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DEFINITION OF TERMS

Variables and Constants:

Parameter

T

Description Typical units
length of bridge pm
width of bridge pm
thickness of bridge pm
frequency s
plasma frequency s
dielectric constant F/m
permittivity of free space F/m
permeability of free space H/m
optical penetration depth nm
penetration depth nm
London penetration depth nm
coherence length nm
superconducting energy gap or order parameter meV
superconducting wave function

electrical conductivity Q'cm?
electrical resistivity Q cm
carrier density cm?
superfluid carrier density cm?
normal fluid carrier density cm?

superfluid fraction = ng./n

normal fluid fraction =ny/n
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temperature

critical temperature

zero resistance critical temperature
reduced temperature = T / T,

time

heat capacity

electron temperature

phonon or lattice temperature
electronic specific heat capacity
phonon or lattice specific heat capacity
thermal conductivity

optical penetration depth

incident light fluence

reflectance

electrical resistance

surface resistance

inductance

kinetic inductance

voltage

voltage due to change in Ly

Vi With effect of normal fluid branch
current

current density

critical current density

thermal conductance

laser source term

incident radiation power

thermal boundary resistance

relaxation rate

iv

A AR

s, 0S, PS
J/em*K

J/em®K
J/em’K
W/ cmK

ul / cm?

mV
mV

A/cm?
Alem?
W/K
W/cm?

W, W/em?
Kcm* /W



Abbreviations:
YBCO

HTSC

KB

FWHM
SQUID

NMR

SFFT

CMOS

MCM

MSM

relaxation time =1/T

thermal time constant (C/G)

laser pulse width term

rise time

electron-phonon relaxation time (energy)
electron phonon scattering time {(momentum)
recombination time

phonon escape time

phonon pair breaking time

order parameter relaxation time
supercurrent response time

quasiparticle multiplication factor
Sommerfeld constant (C, = yT,)
magnetic field

flux quantum

viscosity for vortex flow

high-T. superconductor YBa,Cu,0,,
high-temperature superconductor

kinetic inductive bolometric

full width at half maximum

superconducting quantum interference device
nuclear magnetic resonance

superconducting flux flow transistor
cdmplementary metal-oxide semiconductor
multi-chip module

noise equivalent power

metal-semiconductor-metal

S, 1S, ps

ns, ps, fs
ns, ps

ps

ps

ns, ps

ns

ps

us, ns, ps

ps

J/em’K?
G T

Kg/m s



FIR far-infrared

QWIP quantum well infrared photodetector

BCS Bardeen, Cooper, and Schrieffer theory of superconductivity
DOS density of states

FF flux flow

TAFF thermally-activated flux flow

BW bandwidth of electrical measurement system

Cw continuous wave (constant laser source)

Nd:YAG neodynium-doped yttrium aluminum garnet (laser)

HeNe helium-neon (laser)

Useful conversions and definitions:
hw (eV) = 12400/ A (A)

hw (meV) = 0.124x v (cm™)

ks = 0.0862 meV/K

lpum=10%m
Inm=10A
Ins=107s
lps=10"5s
1fs=10"s
0°C=2732K
bo=2.07 x 10" Wb
1G=10"T

Boiling point of liquid nitrogen = 77.4 K
Boiling point of liquid helium =4.2 K
light travels about 1 foot in 1 ns, or 0.3 mm/ps
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ABSTRACT

The origin of the fast photoresponss observed below T. from current-biased,
epitaxial YBa,Cu;0,., (YBCO) thin films has been a source of controversy for several years
now. The photoresponse signals have been attributed to either bolometric (thermal or
equilibrium) or nonbolcmetric (nonthermal or nonequilibrium) mechanisms. A variety of
nonbolometric mechanisms have been proposed to explain the fast photoresponse transients,
such as nonequilibrium electron heating and transient flux dynamics.

We bave studied the fast photoresponse of epitaxial YBCO thin film bridge structures
using 100 ps and 5 ps laser pulses. Both fast and slow voltage transients were observed. In
the resistive transition region, a slow component was seen in the photoresponse wave form
with a decay time of several nanoseconds which could be attributed to a resistive bolometric
response. However, below the resistive transition region and well into the superconducting
state, we have observed for the first time fast voltage transients with subnanosecond widths
that were not followed by a slow resistive component. The fast transients cannot be
explained by a simple resistive bolometric response.

We have developed what is called the kinetic inductive bolometric (KIB) model to
explain the origin of the fast photoresponse signals. The KIB model assumes equilibrium
heating of the film by the laser pulse, contrary to some of the nonbolometric mechanisms that
have been proposed. We show that the KIB model provides excellent qualitative and
reasonable quantitative agreement with the observed photoresponse using 100 ps and 5 ps
laser pulses. With 5 ps laser pulses, we have observed voltage transients as fast as 16 ps
wide from a 200 nm YBCO film. To our knowledge, this is the fastest photoresponse signal
reported to date (September, 1994) from epitaxial YBCO thin films. The implications that
the success of the KIB model has on the nature of superconductivity in the high-T. materials

is also discussed.
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PREFACE

For ease of readability, some of the experimental details and analysis have been
omitted in the main text and placed in appendices and copies of journal publications included
at the end of the thesis. The journal publications will be referred to often from within the
main text as Papers A, B, C, and D. The main text is self contained; the papers are included
only as a source of supplementary information on the experiments.

After quickly describing the type of experiments being done here, the first chapter
provides a brief and by no means complete introduction 10 superconductivity from its
discovery in 1911 to the excitement surrounding the new high-T. superconductors. Some
of the potential applications of these new materials are discussed, including the possibility
of developing practical high speed photodetectors. In order to better understand
nonequilibrium mechanisms in the high-T. superconductors, Chapter 2 first provides an
overview of some of the main equilibrium properties of these new materials. Following this
is a brief summary of some of the nonequilibrium processes that are believed to occur in
conventional superconductors. The mechanisms by which the high-T. superconductors can
detect light are discussed in Chapter 3. The study of the photoresponse from high-T.
superconductors is still very controversial, and I have attempted to classify the various
photorespense mechanisms believed to occur in epitaxial thin films as bolometric or
nonbolometric. The kinetic inductive bolometric (KIB) response is presented in Chapter 4
as the mechanism we believe gives rise to the observed photoresponse in epitaxial YBaCuO
thin films. Chapter 5 provides some of the main experimental results that support the KIB
mechanism. Finally, Chapter 6 discusses some of the successes and limitations of the KIB
model. In particular, the effect of nonequilibrium processes will be discussed. Suggestions
for future experiments are also provided which might help further our understanding of the
mechanism responsible for the observed photoresponse and perhaps even superconductivity

in the high-T . materials.
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1. INTRODUCTION

1.1. Brief description of the photoresponse measurements

The response of superconductors to light has been extensively studied with a variety
of different experiments for more than 30 years now. The experiments bave ranged from
probing the absorption as a function of wavelength in the microwave and far-infrared regions
to using optical wavelength femtosecond laser pulses for studying transient changes in the
transmisston of thin films due to nonequilibrium effects. The type of photoresponse
experiment described in this thesis is shown schematically in Fig. 1.1. In these experiments,

a thin film (~ 200 nm thick) of the high-T,. superconductor YBa,Cu,0,., (YBCO) grown
laser
pulse
lens

current \ / voltage

source signal

) 4 . YBCO
{ thin film

/ bridge
cold stage

Fig. 1.1. Schematic of a typical setup used for photoresponse measurements.

epitaxially on a LaAlQ, substrate is paiterned using standard photolithographic techniques
into a narrow bridge structure with a width of 10 to 20 um and a length of 100 to 200 um.
The film is then mounted on a cold stage which cools the film from room temperature down

to about 40 K (or 77 K if liquid nitrogen is used). A current source supplies a bias current
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I to the bridge and a sensitive voltmeter measures the voltage V across the bridge. The
resistance R of a typical bridge can be monitored as a function of temperature T as shown
in Fig. 1.2. The cntical transition temperature T for the bridge structures to become

superconducting is typically around 90 K.

200 -
200 nm
- YBCO Bridge
- (10
—_ um x 100um)
o
Q 100 .
S
2
n
3]
04 —
95
0 N N i i ! i n N N 1 N " i N
0 100 200 300

Temperature (K)

Fig 1.2. Resistance as a function of temperature for a YBCO bridge with a width of 10 pm, a length of 100 pm,
and a thickness of 200 nm. The transition region near 90 K is shown on an expanded scale in the inset.

Picosecond laser pulses from a mode-locked laser are then focused onto the bridge
and any voltage transients induced by the laser pulses are recorded on a high speed digital
sampling oscilloscope. The observed voltage transients are referred to as the photoresponse
of the bridge. The photoresponse can be studied as a function of temperature, bias current,
film thickness, laser pulse width, and laser fluence. Fast transients 16 ps wide and slower
transients with nanosecond decay times have been observed. Figure 1.3 shows a 16 ps wide
photoresponse signal from a 200 nm YBCO film using 5 ps laser pulses, which is the fastest
voltage transient observed to date (September 1994) from YBCO thin films.

One of the interesting aspects of such measurements is that a voltage transient can
be seen when the film is in the superconducting (zero resistance) state. The fast transtent
seen in Fig. 1.3 cannot be explained by the laser pulse simply heating the film into the

resistive region. Studying the origin of such voltage transients has therefore been one of the
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main motivations of this thesis. Another motivation has been in addressing a controversy
which exists in this area of research as to whether these fast voltage transients are due to
thermal or nonequilibrium mechanisms. There is also the possibility of developing a practical
high speed photodetector with the high-T superconductors.

Understanding the origin of the fast photoresponse observed below T may also help
provide clues for the superconducting mechanism in the high-T, oxides. However, before
discussing some of the photoresponse mechanisms, it is necessary to first look at what we

already know about the high-T's and superconductivity in general.

>

\_E, 15 1 1 L i i | { i i
° 4ol .
o

‘0

o 05f — <~— 16 ps FWHM -
c

o

Q.

n

'

g

2

o 20 ps/div

Fig. 1.3. Example of a photoresponse signal from a 200 nm YBCO thin film at 77 K using 5 ps laser pulses. The
full width at half maximum (FWHM) of the transient is 16 ps.

1.2. Superconductivity: a brief history

In 1911, Kamerlingh Onnes' discovered that mercury lost its resistance below 4.2 K.
Soon afterwards, superconductivity was discovered in many more elements such as Al, Sn,
and Pb with the highest T being around 9.3 K for Nb. Since superconductors with higher
transition temperatures meant that cooling requirements could be made less stringent, much
of the work over the following decades was devoted to finding superconductors with higher

Tc 's. As shown in Fig. 1.4, the highest T before 1985 was only 23.2 K in Nb,Ge.?
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However, in 1986 Bednorz and Miiller® discovered the onset of superconductivity at 35 K
in a LaBaCuO compound. This encouraged researchers to search for variations of this
compound that might have even higher Tc's. In 1987, Wu et al.! made the landmark
discovery of superconductivity at 90 K in a compound of YBaCuO, or more exactly,
YBa,Cu,0,,, where § ~ 0.1. Even higher T.'s were discovered in BiSrCaCuO (110 K)’,
TIBaCaCuO (125 K)®, and recently in HgBaCaCuO compounds’ with the highest T,
reported to date of 164 K while under pressure.

1604 HgBaCaluO (184 K)
140 -
| Hgmacacuo (134 K)
TIBaCaCuO (125 K| .
120 - (5 K high-Tec
BiSrCaCuQ (110 K} superconductors
100 =
T 4 YBaCu® (92 K) o
C(K) 04 __1__ - llguld
- nitrogen (77 K)
60—
404 LaSrCuQ (40 K)
LaBaCuO (35 K)
20 Nb Ge conventional
1He superconductors
0=~ ) (ie. AL Pb,Nb)

——r —
1900 1920 1940 1960 1980 2000
Year

Fig. 1.4. Critical temperature T of various superconductors as a function of their year of discovery showing the
sudden increase in T after 1986. The dashed line shows the boiling point of liquid nitrogen at 77 K.

A superconductor with T above the boiling point of liquid nitrogen caught the
imagination of the world as, suddenly, superconducting technology developed before 1986
became more accessible with the lower cost and ease of cooling with liquid nitrogen.
Unfortunately, the "superconducting revolution” that had been anticipated by so many has
yet to materialize. Our cities have not, as predicted, been linked by magnetic levitation trains
or high power transmission lines using the new high-T. superconductors. The

superconducting revolution was hampered by materials problems, such as their extreme
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brittleness, and by a general lack of understanding of the mechanism of superconductivity
in these new compounds. Nevertheless, several niche applications have been found, as
discussed later in Section 1.3.

One of the common features with the high-T. superconductors is the presence of one
or more planes of Cu and O atoms. Because of this, the high-T, superconductors (HTSCs)
are referred to by several names such as the copper oxide superconductors, the oxide
ceramic superconductors, or the high-T. oxides. It is believed that the superconductivity in
these compounds resides within the CuO planes, which gives the HTSCs a somewhat two
dimensional character for carrier transport. Fig. 1.5 below shows the structure of YBCO and
the location of the CuQ planes. With such a complicated structure, it is not surprising that

the nature of superconductivity in the HTSCs remains elusive.

YBa,Cu,0. .

CuO chains b
. N&w A) >
(3.82A) #y O

C
(11.68 A)

Fig. 1.5. Structure of YBa.Cu,0,., (T, = 90 K) showing location of the CuQ planes and chaimns.

The superconducting elements and compounds discovered before 1986 are

commonly referred to as the conventional superconductors since the nature of
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superconductivity in these compounds is understood within the framework of BCS theory
developed by Bardeen, Cooper, and Schrieffer in 1957 The BCS theory of
superconductivity is based on the idea that, despite their mutual repulsion, electrons will bind
attractively to each other and form Cooper pairs in the superconducting state. The attractive
interaction between pairs of electrons is mediated by phonons in conventional
superconductors. In a crude picture, the interaction starts by one electron pulling ions in a
Jattice towards itself as it travels by. The inward movement of the ions creates a region of
positive charge which can attract a second electron. The movement inward of the ions
constiiutes emission of a phonon by the first electron which is then "sensed" and then
absorbed by the second electron. The Cooper pairs in the superconducting state, therefore,
behave cooperatively by exchanging phonons and have a certain binding energy per electron
designated by A. To break a Cooper pair, an energy of 24 is required since an electron
excited out of the superconducting must also pull its partner out because an unpaired
electron cannot exist in the superconducting state. This gives rise to the zero resistance
property of superconductors since the Cooper pairs can only be broken if they are scattered
by an excitation with an energy greater than 2A.

The superconducting state therefore has an energy gap butween normal and
superconducting electrons analogous to the energy gap seen between the valence and
conduction bands in semiconductor materials, as illustrated in Fig, 1.6. In semiconductors,
the gap has an energy E; of the order of 1 eV, whereas BCS theory predicts @ much smaller

energy gap for excitations of 1 to 3 meV in conventional superconductors given by

2A(0) - 3.52 ky T, (L1

where kg is Boltzmann's constant and A is taken at T = 0. In semiconductors, as shown in
Fig. 1.6a, photons with energy hw > E; will be able to excite electrons across the gap
resulting in the creation of electron-hole pairs. A similar situation occurs in superconductors,
as shown in Fig. 1.6b, where »hotons with hw 2 2A can break Cooper pairs and excite
electrons into the normal state. These excitations in the normal state are often referred to

as quasiparticle excitations since the electrons in these states can have both hole-like and
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Semiconductor gap (a)

%/%/%% 7 conduction ban
hw /?/////% . duction band

iz,

Superconducting gap (b)

% %//Z normal electrons

hm%

SO— superconducting
electrons
ho > 2A (Cooper pairs)

Fig, 1.6, Energy level diagrams showing energy gaps in (a) semiconductors and (b) superconduciors. Photons
or other excitations with energy hw > Eg can create electron-hole pairs in semiconductors, or break Cooper pairs
in superconductors if hw2 2A. The normal. state excitations produced in superconductors are commonly

referred to as quasiparticle excitations.

electron-like properties.

If hw < 2A for light incident on a conventional superconductor, then at T= 0 the
reflectivity is unity. If hw > 2A, then some of the photons will be absorbed as they break
Cooper pairs, and the reflectivity will be less than unity. This prediction was tested by
Richards and Tinkham’ in 1960 by studying the absorption as a function of wavelength in the
far-infrared region of conventional superconductors such as Sn, Pb, and Nb. Their resuits
showed that absorption of light occurred at energies above the gap value predicted by BCS
theory in Eq. (1.1). Similar experiments were performed with the high-T. materials after
1986, but no evidence for a BCS-like gap structure in the far infrared region has been

found."
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In general, the energy gap is a maximum at T = 0 and decreases to zero at T, as
shown in Fig. 1.7a. In the two-fluid model for superconductivity developed by Gorter and
Casimir in 1934," the carriers in a material below T are divided into a normal fluid
component and a superfluid component. Above Tg, all the electrons are in the normal state.
As the temperature is lowered below T, some of the carriers condense into the
superconducting state while some remain in the normal state. At T =0, all the carriers have
condensed into the superconducting state. If the carrier density above T is n, then the
superfluid and normal fluid fractions below T are denoted by fgc = nsc /nand fy=ny/n,
respectively, such that f;. + f, = 1. The temperature dependence of the superfluid and

normal fluid fractions below T is shown in Figs. 1.7b and 1.7c. In the two-fluid model, the

2A ﬁ superconducting gap (a)
0 Te T
1
£ \ superfluid fraction (D)
sC
2% Te T
14
£ / normal fluid fraction ()
N
0% Te T
E —J coberence length (d)
) |
0 Te T
Y penetration depth (C)
A(0) .
0 Te T

Fig. 1.7. Schematic of the temperature dependence of (a) the energy gap 24, (b) the supertluid fraction fg, {c) the
normal Nuid traction fy, (d) the coherence length €, and (e) the penetration depth A. Above T, all the carriers are

in the normal state, whereas at T=0 all the carmiers have condensed into the superconducting state.
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temperature dependence of the superfluid fraction is given by fc=1-1*, where t = T/T,
is the reduced temperature. As will be discussed in Section 2.1, a good fit for the superfluid
fraction in the HTSCs seems to follow a "t* law", or fc =1 -t 2.

Table 1.1 gives experimentally observed values for the energy gap in some
conventionzal superconductors. If YBCO were a conventional BCS superconductor with a
T. of 90 K, it would have an energy gap of about 27 meV (220 cm™), which would mean
incident radiation with wavelengths less than 45 pm would be absorbed. It is also seen in
Table 1.1 that the gap ratio 2A/ky T, for elements such as Pb is larger than the BCS value
of 3.52. This can be attributed to strong-coupling effects due to an enhanced electron-
phonon interaction in these materials.'> A stronger electron-phonon interaction resuits in
shorter Drude relaxation times © and therefore higher resistivities in the normal state, This
leads to the general observation that poorer conductors make better superconductors. The
HTSCs have resistivities much larger than most metals, and so one might expect the
electron-phonon interaction to be quite large. It is believed, however, that the electron-
phonon interaction in the HTSCs cannot account for the large T, values observed in these
materials, and new electronic mechanisms such as spin-fluctuation  induced
superconductivity have been proposed, as discussed later in Section 2.1.

Other important superconducting parameters such as the coherence length € and the
penciration depth A are compared in Table 1.1. The coherence length is a measure of the
range of interaction between two electrons in a Cooper pair. It also determines the distance
over which the gap function, or order parameter § (where |{° = |A[ = ny), falls to zero
at a superconducting-normal interface. In the Meissner state, a superconductor will expel
an external magnetic field from its interior, but will allow some penetration of the field near
the surface. The distance over which the magnetic field can penetrate a superconductor in
the Meissner state is given by A. The shielding ability of a superconductor depends on the
superfluid carrier density such that A* ~ 1/ny.. The values quoted for both £ and A are
usually taken as the minimum values extrapolated to T=0. As T increases from T = 0 and
approaches T, both £ and A increase and diverge.

In type II superconductors, such as Nb, Nb,Ge, and the HTSCs, a magnetic field can

penetrate into the interior in the form of quantized vortices. Each vortex contains a quantum
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of magnetic flux ¢, = h/2e = 2.07 x 10™"* Wb, where h is Planck's constant and 2e is the
charge of a Cooper pair. A vortex consists of a normal core of radius § surrounded by a
supercurrent circulating around the core at a distance A. The magnetic field of the vortex
is also confined within a distance A of the core, and so A defines the size of the vortex. If
a vortex moves in a superconductor it will cause dissipation which will appear as a
resistance. A transport current will force vortices to move if they are not pinned by defect
sites in the superconductor. It is therefore very important to understand pinning in
superconductors for applications such as superconducting magnets. More information on
these and other superconducting properties can be found in several excellent books on
18,19

superconductivity'>!” and solid state physics.

Table L.1. Typical values for various superconducting parameters in some conventicnal superconductors'*'*

and YBCO.'"™"” The values for the resistivity p and Drude scattering time t were taken from Ref. {19) .

A [ % T » T wco
T. (X) | 1.18 3.72 7.20 92 |
2A (meV) 0.34 1.15 2.73 28 (BCS)
vy, (cm™) 2.7 9.3 22 225 (BCS)
A,y (mm)} 3.6 1.1 0.454 0.044 (BCS)
f,, (THz) 0.082 0.28 0.66 6.7 (BCS)
2A/kp T, 33 3.5 4.38 3.52 (BCS)
£(0) (nm) 1600 230 83 (ab) = 2-3
(c) = 0.3
A(0) (nm) 16 36 37 (ab) = 150
(c) = 1200
n (x10% cm™) 18.1 14.8 13.2 = 0.4
p (pQ cm) 03@77K 2.1@ 77K 47@77K | =100 @ 100K
T (ps) 0.065@ 77K | 0011 @77K | 0.0057 @ 77K | 0.033 @ 100K
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What is unique about the HTSCs is the rather small values for £ and large values for
A in comparison with the conventional superconductors, and that these values are highly
anisotropic depending on whetber the parameter is measured in the ab-plane or along the c-
axis. The large anisotropy of the HTSCs is also seen in resistivity measurements along the
different crystal directions. For instance, p./p,, in YBCO is about 10° to 10°, and as high
as 10° in the BiSrCaCuOQ compound.*® On the other hand, the conventional superconductors
are mostly isotropic in their properties. This makes it easier to make superconducting
devices with conventional superconductors than with the HTSCs. Nevertheless, the ability
to cool the HTSCs with liquid nitrogen is a2 major practical advantage over conventional
superconductors. As discussed in the next section, there has been much effort in developing

niche applications which incorporate the new high-T,. materials.

1.3. Applications of high-T. thin films

The high-T.. superconductors can be made as single crystals, bulk polycrystalline
material, or thin films on substrates. Single crystals are too small to be of practical
importance, and much work is still needed to make flexible wires from polycrystalline
HTSCs for use in superconducting magnets. However, some promising applications of these
new materials have already been realized with thin films.'%* Most of these applications stem
from technologies that were developed with conventional superconductors.'>'®

High- T thin films have found niche applications primarily in the medical sector and
in microwave communications. Active devices which have been made successfully from
high-T. thin films include SQUID (superconducting quantum interference device)
magnetometers and SFFTs (superconducting flux-flow transistors). Conductus, a company
in California working with the HTSCs, has recently started selling high-T. SQUID
magnetometers. Passive devices such as microwave filters and delay lines are already being
sold by Superconducting Technologies, Inc. Another promising application of the HTSCs
is their integration with CMOS (complementary metal-oxide semiconductor) technology in
multi-chip module (MCM) packages.” These applications will be discussed in more detail
after first describing how high-T,. thin films are made and patterned into device structures.

Thin film superconductors can be made by several techniques such as multisource
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evaporation or sputtering, single-source off-axis sputtering, pulsed laser deposition by laser
ablation, and metal organic chemical vapour deposition (MOCVD).®?* The two most

+2 which was

commonly used techniques are sputtering and laser ablation. Laser ablation®
the method used to deposit the films described in this work, produces the best quality films
with the highest critical current densities J¢ at 77 K of about 1 to 4 x 10° A/cm’, the highest
T's, and the lowest surface resistances R at microwave frequencies. The laser ablation
process uses high power nanosecond laser pulses from an excimer laser which are focused
onto a bulk polycrystalline superconducting target located inside a vacuum chamber. A
substrate is mounted on a heater a few centimetres away, and material "blown" off the
surface of the target by the laser pulse is deposited onto the substrate materal. The
deposition rate is relatively fast (~ 10 nm per minute), but the substrate area that can be
covered without rastering the laser pulse across the target is about 1 cm®. Sputtering®™?,
on the other hand, has a slower deposition rate but can cover much larger areas. Large
substrates are important for device fabrication, and it has been shown that YBCO can be
deposited uniformly on substrates with diameters of 5 cm. ¥’

Good quality films can be grown epitaxially on substrates with lattice constants
closely matched to those of the superconducting material. Examples of typical substrate
materials are LaAlQ,, MgO, NdGaAlQ,, and SrTiO,. LaAlO, and MgO are two of the most
commonly used substrates, with LaAlQ, providing better quality films. SrTiO, is an excellent
substrate material, but its dielectric constant is much too large for high frequency
applications. Sapphire (Al,O,) is an excellent substrate for high frequency applications, but
is chemically incompatible with YBCO at the high temperatures required for processing. It
is still possible to use sapphire, but a thin buffer layer of CeO or YSZ (yttrium stabilized
zirconia) must be deposited before the YBCO.? Integrating YBCO devices on silicon chips
would be ideal, but Si diffuses into YBCO and destroys the superconducting properties.™
Again, a buffer layer is needed to deposit on silicon substrates.

To pattern the film into a useful device structure, several patterning and etching
techniques can be used similar to the ones already used in the semiconductor industry. Wet
chemical etching with dilute acids® is most common, but dry etching techniques such as
reactive ion etching® and ion milling™* have also been used to produce YBCO bridges only
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200 nm wide. A laser writing technique® kas recently been investigated which uses heating
from a focused laser to remove oxygen from selected areas of a YBCO film. The removal
of oxygen renders these areas semiconducting, and regions not exposed to the laser remain
superconducting allowing transmission lines to be patterned into the film. It is also possible
to remove parts of the film by laser ablation with an excimer laser, where linewidths down
to 3.5 pm have been achieved without degradation in T, or J..** Appendix A provides a
detailed description of the growth and processing of the YBCO films used in the
photoresponse experiments described in this work.

Processing of high-T,. thin film superconductors has advanced to the point where
several layers of superconductor material separated by insulating layers can be deposited
without affecting the superconducting properties. This is extremely important for device
structures where crossovers are essential, such as SQUIDS. SQUIDS are devices which use
Josephson junctions to sense very small magnetic fields."*'® In conventional superconductor
Josephson junctions, two superconductors are separated by an insulating oxide with a
thickness approximately equal to the coherence length. However, the small coherence length
of the HTSCs has made the reproducible fabrication of these junctions difficult. Several
special techniques have therefore been used to make these junctions. Step-edge junctions,”
which are formed by depositing high-T material on 0.3 to 0.4 um high steps on the
substrate, have proven to be very successful.®® Layers of nonsuperconducting PrBa,Cu,0;
have also been used to form the insulating barrier in the junctions.” A four layer SQUID
magnetometer was made recently using junctions formed at the twin boundary of a §1 10,
bicrystal.*

Even though conventional superconductor SQUIDs are can be extremely sensitive
to magnetic fields, high-T. SQUIDs operating at 77 K are intrinsically noisy due to
movement of vortices in the film.*' At low frequencies, where medical applications are most

important, the noise is the highest and follows a 1/f behaviour.*-*

Special chopping
techniques have been used to significantly reduce this 1/f noise.”’ Noise levels have typically
been just under 1 pT Hz'? at | Hz, which is the sensitivity required for medical
applications.” Recently, a four channel YBCO SQUID magnetometer successfully

monitored magnetocardiac signals from a patient.* The SQUIDs were cooled with liquid
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nitrogen, which made it possible for the insulating gap between the patient and the SQUID
devices to be only 2.5 cm. The patient and apparatus had to be placed in a magnetically
shielded room to reduce noise pickup. The experiment was a first step to establishing high-
T, superconductor SQUID magnetometers as viable clinical diagnostic instruments. A
YBCO thin film SQUID has also been used as a magnetic field microscope with a resolution
of 80 um.** Another potential application of the HTSCs in the medical industry is the use
of YBCO thin film pickup coils in riviear magnetic resonance (NMR) imaging machines to
significantly improve sensitivity compared to liquid nitrogen cooled copper loops.* Thisis
very important since the large magnetic fields used now, which may have possible health
risks, can be reduced without lowering the sensitivity of the machine.

Another promising active device made with the high-T. matenais is the
superconducting flux flow transistor, or SFFT.¥" The SFFT is a three terminal device
consisting of two superconducting regions connected by a parallel array of weak links. A
control line, or the "base" of the transistor, launches vortices into the weak links. The
vortices travel at high speeds (- 5 x 10° my/s) through the weak links and modulate the
resistance of the device as measured between the two main terminals. Response times less
than 200 ps have been measured,” and operation up to 30 GHz is predicted. The fabrication
of the devices is very simple since only a single layer of high-T,. film is required. The SFFT
offers high power gain, low input and output impedances, and can be easily matched to
conventional circuitry. One application of these devices is for amplifying signals from cooled
far-infrared array detectors.*® However, one of the main applications of the SFFT will be in
providing a suitable interface with CMOS electronics cooled to 77 K where it is believed that
an increase in speed by a factor of 2 is possible.* It has already been demonstrated* that
CMOS and SFFT devices can be made on the same substrate, and the readout of CMOS
memory celis was recently achieved using SFFTs on a separate substrate.”® High-T.
superconductors, therefore, have strong potential for use in hybrid semiconductor-
superconductor circuits.

In passive microwave devices such as filters and delay lines, the HTSCs offer lower
surface resistance R than metals such as copper. At 1 GHz, R for YBCO is roughly 1000

times less than for copper at 77 K.*! However, for normal metals R; ~ «* whereas Rs ~ w?
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for superconductors. Therefore R increases with frequency more rapidly for YBCO than
for copper. At 10 GHz, R for YBCO is only 60 times less than that for copper, and at
about 100 GHz the surface resistances of the two materials are equal. Fortunately, the range
of frequencies for most microwave applications is from 1 to 10 GHz, and a lower value for
R, means less insertion loss for the device in a microwave circuit. Satellites currently use
bulky and heavy waveguide structures for microwave telecommunications. The possibility
for reducing the size and weight of these devices by using monolithic YBCO microwave
structures is a very attractive prospect, and much research is being directed towards this
goal #32

The use of the HTSCs as high speed electrical interconnects has also been
considered.® However, for transmission of 1 ps wide electrical pulses, the HTSCs offer no
advantage over gold transmission lines cooled to 77 K.* High-T, thin films also have the
potential of being used as infrared or high speed photodetectors, as discussed in the next

section.

1.4. High-T. photodetectors

The reflectivity of YBCO®* is about 10 % from 1.5 eV to 3 eV, and starts to rise
slowly below the plasma edge wp = 1.1 eV.”® The optical penetration depth for YBCO
around 2 eV (620 nm, or red light) is & = 90 nm.* This is why YBCO films thicker than
200 nm appear black and opaque. These optical properties of low reflection and high
absorption over a broad range of radiation frequencies make YBCO thin films well suited for
broadband photodetectors, unlike semiconductor photodetectors which are usually limited
in wavelength sensitivity by the size of their band gaps.

There are two general classes of photodetectors: thermal detectors and photon
detectors.”” In thermal detectors, electrons which arc excited by the incident radiation relax
to thermal equilibrium with the lattice at an elevated temperature in an absorbing element.
The change in temperature of the absorber is then detected. Some examples of thermal
detectors include thermoelectric detectors, Golay cells which sense a change in pressure due
to heating of a gas, pyroelectric detectors which rely on a change in dielectric constant of the

absorber, and bolometers which use changes in resistance of materials. In photon detectors,
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or nonthermal detectors, electrons are excited by the incoming radiation and the resuiting
nonequilibrium distribution of electrons is detected before they have a chance to reach
thermal equilibrium with the lattice. The best example of a photon detector is a
semiconductor photodetector where electron-hole pairs are created across the band gap and
are swept out of the material by an electric field and detected before they have a chance to
recombine.

