

where [, is the bias current and R is the resistance of the siperconducring device
45.. The risetime of T, in the 2-T model is determined by the thermalization time
mr of the optical pulse within the electron subsvstem and is an almost instanta-
neous process ‘Gl The fall time is governed by the electron-phonon relaxation
time. 7, _pn. Which is taken here as the time it takes the electron system to relax
from its peak temperature to having almost the same temperature of the phonons.
From Fig. 2.3. the voltage response time associated with AT, is shown to be on
the order of a few picoseconds.  The full evolution of the phonon temperature
change (grev curve} is relativelyv slow. in comparison to AT,. and is associated

with the equilibrium thermal photorespounse. discussed later in this chapter.

'The origin of the elevated sample temperature is due to the biasing of the microbridge.
Further discussion is presented in Section -1.3.2.
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2.1.2 Kinetic-inductive photoresponse

The concept of kinetic inductance is inherent in the theorv of superconductiv-
ity {62]. in that a superconductor ideally exhibits zero de-bias resistivity. while
for an ac bias. a kinetic inductive impedance will develop in the supercondie-
tor due to the inertia of the superconducting carriers. There have been many
stidies to exploit the kinetic inductance in realizing superconducting devices.
Early experiments studied the kinetic inductance of microwave superconducting
microstrip transmission lines (63 -651. And following their own and previons mea-
surements, Hegmann and Preston introduced a detailed Kinetic-inductive pho-
toresponse model for YBCO thin films 661, According to this model, the Kinetic
inductance Ly, in the superconductor sensor of length £, width w. and thickness

d can be expressed as

Lin = ~ . (2.6)

where €, is the vacuum permitivity. ), is the plasma frequency of the supercon-
ductor. and f,. is the superfiuid fraction equal to the density of superconducting
carriers divided by the total density of carriers. A laser pulse absorbed in the su-
perconduetor will break Cooper pairs and reduce f. from its initial value. therebyv
increasing Ly,,. [f a constant current bias [, was applied to the superconductor
sensor. a voltage will develop across the sensor due to an acceleration of the super-
conducting carriers from the change in Ly,,. The transient voltage that develops

is proportional to the bias current and the rate of change of the kinetic inductance.
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and is expressed as

’ILL'HI

Vi =
kin [h dt

In order to prediet the change in the kinetie indnctance. and ultimately the
transient voltage response. one can again use the 2-T model equations to solve for
the dvnamies of f... The superuid fraction can be deseribed by its relation to

the electron temperature as [52.5:]

™
b}
Il
|
N
.
a—”
™
.

[t is understood that a very short laser excitation pulse will cause Cooper pair
breaking and nonequilibrinm heating of the quasiparticles (especially when oper-
ating at temperatures near to T.). thus. leading to the changes in f,..

Fig. 2.4 illustrates the full simulation of the YBCO photoresponse using the 2-
T model. The 2-T equations are first solved to obtain T, and T, after the sample
is illuminated with a very short laser pulse. plotted in Fig. 2.4(a). T, is then
used to obtain f,. in Fig. 2.4(b). which is then used to obtain Ly, in Fig. 2.4(c).
Finallv. 1%, is obtained as the time derivative of the kinetic inductance. presented
in Fig. 2.4(d).

Another description of the processes that govern the changes in f.. in a super-
conducting thin Alm can be obtained from the solutions of the previously men-

tioned RT equations. It should be noted that the RT equations are best suited to
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Figure 2. 1: Simulation of the nonequilibrium kinetic-inductive response using
{a) the solutions of the 2-T model equations. (b) the changes in the superfiuid
fraction. (¢} the changes in the kinetic inductance. and (d) the kinetic voltage
response.
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model the superconductor response far below T, and for moderate and/or weak
(linearized RT) external perturbations.

Once the RT equations are solved to obtain the dynamics of Ngp. it is then
related to the supertluid fraction by

-\‘l) - '\'Q P

fu = N

where .V, is the total number of electrons in the YBCO filin. The time evolution
of the kinetic inductance and the transient voltage response can then he obtained
by using Eeq. (2.6) and Eq. (2.7), respeetively.

Figure 2.5 illustrates the full solution of the kinetic-inductive photoresponse
using the RT model at T <« T.. Equation (2.3) is first solved to obtain Nyp
and N in the YBCO film after being illuninated with a very short laser pulse,
plotted in Fig. 2.5(a). Knowing .V and the caleulated Ngp. f.. is obtained. shown
in Fig. 2.5(b). Li,, is then calculated and plotted in Fig. 2.5(c). and finallv the
simulated Vi, is shown in Fig. 2.5(d).

By directly comparing the solution of Eq. (2.7) with experimental data. the
time constants . 7 and 7,, can be extracted for the YBCO film. These pa-
rameters are significant because thev would give iusight to the intrinsic time scale
dyvnamics of Cooper pairs. quasiparticles. and phonons in YBCO.

By observing the simulations of the photoresponses predicted by the 2-T model

in Fig. 2.3 and Fig. 2.4(d). and the RT model in Fig. 2.53(d). it should be noted



2.1. NONEQUILIBRIUM PROCESSES 24
9% 13 (a) Phonons i gg £
.E F . : —
3‘:’ 127 Quasiparticles gg %80
‘n o 7 . (=
83 11r 152 22
S8 10 148 £
055 T 7
§=) No - N
35 050+ (b) fsc = —o QP
T g No
§_g 0.45 r =
@ 040 -
T
8 14- (c) T
Lo 13+ -
g8
c®
=« 12 1 1 1 A
X9 Lkin 21 g
-g 11t ggwp 'sc WA 4
S 2 | (d) ]
!
o 10 .
= s .
= 0 -
9 - -

10 £

Time (1 ps/div)

Figure 2.5: Simulation of the nonequilibrium kinetic-inductive response us-
ing (a) the solutions of the RT equations. (b the changes in the supertiuid
fraction. (c) the changes in the kinetic inductance, and (d} the kinetic voltage

simulation response.
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that the duration of the respouses are on the order of several picoseconds. [n order
to properly measure such fast voltage signals and accurately extract the desired
time constants, a special oscilloscope with subpicosecond resolution is required.

This issue will be addressed in the next chapter.

2.2 Equilibrium thermal process

As mentioned earlier. the equilibrinm thermal process in superconductors implies
that a voltage photorespouse can be observed due to the energy relaxation dvnam-
ics of the thermally equilibrated electron and phonon subsvstem. Simply. incident
optical radiation is absorbed and thermalizes within the electron subsyvstem ex-
actly as deseribed in Section 2.1. Shortly after. the energy is redistributed until
both the electron and phonon subsystems are described by the same temperature
shift. or alternatively stated. until the superconducting absorber is described by
a niacroscopic temperature. The thermal energy will eventually relax out of the
superconductor (usually via phonon coupling to the substrate). and the supercon-
ductor will return to its initial temperature,

The time evolution of the thermal svstem can be obtained directly from the
2-T equations if one sets dT,/dt = 0 in Eq. (2.1). and then make the necessary
substitution into Eq. (2.2) to get

dTpn aPy(t) C

h v
Cph—d_t— = —V———?:):(Tph—rg). (.).].0)