One of the first requirements for a sensitive bolometer is a large change in resistance
with temperature. If the change in temperature induced in an absorbing element by incident

light is AT, then the change in voltage that is detected, or the photoresponse, is

d R
AV - I — AT 1.2
17 (1.2)

where I is the bias current and dR /dT is the derivative of the resistance with respect to the
temperature of the absorbing element at a given imtial temperature T,. If dR / dT is not
constant, then Eq. (1.2) is valid only for small increments of AT. Both superconductors and
semiconductors have been used to make bolometers. In a semiconductor bolometer, the
resistance increases exponentially as the temperature is lowered, as shown in Fig. 1.8(a). In
a superconductor, there is a sharp decrease in the resistance right at the transition
temperature T, as shown in Fig. 1.8(b), which makes it ideal for use as a sensitive bolometer
if the temperature of the detector is kept near T.. A bolometer which uses a superconductor
is often referred to as a transition-edge bolometer. Figure 1.8(c) shows how the response
of a transition-edge bolometer is peaked right at T, as predicted by Eq. (1.2). The
responsivity (or photoresponse) of a bolometer is usuaily given in units of V/W.

A simple thermal model for a bolometer (or any thermal detector) is shown
schematically in Fig. 1.9. Incident radiation is converted to heat in an absorbing medium
with heat capacity C and temperature Ty. The absorber is connected to a heat sink at
temperature T, by a thermal conductance G. In the steady state with incident power P, the

difference in temperature between the absorber and the heat sink is”

P
AT - TB'TG“E (1.3)
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(a)
semiconductor
lometer
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superconductor
transition-edge
AR I bolometer
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Fig. 1.8. Resistance R versus temperature T for (a) a semiconductor bolometer and (b} a superconductor transition
edge bolometer. AR is the change in resistance produced as a resuit of a change in temperature AT in the detector,
In (c), the derivauve of the resistance with respect to temperature is shown for the curve in (b). Notice how the
respense of the superconducting bolometer is peaked at Te.

and the time constant for excess heat escape out of the absorber and into the heat sink once

the radiation has been switched off is

. & | 4
G (1.4)

The thermal time constant t determines the speed of the detector and the temperature
transient AT from Eq. (1.3) determines the responsivity. To make a fast bolometer, the heat
capacity of the absorber must be reduced or the thermal conductance to the heat sink must
be increased. If G is increased, however, then the responsivity according to Eq. (1.3) goes
down. There is a trade-off between speed and responsivity for bolometers, where increased

speed is compensated by decreased responsivity. Usually, bolometers are required to be
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incident
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C Ty absorber

thermal

link G

heat sink

A

Fig. 1.9. Simplificd thermal model for a bolometer. Incident radiation with power P (W) heats an absorbing
element with heat capacity C (J/K) and temperature T, The heat can escape to a heat sink at temperature T, through
a thermal link designated by a thermal conductance G (W/K).

sensitive rather than fast, so response times typically range from about 1 sto 1 ms.
The fundamental limit on the sensitivity of bolometers is determined by the amount

of Johnson (thermal) noise. The thermal noise voltage is given by”

Ve = 4k TRAS (1.5)

where R is the resistance of the detecting element and Afis the frequency bandwidth over
which the noise voltage is measured, The noise associated with bolometers is usually quoted
as the noise equivaleni power (NEP) of the detector within a 1 Hz wide bandwidth at a given
frequency. The NEP, which has units of W Hz™, has a minimum value given by the amount
of incident radiation power that would give a voltage from the detector equal to that given
by Eq. (1.5) with Af =1 Hz. Clarke ef al.”® built an Al bolometer with an NEP of
1.7 x 10"* W Hz"* at 2 Hz and cooled to a temperature of 1.2 K, which is within a factor of
2 of the theoretical thermal noise limit given by Eq. (1.5). The bolometer had a response
time of about 80 ms and a responsivity of 7.4 x 10* V/W. However, no real advantage of

superconductor over semiconductor (Ge) bolometers was found as far as performance was
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concerned %%

Both semiconductor and conventional superconductor bolometers have to be cooled
with liquid helium to temperatures of 4.2 K or less for best performance characteristics. The
potential of using high-T. superconductors as sensitive bolometers operating at 77 K with
liquid nitrogen has generated much interest over the past few years.’*** Qpe of the main
goals has been to develop a HTSC bolometer that can compete with currently available
HgCdTe photodetectors, which also operate at 77 K but have a cutoff wavelength from 10
to 50 um,® by offering an extended range of sensitivity for wavelengths above 20 um.*’ In
1989, Richards et al.%° performed a feasibility study for YBCO thin film bolometers and
found that NEPs of 1 to 20 x 10> W Hz™ could be achieved which compared favourably
with other 77 K detectors for A > 20 um. In 1993, Verghese ef al.®' constructed a YBCO
thin film bolometer on a sapphire substrate with a broadband responsivity of 19 V/W from
20 to 100 um and an NEP of 2.4 x 10" W Hz™ at 10 Hz and 77 K. The response time of
the detector was about 55 ms. The bolometer was shown to be more sensitive than
commercially available room temperature detectors (i.e. pyroelectric) for wavelengths in the
range of 20 to 300 um. The bolometer was also used in an experiment to look at water
absorption lines in the same wavelength region, and it was suggested that YBCO bolometers
could be used commercially for FIR spectroscopy and space observation of bright sources.
YBCO bolometers have recently been constructed on micromachined Si substrates®® with
responsivities of 1750 V/W, NEPs of about 7 x 107 W/Hz™, and response times as short
as 0.5 ms. Similar detectors are now available commercially.*

The response of a bolometer to long and short light pulses is compared in Fig. 1.10.
In Fig. 1.10(a), the duration of the light pulse is much larger than the thermal decay time
given by Eq. (1.4). Hf'the incident light pulse has power P, the maximum temperature change
given by Eq. (1.3) is reached after a few thermal time constants. When the light pulse has
ended, the temperature decays to thé temperature of the heat sink over the same time period.
However, if the duration of the light pulse is much less than the thermal time constant, as
depicted in Fig. 1.10(b), it is better to describe the increase in temperature of the film by the
amount of energy E absorbed in the film from the light pulse divided by the heat capacity of
the absorbing film. The temperature will then decay back to its initial value according to the
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thermal time constant of the system. The scenario shown in Fig. 1.10 must be considered

when working with either chopped radiation sources or short laser pulses.

long

light
F pulse (a)

short
F laser pulse (b)

Fig, 1.10. Effect of long and short light pulses on the response of a bolometer. F represents the tluence or intensity
of the incident light pulse, and R is the resulting response of the bolometer. In (a), the wadth t, of a long light pulse
is much greater than the thermal time constant t = C/G. The maximum temperature change AT in the detector is
shown, where P (W) is the power of the light pulse and G (W/K) is the thenmal conductance. In (b), a short Light
pulse is used with t, << C/G. The maximum temperature change in the absorbing material of the bolometer is then
given by E/C, where E (J) is the absorbed energy and C (J/K) is the heat capacity of the absorbing medium. The
decay time of the thermal uansient is determined by the thermal time constant t.

There may also be potential for high speed YBCO photodetectors with
subnanosecond response times, Bolometers are inherently slow because the response time
relies on how fast heat can escape from the detector element. The fastest thermal decay time
would be of the order of a few nanoseconds for a very thin YBCO film (~ 30 nm}. To
achieve faster response times on the order of picoseconds for measuring fast laser pulses, a
nonthermal detection mechanism in the HTSCs may be needed.

The big question is whether high speed HTSC photodetectors could compete with
currently available semiconductor photodetectors. One commercially available GaAs

photodiode® can produce 10 ps FWHM (full width at half maximum) voltage pulses directly
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on an oscilloscope when excited with femtosecond laser pulses. Another semiconductor
photodetector which recently came out on the market has produced 7 ps FWHM pulses on
an oscilloscope.® Both detectors are sensitive to wavelengths from 400 to 900 nm (3.1 eV
to 1.4 eV), and both use an optical fibre to bring the laser pulse directly to the detector
element. The basic technique for performing such fast transient measurements with an
oscilloscope is shown in Fig. 1.11(a). The time resolution in this case is usually limited by
the speed of the oscilloscope, which is typically 7 ps for a 50 GHz bandwidth.

To measure faster response times, special techniques such as electro-optic
sampling,¥” ™" as shown in Fig. 1.11(b), or photoconductive sampling™™ are used. In electro-
optic sampling, a short laser pulse is divided by a beam splitter into two pulses. One pulse
is used to excite the detector, and the second pulse is used to probe the electric field within
an electro-optic crystal arising from the voltage transient. The polarization of the probe
beam will be rotated in proportion to the electric field in the crystal. By changing the delay
of the probe pulse with respect to the excitation pulse, the voltage transient on a transmission
line can be resolved temporally. The electro-optic effect’ in commonly used crystals such
as LiTaO; is very fast, and so the speed of the technique is usually limited by the duration
of the laser pulse, or about 0.1 ps. Using these sampling techniques, MSM (metal-
semiconductor-metal) photodiodes have been shown to have operating bandwidths up to
105 GHz,™ with response times of about 5 ps FWHM.” Response times as short as 0.6 ps
FWHM have been seen from GaAs photoconductive switches using electro-optic sampling
techniques.” One of the considerations in such measurements is dispersion effects as the
electrical transient travels down the transmission line. Short pulse propagation on YBCO
transmission lines has already been studied be several groups.”"’

Even though semiconductors are already extremely fast, YBCO photodetectors might
still be useful for their sensitivity to a broad range of wavelengths. However, fast
semiconductor detectors have recently been developed which are sensitive to wavelengths
from 5 to 20 um.”™ These detectors, known as quantum well infrared detectors (QWIPs),
are based on transitions from bound states in InGaAs/GaAs quantum wells to continuum

states above the wells, which allows tuning of the wavelength sensitivity simply by varying

the structure of the wells. So it seems as if the wavelength region spanned by most
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Fig. L.11. Two commeonly used techniques used to measure fast transient voltages from high speed photodetectors.
The photodetector is usually mounted on a coplanar transmission line structure on a substrate. In (a), the voltage
transient that is generated by an incident laser pulse is Jaunched into a coaxial cable and measured directly by a high
speed digital sampling oscilloscope. A bias-tee allows current bias I to be applied to the device under test. Faster
time resolutions can be obtained with electro-optic sampling shown in (b). After a first laser pulse excites the
device, a second laser pulse derived from the same source but with a variable time delay with respect to the first
pulse is used to monitor the electric field within an electro-optic crystal due 1o the fast voltage transient. A bias-tee
is not usually needed in this case, and so the cument bias is applied directly to the transmission line.

picosecond and femtosecond laser sources is covered by vanous semiconductor
photodetectors. The potential of using a single YBCO detectcr for the entire range may not
be enough of an advantage considering that YBCO detectors need to be cooled and will
probably be much less sensitive than optimized semiconductor detectors.

Even if picosecond YBCO photodetectors may not be competitive with existing
semiconductor technology, studying the fast photoresponse from YBCO thin films may help
reveal the nature of superconductivity in the HTSC materials. This alone may have

important consequences for other high-T, devices which have to operate at high speeds.



2. NONEQUILIBRIUM PROCESSES IN
SUPERCONDUCTORS

2.1. Equilibrium properties of high-T superconductors

Before discussing nonequilibrium phenomena in high-T,, superconductors which may
lead to nonthermal photoresponse mechanisms (Chapter 3), it is important to first understand
some of the observed equilibrium properties of these complicated materials. Only after the
nature of superconductivity in the conventional superconductors had been well established
with BCS? and Eliashberg'? theory did work with nonequilibrium superconductivity in the
conventional materials experience significant progress. However, even today, theories
describing the nonequilibrium properties of conventional superconductors are controversial
and have had limited success. Without a clear understanding of how the HTSCs become
superconducting,"”-” the study of their nonequilibrium properties is made even more difficult.
The following is a brief overview of some of the equilibrium properties of HTSCs most
relevant to this work.

As seen earlier in Fig. 1.5, the structure of YBCO and the HTSCs in general is quite
complex. In YBCO, the oxygen atoms in the CuO chains along the b-axis remove electrons
from the CuOQ planes making them conducting. The oxygen atoms added to the CuO chains
therefore act as "dopants" analogous to doping in semiconductors. The carriers added to the
CuQ planes are holes instead of electrons as in most metals and conventional
superconductors. Figure 2.1 is a phase diagram'™* for YBCOy as a function of oxygen
content x. Without any oxygen atoms in the CuO chains, YBCO, i1s an antiferromagnetic
insulator with a Néel temperature Ty, just above 400 K. As the oxygen content in the chains
is increased, the long range antiferromagnetic order is diminished by doping the CuO pianes
with holes and Ty is reduced. At x = 0.4, the ordered antiferromagnetic state has been
completely destroyed and the material goes from a tetragonal crystal structure in the
insulating state to an orthorhombic structure with metallic behaviour. Increasing the oxygen
doping further makes the material become a superconductor with a maximum T, of about
93 K for YBCOq,,. The fully doped material is YBCO, with a T slightly less than this

maximum value. At high temperatures, the oxygen atoms in the chains are highly mobile and

23
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can easily escape from the material. Therefore, any processing of YBCO films or crystals
performed at high temperatures must be done in an oxygen atmosphere to ensure that

superconducting properties are maintained.

400

Ty ®

200 100

Te ®)

6.0 62 64 6.6 6.8 7.0
Oxygen content x

Fig. 2.1. Phase diagram for YBCOy as a function of oxygen content X (adapted from Ref. 80). Ty 1s the Néel
temperature for the transition into the antiferromagnetic state, and T is the cntical temperature of the
superconducting state.

The fact that YBCOj exhibits antiferromagnetism has prompted several groups®"**
to speculate that the origin of superconductivity in the HTSC materials arises from spin
fluctuations, rather than phonons as with the conventional superconductors. It is also
believed tha' the superconducting order parameter exhibits d-wave symmetry as opposed to
s-wave symmetry in BCS theory. A comparison® between s and d wave symmetries is made
in Fig. 2.2(a). An s-wave (BCS) superconductor has a gap function A(k), where kisa
wavevector on the Fermi surface, which is isotropic on the Fermi surface with magnitude A.
On the other hand, the gap function for a d-wave superconductor is not constant over the
Fermi surface and contains points (or nodes) where the magnitude of the gap goes to zero.
The density of states (DOS) for quasiparticle excitations out of the superconducting state
is also quite different between the two types of symmetries,” as shown in Fig. 2.2(b). In an
s-wave superconductor,'>" there are no allowed states for excitations within the gap.

However, because a d-wave superconductor has nodes in the gap, excited states are allowed
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below the maximum gap energy A. It has been proposed™® that A in a d-wave scenario
with spin fluctuation induced superconductivity opens up quite rapidly as the temperature
is lowered below T, and that the gap ratio at low temperatures is 2A(0)/kgT. - 10. This
gap ratio is quite large considering that a strong-coupling s-wave superconductor such as Pb
has a gap ratio of only 4.38 (see Table 1.1), which means that spin fluctuation induced
superconductivity would lead to very strong coupling between the electrons in Cooper pairs
in the HTSCs.

Ak)=A A(K)= A cos 2¢
DOS DOS

(b)

0 0 :
o & E A E

Fig 2.2. (2) Symmetry of the gap parameter A(k) in k space and (b) the density of states (DOS) for quasipartcle
excitations out of the superconducting state for s-wave and d-wave superconductors. The dotted line for the DOS
in the d-wave picture in (b) represents the effect of impurity scatterers on the pure d-wave DOS, as discussed in the
text

Even though conventional superconductors are predominantly s-wave, there has
recently been much experimental evidence to support the d-wave scenario in the HTSCs."
SQUID devices made from YBCO and Pb junctions*® have shown d-wave behaviour in their
electrical characteristics, and very recently YBCO rings made on a SrTi0, tricrystal and

scanned with a SQUID microscope have generated half flux quanta (i.e. h/4e) as predicted
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by a d-wave scenario.” The measurement of the low temperature dependence of the
penetration depth in very pure YBCO single crystals® has provided some of the strongest
evidence for d-wave symmetry in the HTSCs. The penetration depth A(T), which is usually
measured using microwave resonator techniques, is an excellent probe for the symmetry of

the gap and the temperature dependence of the superfluid fraction given by

[ r@)*
Jee - ( A(T)] @b

At low temperatures, A(T) falls exponentially as the temperature is lowered in 2 BCS
superconductor, whereas A(T)~ T in a d-wave superconductor.** In the YBCO single
crystal experiments,” it was found that A(T) varied linearly at low T and therefore supported
a d-wave picture for the gap. However, experiments with YBCO thin films’* show
A(T) ~ T*at low T, and reveal a temperature dependence for the superfluid fraction over the

entire temperature range below T, described by

fo = 1- 1?2 2.2)

where t = T/T. is the reduced temperature. Figure 2.3 compares the temperature
dependence of the superfluid fraction for various types of superconductors. In this work,
Eq. (2.2) will be used for the value of f;. in thin films. It is also interesting that A(0) in pure
single crystals is about 150 nm,® but can range from 160 to 270 nm in thin films®™®
depending on the film quality.”

Since thin films contain more defects and impurities than good single crystals, it has
been postulated that the presence of impurities in a d-wave superconductor will change the
low temperature behaviour of A(T) from a T to a T? dependence as observed in thin films.*®
This has also been shown experimentally with YBCO single crystals where adding Zn
impurities changed the temperature dependence of A(T) from a T to T? behaviour.”

Another interesting phenomena observed in the HTSCs is a sudden drop in the
quasiparticle scattering rate 7" just below T ******1% This is shown in Fig. 2.4 for YBCO
single crystals (Bonn et al.**) and thin films (Gao ef a/.**). In the data by Bonn et al,”* the

scattering rate t¢" drops by a factor of 400 as the temperature is lowered from 84 K to 15 K,
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Fig, 2.3. Comparison of the superfluid fraction as a function of reduced temperature for a vanety of models. The
experimental result for the superfluid fraction measured by Hardy ef al. (Ref. 88) in high quality YBCO single
crystals is also shown.

and follows an exponential behaviour t5'~ exp(-T/T,) where T, = 12 K. Such a dramatic
drop in the scattenng rate below T is not normally observed in conventional
superconductors where the scattenng rate for electrons depends on the phonon population
in the material or may even be temperature independent if the scattering rate is limited by
impurities. This has provided support for the idea that the pairing mechanism in the HTSCs
may be electronic in origin rather than due to the electron-phonon interaction,” and that the
mechanism responsible for scattering in the normal state is suddenly suppressed below T,.
It has been shown'” that the scattering rate data from Bonn ef a/.** more closely follows the
behaviour of spin fluctuation induced superconductivity in a d-wave rather than s-wave
superconductor. The sudden suppression of the quasiparticle scattering rate below T has
also been seen in NMR experiments.'” Neutron inelastic scattering experiments,*!"'%
which are excellent probes of the antiferromagnetic state as well as antiferromagnetic
fluctuations in the superconducting state in the HTSCs, have revealed suppression below T,
of the low energy spin fluctuations below 28 meV in YBCO,,,.'” However, whether
neutron experiments provide evidence for s-wave or d-wave superconductivity in the HTSCs

is still controversial.'®
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Fig. 2.4. Temperature dependence of the quasiparticle scattering rate tg' in YBCO single crystals (Bonn er af. Ref.
95) and YBCO thin films (Gao et al. Ref. 93) determined from microwave measurements. Notice the sudden drop
in scattering rate just below T - 90 K for both samples. The scattering rate in the thin film is higher most likely
due to a larger concentration of impurities and defect sites compared to the single crystal.

The debate over whether the HTSCs are s-wave or d-wave superconductors has not
yet been settled, and much expenmentation has been motivated by this controversy.
Tunnelling experiments'” do not show any evidence for an anisotropic gap and exhibit BCS
behaviour in the temperature dependence of the gap. Although it was believed early on that
the electron-phonon interaction could not possibly produce the high values for T, observed
in the new oxide superconductors,'® other groups'®!!® have recently shown that the
electron-phonon interaction can still explain the origin of the pairing mechanism due to large
phononenergies in these materials extending out to 70 meV with strong coupling to some
of these modes.''® Even the interpretation of experiments supporting the d-wave scenario
have been questioned, such as whether the linear temperature dependence of A at low
temperatures can be explained within an s-wave picture.'"!

Attempts at calculating the electronic band structure of YBCO have also been
made,'? but more work is needed before the band structure in these materials can be
understood. Knowledge of the band structure is especially important in optical experiments
where the origin of absorption mechanisms must be known in order to interpret experimental

results. This has been the source of much controversy with the HTSCs, as discussed in



2. Nonequilibrium Processes in Superconductors 29

Section 2.3. Band structure effects are also important in photoinduced superconductivity
experiments.''*!** In these experiments, an underdoped YBCO superconducting sample is
exposed for several minutes or hours to light from a HeNe (- 1.95 eV) or Ar (~ 2.5 eV)
laser. The resistivity of the sample is then observed to decrease and the T of the sample is
enhanced (increases). The effect can last for up to a few days after the sample has been
exposed. It is believed that the laser light generates long lived holes in the CuO planes which
effectively enhance the superconductivity in the sample, but more work is needed to obtain

a clearer understanding of the phenomena.

2.2. Nonequilibrium processes in superconductors

Despite a strong understanding of the equilibrium properties of conventional
superconductors, their nonequilibrium properties are much less understood. Nonequilibrium
conditions can be obtained by injecting excess quasiparticles through a tunnel junction into
a superconductor or by breaking Cooper pairs with photons, light, electron beams, and
phonons as long as the condition hw = 2A is satisfied. The nonequilibrium state can be
probed by tunnel junctions, voltage transients, and microwave or optical transmission and
reflection.  Excellent reviews of nonequilibrium superconductivity in conventional
superconductors can be found in Refs. 116 to 118.

Figure 2.5 describes some of the processes that can occur in a superconductor thin
film exposed to light with photon energy hw = 2A. In Fig. 2.5(a), Cooper pairs are broken
by the incident photons and two quasiparticles are formed with excess energy hw - 2A. If
the excess energy is greater than 2A, then these quasiparticles can lose their excess energy
by breaking more Cooper pairs in an avalanche-like process, as shown in Fig. 2.5(b). This
process is governed by the electron-electron scattering time t__, which is usually quite fast.
The excited quasiparticles can also [ose their excess energy by emitting phonons at a rate
determined by the electron-phonon scaftering time .. (or ts), as shown in Fig. 2.5(c). If
the phonons that are emitted have energies larger than 24, then they can break more Cooper
pairs within a time tp, as seen in Fig. 2.5(d). Once excited quasiparticles have lost most of
their excess energy, they can then recombine to form Cooper pairs again, as shown in
Fig. 2.5(e). In this process, Ty is the quasiparticle recombination time. For recombination

to occur, a phonon must be emitted which has an energy larger or equal to 2A. This
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recombination phonon can then break more Cooper pairs as in Fig. 2.5(d), or it can escape
out of the film and into the substrate in a time t_, as depicted in Fig. 2.5(f). In equilibrium,
Cooper pair breaking and quasiparticle recombination are still taking place but the two rates

are equal.

Breaking of Cooper pairs by photons Breaking of pairs by phonons

Avalanche breaking of Cooper pairs Quasiparticle recombination

(b)

Phonon cmission by excited q.p.'s Escape of phonons into substrate

Fig. 2.5. Description of nonequilibrium processes in superconductors. The normal states (N} and the
superconducting state (SC) are separated by the gap energy A. The relevant time constants for each process are also
shown in the diagrams.

To find out exactly what these equilibrium rates are, one must first disturb the system
and probe the evolution of the nonequilibrium state back to its equilibrium condition. The
rate equations which govern these processes were developed by Rothwarf and Taylor'*® in
1967 to better interpret tunnel injection experiments, and were designed to consider the re-
breaking of Cooper pairs by recombination phonons and the escape of phonons into
thesubstrate. For small perturbations of excess quasiparticle density 8N, injected at a rate

I,, the Rothwarf-Taylor equations can be linearized'” in the form
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where 8N, is the density of excess phonons with energies greater or equal to 2A. The
factors of 2 come in because 2 quasiparticles are created by each phonon.

The intrinsic values for the equilibrium time constants tg, 15, and 14 have been
investigated theoretically by Kaplan ef al.'*' and by Chang and Scalapino.’* The phonon
pair breaking time t, becomes shorter as the temperature is reduced and as the energy of the
phonon increases. The electron-phonon scattering time 1 depends on the excess energy of
the quasiparticle. For large excess energies, tg is short since the quasiparticles can
spontaneously emit phonons and lower their energy. However, once the quasiparticle
reaches an energy just above the gap, it cannot lower its energy any further without
recombining first with another quasiparticle and forming a pair. At this point, t can be quite
large since it will then depend on the phonon population at that temperature, and so v
increases as the temperature is lowered for quasiparticles near the gap edge. The
recombination time T, depends on the presence of other quasiparticles in order to recombine.
Since the normal fluid fraction decreases as the temperature is lowered, one expects that 1,
should increase almost exponentially at low temperatures. The recombination time also
depends on the excess energy of the recombining quasiparticles, where quasiparticles with
larger excess energies have shorter recombination times. For instance, t, for Pb at
T =0.5T is about 100 ps at the gap edge but only 25 ps for quasiparticles at twice the gap
energy.'”!

Experimentally, the intrinsic recombination time t, cannot be measured directly due
to phonon trapping effects."™'? If the recombination phonons could escape before breaking
more Cooper pairs (i.e. Ty — =), then T, could be measured directly. However, tp is usually
quite short, and the relaxation of quasiparticles back into the superconducting state is then

determined by how long these phonons take in order to get out of the film so that the pair-
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breaking process can end. This leads to an effective time constant''®

T « T 1+ Y (2.9)

which is dominated by phonon trapping if t, >> t5. The two bottlenecks which slow the
recovery of a superconductor back to equilibrium are therefore the quasiparticle
recombination time <5 and phonon trapping determined by the phonon escape time t,. The
overall recovery time is determined by Eq. (2.4).

Recombination times have usually been measured in superconductors such as Al
where T can be of the order of microseconds and is therefore easier to measure. In 1977,
Hu, Dynes, et al.'® looked at quasiparticle relaxation times in Pb films using 5 ns laser
pulses. They deduced that the observed relaxation time was an order of magnitude larger
than the intrinsic recombination time t due to recombination phonons re-breaking Cooper
pairs within the excited volume. The first photoresponse experiments using picosecond laser
pulses (20 to 50 ps) were performed by Chi et a/.'** on Pb films in 1981. The observed
voltage transients had decay times of about 3 ns, which was found to be determined by the
phonon escape time from the films. They concluded that in order to speed up the response,
the energy from the laser pulse absorbed in the film would have to be carried away by
quasiparticle diffusion rather than the escape of phonons. Using 300 fs laser pulses and a
high speed scope, the intrinsic recombination time in Nb was measured recently by
Johnson'®* to be as short as 22 ps at T =0.78 T.. The actual voltage transient seen on the
scope had a biexponential decay where the first decay time was the effective recombination
time of about 230 ps and the second decay was due to thermal heat escape out of the film
(2.6 ns). The intrinsic recombination time was extracted from the observed effective
recombination time. |

Very close to T, the relaxation of the order parameter begins to diverge as T
approaches T, instead of decreasing as predicted for 5. This divergence is due to the gap
relaxation time t, which is different from ;. Normally, Ty >> 1, so that T dominates.
However, very close to T, the order parameter takes longer to adjust after recombination

of quasiparticles has occurred, resulting in t, >> 7. Experiments in which Al films were
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illuminated by laser pulses and the resulting quasiparticle distribution probed by a tunnel
junction on the back of the film'* showed that for 0.98T,> T > T,

T
E
T.'A ~ ? (25)

where g is the electron-phonon inelastic scattering time (or t.,,). The effect of the gap
relaxation time is also believed to be observed in the delay of the onset of a voltage transient
across a superconducting bridge subjected to a supercritical current pulse.'”’ Figure 2.6
describes the general behaviour of the relaxation of the order parameter determined by t,

and <, as a function of temperature.

0

0 T, T

Fig. 2.6. General behaviour of the intrinsic quasiparticle recombination time Ty, and the order parameter refaxation
time t, as a finction of temperature. Experimental data for the recombination times observed in Al (Ret. 122) and
Nb (Ref. 123) give an idea of the range of values for 1.

Creating nonequilibrium conditicns in a superconductor by tunnel injection is
different from optically breaking Cooper pairs in that tunnelling experiments inject low
energy quasiparticles into the superconductor but optical experiments inject higher energy
quasiparticles. In optical experiments, therefore, one has to consider the energy relaxation
of quasiparticles by avalanche pair breaking or the electron-phonon interaction. The
question also arises as to what happens at very high injection levels. Is it possible to destroy
the superconductivity in a material with a light pulse ?

This last question was first addressed by Testardi'** in 1971 with a paper entitled

"Destruction of Superconductivity by Laser Light". Testardi found that voltage transients
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from Pb films exposed to 40 pus laser pulses could not be explained by thermal heating of the
films, and he estimated that the nonequilibrium electron temperature was 3 to 18 K above
the lattice temperature. This prompted the development of several theories on
nonequilibrium superconductivity.

In 1972, Owen and Scalapino'® developed the p° model for nonequilibrium
superconductors where the quasiparticles and Cooper pairs are both in thermal equilibrium
with the lattice at a temperature T but are not in chemical equilibrium with each other. The
quasiparticle distribution was determined by an effective quasiparticle chemical potential p°
not equal to the Cooper pair chemical potential. One of the predictions of this model was
that the gap would decrease as the quasiparticle injection increased. This was seen by Parker
and Williams™ soon afterwards using optically illuminated Sn and Pb tunnel junctions. The

suppression of the gap for low quasiparticle injection densities was found to follow

A(n)
A

=1- 2n (2.6)
0

where n was a parameter representing the normalized excess quasiparticle density injected
into the system. The p” model also predicted a first order transition to the normal state once
a certain injection level had been reached. However, this transition was not observed by Sai-
Halasz ef al.** who conducted transient microwave reflectivity experiments on Sn films
illuminated by 60 to 90 ns optical pulses. Instead of a 1* order transition, a transition to a
partially resistive state was observed above a certain injection threshold. This prompted
Parker'”? to develop the T" model for nonequilibrium superconductors in 1975. The T*
model assumes that the quasiparticles and Cooper pairs are not only in thermal and chemical
equilibrium with each other, but also in thermal equilibrium with phonons with energies
hw 2 2A at a temperature T" greater than the temperature T of the bath. Phonons with
hw < 2A are in thermal equilibrium with the bath at temperature T. However, in 1977 Fuchs
et al.™ reconfirmed the predictions made by the 1" model and showed the existence of a first
order transition to the normal state at the predicted injection levels using a double junction
technique (Sn-Sn-Pb structure). Figure 2.7 compares the amount of gap suppression

predicted by both the u” and T" models. The two models are very similar at low injection
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densities, but differ significantly at higher levels of quasiparticle injection. The T" model
predicts a 2" order transition to the normal state at injection densities higher than those

needed for the 1* order transition in the " model.

1=

A(n) p*® model - ’
A(0)
1T order phase ;
normal state
0 : >

0  excess quasiparticle injection (n)

Fig 2.7. Gap suppression as a function of excess quasiparticle injection n in the p* and T* models (adapted from
Ref. 133). Inthe p° model, a first order transition to the normal state oceurs above a certain critical injection
density. At higher injection densities, the T"model predicts a secend order transition to the normal state.

The limited success of both the p* and T" models prompted Elesin et al.'**'¥ to
develop a new nonequilibrium theory which combined aspects from both models. One of the
main predictions of Elesin's theory was the appearance of a resistive, spatially
inhomogeneous state above a certain injection threshold that consisted of superconducting
and normal regions similar to the intermediate state in Type I superconductors.* As the
injection increased, the superconductor would eventually enter the normal state. This was
soon confirmed by Sobolewski et al.™** in 1986 by studying voltage transients from current-
biased Pb filims exposed to 30 ps wide laser pulses. Transients as fast as 100 ps FWHM were
seen above a certain laser-fluence threshold consistent with Elesin's theory. Recently, Hu
et al."”" used electro-optic sampling to show that superconducting to normal transition in Pb
films induced by picosecond laser pulses was faster than 1 ps. The results were interpreted

in terms of Elesin's model for the appearance of an intermediate resistive state.

Even more theories have been developed to explain nonequilibrium phenomena in
superconductors. A muitiple gap state induced by tunnel injection has been predicted and
examined,'*® and further medifications have been made to the u* and T" models.'”” Very

recently, quasiparticles were injected into a YBCO junction made on a bicrystal substrate and



36 Picosecond Photoresponse of High-T .. Superconductor Thin Films

it was shown that nonequilibrium processes were present. But whatever the theory used to
describe nonequilibrium phenomena in a superconductor, it is vital to first thoroughly
understand the nature of the superconducting mechanism or at least the nature of the gap.
It is difficult to justify interpreting nonequilibrium phenomena in the HTSCs in terms of
nonequilibrium theories for BCS superconductors because the HTSCs are so different in
many ways from conventional superconductors. Nevertheless, nonequilibrium theories
developed for conventional superconductors provide a starting point from which to analyze
transient processes in the HTSCs, even if these theories still have limited success with

conventional superconductors.

2.3. Nonequilibrium heating and pump-probe experiments

A thermal model for the absorption of light in a metal film is shown in Fig. 2.8. The
case for a thin film on an insulating substrate is considered so that diffusion effects can be
ignored. The thermal analysis is similar to that presented earlier in section 1.4 and Fig. 1.9,
but the difference here is that the electrons and lattice phonons have been separated into two
different heat absorbing systems. Incident light is absorbed by the electrons and heats the
electron system to a temperature T,. Through collisions with phonons, the electrons are
thermally coupled to the lattice through G, and heat transferred from the eleciron system
to the phonon system raises the temperature T, of the phonon system (or lattice). Since the
substrate is electrically insulating, only phonons can carry heat out of the film through the
film-substrate thermal conductance G. If the two systems are in thermal equilibrium, then
T, = T, and most of the heat energy is contained in the lattice since the lattice heat capacity
C,, is usually much greater than the electronic heat capacity C. (as long as Ty, is not too
low).

The thermal coupling between the electrons and lattice is characterized by the
electron-phonon energy relaxation time <., which is typically of the order of a picosecond
in most metals. If a laser pulse with duration 7, comparable to v, is absorbed by the
electron system, then it is possible for T, to be brought out of equilibrium with T, by
hundreds or even thousands of degrees before the heat energy even has a chance to dissipate

into the phonon system. The time for T, to come into equilibrium with T, is given by <.,
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Fig. 2.8. Thermal model used to describe nonequilibrium electron heating in metals.

but since C,, >> C, the final temperature of the lattice will have changed very little relative
to the change in T,. The relaxation time for Nb is about 360 {5, whereas for Cu it is a few
picoseconds.'*! This is because the electron-phonon coupling is about 17 times greater in
Nb than in Cu,'*! which results in thermal equilibium between T, and T,, being attained
more rapidly in Nb. Even though the electrons are excited by the laser pulse to energies well
above the Fermi energy E, it is assumed that the electron temperature can be charactenzed
by a Fermi-Dirac distribution at a temperature T.. Such a thermal distribution is a good
approximation ounly if the electron-electron thermalization time . is much shorter than
T, Which is usually the case in metals and semiconductors.

Nonequilibrium heating of the electron system in metal films was first described by
Anisimov et al.'*? in 1974. The evolution of the electron and lattice temperatures is

governed by the two coupled differential equations
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where P is the absorbed power from the light pulse in units of W/cm®. Diffusion terms and
the slow rate of heat escape into the substrate have been neglected for the case with thin
fitms and picosecond laser pulses. It is import:nt to keep in mind that both heat capacities
C, and C,, and the electron-phonon coupling constant G, are temperature dependent.'*!
The short time scales for energy relaxation in metals, semiconductors, and even
superconductors can be measured directly by optical pump-probe techniques, as described
in Fig. 2.9. In such experiments, the metal is first heated by 2 pump laser pulse. The
transient nature of the energy relaxation process can then be monitored by a second probe
pulse derived from the same laser source but delayed in time with respect to the pump pulse.
The change in reflection AR/R or transmission AT/T of the probe pulse through the sample
is measured and recorded as a function of delay time with respect to the pump pulse. The
magnitude of the change in these parameters is not large, and in typical experiments is of the
order of 10 with resolutions of 10 to 107 This can then be related to the temperature of
the electron and phonon systems in several ways. If the optical properties of the material are
temperature dependent, then the change in lattice temperature can be extracted.”*' The rise
time of this change will then provide a value for ... The fall time of such a signal will be
relatively much slower due to the slow rate of heat escape out of the probed region.
Another widely used technique is to probe the smearing of the hot electron
distribution at the Fermi surface by measuring the change in absorption in the electronic
transitions from d-bands in the material to the Fermi surface, as described in Fig. 2.10(a).
The width of the smearing at the Fermi surface'®"” will be of the order of kpT.. As T,
increases, smearing will reduce the electron distribution just below Ep and increase it just

above E;. If the probe energy huw is larger than Eg - E,, then the smearing will reduce the



2. Nonequilibrium Processes in Superconductors 39

pump
probe laser puise

0 2 delay (ps)

Fig. 2.9. Schematic of a typical pump-probe experiment using femtosecond laser pulses.

amount of states available for the probe pulse to induce a transition from the d-band. The
absorption of the probe puise will be reduced, and the reflection from the metal surface will
increase, as shown in Fig. 2.10(c). If the perturbation in the electron distribution is small,
then the change in reflectance can be directly related to T, , as depicted in Fig. 2.10(d). If
hw = E; - E,, then there is no change in reflection since the occupation at E; is
approximately temperature independent. If hw <E; - E;, then the reflection will decrease
due to increased absorption as more states below E; become available, which will result in
AR <0. Significant changes in AR or AT will only be obtained for probe energies close to
either side of the Fermi surface where the changes in occupation due to smearing are the
largest. The d-bands for Cu lie 2.15 eV below the Fermi surface, which makes it an ideal
transition to probe with laser sources tunable in the 2 eV range. The d-bands in Cu also give
Cu its characteristic reddish colour by absorbing more strongly in the biue end of the optical
spectrum. The d-bands in gold and silver are 2.4 and 4 eV below Eg, respectively.

The technique was first used by Eesley' to investigate electren-phonon

thermalization times in Cu. Even though he couldn't resolve <t with the 5 ps laser pulses

he was using, he was still able to observe nonequilibrium effects by monitoring the sign of
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Fig. 2.10. Description of pump-probe experiments that use d-bands below the Fermi level in metals to probe Fermi
smearing due to nonequilibrium electron heating, In (a), a simplified energy band diagram for copper is shown with
the d-band energy levels positioned about 2,15 eV below the Fermi energy E;. A probe pulse with energy hw greater
than the transition energy from the d-band to the Fermi energy can probe the occupation of states just above Eg .
Heating of the electrons by the laser pulse smears the distribution near the Fermi surface and changes the occupation
of states probed by the probe pulse. If (b) is the pump pulse, then the change in reflection of the probe pulse is
shown in (c). This can be directly related to the temperature of the electron distribution T, as shown in {(d). The
temperature of the lattice T, is shown as a dashed line rising to equilibrium with the electron temperature in a time
T in (d).

AR/R as the probe energy was tuned across the Fermi surface from 2.10 t0 2.16 eV. The
reflectance signals contained fast and slow components. The initial fast transient was due
to Fermi smearing from nonequilibrum changes in T,, whereas the slow component was
attributed to temperature-dependent changes in the optical nroperties of the lattice which did
not change the sign of AR/R as the probe energy was changed. In 1987, Elsayed-Al; ef al.'®
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probed AT/T for Cu films with 150 to 300 fs laser pulses and found thermalization times of
1 to 4 ps and nonequilibrium temperature transients for T, up to a few thousand degrees
above T,,. Probing Au films'** gave similar electron-phonon thermalization times of 2 to
3 ps. It was later found '*¢ that v, increased as the laser fluence increased and decreased
as the temperature was lowered. In fact, ©_, is ~ 1 ms in gold at 25 mK but decreases to
a few picoseconds at temperatures around 10 K.™** The use of thicker films resuited in
smaller values for T, due to fast diffusion of hot electrons out of the absorbing region.'’
One would also expect the electron-electron relaxation time to be very fast in metals, but
screening reduces the rate of this process. For Au films, it was found that increased
screening of the electron-electron interaction resulted in 7. = 500 fs, which was very close

to the value for ., of 1 ps.'"

With such long electron-eiectron thermalization times, the
assumption of a well characterized thermal distribution must be questioned.

In semiconductors such as GaAs with a band gap of ~ 1.5 eV, nonequilibrium heating
is monitored in pump-probe experiments where the probe pulse measures the change in
absorption in transitions from the valence band to the conduction band. In one
experiment,'** carrier densities of 10" to 10'* cm™ were pumped into the conduction band
with 35 f5, 2 eV laser pulses and the change in transmission to a broad range of probe pulse
energies was monitored. It was observed that the electron-electron thermalization time was
of the order of 20 fs while cooling of electrons to the lattice occurred over a few
picoseconds. As the injection density increased, it was found that t, . decreased from 30 fs
to 13 fs. Saturation effects were also observed at high injection levels.

If d-bands are not situated at convenient energies below the Fermi surface, Fermi
smearing due to nonequilibrium electron heating can also be examined by measuring the
thermally enhanced photoelectric emission from materials. This probe technique was used
on tungsten where electron-phonon thermalization times of several hundred femtoseconds
were found using 75 fs laser pulses.'” Time-resolved photoelectron spectroscopy has
recently shown that the electron-phonon thermalization time in Si is less than 1 ps.'*

The first systematic pump-probe study of conventional superconductor materials
was performed by Brorson ez 2/.'*! in 1990 using 60 fs, 2 eV laser pulses. Even though the
transient reflectance measurements were performed at room temperature, important

information about the strength of the electron-phonon coupling in materials such as Pb, Nb,
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and NON could be obtained. Since most of these materials did not have d-bands at the right
energy below the Fermi level, a thin (40 A) layer of Cu was deposited on the surface. It was
assumed that the electron temperature in the Cu overlayer would be the same as T, in the
underlying material, and so the Fermi smearing induced in the Cu could be probed as
discussed earlier. Most materials exhibited electron-phonon relaxation times less than 1 ps,
with the relaxatinn time observed for NbN being one of the fastest and actually limited by
the duration of the 60 fs laser pulse. The general trend observed was that the higher the
value for T, the shorter the electron-phonon relaxation time. This is also seen in Table 1.1
where materials with higher T_'s such as Pb are strong-coupling superconductors with larger
gap ratios. Visible pump and FIR probe of Pb films in the superconducting state was
performed recently by Federici e al.'?. The change in transmission of a 0.4 ps FIR pulses
after a 100 fs visible pulse excited the film was found to occur over the time scale of a
picosecond. It was concluded that the breaking of Cooper pairs by the visible pulse in the
film occurred in less than 1 ps.

In the pump-probe experiments discussed above, it is necessary to have a detailed
knowledge of the actual band structure of the material under investigation in order to
properly interpret AR/R or AT/T in terms of a nonequilibnium electron temperature. The
band structure in the HTSCs is far from being understood, and yet pump-probe techniques
have been used by several groups to determine t.,.">'® The belief is that experience
gained from pump-probe experiments with metals can be used to interpret results from the
HTSCs, and that the observed relaxation may be related to the pairing mechanism.

The Hubbard model'™™!"* has had some success in explaining some of the properties
of the insulating phase of the HTSCs. In the Hubbard model, a two-dimensional square
lattice containing one electron per site is constructed. This would normally result in a half-
filled band, as shown in Fig. 2.11(a), and therefore a conductor. However, if an on-site
Coulomb repulsion U is added, then it becomes energetically favourable for the electrons to
remain localized at their sites and the system becomes insulating. This is believed to be the
case for the CuO planes in insulating YBCO,. The effect of U on the band structure of
YBCO, is seen in Fig. 2.11(b) where the Cu 3d orbitals of the CuO planes have been split
apart by 8 to 10 eV into upper (UHB) and lower (LHB) Hubbard bands."™ The O 2p
orbitals remain filled making the material an insulator. Optical reflectivity studies on YBCO
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Fig. 2.11. Simplified diagram for the band structure of the CuO planes in YBCO according to the Hubbard model.
For undoped YBCO,, the expected band structure with no on-site repulsion is shown in (2) which results in half-
filling of the band and a conducting state. With on-site repulsion U in (b), the Cu 3d bands split into the upper
Hubbard band (UHB) and the lower Hubbard band (LHB) and the O 2p band becomes full resuiting in un insulating
state. As oxygen is added to the YBCO (c), the CuO planes become doped with holes. It is estimated that the
Fermi level in the doped state is about 2 eV below the UHB. The values for U and the charpe transfer gap A were
obtained from Ref. 170.

films as a function of oxygen doping'™ reveal an absorption edge at 1.75 eV for YBCQ,,
This is believed to be the charge-transfer energy required to transfer a hole between the Cu
and O atoms in the CuQ planes, and is the amount of energy that separates the UHB from
the O 2p orbital, as depicted in Fig. 2.11(b). The absorption edge seen at 1.75 eV in YBCO,
disappears with increased oxygen doping.' In YBCO,, the optical spectra are almost
featureless from 1 to 2 eV and it is difficult to extract any band structure data, What is
believed to happen in doped (superconducting) YBCO samples is shown in Fig. 2.11(c)
where O atoms in the CuQ chains remove electrons from the planes and leave holes behind.
The separation between the UHB and the Fermi level is about 2 eV,'#%31%71%¥ which is ideal
for pump-probe experiments using d-band transitions to monitor nonequilibrium electron
temperatures. The position of the Fermi level with respect to the UHB as a function of
O doping!'#'541%1%% and Pr doping'**'* has been studied by several groups using the sign
change in AR/R as a guide. (Recall that a sign change in AR/R means that states close to

the Fermi level are being probed.) As expected, the Fermi level moves towards the UHB as
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the oxygen doping decreases or as the Pr content increases. However, the results have not
been completely consistent between groups. The energy separation between E; and the
UHB was determined to be 2 eV in reduced-oxygen YBCO samples with T.'s of 60 K,'**
70 K,'* and 80 K.'®

Figure 2.12 shows schematically typical AR/R pump-probe resuits seen from YBCO,
above and below T..!** In such experiments, laser fluences of 1 to 10 p¥/cm® are used
producing temperature transients in the lattice of 0.1 to 1 K. Since high repetition rate
(- 80 MHz) laser sources are usually used, average powers of about 10 mW at the sample
can raise the average temperature of the probed area by ~ 10 K above the ambient
temperature of the sample holder depending on the spot size of the pump laser pulse. Such
experimental conditions are important to consider when interpreting data taken close to Tk.
Above T, as in Fig. 2.12(b), there is a very fast transient less than 0.5 ps wide foiiowed by
a slowly decaying component. Similar data taken at room temperature or in the normal state
just above T, has been seen by several groups!**1#13%16416515%168 The fat transient has been
interpreted in terms of the electron-lattice thermalization time whereas the slower component
is due to heat escape out of the film. In one case,'™ the decay time of the fast transient at
300 K went from 60 fs in a superconducting sample to as long as | ps in a
nonsuperconducting sample, and the sign of AR was opposite between the two samples. It
was suggested that the increased relaxation rate for the superconducting sample (at 300 K)
could be due to the same mechanism responsible for superconductivity in the HTSCs.'**
Other groups'*!**1%15" have also noticed longer decay times in the normat state for oxygen-
reduced YBCO samples. This is similar to the trend mentioned earlier with conventional

superconductors at room temperature'*

where metals with lower T's had longer relaxation
times.

In the superconducting state below T., AR/R suddenly changes sign with the onset
of superconductivity and the decay time becomes longer, as shown in Fig. 2.12(c). The
decay time is also the longest just below T, and then decreases as the temperature is
lowered further. This peculiar characteristic has been seen by several groups.'3&1516416
Fig. 2.12(d) shows some of the observed decay times for the fast transients as a function of
temperature. Han ef al."*"" have interpreted their relaxation time data below T which

ranged from I to 5 ps in terms of the quasiparticle recombination time tg. They also



2. Nonegquilibrium Processes in Superconductors 45

F laser pulsc (a)
t (ps)
-4 02-0.5 T>T
10 ] \rV ps c (b)
AR transient reflectance (YBCO)
0
R ' ’ t (ps)
-10°* - (c)
6
characteristic
4 relaxation time

(d)

0 T,
Temperature (K)

Fig. 2.12. Typical results for pump-probe experiments on YBCO (adapted from Ref. 163). In (a), a nominally
100 £ laser pulse is used as to induce nonequilibrium electron temperatures in the YBCO sample. Above T in the
normal state {b), the relaxation of the nonequilibrium transient is quite fast and is usually less than 0.5 ps. Cooling
below Te in (c), the relaxation time increases to a few picoseconds. A plot of the typical temperature dependence
of the relaxation time is shown in {d) showing a sudden rise in relaxation time close to T .

attributed the rise time of the fast AR/R transients as evidence for quasiparticle avalanche

multiplication. The quasiparticle multiplication factor is given by

g = 2 2o (2.8)
24 B
so that if 2A = 5k, T (= 40 meV) and hw =2 eV, then one photon would break about 50

Cooper pairs and produce 100 quasiparticles in such an avalanche process in YBCO. The

rise in decay time just below T has been compared with the divergence of the gap parameter
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relaxation time ©,"**'* as described earlier by Eq. (2.5) and Fig. 2.6. The decay times from
Reitze et al.'® also show a sudden increase just below T, but were not interpreted as an
indication of the quasiparticle lifetime in YBCO. Instead, it was emphasized that more
information on the band structure was needed in order to correctly interpret the results.
Finally, the transmission data from Chwalek ez al.'* show an increase in decay time below
T, for a superconducting YBCO sample but not for a nonsuperconducting film.
Pump-probe experiments on the HTSCs have revealed some very interesting
phenomena that are unique to the superconducting state. Until band theory has improved
for the HTSCs, the interpretation of the pump-probe data will still be controversial. The
sudden increase in decay time observed below T, in pump-probe experiments is reminiscent
of the sudden drop in scattering rate observed by Bonn ef a/.* in YBCO single crystals, but
how does one interpret the corresponding change in sign for AR/R ? Nonequilibrium
processes developed for conventional superconductors assumed an isotropic BCS gap. What
happens to nonequilibrium processes when there are nodes in the gap as in the d-wave
scenario ? In particular, how will relaxation processes such as quasiparticle recombination
be affected by the presence of nodes in the gap ? What will the quasiparticle multiplication
factor in Eq. (2.8) be if A is not constant over the Fermi surface or has nodes in some
directions ? Above T in the normal state, the decay time is very fast and provides evidence
for strong electron-lattice coupling. However, with all the uncertainty about band structure,
perhaps the characteristic time constants in the superconducting state for the HTSCs can be
probed more directly by looking at voltage transients produced across current-biased thin
films exposed to picosecond laser pulses. The mechanisms that might produce such voltage

transients are discussed in the next chapter.



3. PHOTORESPONSE MECHANISMS

3.1. The controversy: bolometric versus nonbolometric photoresponse

There has been considerable effort over the past few years studying the
photoresponse of current-biased HTSC thin films.'™?° Part of the motivation behind such
work has been the development of high-T. photodetectors operating at 77 K and sensitive
to a broad range of wavelengths. However, much of the work has focused on the origin of
the photoresponse mechanism in both granular and epitaxial thin films. A controversy has
developed over whether claims of nonbolometric photoresponse voltage transients can be
explained in terms of a bolometric response. A bolometric response is a thermal response
due to heating of the film by the incident light or laser pulse with T, in equilibrium with T,
It is usually associated with changes in resistance from heating of the fiim, as in bolometers,
which is referred to in this work as the resistive bolometric response. A nonbolometric
response is a nonthermal response which cannot be explained in terms of equilibrium heating
of the film and is usuaily associated with nonequilibrium superconductivity (Section 2.2) or
nonequilibnum electron heating with T, >> T, (Section 2.3). In epitaxial films, some
groups have only seen a bolometric photoresponse,'”’* while others have seen both
bolometric and nonbolometric signals.>'**'¢ Amongst the groups claiming to have seen a
nonbolometric response, there is little consensus even today on the origin of the
nonboometric mechanism. Qur work, " which is described in Papers A, B, C, and D
included at the end of the thesis, has led us to the conclusion that the fast photoresponse
signals we observe from YBCO thin films, which would otherwise be labelled as
nonbolometric by other groups, can be attributed to a thermal mechanism called the kinetic
inductive bolometric (KIB) response. The KIB response is discussed in detail in Chapter 4.
It is hoped that an understanding of the photoresponse mechanism will shed some light on
the nature of superconductivity in the HTSCs.

One of the main criteria for distinguishing between a bolometric and a nonbolometric
photoresponse has been to look for deviations from the predicted temperature dependence
of a bolometric response described in Fig. 1.8 and Eq. (1.2). The bolometric response is

therefore peaked at T, where dR/dT is a maximum, and any photoresponse seen below T

47
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where dR/dT is zero must then be due to some nonbolometric mechanism. This analysis is
valid for photoresponse experiments using low light levels or chopped radiation where the
temperature transients induced in the film are small. However, in pulsed laser experiments
with large fluences, the temperature transients can be quite large and this approach becomes
invalid. In this case, the nonlinearity of the resistive transition near T, must be
considered, 7412724024723 (Papers A to D)

Another criteria used to distinguish bolometric from nonbolometric has been the
speed of response of the signals. Photoresponse wave forms contain fast and slow
components, and it was usually assumed that the fast component was nonbolometric since
thermal response times were considered to be too slow. However, it has been shown that
fast resistive bolometric voltage transients with decay times of about a nanosecond are
possible from very thin films,*2%

Accurate thermal modelling of the heat transfer between the HTSC film and the
substrate is essential in order to properly distinguish between bolometric and nonbolometric
photoresponse signals.”*® For films with thickness d much larger than the optical
penetration depth & of about 90 nm, diffusion of heat from the front face of the film where
the energy is deposited to the back of the film limits the cooling rate. The thermal time
constant © will scale as d*, and the decay in the voltage transient due to a resistive bolometric
response will fall as t ™, where t is the elapsed time. For thinner films with more uniform
heating, it has been established that the thermal boundary resistance Rpp, between the film
and the substrate limits the rate of heat escape from the film **%*2 In this case, © = d and

the voltage transient due to a resistive response bolometric will fall exponentially as e**. The

thermal escape is then given by

BD 3.1

where C is the heat capacity in J/ecm'K. Ry has been found to be temperature independent
from 90 to 200 K,** and has a value of about 10° K ¢m*W for YBCO on nearly all types
of substrates 02002118 (paner B) This is much larger than Ry, predicted by acoustic
mismatch theory at 90 K, which scales as 1/T°, and which will become significant for YBCO
films at temperatures below about 30 K2 At 78 K, C = 1.0 J/em?’K, and so Eq. (3.1) gives
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t =3 ns for a 30 nm film and 20 ns for a 200 nm film. Examples of resistive bolometric
signals seen from films with different thicknesses are shown in Fig. 3.1. Notice that the
thinnest film has the fastest fall time and is about 1 ns wide. As discussed in Paper B, the fali
time of the voltage transient due to a resistive bolometric response can be faster than the

actual thermal escape time due to the nonlinear nature of the resistive transition.

(mv)

Photaresponse signal
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Il Il
8 8 1012 1416 18 20
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Fig. 3.1. Examples of resistive bolometric photoresponse signals observed from tilms with thicknesses of (a)
260 nm, (b} 220 nm. () 130 nm. and () 30 nm. The films are biased in their resistive ranstuon regions (Puper B),
The decay time is longest tor the thickest film and gets progressively shorter as the films get thinner, as prediced
by Eq. (3.1). The resistive bolometric response can be very fast, as shown for the 30 nm {ilm in (d) where the decay
time is about one nanosecond,

The change in temperature induced in a film by a laser pulse with duration t, <<=t

will then be (Appendix B)

F  Eg
C d E

AT -

(3.2)
0

where F is the incident laser fluence in pJ/cm® and E 55/E, is the fraction of incident pulse

energy absorbed in the film given by



50 Picosecond Photoresponse of High-T,. Superconductor Thin Films

E
E . (1-R)(l-exp (-d/8)) (3.3)
EO

where R is the reflectance (R = 0.1). Thinner films will absorb less energy because they are
more transmissive than thicker films, but the temperature transient induced in them will be
larger due to their smaller heat capacity. For example, for 30 and 200 nm films, Eq. {3.3)
predicts E zs/E, = 0.26 and 0.80, respectively. The corresponding temperature transients
from Eq. (3.2) for an incident laser pulse fluence of F = 10 pJ/cm? will then be 0.87 K for
the 30 nm film and 0.40 K for the 200 nm film. Knowing the size of the temperature
transient, the change in resistance can be predicted from a plot of the resistance of the sample
as a function of temperature and bias current in the resistive transition region. If AT
calculated from Eq. (3.2) gives a change in resistance of the sample which is too small to
account for the observed voltage transient, then the signal must be due to some mechanism
other than the resistive bolometric response.

With thermal decay times in the nanosecond region, observations of picosecond
voltage transients cannot be attributed to a resistive bolometric response and have usually
been used as evidence for a nonbolometric response. However, the electrical bandwidth of
the apparatus measuring the signals must be large enough to observe transients faster than
those expected for thermal processes. The rise time <, in picoseconds for a system with a

bandwidth Af in GHz is given by

, (s) - -Zf(—ng—z) . (3.4)
Since the fastest resistive bolometric response will be of the order of a nanosecond, then it
is important to have a measuring bandwidth larger than 1| GHz if the time duration of
transients is to be used as a means of distinguishing between bolometric and nonbolometric
photoresponse signals. As discussed in Section 1.4, voltage transients can be measured
directly on an oscilloscope with bandwidths up to 50 GHz, which would give a theoretical
rise time of 7 ps. A large bandwidth is therefore important for distinguishing between

resistive bolometric voltage transients with nanosecond decay times and faster nonbolometric
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signals with sub-nanosecond transients, and for resolving the actual time evolution of any
nonbolometric response so that its origin can be identified. As discussed in Chapter 5, the
voltage transients we have seen are too fast to be explained by a resistive bolometric
response. We aiiibute the fast response to the KIB model which will be discussed in
Chapter 4. For comparison, an overview of some of the experiments that have been

interpreted as providing evidence for nonbolometric mechanisms is given below.

3.2. Photoresponse of granular films and grain boundaries

Some of the first photoresponse experiments were performed with granular films.'™
87 Granular films consist of networks of small superconducting grains that are weakly
coupled to each other at the grain boundaries, as shown in Fig. 3.2. One possible
nonbolometric photoresponse mechanism for granular films originates from hight-induced
suppression of superconductivity in the weak links between the grains.'™ The critical current
I of these films is determined by the critical currents of the junctions formed at the grain
boundaries. For temperatures less than T2, the critical current of a junction is proportional
to the magnitude of the gap parameter A in the junction.'™"”* If the film is biased with a
current [ just less than I, then light incident on the film will suppriss A in the grain
boundaries, I. will be reduced, and a voltage transient will appear if [ exceeds the
suppressed I..'”* Experiments with polycrystalline BaPbBiO films (T, ~ 13 K) have

demonstrated the viability of superconducting granular films for detection of wavelengths

current superconducting grains
contacts
\
\
1
——1-8 >

network of weak links
between the grains

Fig. 3.2. Granular superconducting film showing how 4 bias current [ makes its way through a network of grains
connected by weak links. Light incident on the film will weaken the superconductivity in the weak finks between
the grains wuich may cause the critical current of the film to be exceeded and give rise to a voltage transient.
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from 1 to 8 um at modulation frequencies up to 1.3 GHz and responsivities of 10* V/W,
which is well suited for optical communications systems.'

Experiments with granular NbN films'"'" (T, = 6 K) have revealed different
nonbolometric mechanisms. In one case,'” it was found that the peak in the photoresponse
occurred at the Kosterlitz-Thouless transition temperature just below T, and was attributed
to light-induced vortex-antivortex depairing. The same mechanism was used to explain the
photoresponse in granular YBCO thin films.""'"* Gousev et al.'’® have developed fast NbN
detectors sensitive from the visible part of the spectrum to submillimetre wavelengths with
50 ps response times, but have interpreted the fast response in terms of nonequilibrium
electron heating effects and gap suppression rather than vortex dynamics. Using the same
nonequilibrium heating mechanism, Gershenzon et al.'™ have predicted response times of a
few picoseconds in YBCO granular films. Recently, Gol'tsman ef al.”* have compared the
photoresponse in granular and epitaxial films to 20 ps laser pulses. A fast nonbolometric
transient was observed in the zero-resistance superconducting state only for the granular
films, and the responsivity in the resistive state for the granular films was several orders of
magnitude larger than in epitaxial thin films. Nanosecond response times have also been seen
in TIBaCaCuQ granular films at FIR wavelengths from 10 um to 500 pum."*'** It is
interesting that in these experiments a nonbolometric response was seen only at wavelengths
longer than 100 pm. The responsivity in granular films seems to be enhanced at longer

175,180,185

wavelengths, ~hich has been attributed to direct modulation of the Josephson

junction currents by light with energy below the gap.'’***® Granular YBCO films have also

186137 Recently, a portable

been studied for use as sensitive detectors of microwave radiation.
microwave detector consisting of a granular YBCO thin film bridge cooled by  closed-cycle
refrigerator showed a responsivity of 180 v/W at 53 K,' which demonstrated the possibility
of practical YBCO microwave detectors.

To understand the photoresponse mechanism in granular films, the photoresponse
from single junctions or grain boundaries has been studied.'™'*! Bhattacharya et al."**"!
have studied the photoresponse of ultrathin epitaxial YBCO thin films (~ 3 nm) and thicker
epitaxial thin fiims (~ 50 nm) with single grain boundaries made by depositing YBCO onto
a bicrystal of SrTi0;. For the ultrathin epitaxial films,"” there was no peak in the

photoresponse otserved at the K~sterlitz-Thouless transition temperature for the film,
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thereby ruling out light-induced vortex-antivortex unbinding as a possible nonbolometric
mechanism. The epitaxial film with a single grain boundary showed an enhanced optical
response at the grain boundary compared to the rest of the film.'* It was suggested that
photon-induced depinning of vortices in the grain boundary was responsible for the enhanced
response. In later work, the optical response of single grain boundaries in epitaxial films was
found to be consistent with a bolometric response where heating of the junction by the

incident light moduiated the temperature and therefore the critical current of the junction.'!

3.3. Photoresponse of epitaxial films

Epitaxial films with large critical currents (> 10° A/cm®) do not consist of grains
separated by weak links as in granular films which have much lower critical currents
(= 10* A/em®), and so the origin of the nonbolometric mechanism in epitaxial films is less
clear. In fact, some of the first experiments with chopped radiation on epitaxial films
revealed only a bolometric photoresponse'™!** determined by Eq. (1.2). The photoresponse
of YBCO epitaxial films to 10 ns laser pulses was found to be resistive bolometric."* Fast
signals seen below T, could be explained by the large laser fluence heating a 280 nm film
from 75 K well into the normal state above T.. Carr et a/** used 1 ns pulses from a
synchrotron source on 40 nm and 156 nm YBCO epitaxial films and found no evidence for
a nonbolometric response. Kadin ef al.'’ looked at the optical switching of very thick
(= 0.7 pm) YBCO films and found that the observed switching rise times couid not be
accounted for by heat diffusion across the thickness of the film. Instead, they proposed that
hot electron transport was responsible for heat transport from the front to the back of the
film. However, the response was still resistive bolometric since it was the change in
resistance of the film due to the change in temperature of the lattice caused by transport of
heat by the hot electrons. The optical switching experiments were continued by Gupta ef
al.™ who found a predominantly bolometric response with an initial fast component whose
origin was uncertain. Recently, Liu e a/** did not find any evidence for a nonequilibrium
distribution of quasiparticles in a YBCO film illuminated with a CW argon-ion laser and
probed with a terahertz pulse.

Frenkel first performed extensive studies of the photoresponse of YBCO epitaxial

films as a function of temperature, bias current, laser fluence, laser pulse duratton, and film
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thickness.?*?'* With chopped radiation from a HeNe laser, only a resistive bolometric:
response was observed as predicted by Eq. (1.2) where the peak in the temperature
dependence of the photoresponse coincided with the peak in dR/dT. Using 150 ps laser
pulses, the thinnest films (40 nm) gave photoresponse transients as fast as 1 ns wide and the
peak in the photoresponse occurred at temperatures below the peak in dR/dT. The thickest
films (300 nm) did not show a nonbolometric response with fast voltage transients. Frenkel
concluded that this was evidence for a nonbolometric response in the thinnest films. It was
believed that a nonbolometric response could not be seen in optically thick films since any
voltage transient from such a response would be short-circuited by unilluminated
superconducting layers beneath the exposed surface of the film. However, Carr ef al** have
recently shown that Frenkel's results can be explained in terms of a purely resistive
bolometric response. Also, as discussed above in Section 3.1, nanosecond transients due to
a resistive bolometric response can easily occur in 40 nm films.

Kwok et al.™ also emphasized the need for optically thin films in order to see a
nonbolometric photoresponse below T.. Optically thin films would reduce phonon trapping
in the film, and would allow faster recovery of superconductivity after absorption of energy
by the laser pulse. In other words, optically thin films would show a faster response time and
would therefore be necessary in order to make high speed superconducting photodetectors.
The YBCO films used by Kwok et al. were 80 nm thick with a T of about 40 K at low bias
curvent and 28 K at bias currents used to acquire the wave forms. Using 6 ns laser pulses
with a fluence of 200 u¥/cm?, slowly decaying transients were seen above T, fast and slow
transients were seen near T, and only a fast transient with a width of 15 ns (limited by the
system bandwidth) was seen below T at 5 K. The amplitude of the slow component was
very different from the dR/dT behaviour predicted by a resistive bolometric response. Kwok
et al. estimated the temperature transient in the film to be only about 1 K, and therefore
concluded that the fast response must be nonbolometric in origin since the temperature
transient was too small to account for a resistive change in the sample. Equation (3.2),
however, gives a much larger estimate for the temperature transient of about 25 K. This
would be more than enough to bring the film from 5 K into the normal state above T for the
bias current that was used. Nevertheless, Kwok e? al., who were not very specific as to the

nature of the nonbolometric response, suggested quasiparticle induced gap suppression as
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a possible mechanism.

Kwok's group (Shi et al.Z>™) later developed a novel double-bridge voltage
correlation technique for measuring fast transients in YBCO thin films without having to use
a high speed oscilloscope. The technique is similar to optical auto-correlation techniques
used to measure the duration of ultrashort laser pulses. In these experiments, a 40 ps laser
pulse illuminated a YBCO bridge connected in parallel with a second identical bridge on the
same substrate. A second laser pulse delayed with respect to the first pulse illuminated the
second bridge. By changing the delay time of the second pulse with respect to the first, an
auto-correlation of the voltage transient from a single bridge could be obtained simply by
measuring the amplitude of the voltage developed across the two bridges connected in
parallel as a function of delay time between the two pulses. The photoresponse of the
double-bridge structure was therefore peaked at zero time delay between the two laser
pulses. The observed voltage-versus-delay trace revealed both fast and slow transients in
the photoresponse. For 15 nm films, the fast transients had characteristic times of about
40 ps and were attributed to a nonbolometric response since thermal time constants were
much longer than this. The slow transients were of the order of 2 ns, and were consistent
with a bolometric response governed by thermal escape from the film. It was found that the
decay of the fast transient increased as the film thickness was increased, which provided
evidence for the claim that phonon trapping was the limiting factor in the quasiparticle
relaxation process. No difference in the decay time of the fast transient (40 ps) was seen
when either 40 ps or 500 fs laser pulses were used, suggesting that the electron-phonon
relaxation time was shorter than 500 f5 or longer than 40 ps. There was little description of
the origin of the fast component other than it was due to quasiparticle generation and decay.
However, evidence for a light-induced nonequilibrium intermediate resistive state predicted
by Elesin et al. (Section 2.2) was recently found by Shi et al.*** using 200 ns long trains of
40 ps laser pulses at 13 ns intervals on YBCO films with single bridges. Only a thermal
response was seen for a 150 nm film, whereas both thermal and nonthermal components
were seen for a 10 nm film. The rise time of the oscilloscope was limited to 2 ns, which is
longer than the 1 ns thermal escape time from a 10 nm film. It would therefore be difficult
to distinguish between resistive bolometric and nonbolometric photoresponse signais from

the 10 nm film. The fact that large laser fluences were used might have made a resistive
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bolometric response possible in this case.

Fast photoresponse signals have been observed directly on oscilloscopes from YBCO
epitaxial thin films which cannot be explained by slow thermal transients, %272 5826026250
In 1992, Semenov et al 2 saw bandwidth-limited 0.7 ns wide voltage transients using 5 ps
laser pulses on a YBCO film with a thickness of 70 nm and biased in the resistive transition
region. Bluzer®? and Johnson®* have used 300 f5 laser pulses to look at voltage transients
in the 10 ps to 10 os range using one of the fastest digital sampling scopes in the world with
a bandwidth of 70 GHz. Both have seen fast and slow components in the photoresponse
wave forms, with Johnson®* seeing 20 ps wide transients followed by a slowly decaying
component in 80 nm films. Ghis ef al.**** have seen fast transients about 29 ps wide
followed by components with nanosecond decay times in 30 nm films using the same digital
sampling scope used in our experiments. We have also seen fast transients about 20 ps wide
from films with thicknesses ranging from 30 to 200 nm and using 5 ps laser pulses,***°
(Papers C and D) but one of the major differences with our data is that we have seen fast
transients in the superconducting state that -were not followed by a slowly decaying
component. No other group has reported photores; 'nse transients less than 100 ps wide
from epitaxial YBCO thin films that were not followed by a slow component. QOur
interpretation of the origin of the fast response is also different from other groups. Semenov,
Gol'tsman, Gershenzon, et al.,”*®* Bluzer,”>* and Ghis et a/.*****¢ ali describe their fast

photoresponse signals in terms of nonbolometric mechanisms. A description of these

mechanisms is given below.

3.4. A survey of nonbolometric photoresponse mechanisms for epitaxial films

A breakdown of possible bolometric and ~onbolometric photoresponse mechanisms
of epitaxial YBCO thin films is shown in Fig. 7.3, A bolometric response arising from
equilibrium heating of the electrons and the lattice (T, = T ;) by the laser pulse can result in
a resistive bolometric response or a kinetic inductive bolometric (KIB) response (Chapter 4).
A nonbolometric response can result from nonequilibrium heating where T, > T,. This can
produce either a rapid change in resistance of a film due to gap suppression or changes in the
kinetic inductance. Transient flux dynamics has also been used to explain the ongin of

nonbolometric photoresponse signals, such as photoactivated flux flow and photofluxonic
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photoresponse mechanisms in
epitaxial YBCO thin films

bolometric response nonbolometric response ‘
(thermal response) (nonthermaal response)
equilibrium nonequilibrium transient
heating heating flux dynamics
resistive dccg;?';?};:gixd photoactivated
bolometric in resistive state flux flow
] | ]
kinetic inductive kinetic inductive photofluxonic
bolometrie nonbolometric detection

Fig. 3.3. Summary of bolometric and nonbolometric mechanisms that have been proposed te explain the ongin of
the photoresponse of epitaxial high-T thin films. A bolometric response arises from ¢quilibium heating of the lilm,
whereas nonbolometric signals can be caused by nonequilibrium electron heating or transient flux dynamics,

detection. Some of the nonbolometric photoresponse mechanisms proposed by several
groups such as () transient flux dynamics,***"” (b) nonequilibrium electron heating in the
225.235

resistive state, and (c) nonequilibrium changes in the kinetic inductance™*¥##3=44-24¢

are described below,

(a). Transient flux dynamics
As discussed in Section 1.2, vortices (fluxons, fluxoids) in superconductors each
carry a quantum of magnetic flux ¢,. If a current is passed through the superconductor, ¢ach

vortex will experience a Lorentz force perpendicular to this current given by "

FL=JXB (fL’de)g) (3.5)
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where Fy is the Lorentz force per unit volume on a flux bundle, f; is the Lorentz force per
unit length of a single vortex ¢, J is the current density, and B is the average magnetic field
penetrating the superconductor. Without pinning, the vortices will be free to move under
the influence of the Lorentz force, and will induce an electric field E along the direction of

the current density

E - Bxv (3.6)

where v is the velocity of the vortices. An electric field generated across a superconductor
due to vortex motion means that power must be dissipated. This is possible because the
vortices experience a frictional force due to a viscosity m in the material which is upposite

to the Lorentz force. This limits the velocity of the vortices to

J &,
y

v =

G.7)

Vortex motion without pinning is called flux flow, and the electric field generated by the

motion of vortices for a sample of length / is the flux flow voltage given by

V « Blv (3.8)

The resistivity of the sample due to flux flow is then

Per = Py (3.9)
B
c2

where p, is the normal state resistivity and B, is the upper critical magnetic field.

In a pure superconductor, flux flow will occur for even the smallest applied J, and
the property of zero-resistance will be lost. In real superconductors, defect sites in the
material provide pinning sites for individual vortices. Only when the Lorentz force exceeds
the force associated with the pinning sites can flux flow occur. However, at finite

temperatures it is possible for vortices to hop out of their pinning sites due to thermal
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excitations. The resistivity arising from this thermally activated flux flow (TAFF) has been
used to describe the broadening of the resistive transition in the HTSCs subject to high
magnetic fields.®">* If the energy required for a vortex to hop out of a pinning site is U,
then the thermally activated behaviour of the resistivity will follow an exponential behaviour
given by

Praw = @ (-U/lkT) (3.10)

The value of U in YBCO depends on the exact model used to interpret the resistivity data,
and is believed to be strongly dependent on the current density and applied field. Typical
reported values for U range from about 1 eV *' to less than 100 meV**** in both single
crystals and thin films. The validity of the TAFF model applied to resistive transition
broadening in the HTSCs is still controversial,** and several other dissipative mechanisms
have been proposed such as vortex unbinding at the Kosterlitz-Thouless transition,****
dissipation in networks of weak links, and superconducting fluctuations.**

Nevertheless, aspects of the TAFF model have been used to describe nonbolometric
photoresponse mechanisms in YBCO thin films *%*1¢21% In 1989, Zeldov et al*'**"!
suggested photoenhanced flux creep as the origin for a nonbolometric signal seen in YBCO
films with thicknesses of 250 to 600 nm using chopped radiation from a HeNe laser.
Frenkel™ attributed fast photoresponse signals about 1 ns wide to photoactivated flux flow.
The basic process for photoactivated flux flow is shown in Fig. 3.4 where incident photons
induce the motion of vortices subject to a Lorentz force in a current-btased film. When the
vortices move, they generate a voltage pulse which constitutes the nonbolometric
photoresponse. However, the exact mechanism by which the photons enhance the motion
of vortices is still uncertain. Zeldov ef al. have suggested that energetic nonequilibrium
phonons created by the incident light may be responsible for enhancing the thermally
activated hopping of the vortices. Frenkel also implies that the photons create additional flux
creep in the sample, and that the photon energy must be larger than the pinning energy U in
order for this to occur.

Kadin et al*? have suggested photofluxonic detection as a new mechanism for

nonbolometric (quantum) detection of infrared light. In this process, as described in Fig. 3.5,
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incident
light pulse

thin film

Fig. 3.4. Description of photoactivated flux flow. A bias current I through the film imposes a Lorentz force
perpendicular to the direction of the current on vertices pinned in the film. Photons from an incident light pulse
provide enough ¢nergy for the vortices to hop out of their pinning sites allowing them to maove freely in the film.
Once the vortices move, they dissipate energy and an electric field is created across the sample. The voltage
produced by the motion of the vortices results in 4 photoresponse signal.

an incident photon is absorbed and creates 2 hot spot in the superconductor. The current
passing through the superconductor will be diveried around this hot spot resulting in the
formation of a vortex-antivortex pair. The Lorentz force from the current breaks the pair
apart, and the vortices travel to the edges of the film where they are annihilated. The voltage
generated due to their motion is V = ¢, / t, where t is the transit time across the film. The
response time of such a detector will therefore depend on how fast the vortices move across

12

the film, which may be as fast as 100 ps.*'* However, just like in semiconductor detectors
with creation of electron-hole pairs, there is a minimum photon energy required for creation
of vortex-antivortex pzirs in a photofluxonic detector. For a very thin film with thickness
d < £, the minimum energy is
,
b, d
Eypw = ——— (3.11)
2w op, A

Equation (3.11) explains why the Kosterlitz-Thouless transition with vortex unbinding
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incident
l light pulse

hot spot
formation

vortex-
anti-vortex
pair

Fig. 3.5. Photofluxonic detection mechanism proposed by Kadin ef al. (Ref. 212). An incident laser pulse creates
2 hot spot in a superconducting film foreing the current to divert around it. The resulting current distribution ieads
to the creation of a vortex-antivortex pair, with each vortex being swept away by the Lorentz foree 10 opposite sides
of the film. A voltage pulse is generated as the vortices move across the film..

energies of E,n; = kg Ty 1s usually seen in very thin films and only close to T, where A
diverges. For the HTSCs, A is already imuch larger than in the conventional
superconductors, and such a transition has been seen in films with thicknesses of 120 nm**’
and may also explain the mechanism for resistive transition broadening.**® If the film is
thicker than the coherence length (d > £), then photons absorbed inside the superconductor
will create vortex rings with circumference € and the Lorentz force from the current will
cause the rings to expand. When the rings become as large as the film thickness. they
become vortex-antivortex pairs and are swept to the edges of the film. The minimum energy

required in this case (d > £) is

by E )
Emw *® s (3.12)
2m p, A

For a2 150 nm YBCO film with A ~ 150 nm and £ ~ 1 nm, Eq. (3.12) gives a minimum
energy for creation of a vortex ring of about 0.1 eV, which is in the infrared region

(A = 12 pm).*? Kadin et a/** have confirmed some of the results of photofluxonic
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detection with NbN films, but no data supporting such a mechanism has been shown for
YBCO films. It would be interesting to measure the wavelength dependence of the
photoresponse to see if there is 2 minimum energy cutoff as predicted by photofluxonic
detection. Photofluxonic detection should also be seen in all types of films, whether they are
granular or epitaxial, or whether they are made from low or high-T, materials. The tunability
of E,q would also be useful for detector applications. Recently, a DC SQUID has been
used to confirm the nonbolometric (quantum) nature of the photofluxonic detection process
in In-InO, granular thin films.

Finally, the Nernst effect'* has also been used to explain the origin of voltage
transients from Tl-Ba-Ca-Cu-O films.****"* [n these experiments, 80 ns laser pulses heated
the front surface of the film creating a temperature gradient across its thickness. A magnetic
field was imposed parallel to the surface of the film and perpendicular to the current which
ran through the bridge. The vortices were forced by the Nernst effect to travel from the hot
front surface to the colder regions at the back of the film. The resulting voltage transients
had rise times as fast as the laser pulse and microsecond fall times due to heat diffusion in
the 1 um thick films. By increasing the laser fivence and therefore the size of the
temperature gradient, it was possible to distinguish between the different flux motion regimes

such as TAFF, flux creep, and flux flow.

(b). Nonequilibrium electron heating and gap suppression in the resistive state

As discussed in Section 2.3 and shown in Fig. 2.10(d), short laser pulses can heat the
electron system in a metal to a temperature T, much greater than the temperature T, of the
phuonon system (or lattice). Nonequilibrium heating of electrons has been used by several
groups to explain the fast component in photoresponse signals observed in YBCO films
biased in the resistive transition region.™* > The equations governing the time evolution of

T, and Ty, are similar to Egs. (2.7) and are given by 2***

3T T -T.)
C ‘,p(;)_cg.(‘—?"

J ¢ T e.ph (3.13)
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where <, is the escape time for heat out of the film and T, is the temperature of the heat sink

(substrate). It is assumed that T, determines the resistance of the sample. Equivalently,

i h=C(Te—Tph)_C (Tph-TO)
] f
Mgt eh P T,

since the gap is already suppressed in the resistive state, an increase in T, will inject more
quasiparticles into the system which will then suppress the gap further thereby increasing the
resistance of the sample. If the resistance follows T, , then one should expect a fast resistive
transient on the picosecond time scale as T, equilibrates to T, followed by a slowly
decaying transient on the nanosecond time scale determined by the slow rate of heat escape
out of the film. A typical photoresponse signal observed in the resistive transition region by
Semenov et al.™ using 20 ps laser pulses is shown in Fig. 3.6. The width of the fast
component was limited by the system rise time of about 100 ps. The exponentially decaying
slow component (dashed line in Fig. 3.6) had a decay time of 3.9 ns which agreed with the
thermal escape time for a 45 nm film at a temperature of 76 K. The fast component was
therefore attributed to a nonbolometric response since the 100 ps time scale was too fast to

be explained by a thermal process. The wavelength dependence of the fast and slow

SIGNAL

TIME

Fig, 3.6. Photoresponse signal observed by Semenov ef al. (Ref. 229) froma 45 nm YBCO film using 20 ps laser
pulses with a (iscace of 8 pl/em®. The sample was biased in the resistive transition region at & temperature of 76 K.
The dashed line represents a thermal decay with a time constant of 3.9 ns. Notice how the wave form consists of
both fast and slow components. The origin of the fast component was attributed to gap suppression by
nonequilibrium electron heating in the resistive state. The width of the fast component was limited by the 100 ps
rise ime of the svstem_
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componente was alsc tested using A = 0.63 and 1.54 pm laser pulses.”??® The amplitude
of the slow resistive bolometric component was unaffected by the change in wavelengths,
but the fast component increased slightly in magnitude at the longer wavelength. This ruled
out the possibility that the fast component was due to some quantum response such as
photofluxonic detection. No photoresponse was seen by these groups for epitaxial films in
the superconducting state.”*®° As mentioned earlier, however, Gol'tsman ef al.”* have
recently compared the photoresponse between epitaxial and granular YBCO films and found
not only a fast response in the superconducting state for the granuiar films but also a much
larger responsivity in the resistive state for granular films. The fast response in the
superconducting state for the granular films was interpreted in terms of a nonequilibrium
kinetic inductive response, as discussed in Section 3.4(c).

Measurements studying the light modulation frequency response of YBCO
photodetectors up 10 10 GHz have proven useful in extracting information on .., by

B2 {Jsing fits to the modulation data, the

eliminating the need for fast oscilloscopes.
transient photoresponse in the resistive state has been modelled using Egs. (3.13) with
Toon = 2 ps and C,/C, = 40. For TI-Ba-Ca-Cu-O filmns, transients were modelled with
T, = 1 psand C,/C, = 130. Recent simulations of photoresponse signals by Semenov ef
al. ®* have revealed elecaron-phonon relaxation times of 1.8 ps for Tl films, 1.5 to 3.5 ps for
YBCO films, and 17 ps for NbN films. The effects of finite bandwidth for the experimental
setup were also considered to give a more accurate prediction of the obszrved

photoresponse.

(¢). Kinetic inductive nonbolometric response

Bluzer?*?* has developed a model for the nonbolometric response of YBCO films
in the superconducting state based on nonequilibrium changes in the kinetic inductance of
the sample. The transient photoimpedance measurements were performed with 300 f5,
665 nm, laser pulses on a sample connected directly to the end of a coaxial transmission line.
The resulting "Corbino disk" geometry was used to minimize effects due to flux motion. The
coaxial line, which was kept as short as possible (= 5 cm), connscted the sample at
temperatures as low as 7 K to a bias-tee and an ultra high speed digital sampling scope

(70 GHz) at room temperature. The rise time of the system was limited to about 40 ps due
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to time Jitter in the trigger electronics. Photoresponse signals were taken in the normal state
above T, in the resistive transition region, and in the superconducting state. In the normal
state and within the resistive transition region, the change in impedance of the sample could
be explained by a change in resistance. In the superconducting state, the impedance change
was dominated by changes in the kinetic inductance resulting from breaking of Cooper pairs
by the laser pulse.

The kinetic inductance of a superconductor arises from the inertia of the Cooper
pairs. A superconductor will have zero resistance only if a DC current passes through the
material. If an AC current is applied, the Cooper pairs have to be accelerated each time the
current switches direction. Since the Cooper pairs are made up of electrons which have
mass, then an electric field must exist when they are being accelerated in order to keep pace
with the changing current. This means that a voltage can exist across a superconductor in
the superconducting state if the current through the superconductor changes with time. This
is similar to the voltage produced by an AC current with frequency w across an inductive
element L in a circuit, where V = IwL. The inductive reactance of the superfluid in a
superconductor is characterized by the kinetic inductance L,;,. For a superconducting
bridge with length /, width w, and thickness d < A so that the current distribution is

approximately uniform, the kinetic inductance is given by %%

L = = p)‘, ( ) = m—— (-—-—-] r\]4
Jors ", ,2 (w d] oL | g ol | e w d (3.14)

o p

where m is the electron mass, e is the charge of an electron, ny. is the superfluid density, f,.
is the superfluid fraction, and w, is the plasma frequency. The London penetration depth is
A, = {m/ugnge’)® = c/wp. The plasma frequency, which can be determined experimentally
from FIR measurements on YBCO films, is used in the last form shown in Eq. (3.14) to
eliminate the need for determining the mass m and the carrier density n separately since
wp’ = ne*/e,;m. If the current I changes with time, then a voltage will develop across the
bridge given by V = L, dI/dt. Ifinstead the current is kept constant, then a voltage can still
236-238, 248

appear across the superconductor if the kinetic inductance changes with time such as

(Paper B)
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dL
Vi = 1 ——
dt

(3.15)

According to Eq. (3.14), the kinetic inductance is inversely proportional to the superfluid

fraction. If incident light breaks Cooper pairs, then the superfluid fraction will decrease and
the kinetic inductance will increase. Any time the kinetic inductance changes with time,
Eq. (3.15) predicts that a voltage should develop across the superconductor. The rate of
change of the kinetic inductance determines the magnitude of the voltage transient.

The nonbolometric mechanism suggested by Bluzer for the photoresponse in the
superconducting state is described in Fig. 3.7. Fromtimet,tot, a fast laser pulse breaks
Cooper pairs in the superconducting film and generates energetic quasiparticles. These
energetic quasiparticles break more Cooper pairs in an avalanche process as they relax back
down to the gap edge. For quasiparticle energies well above the gap energy, the electron-
electron interaction resulting in an avalanche process dominates over the electron-phonon
interaction and is extremely fast. Closer to the gap edge, the excited quasiparticles relax by
emitting optical phonons which can break more Cooper pairs but at a slower rate from time
t,tot, Asan example, if the gap was 20 meV and incident photons had an energy of 2 eV,
each photon would excite a asiparticle which would cascade 4 times breaking 16 Cooper
pairs and then would emit ~ 32 phonons with energies of about 50 meV. "7 At time t,,
enough phonons have escaped from the film to allow net recombination of quasiparticles
back into Cooper pairs and the superfluid fraction slowly recovers back to its original value,
At time t, the superfluid has completely recovered. The change in superfluid fraction is
shown in Fig. 3.7(b). The corresponding change in the kinetic inductance, which varies as
1/fy., 1s shown in Fig. 3.7(c). The rate of change of the kinetic inductance produces a
voltage signal V,, from Eq. (3.15) as shown in Fig. 3.7(d). The voltage is positive when
there is a net generation of quasiparticles and negative when quasiparticles recombine.

The photoresponse signals observed by Bluzer contained both fast and slow
components. In a 50 nm film biased in the superconducting state, a laser induced transition
to the normal state was observed in a photoresponse signal with a fast kinetic inductive

spike followed by a slow resistive response.”’ The signal went negative about 6 ns after the
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Fig. 3.7. Description of nonbolometric photorespense mechanism proposed by Bluzer (Refl 236-238) using
nonequilibrium changes in the kinetic inductance of the superconducting film. The laser pulse (a) with {luence F
excites quasiparticles to high energies which then lose their energy by breaking more Cooper pairs in an avalanche
process. This rapidly reduces the superfluid fraction f;- (b) between tmes t; and t,. After several cascades, the
quasiparticies lose the rest of their energy by emitting phonons which break more Cooper paurs but at a slower rate
between times t, and t.. This results in a change 1n kinetic inductance (¢) which produces a rapid positve nse in
voltage (d) followed by a slower decay over a few nanoseconds. After ume t, there is a net recombinauon of
quasiparticles resuiting in a negative voltage transient which retumns to zero at time t,.

initial spike. which sigrified the sample re-entering the superconducting state and is
consistent with a 5 ns thermal time constant. However, the photoresponse signal from a 30
nm film in the superconducting state at T = 6.8 K far below T, (85 K) consisted of a fast rise
time followed by a slow decay which did not cross zero until some time after 10 ns (the
maximum time for the wave forms was limited to 10 ns).*** Bluzer implied that this was
indicative of net quasiparticle recombination occurring at times greater than 10 ns. In other

words, net quasiparticle generation was still happening 10 ns after absorption of the laser
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pulse. This time seems a bit long considering that the Pb films probed by Federici ez al.'*?

showed thar the pair-breaking process induced by 100 fs laser pulses occurred in times less
than 1 ps. Bluzer later interpreted the fast component in some photoresponse signals
observed just below T as due to nonlinearities in the resistive transition.* Bluzer has also
recently developed a novel superconducting quantum detector based on kinetic inductance
effects. 124

Ghis et al.***** have also interpreted their results in terms of nonequilibrium changes
in the kinetic inductance of their sample using an experimental setup similar to that of
Bluzer's. Fast photoresponse transients 29 ps wide were seen followed by a slowly decaying
nanosecond component, as shown in Fig. 3.8. A small dip in the signal seen in Fig. 3.8(a)
was attributed to the negative component of the inductive response superimposed on a
thermal component. The fast component was not seen by itseif in the superconducting state.
Ghis et al. have also studied the feasibility of YBCO films as fast detectors of FIR radiation

generated by pulsed free electron lasers.**
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Fig. 3.8. Photoresponse signals observed by Ghis et al. (Ref. 245) from 30 nm YBCO films using 1.5 ps laser
pulses (F = | pJ/cm®) and a high-speed digital sampling oscilloscope with a bandwidth of 50 GHz. As shown in
(a), transients as fast as 29 ps wide were seen followed by a slower component with a decay over several
nanoseconds (b). The effect of a larger bias current and laser fluence (5 ulfem®) is shown by the dashed line in (b).
The fast response was attributed to nonequilibium changes in the kinetic inductance induced by the laser pulse in
the film. The stow component is due to a resistive response. A small dip in the signal just after the fast transient
in (a) was believed to arise from recombination of nonequilibrium quasiparticles back into Cooper pairs.

3.5. A different interpretation

Figure 3.9(a) illustrates the typical photoresponse signal observed by several groups
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from epitaxial thin films. It consists of a fast component with a width in the picosecond
range followed by a slow component with a decay in the nanosecond range. The usual
interpretation has been that the fast component is due 1o some kind of nonbolometric
mechanism whereas the slow component can be explained very well in terms of a thermal,

or more specifically, resistive bolometric response.

A common Interpretation (a)

nonbolometric (nonthermal)
fast component

v / bolometric (thermal)
/ slow component

Our interpretation (b)

kinetic inductive bolometric (thermal)
fast component

v / resistive bolometric (thermal)
/ slow component

Fig. 3.9. Tvpical wave form observed in many photoresponse experiments and companson between a common
interpretation (a) and our interpretation (b} of the origin of fast and slow components. [n both cases, the slow
component with a nanosecond decay time has been attributed to a resistive bolometnic response. However, the ongin
of the fast component in (a} has usually been explained in terms of a nonbolometric mechanism whereas in ¢(b) it
is due to a bolometric mechanism based on the KIB model (for 5 ps and 100 ps laser pulses).

We have also seen photoresponse signals with fast transients followed by stow
compenents, but our interpretation is a little different from that described in Fig. 3.9(a). As
shown in Fig. 3.9(b), we also believe that the slow component is due to a resistive bolometric
response with a time conctant determined by the thermal escape time from the film.
However, for 100 ps and 5 ps laser pulses, we do not believe that the observed fast

component must be due to a nonbolometric process. Instead, we believe the fast component
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can be adequately and simply explained by a thermal mechanism called the kinetic inductive
bolometric (KIB) response. The KIB response relies on changes in kinetic inductance in the
film due to thermally induced changes in the superfluid fraction. Whereas Bluzer discusses
kinetic inductance changes due to nonequilibrium processes, we assume only an equilibrium
heating mechanism. The next few chapters discuss how the KIB model may provide a better
alternative to some of the nonbolometric mechanisms described above when looking at

photoresponse signals from 5 ps and 100 ps laser pulses.



4. THE KINETIC INDUCTIVE BOLOMETRIC
(KIB) RESPONSE

4.1. Description of the KIB model

We have developed the KIB model to explain the origin of fast photoresponse signals
seen in our experiments from epitaxial YBCO thin films.**** (Papers B, C, and D) The
model is based on changes in the kinetic inductance of a current-biased bridge arising from
changes in the superfluid fraction determined by equilibrium heating of the lattice by an
incident laser pulse. The following is a basic description of how the KIB model works.

Consider a sample cooled to an initial temperature T; < T, as shown in Fig. 4.1. An
incident laser pulse rapidly heats the film and induces a temperature transient AT (Eq. (3.2))
in the film such that the instantaneous temperature T does not exceed T.. The variation of
the superfluid fraction as a function of lattice temperature is also shown in Fig. 4.1 which
may be of the form given in Eq. (2.2). Since the temperature of the lattice has increased by
AT due to equilibrium heating by the laser pulse, the superfluid fraction will have to

decrease. The decrease in superfluid fraction increases the kinetic inductance of the bndge

0 T; Te
temperature (K)

Fig. 4.1. Superfluid fraction fy. and resistance R of a superconducting film as a function of temperature showing
change in supertluid fraction when the film is heated by AT from an initial temperature of T, below To.. I AT is not
large enough to bring the film into the resistive state, then it is possible 1o sce a voltage transient if a bias current
is applied due to the resulting change in kinetic inductance of the film.

71



72 Picosecond Photoresponse of High-T. Superconductor Thin Films

according to Eq. (3.14). If a current bias I is applied to the bnidge, then Eq. (3.15) will give
a voltage proportional to the rate of change of this kinetic inductance. Figure 4.2 shows
schematically the entire sequence of events involved in the KIB model. It is important to
keep in mind the reiciive time scales involved in the process. Heating of the film occurs over
the duration of the laser pulse which can be in the picosecond range. The temperature
rapidly increases frcm T; to T; + AT, as shown in Fig. 4.2(b), and then begins to cool over
the nanosecond time scale depending on the characteristic thermal escape time of the film

determined by Eq. (3.1). The superfluid fraction and the kinetic inductance will follow the

lacer pulse

F (a)

temperature transient

T ATT (b)

AP

superfluid fraction

)

sc Afge (c)

L

kinetic inductance of bridge

)

R ALgn (d)

Vv
——T voltage transieqt

AV AV (e)

time

Fig. 4.2. Description of the KIB model. A laser pulse (a) heats a tilm by AT from an imtial temperature T, (b)
which reduces the supertluid fraction (¢). The thermal escape time from the film is much longer than the duration
of the laser pulse in this case. The reduction in supertluid fraction causes the kinetic inductance (d) of the film to
increase. The change in kinetic inductance produces a voltage transient across the bridge it a bias current is applied.
The width of the voltage transient is roughly the sume as that of the laser pulse, and the amplitude of the voltage
transient is determined by the rate of chunge of the kinetic inductance.
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same behaviour with a rapid initial change followed by a slow recovery back to their initial
values. Since the voltage transient across the bridge depends on the rate of change of the
kinetic inductance, a photoresponse signal will be seen only during the tinie the laser pulse
is heating the film, as shown in Fig. 4.2(e). This means that the voltage transient can be quite
fast even though the heat escape out of the film is very slow,

Figure 4.3 provides a circuit analogy of the KIB response. The kinetic inductance
of a superconducting bridge is modelled by an inductor with a bias current passing through
it. A resistor in parallel with the inductor representing the normal fluid fraction hag been
neglected but will be considered in Section 4.4. In Fig. 4.3(a), the sample is in the zero-
resistance supercondusting state with V =0. In Fig. 4.3(b), the effect of the laser pulse is
to suddenly increase the inductance of the inductor in the circuit, which results in a positive
voltage transient across the inductor. The inductance remains at the higher value until the
heat has escaped from the film, If the inductance recovers quickly, as in the case where heat
escape is very fast, then a negative voltage transient might be seen. Since the initial increase
in inductance due to heating by the laser pulse is usually so much faster than the recovery of

the inductance back to its original value determined by the thermal escape time, then typically

(2) (b)

) ¢
O 2 ©F vl

R=0 R=0
L = L ynitian L = L gnv(ginan
V=0 AV =1 At[tﬂN

Fig. 4.3. Descriptiun of the KIB model by (a) representing the kinetic inductance of a superconducting bridge with
an inductive element biased with a constant current [, In the superconducting state with R =10, the voltage ucross
the inductor is zero. If the kinetic inductance of the bridge is suddenly increased by heating from a laser pulse, then
the inductance in the circuit will suddenly increase (b) and a voltage transient will appear acress the inductor even
though the resistance in the cireuit is still zero.
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only positive-going voltage transients are seen. Also, shorter laser pulses produce faster
changes in inductance resulting in larger photoreponse signals.

It is easy to get an estimate of the amplitude of such voltage transients. Consider
a typical YBCO thin film bridge 10 pm wide, 200 nm thick, and with ¢ .. gth illuminated by
the laser pulse of 35 pm. If AT =0.4 K and the initial temperature is 7.4 K (T = 89 K),
then using Eq. (2.2) the superfluid fraction will decrease from 0.244 to 0.236 and the kinetic
inductance will increase by 0.10 pH from 2.91 to 3.01 pH. If this change in inductance

occurs over the time scale of a 5 ps laser pulse, then the voltage transient will have an

5 ps FWHM
F lgser pulse (G)
T 7
b
(K) (b)
(e)
(d)
i 5ok )
KIN (e)
(mv)
b/
-20 -10 0 10 20 20 40 so
time (ps)

Fig. 4.4. Simulation of the KIB response trom a 200 nm YBCO bridge cooled wit. liquid nitrogen (77.4 K) and
illuminated by 5 ps FWHM laser pulses (a) at a tluence of 10 gJ/em” (Papers C and D). A temperature transient
(b ol 0.4 K is induced in the bridge which lowers the supertluid fraction (¢) and in--zaces the kinetic inductance
(&), A voltage (e) appears across the bridge only when the kinetic inductance ch.:.7s with time. The amplitude
of tizie voltage transient in (¢) is about 1.38 mV and has a width equal to that of the laser pulse of 5 ps.
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amplitude of about 0.4 mV for a current bias of 20 mA (10° A/em’®). A full simulation of the
KIB response for the same conditions but at a current bias of 75 mA (3.75 x 10° A/em?) is
shown in Fig. 4.4 giving a voltage amplitude of 1.38 mV. The fast photoresponse signals
observed in our experiments for the same bridge had amplitudes on the order of 1 mV, which
is consistent with the KIB model. This is a very small voltage transient, but it is still possible
to observe sub-millivolt signals on a digital sampling scope (see Chapter 5). The observation
of such low-level transients was one of the main challenges of the work described here, and
the fact they are so small may be the reason why other groups have failed to see fast
transients without any slow components from epitaxial films.

The KIB response is an extremely simple photoresponse mechanism which does not

require knowledge of the superconducting energy gap or nonequilibrium processes. The
KIB model:

1.  assumes the current distribution in the bridge is uniform,

2. assumes uniform illumination by the laser pulse over a section of the bridge,
3. assumes uniform heating within the bridge by the laser pulse,

4.  assumes equilibrium heating with the lattice,

5. neglects the effect of the normal fluid channel on the response which can

reduce the amplitude of the predicted response, and
6. has only one adjustable parameter: the temperature dependence of the

superfluid fraction.

Despite these simplifications, tre KIB model has provided excellent qualitative as well as
reasonable quantitative agreement with the observed photoresponse data, as discussed in
Chapter 5. The sensitivity of the KIB model to variat’.ns in the experimental parameters
such as initial temperature, laser fluence, and choice of plasma frequency of the film is
presented in Appendix C. The purpose of introducing the KIB model was not to refute the
existence of nonbolometric mechanisms, but merely to provide an alternative explanation for
the origin of fast photoresponse transients. It is possible that deviations of photoresponse
signals from the predicted KIB response could be used to identify nonbolometric

components.
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4.2. Predictions of the KIB model
The KIB model predicts the following:

1. From Eq. (3.14), Ly ~ A* and so Eq. (3.15) predicts a temperature
dependence of the amplitude of the photo.~ sponse signal that is largest near
T, and smallest at low temperatures. This behaviour has been observed in
our photoresponse data.

2. The amplitude of the KIB photoresponse is linear with bias current according
to Eq. (3.15). We have observed this behaviour in all the films we have
studied when only the fast response was present in the wave form.

3. Since the photoresponse relies on the rate of change of the kinetic
inductance, the amplitude of the voitage transient increases as the laser pulse
gets shorier for the same AT induced in the film. The width of the voltage
transient should also be about the same width as the laser pulse. Such effects
have been observed in our photoresponse data.

4. A fast response should be seen in optically thick films since the kinetic
inductance of the bridge will change even if only the superfluid fraction in the
top-most layers is decreased by the incident light. This is contrary to the
belief that very thin films are needed in order to see a fast response. We have

seen the fastest reported transients in 200 nm films (Papers C and D).

Chapter 5 presents the experimental evidence which supports the KIB model.

4.3. Some notes on kinetic inductance

The inductance of a metal or superconductor can be separated into a magnetic
inductance L, due to energy stored in the magnetic field surrounding the matenal as a result
of a current passing through it a~d a kinetic inductance Ly, due to the kinetic energy of the
carriers. The magnetic inductance for a wire of length / is Ly, = pof,” which is normally
much larger than L, since A% << wd. For example, if Ly, = 1 pH, then Ly; = 0.1 to 1 nH
(d = A, w = 100 d) and the magnetic inductance dominates. For a microstrip transmission

line where a thin strip of superconductor with width w is placed at a distance h from a
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grouna or shield plane such that w >> h, the magnetic inductance of the microstrip can be
greatly reduced and is given be L,, = po/ /w.*® In this case, iv is possible to make Ly, > Ly,
sc that the kinetic inductance dominates. The phase velocity for propagation of microwaves
on such a microstrip transmission line, given by v, = ¢/(LC)", will vary greatly with
temperature since L = L,, + L. The fact that L, ~ A? allows accurate measurements of
the temperature dependence of A using microwave resonant transmission line circuits, as
discussed earlier in Section 2.1.%%%*® The temperature dependence of the kinetic inductance
has also been used in the design of ultrasensitive thermometers®**? and infrared
detectors™***, Variable microwave delay lines have been made by optically modulating the
kinetic inductance of a YBCO microstrip with a 10 mW HeNe laser.*® The effect was
attributed to a bolometric change in the kinetic inductance of the line due to heating of the
film by the laser. Optically modulated microwave interferometers™® and filters®” have been
developed which also rely on thermally-induced changes in the kinetic inductance of
superconductor films.

Equation (3.14) for the kinetic inductance is valid only if the current distribution in
the superconducting film is uniform,'****2%2"® The current distribution is uniform for a
microstrip transmission line if w >> h,***** but becomes peaked at the edges of the strip if
w > h or if wd > A* P20 The latter condition is met in our experiments where
w = 10 um, d = 100 nm, and h = 500 pm, and so a nonuniform current distribution is
expected. However, Lemberger’® has shown for a 10 um wide bridge with a thickness of
100 nm and using A = 220 nm that the peak current density at the edges is only about twice
the average value. The minimum current density at the centre is only about 0.75 the average
value. The assumption of uniform current density is therefore not an unreasonable
approximation, especially when considering that a larger source of error probabiy 1s in

determining the average laser fluence illuminating the film.

4.4. Effect of the normal-fluid channel
The equivalent circuit representation of a superconductor in the two-fluid model 15

shown in Fig. 4.5, The superfluid channel is represented by an inductance L. given by
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Fig. 4.5. Equivalent circuit of a superconductor in the two-fluid model. The circuit consists of a purely inductive
{Ls) supertluid branch and a resistive (R} and inductive (Ly) normal-fluid branch connected in parallel. Ly, is the
magnetic inductance associated with the superconducting element. In the steady state, current will always pass
tirough the non-resistive supertluid branch. [ the current or Ly changes, then a voltage will appear across the two
branches which will foree current through the resistive normal-fluid channel resulting in dissipation.

which is simply the kinetic inductance from Eq. (3.14). The resistive normal-fluid channel
is represented by a resistor R, in series with a kinetic inductance L., for carriers in the normal
state. Ry 1s given by

m ! 1
R, = —_—
N Y wd T (4.2)

where ny s the normal fluid density and = is the electron-phonon scattering rate. The

normal channel kinetic inductance is then
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m

!
N n e? wd (4.3)
N

which can usuaily be neglected since the inductive impedance wLy will be much less than Ry
for w << /vy,

In the superconducting state with a DC bias current, all the current will pass through
the inductor Lg.. If the current through the inductor changes with time a voltage will
develop across Ly which will also appear across Ry. This will result in a current flowing
througn Ry which leads to dissipation as long as T > 0. If L increases abruptly due to
absorption by a laser pulse, the impedance of the superfluid branch will suddenly increase
and the normal-fluid channel resistance will shunt current away from Lg.. The time constant
for shunting of current through the resistive channel as a resuit of a sudden change in the
impedance of the inductance in the superfluid channel is

7
T,oe == = g h (4.9)

This is the same as the supercurrent response time to a sudden change in current density "
At 77K, 75 = 0.2 ps (Fig. 2.4), f;c = 0268 and f; = 1 - £, = 0.732 (T = 50 K) so that
Eq. (4.4) gives a relaxation time for shunting of current through the resistive channel of
T, = 0.5ps. Asshown in Fig. 2.4 for YBCO, there is a sudden drop in 1/7, below T. and
so one might expect t; to increase as the temperature is lowered. At 20 K, t; may be as
large as 10 ps in good quality single crystals, but if one assumes that f, = (T/T.)? then
Eq. (4.4) gives 1, = 0.52 ps which is about the same value as that calculated earlier at 77 K.
The temperature dependence of 7, is shown in Fig. 4.6. A supercurrent response time of
less than 1 ps means that the attenuation of voltage transients due to shunting of current
through the resistive channel will not be significant for the 5 ps laser pulses used in some of
the experiments described here. However, if shorter laser pulses were used, a reduction in
the photoresponse amplitude will occur. Figure 4.7 shows the effect of the normal-fluid
channel on fast voltage t-ansients induced by changes in kinetic inductance of the superfluid

at a temperature of 77.4 K. For 5 ps laser pulses as shown in Fig. 4.7(a), the normal fluid
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Fig. 4.6. Plot of the supercurrent respense time 1, calculated from Eq. (4.4) as a function of temperarure for a
YBCO film. Voltage transients with widths comparable to 1, will be greatly attenuated by dissipaticn in the normal
tluid channel.

channel has little effect on the amplitude predicted by the basic KIB model. If the laser pulse
width is reduced to 147 {5, the KIB model predicts a voltage transient with approximately
the same width as the laser pulse. However, the signal will be strongly attenuated by the
normal-fluid channel and will have a decay time equal to 7, of about 0.5 ps. The
supercurrent response time <; imposes a limit on the response time of a superconducting

photodetector based on changes in kinetic inductance.

4.5. Effect of nonuniform heating

Another assumption of the KIB model is that heating by the laser pulse is uniform
across the thickness of the high-T. film. The optical penetration depth & in YBCO films is
about 90 nm, and so uniform heating may apply only to very thin films. For films thicker
than 100 nm, the incident light pulse will heat the front surface to a higher temperature than
the back surface of the film. The change in kinetic inductance will then be larger near the
illuminated surface. It is possible to simulate the effect of nonuniform heating by dividing
the film thickness into several layers. The heat deposited at each layer by the laser pulse

determines the kinetic inductance of that layer. The total kinetic inductance of the bridge can
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Fig, 4.7. Simulation of the effect of the normal-fluid channel on voitage transients generated by 5 ps (a) and 147 I3
(b) laser pulses, The voltage response Vo, predicted by the KIB model is represented by a solid line. The
simulation parameters are identical to the ones used in Fig. 4.4. Notice how the shorter laser pulse generates u
larger voltage transient, as predicted by the KIB model. The dashed line shows the same response attenuated by
the normal-fluid channel. The effect of the normal-fluid channe! is much stronger for transients generated by the
147 f5 pulse in (b).

then be taken as the parallel combination of the inductances from each layer. As shown in
Fig. 4.4, the KIB simulation predicts a voltage transient of 1.38 mV for a 200 nm film
exposed to 3ps laser pulses. The temperature change is about 0.40 K assuming uniform
heating. Nonuniform heating due to 6 = 90 nm results in a voltage transient with a
maximum amplitude of about 1.30 mV. This is not very different from the KIB simulation
result, even though the nonuniform heat distribution in the film just after the laser pulse 1s

0.88 K at the front surface and 0.11 X at the back.

The ability of the KIB model to provide reasonable quantitative agreement with the
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observed photoresponse data seems surprising in light of all the approximations and
assumptions discussed above. The next chapter gives an overview of trends seen in the
photoresponse data and how this data supports the KIB photoresponse mechanism 1n

epitaxial YBCO thin films,



5. PICOSECOND PHOTORESPONSE
MEASUREMENTS

5.1. Tread observed in the photoresponse data

A general trend has been observed in the temperature and bias-current dependence
of the photoresponse data, as described in Papers B and C. Figure 5.1 plots the behaviour
of the DC voltage across a bridge at two different bias currents. This is equivalent to the
resistance of the sample at a given bias current, but voltage is shown instead so that
temperature transients AT induced by the laser pulse can be directly translated into voltage
transients AV in a resistive bolometric response. The evolution of the photoresponse as the
temperature is lowered is also shown in Fig. 5.1. It w s necessary to perform experiments
at high current densities (~ 10° A/cm?®) in order to see fast photoresponse signals above the
noise level of the oscilloscope. However, large current densities tend to broaden the resistive
transition.™" For a small bias current I, the resistive transition is very sharp and falls to zero
at Tep = 90 K (for YBCO films). At a larger bias current I,, the transition is much broader
and the zero-resistance temperature T, is significantly lowered.” Operating at bias current
L,, the photoresponse signals taken at temperatures well within the resistive transition region
will have large amplitudes and nanosecond decay times, consistent with a resistive bolometric
response. The amplitude of the resistive bolometnc (slow) component at a given bias current

is given by

AV, . = Voo (T,+AD) - V(T,) = I [R(T,+AT) - R(T,)] (5.1)

where T, is the initial temperature of the sample. Eq. (5.1) must be used rather than Eq. (1.2)
for predicting the amplitude of the resistive bolometric response when large temperature

transients are involved (i.e. AT > 0.1 K). As the temperature is lowered, the amplitude of

" The criteria used for the onset of resistance in superconducters depends on the resolution of the
voltmeter used to take measuremnents. Most sensitive voltmeters can easily measure 107 V, and so the convention
for onset of resistance is usually taken as 1 uV/em, or 107 V across aA mm-long sample. In our experiments, the
onset of resistance across 200 pm or 100 um-long bridges is taken at the temperature where the voltage across the
bridge is also 107 V, or about 5 pV/em or 10 pV/em, respectively, for the bridges.

83
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Fig, 5.1. General trend observed in the photoresponse data as the temperature is lowered below Te. Ata low bias
current [, the resistive transition is sharp and falls to zero at T = 89 K for YBCO films. At a higher bias cutrent
I, the resistive transition is broadened and Ty is reduced. Plotting the DC voltage Vi, across the bridge as a
function of temperature and bias current can be used to identify resistive bolometric photoresponse signals. If the
bridge is binsed with current [, and is at a temperature well within the resistive transition, the photoresponse signal
is due to a resistive bolometric response and is very large with a long decay time on the nanosecond time scale. As
the temperature is lowered, the slow component is reduced in amplitude and a fast component appears at the start
of the slow component. The amplitude of the slow component will completely disappear (2s seen on an
oscilloscope) if the temperature transient AT cannot change the voltage across the bridge by an amount greater than
the system voltage resolution. Reducing the temperature further so that the temperature transient AT induced by
the laser pulse cannot bring the film into the resistive region, only the fast component is observed. The fast
component is attributed to & KIB response.

the slow component decreases and a fast component appears superimposed on top of the
slow component. At temperatures well below the resistive transition region such that the
temperature transient AT induced by the laser pulse is insufficient to raise the temperature
of the sample into the resistive region, the slow component has completely disappeared and
only the fast component remains due to the KIB response. The noise level for DC voltage
measurements using a sensitive voltmeter ( ~ 0.1 uV) is much lower than the noise level on

a fast oscilloscope for measuring fast voltage transients (~ 0.1 mV). The slow component

can only be seen if its amplitude given by Eq. (3.1) is larger than the noise level of the
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Fig. 5.2. Photoresponse signals seen from a 260 nm YBCO film exposed to 100 ps laser pulses at a tluence of
100 plfem® (Paper BY. In (a), it is seen that the resistive transition at a bias of 100 mA through the bridge is much
hroader than the transition at 10 pA. The system veltage resolution is about 0.05 mV as determined by the noise
level on the fast oscilloscope. The photoresponse signals taken at a bias of 100 mA are shown in (b). The general
trend described in Fig. 5.1 is seen here,. Well within the resistive region above 76 K, anly a slow component with
a large amplitude is observed. As the temperature is lowered slightly, a fast component begins to appear. At 71K,
the slow component has completely disappeared and only the fast component remains even though the sample is
still in the resistuve region. This is because the temperature transient of about 3 K is insuffictent to raise the
temperature of the bridge to a value which would make the voltage across it exceed the system voltage resolution.
At 45.7 K, which is well below the resistive region, the fast component is still observed. The width of the fast
component in this case was limited to 400 ps by the 1 GHz bandwidth of the system.

oscilloscope, which is shown in Fig. 5.1 by a dashed line labelled as the system voltage
resolution. It is therefore possible to see only the fast component from the KIB response
while in the resistive transition region as long as AT does not increase the temperature of
the sample to the point where V. is larger than the system noise resolution.

Figure 5.2(a) shows the resistive transition broadening observed for a YBCO thin
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film bridge at bias currents of 10 pA and 100 mA (Paper B). At 10 pA, the transition is very
sharp and T is about 89 K. Incieasing the bias current to 100 mA broadens the transition
region and reduces Ty to 68 K. The temperaure at which Vpc exceeds the system voltage
resolution is about 74 K. In these experiments, which are described in Paper B, 100 ps,
532 nm laser pulses with a fluence of 100 pJ/cm’ induced temperature transients AT = 3 K
in 2 YBCO film with a thickness of 260 nm. The bandwidth of the apparatus was limited by
a voltage amplifier (gain of 10) to about 1 GHz (<, = 350 ps). The photoresponse wave
forms are shown as a function of temperature in Fig. 5.2(b), and the trend closely follows
that described in Fig. 5.1. Above 76 K, only the resistive bolometric component is observed
with a large amplitude and slow decay time. At 75 and 74 K, the amplitude of the slow
component has been greatly reduced and a fast component appears at the start of the signal.
At 71 K, which is still within the resistive transition region, only a fast component is seen
because AT is insufficient to bring the temperature of the sample to a level where V.
exceeds the system voltage resolution. At temperatures well below the resistive transition
region (i.e. 46 K), the fast component can still be seen with a width of less than 400 ps. The
amplitude of the fast component is smaller than the real amplitude due to bandwidth
limitations. The fast component is attributed to the KIB response.

Plots of the temperature dependence of the amplitude of the photoresponse signal
can be found in Paper B (Figs. 17 and 19). Excellent qualitative agreement with the KIB
model was obtained. Quantitatively, the observed amplitudes were lower by a factor of 3.5
from those predicted by the KIB model using 100 ps laser pulses and a temperature
dependence for the superfluid fraction given by Eq. (2.2). However, the agreement improves
if one realizes that the amplitude of 100 ps wide voltage transients predicted by the KIB
model will be reduced by a factor of 4 if bandwidth limitations increase the width of the
transients to 400 ps. This quantitative agreement with a model whose only adjustable
parameter is the temperature dependence of the superfluid fraction provides further support
for the KIB model. As shown in Fig. 2.3, the superfluid fraction has several postulated
forms as a function of temperature. In Paper B, these forms were inserted into the KIB
model and compared to the observed temperature dependence of the photoresponse data.
It was found that using f. = 1 - t* in the KIB model did not agree with the observed

temperature dependence of the photoresponse data. A detailed comparison could not be
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Fig. 5.3. General trends observed in the temperature (a) and bias current (b) dependence of the amplitude of the
voltage transients observed in the photoresponse data. The dashed line represents the amplitude of the slow
component only. When the slow component has disappeared, the amplitude of the fast component 1y always
observed to be linear with the applied current. Typical wave forms at various points in the curves are shown o (¢).

made, however, between the other forms due to the cold head being limited to temperatures

above 40 K.

A schematic of the temperature dependence of the photoresponse signal amplitude
is shown in Fig. 5.3(a). The dashed line represents the amplitude of the slow component.
Below a certain temperature, the slow component disappears and only the fast component
remains. Examples of wave forms are shown in Fig. 5.3(¢), and can be compared with those

seen in Fig. 5.2(b). As shown in Fig. 5.3(b), the amplitude of the fast photoresponse when
no slow component is present is directly proportional to the bias current. This is exactly
what the KIB model predicts, as discussed in Chapter 4. This trend has been observed in all

the films we have studied with thicknesses ranging from 30 nm to 260 nm, which provides
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further support for our claim that the fast photoresponse we are seeing is due to the KIB
mechanism. As the bias current is increased, the bridge is biased far enough into the 1esistive
transition region so that the resistive bolometric signal can be seen on the oscilloscope.
When this happens, the amplitude of the photoresponse signal increases nonlinearly with the
applied bias current until the slow component dominates. The shape of the photoresponse
wave form can therefore be changed quite easily from signals with only the fast component
to signals with only the slow component simply by increasing the temperature of the sample
or by increasing the bias current through the bridge. Examples of the bias-current
dependence of the photoresponse signal amplitude can be found in Paper B (Figs. 7 and 9),
Paper C (Fig. 8), and Paper D (Figs. 3 and 4).

5.2. Measuring fast photeresponse signals

The KIB model has been shown to provide an accurate description of the fast
photoresponse of YBCO films exposed to 100 ps laser pulses. This might not be too
surprising over this time scale since equilibrium heating with T, = T, is probably a good
approximation. The next step in experimentation was to see if a nonequilibrium response
could be seen using shorter laser pulses about 5 ps wide. The results from these experiments

are discussed in Papers C and D. The challenge was to get the maximum possible bandwidth

plgn‘igj si?al line
T -
fe—— 15mm —>

Fig. 5.4. Coplanar transmission line structure used for measuring fast photoresponse transients. The laser pulse
is focused onto the bridge, and the voltage transient propagates down the central signal line.
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glass bead
launcher

copper
block

Fig. 5.5. Cutaway view of the sample mount showing how the voltage transient ffom the YBCO coplanar
waveguide (CPW) is launched into a coaxial cable.

from the apparatus so that the temporal evolution of the fast component could be resolved.
Besides the obvious requirement of a fast digital sampling scope with a bandwidth of 50 GHz
(t, = 7 ps), it was important to properly launch the fast voltage transient from the YBCO
bridge into a coaxial line.

This was done by patterning the YBCO thin film into a coplanar transmission line
structure, as shown in Fig. 5.4. The narrow bridge which was to be illuminated by the laser
pulse terminated one end of the transmission line. Gold contact pads allowed 4-point probe
measurements of the I-V characteristics of the bridge structure, which helped in analyzing
the resistive bolometric response. The sample was mounted on a copper block cooled to
77 X with liquid nitrogen, as shown in Figs. 5.5 and 5.6. The other end of the coplanar
transmission line was connected to a pin mounted in a hermetic glass bead structure, which
allowed launching of the voitage transient into a 50 Q coaxial line with a bandwidth of
65 GHz. The hermetic seal also allowed the coaxial cable to be cooled directly with liquid
nitrogen with the sample mounted in vacuum, as shown in Fig. 5.6. The laser pulse
illuminated the bridge through a quartz window about 30 mm from the sample. Since the
coaxial cable had to be kept as short as possible to minimize losses, direct cooling of the

cable with liquid nitrogen was necessary in order to reduce heating of the sample by thermal
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Fig. 5.6. Sample chamber used to cool sampies with liquid nitrogen.

conduction through the coaxial line. The sample chamber was made as compact as possible
for easy portability and cooled with liquid nitrogen only to demonstrate the viability of
practical high speed YBCO photodetectors. As shown in Fig. 5.7, a bias-tee (0.1 to
60 GHz) allowed a bias current from a current source to be applied to the bridge. The bias-

tee was also connected to a fast digital sampling scope (50 GHz) for direct observation of

the fast voltage transients.
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Fig. 5.7. High speed photoresponse measurement circuit.

In a typical experiment, wave forms were taken after 512 averages on the sampling

scope, giving a voitage resolution of about 0.05 mV. Wave forms at positive and negative
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bias currents were also taken and then subtracted to ¢liminate base-line effects on the scope.
Since liquid nitrogen was used, all the measurements using this chamber were performed at
a temperature of 77.4 K. The 5 ps, 820 nm laser puises were focused onto the bridge at one
end of the coplanar transmission line with a fluence of about 10 pJ/cm®. Examples of
photoresponse signals can be seen in Papers C and D. With the sample biased in the resistive
transition region, both fast and slow components were seen, as shown in Fig. 5.8 for a
135 am film. As discussed in Sections 3.3 and 3.4, several other groups have seen
photoresponse signals consisting of fast transients followed by slowly decaying components.
Fig. 5.8 can be compared to the photoresponse signals seen by Semenov et al. in Fig. 3.6 or
by Ghis ef al. in Fig. 3.8(b). The slow component is consistent with a resistive bolometric
response. For a 135 nm film, the thermal escape time should be about 13 ns at 77 K. The
faster decay of about 3 ns observed for the slow component in Fig. 5.8 is due to the lower

cutoff of the bias-tee of 0.1 GHz (tyy = 3.5 ns).

(mV)

—
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[

0

Photoresponse signal

500 ps/div
Fig, 5.8. Photoresponse signal froma 135 nm YBCO film with 3 ps laser pulses (Papers C und D). The bndge was
biased in the resistive transition region, and so the slow component is due to a resisuve bolometne response. The

fast component is due to the KIB response. This wave form is very similar to those observed by uther groups, as
shown in Figs. 3.6 and 3.8.

Figure 5.9 compares the 16 ps wide transient seen from a 200 am film (shown earlier
in Fig. 1.3) to the response predicted by a simulation based on the KIB model (Fig. 4.4,
Paper D). The KIB model gives a voltage transient with an amplitude of 1.38 mV and a

width of 5 ps equal to that of the laser puise. Limiting the simulation transient to a 50 GHz
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bandwidth gives a voltage transient 11 ps wide with an amplitude of 0.69 mV. This is close
to the observed photoresponse of about 1 mV. The discrepancy in the amplitudes may be
due to errors in some estimates used for the parameters in the KIB model, such as the laser
fluence (see Appendix C for a more detailed error analysis). Considering the simplicity of
the KIB model, the predicted response is a surprisingly good estimate of the observed
amplitude. This suggests that the observed photoresponse is predominantly due to an
equilibrium response where T, = T, In other words, the electron-phonon energy relaxation

time in YBCO films must be much shorter than 5 ps. This is discussed further in the next

chapter.
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Fig. 5.9. Comparison of the observed photoresponse signal from a 200 nm film to a simulation based on the KIB
model (solid line). (Papers C and D) The KIB model response has an amplitude of 1.38 mV and the same width
as the laser pulse. The dashed line represents the KIB model response limited by the 50 GHz bandwidth of the
oscilloscope resulting in a width of 11 ps and an amplitude of about 0.7 mV. This is very close to the amplitude
of the observed response of about 1 mV.

Of course, as mentioned earfier deviations in the observed photoresponse from the
KIB response could possibly be used to identify nonbolometric mechanisms. The ampiitude
of the observed signal in Fig. 5.9 is a little larger than the predicted response, but this may
be due to the sensitivity of the KIB model to variations in the experimental parameters rather
than any nonbolometric mechanism. What is curious in Fig. 5.9, however, is the negative
going transient in the observed response with a decay of about 30 ps. As mentioned in

section 3.4(c), a negative response due to changes in kinetic inductance signifies quasiparticle
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recombination back into Cooper pairs. The negative signal in Fig. 5.9 may therefore be
indicative of nonequilibrium quasiparticle recombination. The effect of dispersion from the
limited bandwidth of the scope input alone is seen in the oscillations at the tail end of the
bandwidth-limited simulation pulse in Fig. 5.9. Even though these oscillations have negative-
going transients, there is no negative-going signal that has a decay over 30 ps. The effect
of dispersion from the YBCO coplanar transmission line and time jitter in the trigger timing
circuit for the scope, which were not included in the broadening of the simulation pulse, must
also be considered in order to make any conclusions regarding nonbolometric or
nonequilibrium mechanisms.

What is clear from this analysis is that a large part of the observed photoresponse
with 5 ps laser pulses can be attributed to the KIB mechanism which is based on equilibrium
heating of the YBCO film. The fact that the amplitude of the 20 ps wide photoresponse
transients varied linearly with the bias current supports the KIB model (Papers C and D).
This was seen in YBCO films with thicknesses ranging from 47 to 200 nm. We believe that
nonequilibrium processes should appear with much shorter laser pulses, but it will be difficult
to observe them directly on an oscilloscope. Suggestions for future experiments are given
in the next chapter. At this point, our experimental resuits suggest that, despite claims made
by other groups, there is no evidence for nonequilibrium processes over a 5 ps time scale in

superconducting YBCQ thin films.






6. DISCUSSION

6.1. Successes and limitations of the KIB model

The KIB model has been quite successful in explaining the origin of the fast
photoresponse signals observed in our experiments. The temperature and bias-current
dependence of the fast photoresponse are consistent with a KIB mechanism. As discussed
in Sections 4.3 to 4.5, simplifying approximations made in the model do not adversely affect
the validity of the model. Assuming uniform current and heat distributions within the film
still provided reasonable estimates of the photoresponse amplitude. It was also found that
the damping effect of the normal-fluid channel was not large and could be neglected when
using 5 ps laser pulses. In the KIB model, there is no need to consider complicated
nonequilibrium processes which rely on accurate knowledge of the nature of the
superconducting order parameter in the material. Phonon trapping effects do not even play
a role in observing a fast response since it is the rate of change of heating in the film by the
laser pulse that determines the width of the photoresponse voltage transient. The fact that
16 ps wide signals were seen in 200 nm films emphasizes that ultrathin films (d <30 nm) are
not necessary to see a fast photoresponse signal.

The trend observed in the photoresponse experiments (Section 5.1) revealed that
once the slow resistive bolometric signal had disappeared, the amplitude of the fast
component that remained was linear with bias current. This is an extremely important
observation since it eliminates the possibility of the fast photoresponse arising from some
other nonbolometric mechanisms. For instance, the voltage generated by a photoactivated
flux flow mechanism (section 3.4(a), Eq. (3.8)) is directly proportional to the magnetic field
B and the velocity v of the vortices. Since both B and v (Eq. (3.7)) are proportional to the
current density J, then the voltage response generated by photoactivated flux flow would
have to vary as J°. The observed voitage amplitude is linear with J, and so photoactivated
flux flow cannot be used to explain the origin of the fast response. Furthermore, vortex

pinning energies also decrease with current density,*"***

and so one would expect voltage
transients to increase even faster than J* for photoactivated flux flow.

In the case of photofluxonic detection (Section 3.4(a)), the width of the voitage

95
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transient depends on the time for a vortex to cross the width of a bridge. At large bias
currents, vortex velocities of the order of 5 x 10° m/s have been observed in flux flow
devices at 77 K.***? For a 10 pm wide bridge, the transit time would then be about 20 ps,
which is the width of the voltage transient observed using 5 ps laser pulses in our
experiments. Since Eq. (3.7) states that v = J, and Eq. (3.8) gives V = v, then the amplitude
of the voltage transient should also be linear with current. However, the energy required to
unbind vortex-antivortex pairs given in Eqs. (3.11) and (3.12) will be reduced as the bias
current is increased?**** due to the Lorentz force (Eq. (3.5)). A reduced unbinding energy
should increase the quantum response of the photofluxonic detection mechanism, which
would lead to signals that increase faster than linear as the bias current is increased. The
steady-state V-I characteristics of the Kosterlitz-Thouless transition are already very
nonlinear,®* and in general V « I* where a is some constant greater than 1. The fact that
the observed photoresponse signal in our experiments varied linearly with current eliminates
the possibility of a photofluxonic detection mechanism as the origin of the fast photoresponse
signal.

The linear dependence of the amplitude of the fast photoresponse signal with bias
current also eliminates the possibility that the fast response is due to the film entering the
resistive or the normal state, as suggested by Bluzer.**® The resistive transition is very
nonlinear with bias current, as seen in Papers B, C, and D. The slow component, which is
due to a resistive response, increases faster than linear with bias current, as shown
schematically by the dashed line in Fig. 5.3(b).

The most significant assumption made by the KIB model is equilibrium heating of the
film by the laser pulse. The fact that the KIB model provides reasonably good estimates of
the observed photoresponse amplitude using 5 ps laser pulses suggests that the electron-
lattice interaction is fast enough in YBCO to allow a good approximation to equilibrium
heating over this time scale. The negative-going component of the observed signal shown
in Fig. 5.9 which is not present in the KIB simulation: shown in Figs. 4.4 and 5.9 may be an
indication of nonequilibrium recombination of quasiparticles back into Cooper pairs, but
more work is needed to understand the characteristics of the coplanar transmission line
structure in case dispersion effects are causing the negative response.

As discussed in section 3.4(b), Semenov et al.,**™* Gol'tsman e al.,”* and Lindgren
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et al ®° have studied the photoresponse from YBCO films biased in the resistive state and
using 20 ps laser pulses. They have concluded that nonequilibrium heating was taking place
over the time scale of the laser pulse. Typical values for ., in YBCO were around 1.5 ps,
and the ratio of lattice to electronic heat capacities was C, /C, = 40. Fig. 6.1 shows a
simulation of the predicted response for the same conditions described in Figs. 4.4 and 5.9
but with nonegquilibrium heating of the electron gas. In Fig. 6.1(b), the electron temperature
changes by as much as 4.2 K before reaching equilibrium with the lattice just after the laser
pulse with a total change in lattice temperature of 0.4 K. If the superfluid fraction depends
on T, as described in Fig. 6.1(c), then the rapid nise in kinetic inductance (Fig. 6.1(d)) as the
electrons are heated produces a positive voltage transient with an amplitude of 33 mV, as
shown in Fig. 6.1(e). As the electrons cool to the lattice, the kinetic inductance rapidly
decreases resulting in a voltage signal with an amplitude of -29 mV. These transients are
much larger than the 1.38 mV predicted by the KIB model in Fig. 4.4 as well as the observed
response of about 1 mV shown in Fig. 5.9. The effect of the normal fluid component on this
response is shown by the dashed line in Fig. 6.1(¢), but has httle effect on the amplitude.
Limiting the response, with the effect of the normal fluid channel included, to a 50 GHz
bandwidth results in a positive transient of 6.8 mV and negative transient of -9.0 mV. This
cannot account for the observed response of about 1 mV, especially since the observed
response did not exhibit such a pronounced negative transient. Thus a nonequilibrium model
using ., = 1.5 psand C,/C, =40 suggested by Semenov and coworkers does not seem to
agree with our data, assuming that it is the electron temperature T, which determines fy..
However, even if the KIB model can provide reasonable estimates of the amplitude of the
photoresponse signal with 5 ps laser pulses, it does not necessarily mean that nonequilibrium
heating must be ruled out.

Large nonequilibrium electron temperatures will be obtained if C,,/C, is large. The
electronic heat capacity is given by C, = yT,, where y is the Sommerfeld constant.™" In
copper, vy = 0.097 mJ/em’K* so that C,,/C, = 120 at room temperature and about 230 at
100 K.®*¥% Gold has similarly large heat capacity ratios.''’ Niobium, on the otier hand,
has a much larger value for y of about 0.72 ml/cm’K* giving C,/C, = 10 at room
temperature. > Indeed, the heavy fermion compounds™ exhibit some of the largest values

for y due to the extremely large electron effective masses. The value for y in YBCO has
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Fig. 6.1. Simulation of the voltage response for the same conditions as Figs. 4.4 and 5.9 but allowing for
nonequilibrium heating with <, = 1.5 ps and C,,/C, = 40. The nonequilibrium electron temperature T, is shown
in (b). Assuming that the electron temperature determines the superfluid fraction (c), then the kinetic inductance
change (d) will produce (¢) a large voltage signal (solid line) with positive and negative components which will be
slightly attenuated by the nenmal-thuid channel (long dashes). The short-dashed line shows the response limited by
the 50 GHz bandwidth of the oscilloscope. The nonequilibrium response is too large to account for the observed
photoresponse in Fig, 3.9,

been studied by several groups,"”*™*?"® and has an approximate value of 0.3 mJ/cm’K?
(~ 30 mJ/mole K°). This gives C,,/C, = 30 at room temperature and about 40 from 70 K to
100 K. Below 70 K, C,/C, decreases and C, becomes dominant below 10 K. The
extraction of y from heat capacity data for YBCO can be obtained by looking at the jump
in heat capacity AC at T or by subtracting the calculated phonon contribution. In a BCS
superconductor, AC/yT. = 1.43, and y has been obtained £ v YBCO using this relation. 1
The difficulty with this is the assumption of BCS superconductivity for the HTSCs, which
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Table 6.1. Companson of simulation results assuming nonequilibrium heating as in Fig. 6.1. The maximum
change in T, was 0.4 K in all cases. The maximum change in the electron temperature T, is shown to give an idea
of the degree of the induced nonequilibrium. Results from the KIB model and observed response are shown for
COMpansorn..

Vinimomsn BW limited (50 GHz)
Tew  Ca/C. AT, A V. V.. V..
(ps) (K) (mV) (mV) (mV) (mV)
1.5 40 4.16 2792 -25.69 6.78 -9.02
0.2 40 0.83 397 =233 1.15 -0.88
0.2 30 0.68 317 -1.53 0.99 -0.65
0.2 20 0.54 241 -0.79 0.85 -0.44
0.2 10 0.43 .72 -0.16 0.74 -0.29
0.5 10 0.61 273 -1.10 0.91 -0.54
1.0 10 0.93 436  -2.66 1.29 -1.09
1.5 10 1.21 578  -3.86 1.68 -1.66
0.5 20 0.96 468  -3.03 1.31 -1.12
20 0.8 0.60 218 032 1.00 -0.59
0.2 0.5 0.40 134  -0.0003 0.69 -0.24

KIB 0.40 134  -0.0003 0.69 -0.24

__OBSERVED - - 1 -0.3

is still the subject of controversy (Section 2.1). The use of C,,/C, = 40 at temperatures
between 70 K and 100 K by Semenov and coworkers is not unreasonable, but the accurate
determination of y in the HT SCs is stiil controversial.

Table 6.1 summarizes simulation results based on nonequilibnum heating as
described in Fig. 6.1. The effect of the normal fluid fraction is included, and the amplitude
of the signal limited to a bandwidth of 50 GHz is also given. Photoresponse signals close
to the observed amplitude of about | mV are possible for C,/C, =40 if =, is reduced to
0.2 ps. Reducing the heat capacity ratio allows larger relaxation times to be used to get the

same result, such as ., = 1.0 ps and C,,/C, = 10, but this also resuits in the bandwidth-
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limited wave form having a negative component which approaches the amplitude of the initial
positive voltage transient. Such large negative transients were not seen in our experiments.

A fast electron-phonon relaxation time in YBCO would be consistent with the
success of the KIB model for 5 ps laser pulses. Even though there is always some finite
amount of nonequilibrium heating when laser pulses are absorbed in metals, the assumption
of equilibrium heating will be a reasonable approximation if the following two conditions are
met. First, it is necessary that t_,, << t,, where 7, is the width of the laser pulse. Second,
the heat capacity ratio C,/C, cannot be too large. From Table 6.1, it is seen that for t..
o = 0.2 ps and C,/C, = 40 there is still significant nonequilibrium heating with AT,
= 28T e On the other hand, reducing C,/C, to 10 results in very little nonequilibrium
heating with AT, = AT, Increasing the width of the laser puise may not necessarily resuit
in equilibrium heating either. Significant nonequilibrium heating will occur even for 70 ps
laser pulses with <t = 1.5 ps and C,/C. = 40. However, experiments performed using
70 ps laser pulses produced photoresponse signals which were consistent with the
approximation of equilibrium heating.

A short relaxation time in YBCO implies that energy relaxation due to the electron-
phonon interaction must be very strong. This is certainly the case for Nb where t.
= 0.36 ps, as discussed in Section 2.3. The pump-probe experiments by Brorson et al.'*!
gave relaxation times in NbN limited by the duration of the 60 fs laser pulses used in the
experiment. Photoemission experiments™*® using 30 ps laser pulses on tungsten and 2 ps
laser pulses on zirconium showed no evidence for nonequilibium electron heating in these
materials. Only when 75 fs pulses were used did nonequilibrium heating become apparent
in tungsten."** Pump-probe experiments on YBCO show fast relaxation times less than
0.5 ps in the normal state, as shown in Fig. 2.12(b). Many of the pump-probe resuits on
YBCO reveal relaxation times less than 0.2 ps in the normal state. However, the observed
relaxation times seem to increase to about 2 ps when cooled below T¢. The scattering time
1 determined by microwave measurements (Fig. 2.4) also shows a sudden nse just below
T,, with a value of about 0.2 ps at 77 K.”* Furthermore, this sudden drop in 1/7 has been
used as evidence to support the idea that the main scattering mechanism for electrons in
YBCO is electronic in origin rather than due to the electron-phonon interaction.”*’* The

linear resistivity of most HTSC samples which extrapolates to zero at T =0 is inconsistent



6. Discussion 101

with an electron-phonon scattering mechanism and requires some other mechanism to
account for it¥’ On the other hand, some groups believe thct the electron-phonon
interaction in the HTSCs is very strong and can even explain the high values for T, ™"
with strong coupling to 65 meV optical phonons.”™ Anomalous broadening of phonon lines
investigated by Raman spectroscopy seem to indicate significant coupling of phonons to the
electronic system.”™ The carriers which produce the broad absorption band observed in FIR
spectroscopy and referred to as the mid-infrared band interact strongly with 52 meV phonons
in YBCO producing a notch-like feature in the mid-infrared band.*”® The strength of the
electron-phonon interaction in YBCO and the HTSCs is still 2 major source of controversy.
What is needed for equilibrium heating in the KIB model to be a good approximation is
efficient coupling of electrons excited by the laser puise to the lattice so that the condition
T, = Ty, can be maintained.

Finally, it is interesting that the value for T of the film used in the KIB simwulations
is the one obtained at low bias currents (i.e. Tc = 89 K) even though the measurements were
taken at high bias currents with a broadened resistive transition and reduced T.. In other
words, despite the appearance of reststance in the bridge due to a large bias current below
T, the superfluid fraction f;. seems to be determined by the value of T, for very low bias
currents. This suggests that the bias-current-induced resistive broadening in YBCO bridges
has no effect on the superfluid fraction in the bridge, which may provide insight into the

dissipation mechanism responsible for such broadening,

6.2. Characteristics of a high speed photodetector based on the KIB model

A YBCO thin film photodetector based solely on the KIB model would produce
voltage transients the same width as the incident laser pulse and with amplitudes which
increased as the laser pulse width decreased. Unlike semiconductor detectors, a KIB
photodetector would be sensitive to a broad range of wavelengths from the UV to the FIR
region. The KIB detector is also extremely simple to make, since it has only a single YBCO
layer and a single gold contact layer which can both be processed very easily. The sensitive
area at the YBCO bridge can also be made larger than that of fast semiconductor detectors,
which makes optical alignment easier. Light hitting the edges of the bridge will not affect

the performance of the device, unlike some fast semiconductor detectors where carriers
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generated in low-field regions take longer to be swept out of the device. The response time
of the KIB detector will normally be limited by the bandwidth of the measuring electronics,
transmission lines, and connectors, as is the case for semiconductor photodetectors. Since
ultrathin films are not needed, good quality films with thicknesses around 100 om can be
used. For operation at 77 K, the bias current can be increased to make the bridge enter the
resistive region. This will make the photoresponse signals quite large (and with long decays)
so that the alignment procedure can be made easier. Once the device has been aligned, the
bias current is reduced to the point where the slow resistive component disappears leaving
behind only the fast component. The disadvantages of a KIB photodetector compared to
semiconductor detectors is the requirement for cooling to 77 K, which makes the detector
housing physically larger than most semizonductor devices. The KIB detector is also much
less sensitive (about 10° times) than a semiconductor detector. Also, since the voltage
response from a KIB detector relies on changes in kinetic inductance in the bridge, the KIB
detector can only respond to pulsed light. The fact that the responsivity is so low requires
that only laser pulses with enough intensity be used (i.e. 0.1 nJ for ~ 1 ps pulses, and 1 nJ
for longer pulses). The KIB detector would not be practical for laser pulses longer than
100 ps, unless low-noise, high-gain , and broadband amplifiers are added. Since most laser
systems have high repetition rates (i.e. 76 to 100 MHz), the average laser power for 0.1 to
1 nJ per pulse is large enough to significantly increase the average temperature of the sample.
This, however, will not affect the response time of the KIB detector even though the thermal
escape time is of the order of the time between laser puises. Recently, fast 20 ps transients
without any slow components were observed from a 100 nm film using 5 ps laser pulses at
a repetition rate of 76 MHz and an average power of about 10 mW.

The fundamental limit in the response time of a KIB detector is determined by
dissipation in the normal-fluid channel of the bridge. As shown in Fig. 4.6, attenuation by
the normal-fluid channel imposes a limit in the response time of about 0.5 to 1 ps. The
response time can be decreased further if the scattering rate 1/t is increased, as is the case
for thin films compared to single crystals (see Fig. 2.4). The responsivity of the detector is
also reduced by the attenuating effect o. .ue normal channel. However, the effect of the
normal fluid channel will be significant only for pulses shorter than a few picoseconds for

operation at 77 K. For shorter pulses, nonequilibrium effects will become significant and the
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KIB model will no longer be valid.

6.3. Suggestions for future experiments

The controversy surrounding the origin of the fast photoresponse observed in YBCO
epitaxial thin films is by no means over. The KIB model has provided some new insight, but
many questions still remain. The experimental data with 100 ps pulses presented in Paper B
was limited to a 1 GHz bandwidth. It would be useful to improve on those measurements
by looking at the temperature dependence again but with a 20 GHz system. This would
allow a more accurate determination of the photoresponse amplitude as a function of
temperature for a more precise comparison with the KIB model. Extending the range to
lower temperatures would help in distinguishing between the various postulated temperature-
dependencies of the superfluid fraction as shown in Fig. 2.3. Such data could be used to
extract the temperature dependence of the penetration depth in the YBCO film. A
temperature dependence of the photoresponse from 5 ps laser pulses would also be very
useful in order to examine more closely the origin of the negative component in the observed
response. This could be accompanied by more accurate modelling of the characteristics of
the coplanar transmission line. Studying the photoresponse signal as a function of laser pulse
width might reveal the onset of nonequilibrium processes. Finally, subpicosecond pulses
could be used to investigate nonequilibrium effects. The fast voltage transients could be
probed by electro-optic techniques (Section 1.4). Pump-probe measurements could be done
simultaneously with electrical transient measurements to better understand nonequilibrium

phenomena in YBCO films.






7. CONCLUSIONS

The photoresponse of epitaxial YBCO thin films has been investigated using 100 ps
and 5 ps laser pulses. Both fast and slow components are observed in the photoresponse
signals. We have seen a trend in the shape of the photoresponse wave form as a function of
temperature and bias current. At temperatures or bias currents well within the resistive
region of the bridge, only a slow component is observed. As the temperature or bias current
is lowered, the amplitude of the slow component decreases and a fast component appears
on top of the rising edge of the slow component. At temperatures below the resistive region,
only the fast component is observed. The slow component, which has a decay time over
several nanoseconds, is attributed to a resistive bolometric response. The fast component
has a width in the subnanosecond range. Transients as fast as [6 ps wide have been seen
from a 200 nm YBCO film, which is the fastest photoresponse transient observed directly
with an oscilloscope from epitaxial YBCO films. We are also the first group to have
observed fast photoresponse signals less than 100 ps wide which were not followed by a
slow component in the wave form. This has enabled us to clearly identify the resistive
bolometric response,

We attribute the origin of the fast component to a kinetic inductive bolometric (KIB)
mechanism. The KIB model has provided excellent qualitative and reasonable quantitative
agreement with the temperature and bias-current dependence of the observed photoresponse.
The KIB model assumes equilibrium heating by the laser pulse such that the electron and
lattice temperatures are approximately equal. The decrease in supertluid fraction from the
change in temperature induced by the laser pulse increases the kinetic inductance of the
bridge. A voltage transient is generated while the kinetic inductance is changing, which
produces photoresponse signals the same width as the laser pulse. The amplitude of the
photocesponse signal will also increase if the duration of the laser pulse is made shorter.
However, the attenuating effect of the normat fluid channel will limit the ultimate response
time to just under 1 ps.

The response to 5 ps laser pulses can be adequately modelied by the KIB mechanism.

This implies that there is little nonequilibrium heating over the time scale of the 5 ps laser

105
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pulse, which suggests that the coupling between excited electrons and the lattice must be
strong. A predominantly equilibrium response over a 5 ps time scale is not consistent with
claims made by other groups that nonequilibrium heating was seen using 20 ps laser pulses.

The KIB model is also the first bolometric (equilibum) model used to explain the
origin of subnanosecond photoresponse transients from YBCO films. We do not claim that
nonbolometric mechanisms will not occur with shorter laser pulses. However, we do claim
that the fast voltage transients observed in our experiments with 5 ps laser pulses are not
consistent with transient flux dynamics mechanisms or large nonequilibrium electron heating.
Nonequilibrium heating will always occur to some degree, but the approximation of
equilibrium heating made by the KIB model seems to be reasonable for 5 ps laser pulses.
The photoresponse signals observed for 5 ps laser pulses show possible signs of
nonequilibrium effects in the negative part of the response, but more work is needed in
characterizing dispersion effects in the coplanar transmission line to see if the negative
response is real.

The only way to probe nonequilibriur mechanisms directly on a faster time scale will
be to use electro-optic sampling techniques which will aflow picosecond voltage transients
to be measured. With the sample cooled well below T, it is possible for 100 fs laser pulses
to induce nonequilibrium electron temperatures which can easily exceed Tc. If the superfluid
fraction is determined by the electron temperature, then such transients in the electron
temperature will cause the sample to enter the normal state. This has already been explored
by other groups, but no one has looked at the voltage transients by electro-optic sampling.

Plans are currently under way to perform such measurements.



APPENDIX A
YBCO film growth and processing

Film growth by laser ablation:

The YBCO films were grown epitaxially by laser ablation on LaAlO; substrates with
the c-axis perpendicular to the substrate.”* The laser source consisted of a KrF excimer laser
(Lumonics EX-700; A = 249 nm) which provided energy densities of about 2 pJ/em® at a
YBCO target inside the chamber. The repetition rate of the laser was 2 Hz, and the laser
puise duration was about 30 ns. The substrates were typically 6 mm x 6 mm x 0.5 mm
(0.020"), and were cleaned with acetone and methanol before being mounted with goid paste
on the surface a furnace inside the laser ablation chamber. After reaching a vacuum of about
2 x 10 Torr, the heater in the furnace was turned on and 300 mTorr of oxygen was
admitted into the chamber. The YBCO target had a diameter of 1" and was rotated so that
new material could be exposed to each new laser pulse. With a shutter in the closed position
in front of the heated substrate, a cleaning run of the target was made by ablating material
from the target for one full rotation. Once the furnace had stabilized at 790 C, the shutter
was opened and material from the YBCO target was deposited onto the substrate. Ata
pulse repetition rate of 2 Hz, the deposition time was typically 13 minutes for a 200 nm film,
or about 15 am/min. After deposition, the furnace was turned off and the sample allowed
to cool in 0.5 atm of oxygen.

Since the LaAlO, substrates were highly twinned, the epitaxial YBCO films were also
twinned. Nevertheless, the YBCO films had excellent values for T of around 90 K and high
critical current densities at 77 K of more than 10° A/cm®. In appeararce, the YBCO films

are black and almost opaque for thicknesses around 200 nm.

Film processing:
Processing of the YBCO films consisted of patteming the films using standard

photolithographic techniques and a wet chemical etch, followed by deposition of gold for
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contact pads with subsequent annealing. The processing procedure has been modified over
the past few years as new techniques and experience were acquired. Some of the processing
steps and techniques mentioned below were developed by other members of our group,
namely Darcy Poulin and Steve Moffat. The processing is also dependent on the specific
photoresist and developer available in the clean room. We currently use Shipley's microposit
1400-33 positive photoresist. The developer, which must be diluted with 5 parts de-ionized
(DI) water, is Shipley's microposit MF-351. The following is description of the currently

recommended procedure developed by our group for processing YBCO thin films.

Patterning of YBCO layer:

« clean sample with acetone and methanol in ultrasound
» mount sample on 1" diam. glass cover slip using crystal bond (120 °C on hot plate)
« spin on photoresist at 5000 rpm for 30 s. (= 1pum thick)
« soft bake at 120 °C for 2 minutes (recent alternative: 90 °C for 90 s)
« position sample in mask aligner (Karl Suss MIB3) under mask for YBCO layer
- expose for 10 s
= develop for 30 s
« rinse with DI water and blow dry with N2
« hard bake at 140 °C for 6 minutes (recent alternative: 110 °C for 2 minutes)
- etch YBCO layer in acid solution. There are two possible wet etches:
1) 0.1mL HCl and 0.ImL HNO, in 200 mL DI water which can etch a
200 nm in about 20 s, or
2) 2 0.001 M citric acid solution with an etch time of about 6 minutes
- rinse in DI water for 15 to 30 s, blow dry with N,
- remove photoresist with spray of acetone and then methanol.
- place sample in oxygen plasma barrel etcher for 3 min at 100 W to remove
remaining photoresist and other organics from surface

« inspect sample under microscope
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Opening of contact pads on top of YBCO layer

- spin on photoresist at 5000 rpm for 30 s
» let air dry for at least 10 minutes
« soft bake at 80 °C for 1 minute
- position sample in mask aligner under mask for gold contact pads
+ expose 30 s to 1 minute (depending on size of contact pads)
+ now proceed 1 sample at a time with the following steps:
« soak 6 minutes in toluene to harden the top surface of the photoresist
* blow dry with N,
» develop for about 90 s to make sure that photoresist is undercut
» rinse in DI water and blow dry with N,

+ leave photoresist on for deposition of gold

Gold deposition, lifi-off, and annealing

+ mount samples in goid evaporator unit

« deposit about 200 nm of gold

+ remove samples from evaporator and soak in petri dish filled with acetone

- photoresist will dissolve and gold will be lifted off from areas outside of the
contact pads. Slight agitation of the films with a cotton swab will speed up the
hft off process

- remove samples from glass cover slips (crystal bond will dissolve in acetone)

« spray clean samples in acetone and methanol (do not use ultrasound or else gold
pads might come off the YBCO film)

» place samples in barrel etcher for final cleaning (3 minutes at 100 W)

- anneal samples for 30 minutes at 400 °C in flowing oxygen (1 atm.)

« test room-T resistance of YBCO bridges to see if resistivity is about 400 Q) cm
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The sample processing had little effect on the original T and J¢ measured with the
unpatterned films. T, for bridges 200 pm long and 10 pm wide was typically around 89 K,
and J, was greater than 10° A/cm®. Films with thicknesses less than 100 nm seemed to suffer
more degradation of superconducting properties after processing.

The processing steps are continuously being modified. The HCI/ HNO; etch is very
fast and results in poor side wall definition in the bridges. The citric acid etch, recently
introduced by Darcy Poulin, produces smoother edges. Forcing nitrogen bubbles through
the citric acid solution while the samples are being etched removes CO, dissolved in the DI
water which can otherwise degrade the superconducting properties of the films. More work

is needed to identify processing steps which enhance or degrade the film properties.
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Heat transfer analysis for YBCO thin films

A simplified thermal model :

As discussed in Sections 1.4 and 3.1, correct thermal modelling is essential in order
to distinguish between thermal and nonthermal photoresponse signals from YBCO thin
films. In its simplest form, heat absorbed in a YBCO strip at a temperature Ty is
transferred to the underlying substrate through a thermal boundary resistance Ry, at the
interface, It is assumed that the substrate is at a constant temperature Ty equal to that of
the heat sink T,, and so diffusion effects in the substrate are neglected. The equivalent
thermal model is shown in Fig. B1. Two cases are considered: 1) continuous heating of the
YBCO strip by a constant power P, and 2) transient heating of the YBCO strip by energy
absorbed from a laser pulse. Specific considerations for photoresponse experiments will be
discussed, and a comparison between thermal and electrical parameters is given to help in

understanding thermal analysis.

YBCO strip
heatin =W~ ™o
C Typeo
thermal boundary
resistance ~—
Rpp G
Tsys
\V substrate
heat out
() (b)

Fig. B1. (a) YBCO strip on substrate and (b) simplified equivalent thermal model.
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1) Continuous heating of the YBCO strip

We wish to find the time evolution of the temperature Typo of the YBCO strip when
a continuous power P is applied to the strip after time t = 0. At timet =0, Tygeo = Toun
such that AT = Typeo - Tsyp = 0. It is assumed that Tg;s =T, and is constant for all times.

The total power dissipated in the strip is

P = P

TOTAL w our
and so
c2f . p . Gar
Ar
d T
mo P G AT
dt C c
which has a solution for AT given by
P )
AT = — (1 - e ' %) Bl
G (B1)
The thermal time constant for heating the strip is
T = E— = RC (B2)
G

where C is the heat capacity, G is the thermal conductance, and R is the thermal resistance
(R = 1/G). Units for these parameters can be found in the last section of this appendix.
After several time constants (t >> 1), the maximum temperature reached by the film for a

constant power dissipation P is

P
Alywr = = - R P (B3)

If the input power P is switched off, the temperature in the YBCO film will equilibrate with
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that of the substrate with the same time constant given in Eq. (B2).

The thermal boundary resistance Rgy at the film-substrate interface is related to the

thermal resistance R by

R
R - 7?”- (B4)

where A =w [ is the area of the interface between the strip and the substrate. Combining
Eq. (B4) with Eq. (B3) gives

BD
AT e - (B5)

For example, if P =100 mW is dissipated in a bridge with a width of 20 pm and a length of
200 um, then Eq. (BS) gives AT = 2.5 K using Ryp = 10 Kem?/W (Section 3.1).
However, the temperature of the sample is usually measured with a transducer near the
sample but in thermal contact with the heat sink at temperature T,. The thermal resistance
for heat transport across the substrate material to the heat sink can add an extra thermal
gradient between the temperature reading at the transducer and the temperature of the
YBCO strip. We have measured AT between the YBCO strip and the temperature
transducer as a function of the power P dissipated in the YBCO strip. This provided an
effective thermal boundary resistance of Rypgesecivey = 9 X 107 Kem™/W which can be used in

place of Rgp in Eq. (B5) to give a temperature difference of

R P
T _T:W+w (B6)

For 100 mW dissipated in a 20 pm x 200 pm bridge, Eq. (B6) predicts a temperature
increase of the YBCO strip above T, of 22.5 K. If the heat sink is at T, = 77.4 K, then the
final temperature of the YBCO strip would be about 100 K, which is well above T.
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2) Transient heating of the YBCO strip
A laser pulse with energy E, incident on a YBCO film will be partially reflected and
transmitted. Assuming that there is no reflection from the film-substrate interface and no

multiple reflections within the film, the energy E 55 absorbed in the strip is given by

E = E

-di s
55 - RE, - (1-R E et¢'®

0

where R is the reflectance and 6 is the optical penetration depth. This simplifies to

ABS i1-R | - -4’8
E ( Y(1-e )

which is about 0.8 for a 200 nm film (R = 0.1, 8 = 90 nm). The temperature transient
induced by the laser pulse in the YBCO strip is then (15 << 1)

AT - AEA.BS i EA'.BS EO
C E | C,iwd
ar . | Bams| _F (B7)
E, | C,d

where F = E,/ /w is the incident laser fluence in pJ/cm® and C,, = C/V is the specific heat
capacity of the YBCO strip in J/em’K. A plot of Cy as a function of temperature can be
found in Paper B. For a 200 nm film with a laser fluence of 10 uJ/cm’, Eq. (B7) gives
AT =0.4 K. From Eqs. (B2) and (B4), the thermal escape time from the film will then be

t = R _C,d

BD TV

(B3)

which is about 20 ns for a 200 nm film.
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Considerations for photoresponse experiments

One of the major concerns in transient photoresponse experiments is that the average
power P from the laser source will raise the average temperature of the strip above that of
the temperature transducer at T,. The average laser power is given by P = E, f, where f'is
the repetition rate of the laser. For 100 ps laser pulses (Paper B), a fluence of about
100 ul/em® is needed to see a fast photoresponse signal, or about 4 nJ in a spot size of
20 pm x 200 um. At a repetition rate of 76 MHz with 4 nJ per pulse, the average laser
power is about 300 mW, or 7500 W/cm? in the laser spot. For a 200 nm film, the absorbed
power is about 6000 W/em® (E ,55/E, = 0.8) so that Eq. (B6) gives a temperature increase
in the YBCO film of 54 K using Rppegecey = 9 X 10 Kem*/W.  This is, of course,
unacceptable for photoresponse experiments with YBCO operating at 77 K. Maintaining
the same laser fluence, the average laser power can be reduced by decreasing the repetition
rate of the laser source. In our experiments, a pulse picker was used to reduce the repetition
rate from 76 MHz to 12 kHz for 100 ps pulses or 38 kHz for 5 ps laser pulses. This
decreases the average laser power by more than 2000 times from its value at 76 MHz, which
allows accurate measurements of the sample temperature from the transducer reading alone.

It is also important to keep the contact resistance R as low as possible to avoid heat
dissipation at the contact pads when a bias current is applied to the bridge. The total R, is
typically less than 0.5 Q at 77 K. If I =100 mA and R;=0.5 Q, then P = 'R, = S mW,
which will not significantly increase the temperature of the film since the area of the contact
pads is much larger than that of the bridge.

As a final note, we have recently observed 20 ps wide transients from a 100 nm film
using 5 ps laser pulses at a repetition rate of 76 MHz and an average laser power of 5 to
10 mW. This has confirmed that even though the time between laser pulses is of the order
of the thermal escape time, the speed of the response remains unchanged. This is because
the average laser power only increases the average temperature of the film above that of the
heat sink. To predict the response according to the KIB model, the temperature of the tilm

is calculated using Eq. (B6) rather than using the reading from the transducer at T,,
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Comparison between thermal and electrical parameters:
Table B1 below provides a list of thermal parameters and umits with the
corresponding electrical parameters. The analogy helps in understanding some of the

formulas used in thermal analysis.

Table Bl. Companison of thermal and electrical parameters.

Corresponding
Thermal parameter electrical parameter
symbol  units description symbol units description
T X] temperature v [V] voltage
E Q R} heat energy Q Cl charge
P (W] power I [A] current
P [W/em®]  power density J [A/cm®]  current density
VT [K/m] temp. gradient E (V/m] etectric field
C [J/K] heat capacity C [F=C/V] capacitance
K [W/emK]  conductivity o [Q'm?']  conductivity
[(W/K] conductance S [Q] conductance
R [K/W] resistance R [Q] resistance
Rip [Kem™ /W]  boundary res. Re [Qem’) contact resistance
AT=P/G=RP AV=IR
P=xVT J=0¢E

t=C/G=RC +t=RC
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Sensitivity of KIB model to variations in parameters

Variations in experimental parameters:

The simulation of the KIB model shown in Fig. 4.4 for a 200 nm film exposed to 5
ps laser pulses results in a photoresponse amplitude of about 1.38 mV. Most of the
parameters put into the KIB simulation are experimental values such as the laser fluence,
bridge thickness, etc. Table C1 below shows how variations in these parameters affect the

amplitude of the voltage transient predicted by the KIB model. It seen that

® the most sensitive experimental parameters are T, T;, d, and wy,
® the least sensitive experimental parameters are 6 and R, and

® parameters for which §x/x = [8V/V] are F, [, 7y, /, and w.

Table C1. Chunge in voltage amplitude Vg predicted by the KIB model simulation of Fig. 4.4 for large vanations
(5%) in experimental parameters (x). The KIB model predicts Vo (x) = 1.33 mV .

X ox VinX+6X) | Vip(x-8x) | ~8Vyyy
Teo | 839K =2 K £22% 1.98 mV 1.02mV | £35%
T, [774K =2K +2.6% 1.95 1.04 +33 %
10 plfem® | =3 pl/em® +30 % 1.81 0.96 +30 %
6 90 nm = 20 nm =22 % 1.29 1.46 F 6%
R [0l = 0.05 +50 % 1.30 1.46 F 0%
| 75 mA = 5 mA +6.7% 1.47 1.29 x 7%
T | 5ps =1 ps +20 % 115 1.72 21 %
{ 35 um =35 um = 14 % 1.57 1.18 £ 14 %
w | 10um =2 um =20 % 1.15 1.72 21 %
d 200 nm = 20 nm +10% 1.16 1.65 18%
wp | 1.67x10% s | £0.17x10%s" | £10% 1.14 1.71 320 %
(L10eV) | (£0.1ieV)
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Despite the sensitivity of the KIB model to T¢y, T;, d, and wp, the KIB model
provides reasonable quantitative agreement with the observed photoresponse. The most
sensitive parameters are T and T; (T; = 77 K). T¢, can be determined to within 0.2 K. For
Top = 89.0 0.2 K (% 0.22 %), the KIB model gives Vig = 1.38 £ 0.05 mV (£ 3.6 %) which

is the noise level of photoresponse wave forms observed in our experiments.

Variations in adjustable parameters :

The KIB model simulation shown in Fig. 4.4 assumes that the superfluid fraction
varies as f,. = I-t*, where t = T/T,. is the reduced temperature. Table C2 shows how the
KIB simulation amplitude is affected by the form chosen for the temperature dependence
f,.. Some common forms for f;. are seen in Fig. 2.3. The corresponding amplitudes of the
voltage transients calculated with the KIB model are also provided. For the results shown
in Table C2, the temperature of the film is at 77 K and so the BCS result gives the same
value as that for a 1 - t* dependence. This can be understood by the similarity between the
BCS and the 1 - t* curve near 77 K in Fig. 2.3, The temperature dependence of the
photoresponse amplitude over a much broader range of temperatures would allow

identification of the correct form for fg.

Table C2. Dependence of the KIB simulation amplitude on the variation of the superfluid fraction.

superfluid fraction variation Vi (mV)
foe = 1-1 277
foo = 1-¢ 1.38
fo=1-t 0.68
e © BCS 1.38

fy : Hardy et al. ke 0.78
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Paper A

"Identification of nonbolometric photoresponse in YBa,Cu,0,., thin films based on magnetic

field dependence”

F. A. Hegmann and J. S. Preston, Appl. Phys. Lett. 62, 1158-1160 {1993).
(©1993 American Institute of Physics. Reprinted with permission of the American [nstitute of Physics)
Summary:

Paper A contains some of the earliest work performed by our group on the
photoresponse of epitaxial YBCO thin films using 100 ps laser pulses. Photoresponse
signals with fast and slow components were observed. To distinguish between bolometric
and nonbolometric behaviour, a novel technique was developed which used a small magnetic
field to modulate the resistanice of the bridge in the resistive transition region. The
amplitude of the slow component was affected by the field and was therefore attributed to
a resistive bolometric response. On the other hand, the fast component was not affected by
the field and therefore could not be explained by a resistive bolometric response. Since at
that time the KIB model had not yet been developed, we concluded that the fast response
was evidence for a nonbolometric response. The paper was unique in that it offered an
alternative technique to identify a resistive response rather than relying solely on thermal
models. The paper also emphasized the importance of "mapping" the resistive transition as
a function of temperature and bias current so that proper identification of a resistive

response could be made.






Identification of nonbolometric photoresponse in YBa,Cuy0,_; thin films
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Optically induced transient voltages across a current-biased bridge structure fabricated from an
epitaxial YBa,Cuy0;_; thin film are reported. A novel technique consisting of applying a small
magnetic field perpendicular to the sample was used to identify any bolometric contribution to
the photoresponse. Comparison to resistance versus temperature curves with and without the
field establishes a slow component in the photoresponse as bolometric and unambiguously
identifies a fast component as a nonthermal transient.

Nonbolometric transient voltage signals have been
studied in granular films of high-T, superconductors by a
number of authors.' In many cases, tnese systems have
been successfully modeled as a network of Josephson weak
links. For epitaxial thin films with high critical currents the
issue is more contentious. Numerous authors have re-
ported nonbolometric signais*~® while a comparable num-
ber have interpreted the observed voltage transients as be-
ing solely thermal in origin.%’ In the cases where the
traizsient voltage signal has been assigned a nonbolometric
origin, most authors have relied on the short duration of
the transient and its weak dependence on the ambient tem-
perature in identifying the nonbolometric contribution.?
Mechanisms for nonbolometric response have been attrib-
uted to light-induced nonequilibrium superconductivity,’
photoenhanced fiux creep,*® photofluxonic detection,’ and
kinetic inductance effects.'® It has been shown,'"!? how-
ever, that thermal transients can have short recovery times
approaching 1 ns*! and, due to their high speed, may have
been misinterpreted as being nonthermal in origin. The
uncertzinty in the thermal properties and the complezity of
the thermal processes make the unambiguous identification
of a nonthermal photoresponse difficult.!!

In this letter, application of a small magnetic field as-
sists in distinguishing between the thermal and nonthermal
components of a photoresponse signal, The field broadens
the resistance versus temperature characteristic of a
YBa,Cu,0;_; (YBCO) thin-film bridge without affecting
the optical or thermal properties of the sample. The field
will therefore modify any bolometric response in accor-
dance with the measured broadening. '

The sample used in these experiments was a 1200 A,
c-axis oriented YBa,Cu,0,_; epitaxial thin film grown by
laser ablation on LaAlQ; The film was patterned into a
bridge 50 um wide and 200 ym long using standard pho-
tolithographic techniques resulting in a T, of 89 K and a
transition width of 1 K, as shown in Fig. 1.

The laser source provided 100 ps, 532 nm puises at a
repetition rate of 12.7 kHz. A cylindrical lens was used to
focus the beam down to a 20X 200 um? elliptical spot with
the major axis perpendicular to the length of the bridge,
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resulting in an energy of | nJ per pulse (~100 ul/em®)
incident on the bridge.

The sample was mounted in vacuum on the cold finger
of a closed cycle He gas refrigerator, and was biased with
currents up to 100 mA through two of four contacts on the
sample. The other two contacts were connected to a 35 cm
SMA coaxial cabie which brought the high-speed signai to
a bias-T just outside the chamber. A nanoveltmeter con-
nected to the inductor side of the bias-T monitored the dc
voltage across the sample with a resolution of about 30 nV,
allowing accurate measurements of the de resistance of the
sample during photoresponse measurements. A 20 dB am-
plifier with a frequency range of 0.1 MHz to | GHz was
inserted between the capacitor side of the bias T and a 20
GHz sampling oscilloscope. The total system response time
with the sample in place was estimated to be 400 ps. A
magnetic field of 100 Gauss oriented perpendicular to the
sample could be applied by placing two large ring-shaped
permanent magnets outside the chamber.

Broadening of the resistive transition due to the ap-
plied magnetic field at various bias currents is shown in
Fig. 1. Since the field is weak the broadening is significant
only at high current densities, and is shown on an ex-
panded scale in Fig. 2 at a bias of 100 mA (1.7x10°
A/cm?). Both curves in Fig. 2 are roughly exponential as

10 f ; — 820 ;
1 E 1005 ) 3=100G -— i
=l L —
10 "i:so-} - :
=10 "i’ et
had - ] 100 00 30a
10 "; "QuA
H . ' —
= 10 ..‘! JmA )
10 "; 100mA
10
10 ' a6 7
80 82 34 26 HE 10

FIG. |. The dc voltage measured across the 200 um jong YBCO thin film
bridge structure as a function of temperature, bias current, and magnetic
field. The broadening due to the 100 Gauss ficld increased with bras
current. The inset shows the resistance of the bridge as a funcuion of
temperature with T.=89 K and AT, =1 K at 2 bias current of 10 pA.
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F1G. 2. Expanded view of the d¢ voltage across the bridge as a function
of temperature showing the resistive broadening due to the field at & bias
current of 100 mA. This figure is used to directly estimate transient
temperatures from the amplitudes of the observed photosignals.

a function of temperature except for sharp upturns above
86 K due to self-heating. Figure 2 will be used to convert
the bolometric photoresponse to an effective transient tem-
perature of the illuminated portion of the bridge. Two fac-
tors need to be accounted for before this conversion can be
made. First, only the 20 um irradiated portion of the 200
um bridge is responsible for the transient photosignal. Sec-
ond, an amplifier with a X 10 valtage gain was inserted for
the photoresponse measurements. These two factors can-
cel, so that Fig. 2 can be used directly to estimate the
maximum temperature reached by the exposed region of
the film.

A simple estimate of the transient temperature AT in
the film assumes that the energy from the incident laser
pulse is absorbed instantaneously and uniformly in the

~ film. The heat capacity of YBCO single crystals'? increases

with temperature from nominally 1.0 J/em*K at 30 K to
1.16 J/cm® K at 90 K, where a density of 6.39 g/cm? has
been used. In a volume of 20 umX 50 pmx 1200 A, the
temperature change per nJ absorbed in the film is about 8.3
K at 80 K and 7.2 K at 90 K. An optical penetration depth
of 900 A at 532 nm results in 25% transmission through
the film.'* With a reflectance'® of approximately 10%, the
transient temperature induced in the film per incident nJ is
AT=5 K.

In Fig. 3, the photoresponse for an incident fluence of
1 nJ and a bias current of 100 mA is shown for three
different temperatures in zero field. From initial tempera-
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FIG. 3. Photoresponse signals scen at three temperatures with a bias of
100 mA., an incident fuence of 1 nl, and zero magnetic field. The signai
at 80.2 K is multiplied by a factor of 10,
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FIG. 4. Effect of the applied magnetic field on the photoresponse at 79.2
K with a bias of 100 mA and a fluence of 1 nJ. With the field applied, the
slow component was larger than the fast component.

tures of 85.2 and 82.3 X, a AT of 5 K is consistent with
final temperatures well abcve the sharp upturn at 86 K in
Fig. 2 resulting in large photosignals which were relatively
insensitive to the applied magnetic field. At 80.2 K, a 5.5
mYV signal was observed corresponding to a transient of 6
K, which is very close to the estimated AT of 5 K. There
was a weak magnetic field dependence observed in this
case.

As the temperature was lowered further o 79.2 K, a
double-peak structure emerged with distinct fast and slow
components, as shown in Fig. 4. The effect of the applied
field was to increase the amplitude of the slow component
by a factor of 2 without significantly changing the fast
component. (The fast component can be visualized as be-
ing superimposed on top of the rising edge of the slower
component.) This implies that the fast component is non-
bolometric since it was unaffected by the resistive broad-
ening introduced by the applied magnetic field. Using Fig.
2, the amplitudes of the slow components in Fig. 4 corre-
spond to peak transient temperatures of 6.2 and 6.6 K. The
agreement between these two values and the estimated AT
of 5 K support a bolometric origin for the slow component.

In Fig. 5, the incident fiuence was lowered to 0.65 nJ at
80.2 K. Witkout the magnetic field, only a fast component
less than 500 ps wide was observed. The resolution of this
fast component was limited by the time response of the
system. With the magnetic field applied, this fast compo-
nent was unchanged but was superimposed on a 0.2 mV

VOLTAGE (mV)

0 5 10

15 20 25 30 A5 40
TIME (ns}

FIG. 5. Effect of the applied megnetic field on the photoresponse at 80.2
K with a fluence of 0.65 nJ. Only a very fast spike was scen in zero field.
With the field aplied, both a fast spike and a slow tail were observed. The
width of the fast spike was less than 500 ps.

F. A. Hegmann and J. 8. Preston 1159



slow component corresponding to a temperature transient
of 4 K. Note that if we take AT as 6.6 K for | nJ. then an
energy of 0.65 nJ should give AT=4.3 K in agreement
with the observed transient. Without the fieid, no bolomet-
ric component was observed since a 4 K thermal transient
from 80.2 K corresponds to a voltage well below the noise
level of the system.

With nonuniform absorption. diffusion of heat through
a film of thickness 4 will have a characteristic time con-
stant ryg=dD, where D is the thermal diffusivity given by
D=«/C, where x is the thermal conductivity and C is the
heat capacity. The thermal conductivity of YBCO single
crystals'® increases below T, and peaks around 40-50 K.
Nominal values for x are 0.11 W/cm K at 80 K and 0.09
W/em K at 90 K, giving D=0.11 cm’/s and 0.08 cm®/s
and 74q= 1.3 and 1.8 ns, respectively, for a 1200 A film.
The separation between the peaks of the fast and slow
components seen in Fig. 4 at 79.2 K is about 1.7 ns, sug-
gesting the slow rise of the slow component may be due to
heat diffusing to the back of the film. However, studies of
the anisotropy of the thermal conductivity!” have found «,
approximately 4-5 times smaller than . Since the film
was ¢-axis oriented, this would result in longer thermal
diffusion times of 5-9 ns making the interpretation of the
delay unceriain.

Heat conduction out of the film and into the substrate
material'""? will occur in a time 7y, =C/G=C Rpy/A,
where G is the thermal boundary conductance at the film-
substrate interface, Ry, is the thermal boundary resistance,
and A is the area of the interface. Using Ryy=1.0x107*
K em*/W™"! for YBCO on LaAlQ,, C=0.13 nJ/K, and
A=20% 50 um? gives Taiss= 13 ns for heat to dissipate out
of the film and into the substrate. This is consistent with
pulse widths of 16 ns observed at 85.2 K in Fig. 3, but
cannot explain the faster recovery times seen at lower tem-
peratures. Nevertheless, none of the characteristic thermai
time constants estimated above can predict a transient less
than 500 ps wide.

Many authors reporting nonbolometric photosig-
nals®*’ have observed fast transient peaks followed by
monotonically decaying slow components. A double-peak
structure similar to the response shown in Fig. 4 has also
been observed elsewhere’® and has been attributed to
changes in the kinetic inductance of the sample. However,
the negative voltage transients'® that result from kinetic
inductance modulation were not observed in our experi-
ments.

In surnmary, we have developed a simple technique
using the resistive broadening induced by a small magnetic
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field to heip identify thermal and nonthermal components
in the photoresponse of high T, superconducting thin
films. A fast transient less than 500 ps wide was observed
which was not modified by the applied field. We believe
this fast transient is evidence for a nonbolometric photore-
sponse in epitaxial YBCO thin films.

The authors gratefully acknowledge Thomas Strach
for his assistance with the film growth. This work was
supported by the Ontario Centre for Materials Research
and the Natural Sciences and Engineering Research Coun-
cil of Canada.
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Paper B

“Origin of the fast photoresponse of epitaxial YBa,Cu,0;., thin films"

F. A. Hegmann and J. S. Preston, Phys. Rev. B 48, 16023-16039 (1993).
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Summary:

Paper B first introduced the KIB model through an extensive study of the
temperature, bias current, and film-thickness dependence of the photoresponse of epitaxial
YBCO thin films exposed to 100 ps laser pulses. The theory behind the KIB mcdel is
presented, and fits of the KIB model to the observed data are made. It is concluded that the
observed photoresponse signals from 100 ps laser pulses can be adequately described by the
KIB model. Although nonequilibrium changes in the kinetic inductance had already been
used by other groups to explain the origin of fast photoresponse signals, Paper B marked
the first time that fast photoresponse signals were attributed to changes in kinetic

inductance due to equilibrium (bolometric) heating of the film by the laser pulse.
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Origin of the fast photoresponse of epitaxial YBa,Cu;0,_; thin films
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We have measured the photoresponse of current-biased bridge structures of epitaxial YBa,Cu,0,_4
thin films on LaAlQ; using 100 ps, 532 nm laser puises. Voltage transients with fast and slow com-
ponents were observed below 7,. The amplitude of the slow component agrees with a resistive
bolometric response where the laser pulse heats the bridge into the resistive transition region. The decay
time of the siow component is consistent with a thermal time constant for heat loss out of the film
governed by the thermal boundary resistance at the interface between the film and the substrate. We
show that the fast component can be explained by changes in the kinetic inductance of the bridge duc 1o
temperature-induced changes in the superfluid density from heating of the bridge by the laser pulse. Qur
interpretation of the origin of the fast component, therefore, is bolometric in nature over the time scale
of the laser pulse contrary to some of the nonequilibrium or nonbolometric mechanisms that have been
proposed. A simulation of this kinetic inductive bolometric effect provides reasonable agreement with
the temperature dependence of the observed photoresponse, and a comparison is made between the vari-
ous postulated temperature dependencies of the superfluid fraction in YBa,Cu,0,_,. The simulation
further shows that the speed of the kinetic inductive bolometric photoresponse is not limited by the
thermal escape time out of the film, but is determined by the rate at which the incident laser pulse initial-
ly heats the film and is therefore the same duration in time as the laser pulse. Evidence for negative volt-
age transieats observed in the photoresponse data consistent with the simulation results is also present-
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I. INTRODUCTION

The photoresponse of high-T, superconductors has
been actively studied over the past few years. The
motivation behind most of the research has been the de-
velopment of photodetectors sensitive to a very broad
range of wavelengths. The ability to cool high-T, super-
conducting films with liquid nitrogen has made them
quite attractive for use as sensitive transition-edge bolom-
eters.!™* Such detectors rely on heating from incident
radiation inducing a large resistive change in the film
biased in the sharp transitior region. The response time
of transition-edge bolometers is limited by the rate of
heat loss out of the film, but thermal response times as
short as | ns are possible.’ Relatively well established
with conventional superconductors, application of this
technology with high-T. superconductors has progressed
to the point where one company® has marketed a super-
conducting bolometer for infrared detection using a pat-
terned YBa,Cu,0,_; (YBCO) line on a micromachined
silicon wafer.

Granular and epitaxial high-T, thin films offer the pos-
sibility of developing very fast photodetectors which rely
on nonequilibrum or nonbolometric (nonthermal) mech-
anisms for detection. Studying the nonbolometric pho-
toresponse may also offer insight into the nature of super-
conductivity in the high-T_ oxides. The photoresponse in
granular films’~!" has heen attributed to light-induced
phase-slip processes in the Josephson junction weak links

0163-1829/93/48(21)/16023(17)/506.00 48

between the grains. Nanosecond response times have
been observed in polycrystalline Tl-Ba-Ca-Cu-O thin
films'® at wavelengths larger than 100 gm, and response
times of a few picoseconds have been predicted'! in
granular YBCO thin films.

It is not so clear that intergrain phase-slip processes
can explain the fast photoresponse in epitaxial thin films
characterized by high critical currents. Indeed there has
been some controversy over whether or not high-T, epi-
taxial thin films exhibit a nonbolometnic photoresponse at
all. In some experiments, only a bolometric pho-
toresponse in epitaxial thin films was observed'? ™"
where the voltage transients could be explained by the
laser pulses heating the film within or into the resistive
region. In other experiments, both bolometric and non-
bolometric signals were observed,'* ™ where bolometric
usually implied a resistive mechanism and nonbolometric
was a term used by many authors to refer to signals that
were too fast or had too little temperature dependence
below T, to be due to the resistive bolometric mecha-
nism.'* While in some cuses, nanosecond thermal tran-
sients may have been misinterpreted as nonbolometric
transients,’ the 30 ps wide voltage transients recently ob-
served?® in epitaxial YBCO thin films cannot be explained
by characteristic thermal response times.

Nonbolometric signals have also been identitied by de-
viations of the observed transient voltage AV from a
simple resistive bolometric response governed by
AV =1dR /dT AT, where [ is the bias current, dR /dT is
the temperature derivative of the resistance, and AT is

16 023 € 1993 The American Physical Society



16024 F. A. HEGMANN AND J. 5. PRESTON 48

the transient temperature generated in the film by the in-
cident light. It should be noted that this approach is in-
valid for the large AT produced by intense laser pulses
since the resistance curve of a superconductor is highly
nonlinear near T,. Using the actual R (T) is preferred;
however, precise values of AT are required to make a
clear and unambiguous identification of a nonthermal
photor Ponsc which relies on accurate thermal model-
ing.} A magnetic field has been used in a technique
to help distinguish hatween bolometric and non-
bolometric components in the photoresponse of epitaxial
YBCO thin films, **

Among the groups that have reported a nonbelometric
photoresponse, there has been little consensus regarding
the origin of the nonbolometric mechanism in epitaxial
thin films. The nonbolometric photoresponse has been
discussed in terms of optically generated quasiparticles
supprcssing‘ the superconducting order parame-
ter!®!8:20:22=24.33 4r changing the sample’s kinetic induc-
tance, '®'8720:33.23 ¢ autributed to optically induced ﬂux
motion phenomena such as photoenhanced flux creep,’
photoactivated fux flow,'" and photofluxonic detec-
tion.”® Fast current switching of optically thick YBCO
films by intense laser pulses’' was explained by nonequili-
brium hot electrons inducing a bolometric response after
having traveled to the back of the film. A related set of
experiments involves pump-probe measurements of
YBCO thin films which have examined quasiparticle
thcrmallzauon times, >2 ™% electron-phonon couplmg pa-
rameters, *® and quasiparticle recombination times®? over
subpicosecond and picosecond time scales. However, in-
terpretation of the results from these experiments
remains controversial. ¥’

In this paper, we argue that the fast photoresponse ob-
served below T, in epitaxial YBCO thin-film bridge struc-
tures due to 100 ps laser pulses. which we previously at-
tributed to a nonbolometric mechanism,*® can be ex-
plained by temperature-induced changes of the kinetic in-
ductance in the bridge and is, therefore, essentially
bolometric in origin. Kinetic inductance arises from the
inertia of the superconducting electrons and, as discussed
later, is inversely propomonal to the superfluid density
{or proportional to A7, where A, is the London penetra-
tion depth). The superfluid density depends on tempera-
ture, so the temperature transient induced bv the laser
pulse will change the kinetic inductance of the bridge. At
constant current bias, a change in kinetic inducrance will
produce a voltage transient across the bridge which con-
stitutes the photoresponse. The voltage transient is po-
tentially the same width as the laser pulse, or 100 ps in
this case. However, bandwidth limitations in the measur-
ing circuit (see Sec. 1) have limited the observed widths
to just under 300 ps. The fast component can therefore
be described us a kinetic inductive bolometric response.
Slower components in  the photoresponse with
nanosecond decay times observed near the transition re-
gion are due to a resistive bolometric response.

The study of kinetic inductance in superconductors is
not a new subject. The kinetic inductance of microwave
superconducting microstrip transmission lines has been
studied extensively.”® The temperature variation of the

kinetic inductance has been used in YBCO microstrip
resonators [0 measure the temperature dependence of the
London penetration depth®® (providing information on
the superfluid fraction) and in variable delay YBCO mi-
crostrip delay lines.*® Recently, an optically modulated
superconducting delay line has been constructed which
relies on the boiometric modulation of the kinetic induc-
tance in 2 YBCO microstrip.* Kinetic inductance
bolometers have also been developed* which operate
below T, and require » superconducting quantum in-
terference device (SQUID) to sense changes in the indue-
tance of the circuii. The kineve inductive bolometric
mechanism we are: proposing for the fast photoresponse is
similar to the detection prirciple of a kinetic inductance
bolometer. To our knowledge, this is the first time such a
mechanism has been used to explain the origin of the fast
photoresponse in high-7, epitaxial thin films.

The remainder of the paper is organized as follows.
The YBCO film characteristics and photoresponse mea-
surement techniques are discussed in the Sec. II. Section
I1I discusses the broadening of the resistive transition due
to the bias current, shows some typical transient voltage
wave forms, describes the temperature and current
dependence of the photoresponse, and analyzes the resis-
tive bolometric response due to heating from the laser
pulse in the transition region. The origin of the fast phe-
roresponse is discussed in terms of kinetic inductance.
and a simulation of the photoresponse based on the kinet-
ic inductive bolometric response mechanism is compared
with our observations. Finally, a summary is given in
Sec. IV.

II. EXPERIMENT

Epitaxial thin films of YBCO were deposited on
LaAlO,, substrates by laser ablation. The c-axis films
were grown at 760°C in 300 mTorr oxygen, then allowed
to cool in 0.5 atm oxvgen. Film thickness ranged from 30
to 260 nm, and substrate sizes were nominally 6 X6 X 0.5
mm®. The films were patterned into bridge structures us-
ing standard photolithographic techniques and a2 wert
chemical etch of 0.19% HC! and HNO, in deionized wa-
ter. Etch times were typically {0-20 s, thus minimizing
the exposure time of the films in water. Standard lift-off
techniques were used to pattern 200-nm-thick gold pads
on the YBCO film. Coniact resistance was less than 0.1
1 after annealing at 500°C for 30 min in 1 atm flowing
oxygen. The annealing process also improved the
adhesion of the gold pads to the YBCO film.

Table [ gives the characteristics after processing for the
four films described here. The zerc resistance critical
temperature T, ranged from 86 to 90 K, and transition
widths AT, varied from 3 K for the thinnest film to about
1 K for the thickest films. Degradation of T, due to pro-
cessing was about 2 K for the thinnest films and less than
0.5 K for the thickest films. In particular, the 30 nm film
degraded further in time as a result of oxygen loss from
the bridge. The critical current density J, for the bridges
at 77 K was nominally 1X10° A/cm” after processing,
using a voltage criteria of 107 V across the 200 um
bridges or § pV/cm. Bridge resistivities were typically
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TABLE L. Specifications for the four films described in the paper. The patterned bridges have a
thickness d, width w, and length . T.q g =q) is the zero resistance transition temperature after patiern-
ing using 2 1077 V criteria (5 uV/cm}, and AT, is the width of the superconducting transition. The
critical current £ at 77 K (5 gV/cm criteriaj for each bridge is shown from which the cntical current
deasity J, at 77 K is calculated. The resistance R of the bridge at 100 K is used to estimats the corre-
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sponding resistivity p. When referring to a specific film in the text, the film thickness d will e used.

d w ! Tawgewr AT, L aa7TTK J at77K Ratl100K patl0K
{nm) (pm) (pm) (K) {(¥) (mA} {A/cm?®) (m (ptcm)
30 20 200 86 3 5 g.3x 10 600 180
130 20 200 87 2 25 9.6X10° 120 160
220 20 200 90 <1 100 2.3X10° 50 110
260 10 200 &9 1 45 1.7x10* 110 140

150 pfl cm at 100 K.

A frequency doubled Nd:YAG laser provided 100 ps,
532 nm (2.33 eV) mode-locked pulses at a repetition rate
of 76 MHz. The 1.5 W average laser power from this
source resulted in excessive sample heating and made
photoresponse measurements difficult. In order to main-
tain a high energy per pulse but lower the average power
in the beam, a pulse extraction system was used to select
individual pulses at a repetition rate of 12.7 kHz. This
lowered the average beam power at the sample to less
than 0.4 mW while providing 4 nJ per selected pulse.
The contrast ratio of the pulse selection system was typi-
cally 300:1. Vanations-in the contrast ratio had little
effect on the amplitude of the selected pulse, but had a
large effect on the average beam power. It was estimated
that the average beam power of 0.4 mW increased the
temperature of the sample by less than 0.1 K. Power dis-
sipation at the current contacts was at most about | mW
and therefore did not contribute significantly to heating
of the sample. A cylindrical lens was used to focus the
laser pulse 1o a 20 umX200 pm elliptical spot on the
bridge, producing a fluence of about 100 pJ/cm®. The
long axis of the spot was oriented perpendicular to the
bridge to minimize beam misalignment due to thermal
drift of \he sample holder in the chamber.

The samples were mounted in vacuum on the end of a
cold finger of a closed cycle He gas refrigerator. The
measuring circuit is shown in Fig. 1. A constant current
source provided bias currents up to 100 mA through two
of the four gold contacts on the YBCO film. The other

GOLD
PADS

50 OHM
SMA COAX

X10 AMP
1 GHz BW

>

two contacts were connected to a 50 @ SMA coaxial
cable 40 cm long which brought the transient voltage sig-
nal from the bridge structure to a bias T and amplifier.
The bias T had a rise time of 20 ps and a lower cutoff of
0.5 MHz. The amplifier, which had a gain of 20dB ( X 10
voltage gain) from 0.1 MHz to | GHz, enabled low level
transients to be observed on a 20 GHz sampling oscillo-
scope, resulting in a system rise time of 400 ps. We did
observe photoresponse transients with full widths at haif
maximum (FWHM) less than 500 ps, but we assume these
were attenuated due to the finite frequency response of
our circuit. A nanovoltmeter attached to the bias-T al-
lowed in situ four-point probe voltage mecasurements
across the bridge with a resolution of 50 nV. Each wave
form acquired on the sampling oscilloscope was averaged
128512 times. Wave forms were taken at positive and
negative current bias and then subtracted to remove dc
offsets and noise pickup, resuiting in a noise limit on the
wave forms acquired from the oscilloscope of about 0.05
mV.

111. RESULTS

A. Broadening of the resistive transition due to bias current

Before photoresponse measurements on a sample were
taken, the steady state (dc) voltage across the bridge was
plotted as a function of temperature and various bias
currents, as shown in Fig. 2(a) for the 260 nm film. This
provided a detailed “map” of the resistive transition re-
gion which enabled identification of the resistive
bolometric photoresponse. As the current bias increased,
the value for T,q decreased (1077 V criteria) and the
width of the transition increased. The critical current [,
is a linear function of temperature from 65 to 35 K,
which is consistent with the temperature dependence of
the critical current density J, observed in YBCO thin
films.** With the bias ~.rrent held constant, increasing
the temperature beyond a certain point resulted in a very

AN : . , i
and sudden upturn in the measured voltage which
CURRENT ! LASER aasy  20GHz  sharp p g
SOURCE YBCO SCOPE may have been due to runaway thermal effects from the
STReo e NANOVOLTMETER generation of hot spots in the bridge.* Figure 2(b) plots

FIG. 1. Schemauc of the experimental setup used for the
photoresponse measurements.

the resistance of the bridge as a function of temperature

and bias current on a linear scale to emphasize the
. . b

broadening. Several photoresponse studiesi®!"**~” have
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FIG. 2. Resistive transition broadening as a function of bias
current observed for the 260 nm film under steady-state {dey
conditions and zero external field. In (a), the dc voltage V' mea-
sured across the 200 um long bridge is plotted or 2 logarithmic
scale as a function of temperature 7. The rightmost curve is for
4 bias current of 10 pA, and the leftmost curve with the broad-
est transition was taken at 100 mA. The corresponding bridge
resistance R is plotied on a linear scale in (b} as a function of
temperature to emphasize the broadening of the transition and
lowering of T, due to the bias current. The lines drawn in (b)
are only guides to the eye. Similar plots were made for the oth-
¢r films providing maps of the resistive transitions tor each film.

examined the effect of current bias on the resistive transi-
tion.

Considering that only 10 um of the 200-yum-long
bridge was illuminated by the laser spot and the amplifier
had a gain of 10. it was possible to use the resistive transi-
tion map for each sample to directly convert observed
voltage transienis to transient temperatures if the pho-
toresponse was resistive bolometric in origin. Examples
of this method are discussed in the next section and more
thoroughly in Sec. IIIE.

B. Typical photeresponse wave forms

The observed transient voltages for the 260 nm film
with 100 mA bias are shown in Figs. 3 and 4 for various
temperatures, Figure 5 shows an expanded view of the
100 mA resistive transition curve from Fig. (). Figure
3(a} shows the transient response of the bridge at a tem-
perature of 77.8 K which is close to the sudden upturn
seen in Fig. 5ta) at 79 K. The amplitude of the signal is
large and the decay time is close to 30 ns. As the temper-
ature is lowered to 76.5 and 75.1 K, a fast transient peak
appears at the start of the slowly decaying component as
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FIG. 3. Photoresponse signals observed in the resistive tran-
sition region of the 260 nm film at a bias of 100 mA and laser
fluence of 100 pJ/cm?, Notice the change in the time scale for
each of the wave forms. In (a), at a temperature of 77.3 K. the
signal is quite farge and has a long decay. As the temperature 1§
lowered to 76.5 K in {b), the slowly decaying component has de-
creased dramatically in amplitude, but a fast component begins
to appear at the start of the wave form. In fc) at 75.1 K, the fast
component is becoming more prominent and the siaw com-
ponent has decreased further in amplitude.

shown in Figs. 3(b} and 3(c}. In Fig. Hah the fast com-
ponent dominates over slow component at 742 K, and in
Fig. 4b) the slow component has completely vanished
below our noise limit at 71.4 K and all that remains i> the
fast component with a pulse width less than 500 ps. The
fast component persists with decreasing amplitude even
to lower temperatures. This is shown in Fig. #lc) where
the temperature has been reduced to 45.7 K.

We will show that the temperature transient induced
by the laser pulse in the current-biased bridge produces
two types of photoresponse: (1) a slow component due to
a resistive bolometric photoresponse which dominates
when the maximum temperature attained by the tempera-
ture transient in the bridge is within the resistive transi-
tion region, and (2] a fast component due to a kinetic in-
ductive bolometric photoresponse which can be seen at
temperatures  below  the resistive  transition. Pho-
toresponse signals consisting of a fast component fol-
towed by a slow component have been reported by other
groups studying the photoresponse of epitaxial YBCO
thin films. |5 18.:70-23.25.45

The resistive transition curve shown in Fig. 5 can be
used to determine the resistive bolometric nature of the
siow component and demonstrate the nonresistive nature
of the fast component.?® In Fig. 3(b), the amplitude of
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FIG. 4. Photoresponse signals observed in the resistive tran-
sition region and at lower temperatures for the 260 um film at a
bias of 100 mA and laser fluence of 100 pl/cm®. The sequence
of wave forms presented here is continued from Fig. 3. Notice
the change in time scale for the wave forms. In (a), at a temper-
ature of 74.2. K, the fast component at the start of the wave
form dominates over the slow component. At 71.4 K in (b}, the
slow component has completely disappeared below the noise
level of the oscilloscope and only the fast component remains.
The fast component persists to lower temperatures with a de-
creased amplitude as shown in (c) at a temperature of 45.7 K
well below the resistive transition region. The fast pho-
toresponse in (c) is less than 500 ps wide.

the slow component is roughly 3.5 mV. At an initial tem-
perature Tpypar ©f 76.5 K, Fig. 5(b} indicates that the
initial dc voltage across the bridge is about 0.4 mV. Since
the sample is ac coupled to the scope, a voltage transient
AV of 3.5 mV due to a change in resistance of the bridge
produces a maximum voltage across the bridge of 3.9
mV, which corresponds to a2 maximum temperature
Tyax of 78.7 K in Fig. 5(b) or a temperature transient
AT of 2.2 K. From the anaivsis given in Sec. 111 E below,
a simple thermal model provides an estimate of 3.4 K for
the temperature transient, which is close to the observed
value in this case of 2.2 K. Interpreting the 0.2 mV fast
response seen at 43.7 K in Fig. 4{c) to a change in resis-
tance of the bridge would require a transient temperature
of almost 30 K according to Fig. 5. This is quite different
from a 7.8 K transient predicted by the simple thermal
model, implying that the fast response cannot be due to a
resistive bolometric effect. The fact that the fast response
can be explained by kinetic inductance effects will be
demonstrated by a simulation of the photoresponse data
given in Sec. LITF.
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C. Temperature dependence of the photoresponse

The amplitude of the photoresponse as a function of
temperature and at a constant bias current for the 260
nm film is shown in Fig. 6. Examples of wave forms ob-
served in this temperature range are shown in Figs. 3 and
4. The rapid decrease of the signal as the temperature is
lowered below the resistive transition region is evident.
However, the photoresponse is seen to persist to lower
temperatures. The inset of Fig. 6 shows more clearly the
amplitude of the fast and slow components as a function
of temperature below the resistive transition. Notice how
the slow component, which is attributed to resistive
bolometric effects, disappears quite sharply below the
resistive transition region. Below 72 K, the slow com-
ponent has completely vanished and only the fast com-
ponent remains which decreases more slowly in ampli-
tude as the temperature is lowered further,

107 e ——————y
3F 1 mv s
1077 ool mv_signal level /] .
107 | 1
v Noise limit A
1073 L of system -
(V) £ (0.05 mv)
1078 |
1077 L .
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3r '4— AT .
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0 L | PP
73 74 75 78 77 718 73 80

FIG. 5. Expanded view of the dc voltage V measured across
the 200-zm-long bridge as a function of temperature for the 260
nm fiim at a bias of 100 mA taken from Fig. 2(a). The curve can
be used to determine if the observed photoresponse was due to
temperature transients induced by the laser pulse bringing the
temperature of the bridge into the resistive region. In fa), the
noise limit of 0.05 mV determines the minimum temperature
{ =73.8 K) needed to be reached at the peak of the temperature
transient in the film in order for a resistive photoresponse to be
observed. In other words. resistive holometric voltage tran-
sients would not be seen on the oscillascope if this minimum
tempsrature requirement were not satisfied. If the peak temper-
ature reached by the film were around 77.3 K and the initial
temperature was less than 70 K, then the resistive pho-
toresponse signal would be about 1 mV. The trangition curve 15
plotted on a linear scale in (b). The parameters shown in {b) are
described in the text.
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FIG. 6. Temperature dependence of the peak photoresponse
signal for the 260 nm film at 2 bias of 100 mA and laser fluence 0.2
of 100 pl/cm?. Examples of some of the wave forms for these .
points are shown in Figs. 3 and 4. The inset shows the low- 0.0 Yhilg.. ... WW Hﬁ
temperature region more clearly and plots the peak amplitude N ‘
of the photoresponse signal (filled circles! and the amplitude of 500 ps/div
the slow component only {open squares) which follows the fast Time
transient. The slow component rapidly disappears as the tem- )
perature is lowered, and only the fast component remains at FIG. 8. Bias current dependence of the observed pho-

temperatures less than 72 K. The lines are a guide to the eye.

D. Current depeadence of the photoresponse

Figure 7 shows the amplitude of the photoresponse sig-
nal as a function of current bias for the 260 nm film at a
constant temperature of 78 K. Figure 8 shows typical
wave forms associated with the data points in Fig. 7. The
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FIG. 7. Bias current dependence of the peak photoresponse
signal for the 260 nm film at a temperature of 78 K and laser
Auence of 100 uJ/cm’. The inset shows the linear dependence
of the photoresponse with bias current at low current values. In
the linear regime, only the fast photoresponse is observed. The
sudden increase in sighal amplitude seen above 60 mA is due o
the film entering the resistive region at thess higher current lev-
els. The line in the main plot is only a guide to the eye, The
line in the inset is a linear regression fit to the low current data.
Examples of some of the wave forms for these points are shown
in Fig. 8.

toresponse wave forms for the 260 nm film at a temperature of
78 K and a laser fluence of 100 pJ/cm®. Notice the change in
time scale for the wave forms. The amplitudes of these tran-
sients are plotted in Fig. 7. At high bias currents, the signal is
resistive bolometric and has a long decay time as shown in {a).
As the current is lowersd 1o 60 mA in (b), the slow component
is almost gone. Only the fast component remains in (c) since a
bias of 40 mA is insufficient to bring the film into the resistive
region. Below 40 mA, the amplitude of the fast response is
linear with current, as shown in the inset of Fig. 7.

sudden rise in amplitude of the photoresponse above 60
mA. corresponds to the induced temperature transient
entering the broadened resistive region at higher bias
currents, as can be seen by examining Fig. 2(a). The
scatter in the peak signal readings at 100 mA in Fig. 7 is
due to small changes in laser fiuence near the highly nen-
linear upturn of the resistive transition shown in Fig. 5.
A slow component in the photoresponse was observed for
currents above 60 mA, as shown in Fig. 8(a) at 80 mA
and Fig. 8(b) at 60 mA.. Below 60 mA, which was out of
the resistive transition region, only a fast photoresponse
was observed, as seen in Fig. 8(c} for a 40 mA bias. What
is important to note here is that the fast photoresponse
observed below 60 mA varied linearly with current, as
shown more clearly in the inset of Fig. 7. A linear depen-
dence of the fast photoresponse with bias current has aiso
been observed elsewhere. !’ 719233

Similar behavior in the photoresponse was also seen in
the 30 nm film, as shown in Fig. 9, and the 130 and 220
nm films. Figure 10 shows wave forms for some of the
data points in Fig. 9. The voitage transient seen in Fig.
10(a) for the 30 nm film at a bias of 60 mA is a resistive
bolometric response with a width of about 650 ps
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FIG. 9. Bias current dependence of the peak photoresponse
signal for the 30 nm film at a temperature of 54 K and laser
fluence of 100 uJ/cm®. The inset shows the linear dependence
of the photoresponse with bias current at low current values.
As in Fig. 7 for the 260 nm film, only the fast photoresponse
was observed in this linear regime. The line in the main plot is
oniy a guide to the eye. The line in the inset is a linear regres-
sion fit to the low current data. Examples of some of the wave
forms for these points are shown in Fig. 10.
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FIG. 10. Bias current dependence of the observed pho-
toresponse wave forms for the 30 nm film at a temperature of 54
K and a laser fluence of 100 uJ/cm?. The amplitudes of these
transients are piotted in Fig. 9. The fast, 650 ps FWHM tran-
sient with 60 mA bias seen in (a) i1s a resistive bolometric
response. In (b) at 40 mA, the film is still in the resistive region
and the response is still resistive bolometric despite its 450 ps
FWHM pulse width. The film leaves the resistive region for
currents below 30 mA and only the fast response is scen, as
shown in (c) at a bias of 15 mA. In this current region, the fast
photoresponse is linear with bias curreat, as shown in the inset
of Fig. 9.

FWHM. Reducing the current to 40 mA in Fig. 10(b)
produces a transient still in the resistive region with a
width of about 450 ps FWHM. In Fig. 10(c), the current
level is low enough to bring the film out of the resistive
transition region, and the amplitude of the fast response
is linear with current, as shown in the inset of Fig. 9. The
width of the transient in Fig. 10{c} is about 220 ps
FWHM. As mentioned earlier, the amplitude of these
short transients will be attenuated due to the finite band-
width of the measuring circuit.

E. Analysis of the resistive bolometric (slow) photoresponsa

Examples of resistive bolometric wave forms from the
four films at temperatures and bias currents in the resis-
tive transition region are shown in Fig. 11. The decay
time of the voltage transients decreases as the film thick-
ness is reduced. This is consistent with faster thermal de-
cay times for thinner films, but the magnituzde of the
thermal escape time cannot be read directly from the
voltage transient wave forms due to the nonlinearity of
the resistive transition. The temperature transient as a
function of time induced in the film by the Jaser pulse can
be determined by finding the temperature in the dc resis-
tance transition curve at which the dc voitage equals the
voltage in the photoresponse transient at a given time.

(mV)

Photoresponse signal

250

6 8 1012 14 316 18 20
Time Ins)

FIG. (1. Examples of resistive bolometric photoresponse sig-
nals seen in the four films biased in thetr resistive transion re-
gions. The decay time for the 260 nm flm in {a) is greater than
20 ns, but gels progressively shorter as the film thickness is de-
creased becoming as short as | ns for the 30 nm film in (d). The
temperature at which cach of the wave forms was taken s given
in Table II. The laser fluence was 100 wJ/cm®, and the current
bias was 100 mA in {a), 80 mA in (b}, 75 mA in (c, and 20 mA
in (d)
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An example of this technique, which gives more accurate
estimates of thermal escape times, is described beiow.

A voltage transient from the 130 nm film at 70 K is
shown in Fig. 12. A current of 75 mA was enough 10 bias
the bridge into the resistive transition region, as seen in
Fig. 13. The temperature transient shown in Fig. 12 was
obtained by converting the voltage transient values in
Fig. 12 to equivalent temperatures using Fig. 13. Due 10
the nonlinear nature of the resistive transition, the decay
of the transient voltage signal is much faster than the de-
cay of the temperature transient. The same technique
was used on the resistive bolometric signals from -he oth-
er films shown in Fig. 11, and the normalized ::mpera-
ture transients are shown in Fig. 14. The main fearure of
Fig. 14 is the faster thermai decay observed for thinner
films. The amplitudes and thermal decay times (exponen-
tial fit) of the observed temperature transients for the four
films are given in Tables Il and 11, respectively.

A simple thermal model using the thermal boundary
resistance between the film and the substrate® can be used
" to estimate the amplitude of the transient temperature

F Eags
ATesriMaTe = cd _—Eo (1)

and the thermal decay time for heat loss out of the film

Testimate = CRapd 2)

where F is the incident laser fluence in J/em’, C is the
heat capacity of the film in J/cm’ K, d is the thickness of
the film in cm, and Rgp is the thermal boundary resis-
tance in K cm*/W. The factor E .55/ E, is the fraction of
the total incident energy absorbed in the film and takes
into account transraission of the laser pulse through the
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FIG. 12. Voltage transient (¥, open squares! observed from
the 130 nm lilm biased in the resistive transition region | T=70
K. /=75 mA, F=100 uJ/cm*) and corresponding temperature
transient (T, closed circles} interpolated from the measured de
resistive transition curve shown in Fig. 13. Due 10 the non-
linear nature of the resistive transition, the voltage transient has
a faster fall time than the temperature transient. The voltage
transient is the same as that shown in Fig. 11{c).
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FIG. 13. dc voltage measured across the 200-uzm-long bridge
as a function of temperature for the 130 nm film at a bias of 75
mA. This curve was used to determine the temperature tran-
sient induced in the film shown in Fig. 12. The line is a guide to
the eye. The inset plots the voltage on a logarithmic scale show-
ing an exponential voltage dependence over most of the temper-
ature range for this sample.

film and reflection from the front surface given by
EABS/E():(l—R)[l—exp(—d/S)] » (3)

where R is the reflectivity and 8 is the optical penetration
depth. Equation (3) neglects reflection from the back sur-
face of the film and multiple reflections in thin films.

The heat capacity’®*’ of YBCO decreases almost

L] Ll I L L 1 L1 L] 1
1
AT
AT, ax I
30 nm
0 I 1 1 1 H ] 1 |
0 2 4 6 8 1012 14 16 18 20
Time (ns)

FIG. 14. Normalized temperature transients interpolated
from photoresponse signals (shown in Fig. 11) taken in the resis-
tive transition regions of the fou: ..!ms. As discussed in the text,
the faster thermal decay time obscrved for the thinner films is
consistent with Eq. (2). Exponential fits to this data provided
values for the maximum temperature transients ATy, and
thermal decay times Topservep [OF ¢ach of the films, as shown in
Tables 11 and 111,
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linearly from a value of 1.0 J/cm® at 78 K to 0.4 J/cm’ at
45 K (see Fig. 16 in Sec. IIIF). The thermal boundary
resistance’ betwesn YBCO thin films and LaAlO; sub-
strates is nominally 1.0X 10™? K em*/W and independent

of temperature from 90 to 200 K. At lower tempera-
tures,

Rgn=B/T?, (4)

where 8 =17 K*cm®/W for YBCO on sapphire.® There-
fore, the T~ behavior of R gy, will become significant for
temperatures below 30 K, and will have the effect of in-
creasing the thermal escape time from the film. At 532
nm (2.33 eV), the reflectivity®® of bulk single-crystal
YBCO is about 10% (R=0.1), and the absorption
coefficient @ of YBCO thin films* is approximately
1.1X10* cm™' which gives an optical penetration depth
of 5=1/a=90 nm. Using Eq. (3), £ pg/E, will be 0.85
for the 260 nm film and 0.26 for the more transmissive 30
nm film. If a shorter optical penetration depth®® of 60 nm
at 532 nm is used, the values for E g /E, change to 0.89
and 0.13, respectively, which will not seriously affect the
results. However, even though the thinner film absorbs
less energy from the laser pulse, the temperature tran-
sient induced in the thinner film will be larger. As an ex-
ample, if the laser fluence is 100 ,u.J/cml and the heat
capacity is 1.0 J/cm®* K (T=78 K), then from Eq. (1) we
find that AT induced by the laser pulse is 3.3 K for the
260 nm film and as high as 8.7 K for the 30 nm film.
From Eq. (2), the thermal escape times will then be 26 ns
for the 260 nm film and only 3 ns for the 30 nm film at 78
K.

Table I1 compares the transient temperatures extracted
from the analysis above to estimates of AT using Eq. (1).
The agreement is within a factor of 2, which is reasonable
considering the uncertainty in some of the parameters.
The agreement is also quite reasonable in Table 11I when
comparing estimates of the thermal escape time using Eq.
{2) to exponential fits of the decay rimes for the observed
temperature transients shown in Fig. 14. If it is not as-
sumed that Rgp=1.0X107% Kcem*/W (Ref. 5), then
Rpp can be estimated using the observed thermal decay
times, The average value of the estimates for Rgp given
in Table III is {1.1%0.6)X10™* K cm®/W, which is in
good agreement with other reported values. 33! This

TABLE II. Comparison of observed transient temperature
amplitudes A Togeerven for the four films of thickness 4 to esti-
mates of the transient temperature ATgsppaare using Eg. (1)
The estimates use the heat capacity C of the YBCO film at an
initial temperature T,. E.ps/Ej is the fraction of incident laser
pulse energy absorbed in the film, as descnibed by Eq. (3.
(F=100 uJ/cm?, R=0.1, =90 nm.)

d T, C ATonsgrves  STETIMATE
mm) (K} (I/em*K) E. ps/E, {K) (K)
0 73 0.91 0.26 ~5 9.5
130 70 0.85 0.69 6.3 6.2
220 84 1.11 0.82 1.7 34
260 17 0.98 0.85 2.3 313
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analysis supports the claim that the slow component is a
resistive bolometric photoresponse with a decay time
determined by the thermal boundary resistance between
the YBCO film and the LaAlO, substrate.

We now consider characteristic thermal diffusion times
given by

where D is the thermal diffusivity in cm®/s and & is the
thermal conductivity W/cm K. Using rpgp as an esti-
mate for the rate of heat loss out of the film and into the
substrate would assume that there is no thermal
mismatch at the boundary between the YBCO film and
the LaAlQ, substrate. Values for « in YBCO single crys-
tals’? depend on sample quality and direction of heat
flow®’ but are nominally 0.12 W/ecmK in the ab plane
near 80 K ard roughly 4 to 5 times smaller®® along the ¢
axis. This would give D,, =0.12 cm’/s and D, =~0.026
cm®/s near 80 K. Since the epitaxial films used here have
the ¢ axis perpendicular to the substrate, we consider the
thermal diffusivity along the ¢ axis for heat flow out of
the film and into the substrate. Upper estimates for ropg
along the ¢ axis are shown in Table III using Eq. {5} with
x,=0.026 W/cm K and C=1J/cm’ K. For the thinnest
films, a thermal boundary resistance model! is in better
agreemert with the data. Thermal diffusion time con-
stants will become significant in thicker films since the in-
cident light is absorbed mainly in the first 100 nm of the
film thickness.

F. Discussion of the origin of the fast photoresponse

1. Kinetic inductance interpretation

Under dc bias, a superconcuctor will ideally exhibit
zero resistance. [f an alternating bias is supplied, a finite
voltage will appear across the superconductor due to the
inertia of the superconducting carriers. The kinetic in-
ductance, which gives rise to this impedance in the super-
conductor, for a superconducting strip of length /, width
w, and thickness d can be expressed? in several ways as

m l 3 l
L - 1= P LI
KNT T | HorL wd
= IZ _!_. = ! - _l_ _!_ 16)
swp . |wd | eqwp | fsc || wd

where m is the effective mass of the superconducting car-
riers, fige is the density of superconducting carriers in a
two fluid model, g, is the permeability of free space, £ 15
the permittivity of free space, A, is the temperature-
dependent London penetration depth, wp is the plaima
frequency, and fyc is the superfluid fraction equal to
nsc/n, where n is the total density of carriers. The kinet-
ic inductance of a superconducting bridge is therefore
proportional to the square of the London penetration
depth or inversely proportional to the superfluid fraction.
The forms with A; and wp in Eq. (6) are useful in that 4,
and wp can be determined more accurately than rec or
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TABLE III. Comparison of observed thermal decay times Topsgrvep for the four films of thickness d
to estimates Tespmare Of the thermal decay time using Eq. (2) with the heat capacity C at an initial tem-
perature T, and a thermal boundary resistance of Rgp =1.0X107* Kem’/W (Ref. 5). An exponential
fit to the observed temperature transients shown in Fig. 14 for the four films is used to determine the
thermal decay times Topservep- Rap esmimate 15 Obtained using the vbserved decay times in Eq. (2}, giv-
ing an average value for Ryp of about (1.1 =0.6) X 1077 Kem*/W. 7pp is an estimate of the thermal
diffusion time along the ¢ axis as discussed in the text using Eq. (5).

d T, c

Rpp gsTiMaTE

TOBSERVED TESTIMATE TDIFF
{(nmij (K} J/em* K) (ns) {ns) (K cm*/W) {ns)
30 73 0.91 1.5 27 5.5%107* 0.1
130 70 0.85 12 11 L1x10~? 5.5
220 84 1.1 18 24 7.4%107¢ 21
260 77 0.98 52 25 2.0x107° 25

m. A laser pulse absorbed in the superconductor will
break Cooper pairs and reduce the superfluid fraction
from its initial value, therebv increasing the kinetic in-
ductance.

The superfluid current density is given by

JSC__—HSCeUSC ) {7)

where vee is the velocity of the superfluid carriers. If a
constant current bias is applied to the bridge, then the ve-
locity of the superfluid carriers will have to increase in
order to maintain a constant current densiiy due to the
decrease of superfluid carriers in the illuminated region.
The resulting acceleration of the superfluid carriers will
produce a voltage across the bridge. This can be under-
stood using a simple model where the effect of this volt-
age on the normal carriers is not considered.
Differentiating Eq. (7) with respect to time gives

sc dusc
ar g

From the condition of constant bias current [, Eq. (3} be-
comes

+evge 3 (8)

Neee dn
sC E+Jg | sC ,
nege Of

where E is the electric field generated across the bridge
by the acceleration of the carriers. The voltage ¥ across

the bridge can be found by substituting £E=V/! and
Jyo=I/wd into Eq. {9) giving

po_gml 1 9nsc
e‘wd nie Ot
—rd ml
dt nscelwd
d
=IB’_ILKIN f (10

where the first form of Eq. (6) has been used for the kinet-
ic inductance. The voltage can be estintated from

ALy
At

where ALy is the change in kinetic inductance over

a'
VK:N=1';LKIN""" . (n

some time increment Az If fscinga 200 fsc gou are the
initial and final superfluid fractions at time ¢ and r + A,
respectively, then

1
ALyin=—7

P

n
wd

1
fSC final fSC initial

{12}

Equation (11) predicts a positive voltage while the
superfluid fraction is decreasing followed by a negative
voltage as the superfluid density recovers to its initial
value. At temperatures close to T, Eq. (12} will diverge
as fsc g 2pproaches zero. The resulting divergence of
Eq. (11) will not occur if the effect of the normal fluid
component is considered in a more complete analysis.
Equation (11) also predicts a linear dependence of the
photoresponse with bias current. This {5 exactly what
was observed for the fast photoresponse as discussed in
Sec. III D and shown in Figs. 7 and 9.

To estimate the magnitude of the voltage generated by
changes in kinetic inductance, we use the 260 nm bridge
biased at 100 mA as an example. The plasma frequency
for YBCO thin films®™ is about 1.67X 10" s ™' { = 1.1 eV),
which gives A; (T =0)}==180 nm using A, (T =0'=c/wp,
where ¢ is the velocity of light. If initially at low temper-
ature so that fsciguu =1 then a 10% decrease in
superfluid fraction to fgc guy = 0.9 over the 100 ps time
scale of the laser pulse (/=20 pm, amplifier voltage
gain=10) will produce a change in kinetic inductance ac-
cording to Eq. (12) of about 35 fH and voitage transient
using Eq. (11) of about 0.35 mV. If the 30 nm film biased
at 15 mA is used as an example, the change in kinetic in-
ductance would be about 150 fH producing a transient
voltage of 0.22 mV.

A significant change in the superfluid fraction is possi-
ble from heating of the bridge by the laser pulse. For in-
stance, using Eq. (1) for the 260 nm film at 50 K with
C =049 J/cm’K and F=100 pJ/cm® gives a tempera-
ture transient of about 6.7 K. If fgc vames as
l—(T/T.», as measured®™* for YBCO thin films. then
the superfiuid fraction will change from 0.68 to 0.59
(T, =89 K). Thisis a 13% change in fsc, which is large
encugh to produce observable transient kinetic induc-
tance signals with a 100 ps laser pulse. A simulation of
this process provides estimates for voltage transients well
within an order of magnitude of the observed pho-
toresponse, as discussed below.
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2. Simulation results

The parameters used in the simulation are given in
Table IV. The simulation involved calculating the tem-
perature as a function of time in the 260 nm film as the
100 ps FWHM laser pulse heated the bridge. The change
in temperature AT as a function of time ¢t was obtained by
solving

dAT(t) _ Gl AT
di Cit, TV A, T’
where G is the heat generation term in W/em® and 7 is

the thermal escape time given by Eq. (2}. The generation
term was given by

(13)

Git)=Gye 7", (14)
where 7p is the pulse width term and
F E \ps
Gy= == , (15)
O Vadr | Ey

so that integrating Eq. (14) over all time gives the total
energy absorbed in the bridge per pulse. Figure 15{a)
shows the generation term due to the laser pulse and the
temperature T{¢} in the bridge as a function of time for
an initial temperature of 75 K. Figure 15(b) shows the re-
sulting variation in the superfiuid fraction as a function
of time using a two-fluid model | —(T/T.)* dependence
of the superfluid fraction. The kinetic inductance of the
bridge, calculated from Eq. (6), is aiso shown in Fig.
15(b). The change in kinetic inductance for each time in-
crement w:s calculated using Eq. (12). and the voltage
generated from this change in kinetic inductance is
shown as the “~-hed line in Fig. 15(c) using Eq. (11} mul-
tiplied by th age gain AV of the amplifier. The
simulation ai. . .orporated an exponential fit to the
resistive transition at 100 mA for the 260 nm film shown
in Fig. 5. The simulation shows from the dotted line in
Fig. 15(c) that the induced temperature transient is large
enough to bring the temperature of the bridge far enough

into the resistive transition region to give a resistive
bolometric response. The total photoresponse is the sum
of the kinetic inductance component and the’ resistive
component, which resembles the wave form seen in Fig.
3{c) where a fast voltage transient is foliowed by a slower
response. The simulation shows that the fast component
is the kinetic inductive bolometric photoresponse and the
slow component is the resistive bolometric pho-
toresponse. The kinetic inductive component is roughly
the same width as the incident laser puise, and does not
depend on the slow thermal escape time from the film,

A fit to the heat capacity***’ ar a function of tempera-
ture for YBCO is shown in Fig. 16. Using this fit, the
simulation was able to provide values for the maximum
amplitude of the temperature change ATy ax tsimul) 35 3
function of temperature in the 260 nm film. Approxi-
mate values AT \(ax (appros.y OPtained from Eq. (1} assum-
ing C is the value for the heat capacity at the initial tem-
perature T provide reasonable estimates of the simulated
transient temperatures only above 40 K. Due to the
small heat capacity at low temperatures, the transient
temperatures below 30 K can be quite high.

Using a | —(T /T, dependence in the superfluid frac-
tion, the peak voltage response as a function of tempera-
ture from the simulation is shown in Fig. 17. Muhiplying
the observed data points by a factor of 3.5 provides good
agreement with the simulation resuits. Above 70 K, the
resistive bolometric component becomes significant and
eventually dominates over the kinetic inductive response
as the temperature is increased further. Below 70 K, only
the fast kinetic inductive component is observed. The
simulation provides better than order of magnitude esti-
mates for the temperature variation of the peak pho-
toresponse signal and the onset of the slow resistive com-
ponent. The factor of 3.5 needed to provide good agree-
ment may be due to uncertainties in the laser Auence and
the absorbed energy, in addition to attenuation of the
broadband signals in the experimental setup. Simulation
results have shown an almost linear dependence . the
peak voltage signal as a function of laser fluence from O

TABLE 1IV. List of parameter values used in the simulation described in the text. Values for wa, 8,
R, and Ryp were taken from Refs. 54, 49, 48, and 5, respectively.

Parameter Symbaol Value Units
Bridge thickness d 260 nm
Bridge width w 10 pm
Length of bridge exposed to laser ! 20 Hm
Critical temperature T, 89 K
Bias current I 100 mA
Current density J 3L8XI0° Alem’
Plasma frequency wp 167X 10" 57!
Puise width term for 100 ps FWHM o 60 Ps
Laser fluence F 00 wdfem-
Optical penetration depth at 532 nm b 90 nm
Reflectivity at 532 nm R 0.1
Ratio of absorbed to incident energy Eans/Ey 0.85
Thermal boundary resistance Rap 1.0x107’ Kem'/W
Generation term constant Gy 3.074x 10" W/em’
Amplifier voltage gain AY 10
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to 150 p3/cm* and jn a temperature range from 40 to 70
K. Preliminary ubservations on a different sample have
revealed a linear dependence of the fast photoresponse on
laser fluence below 100 uJ/cm?. The simulation also pre-
dicts a fast photoresponse with approximately the same
duration as che laser pulse, which means attenuation of
the broadband pulses will be independent of temperature.
Multiplying the observed results by a temperature in-
dependent factor to account for uncen ::ties in laser
fluence and signal attenuation in order to obtain a better
fit with the simulation is reasonable. Given the simplicity
of the simulation model] with no adjustable parameters
other than the temperature dependence of the superfluid
fraction as discussed below, better than order of magni-
tude agrecment between the observed data and the simu-
lation results is very encouraging.

Recently, Hardy et al.’” showed from microwave
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FIG. 15. Simulation results plotted as a function of time for
the 260 nm film at a temperatwure of 75 K, 100 mA bias current,
and laser fluence of 100 pf/em®. The parameters used in the
simulation are listed in Table IV. The laser pulse intensity Fis
plotted in {a), which induces a temperature transient T in the
bridge. This temperature transient reduces the superfiuid frac-
tion fsc which varies as 1—{T/T,.)? in this case, and increases
the kinetic inductance Ly of the bridge, as shown in (b). The
increase in kinetic indvctance nroduces a fast voltage transient
indicated in (c} as the kiretc inductance component (dashed
line). This is also referred to in the text as the kinetic inductive
bolometric photoresponse. Since the temperature is within the
resistive transition region, a resistive bolometric component
tdotted line! is also produced. The total photoresponse signal
{solid line), therefore, shows a fast component at the start of a
slow component with a decay time determined by the thermal
¢scape time from the film. Similar photoresponse signals were
observed at 75 K, as seen in Fig. 3(ch
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FIG. 16. Heat capacity C as a function of temperature T for
YBCO. The piot for C is a fit to heat capacity data taken from
Refs. 46 and 47. This heat capacity curve was used in the simu-
lation to determine the temperature transients induced in the
film by the laser puise. For the 260 nm film with a fiuence of
100 pJ/cm?, the maximum temperature transient AT yax (simal)
from tire simulation results can be compared 1o approximate es-
timates of the temperature transient AT yax iapproa,) calculated
from Eq. (1). The maximum temperature Tryax reached in the
flm according to the simulation is also plotted as a function of

the initial temperature T of the film, where Tryax
=T+ ATyax (simu -
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FIG. 17. Comparison of the voltage transient amplitudes ob-
tained from the simulation to the observed peak signals (open
triangles) as a function of temperature for the 260 nm film. The
parameters used in the simulation are shown in Table IV. In
this case, the simulation used a 1—(T/T,)? dependence of the
superfluid fraction with temperature. The observed data values
have been multiplied by a factor of 3.5 10 obtain a reasonable fit
to the simulation resuits. The rapid increase in the amplitude of
the observed slow component {open circles) above 70 K coin-
cides with the simulation results for the amplitude of the resis-
tive component (dashed line). The amplitude of the kinetic in-
ductance component (dotted line) is seen to fall below the peak
signal amplitude (solid line} for temperatures above 70 K where
the resistive component begins to take over. The measured
resistive transition across the bridge (open squares) is shown
with the exponential fit (solid line .cough the squares) used to
determine the resistive photoresponse in the simulation.



48 ORIGIN OF THE FAST PHOTORESPONSE OF EPITAXIAL ...

penetration depth measurements that the superfluid frac-
tion varied linearly at low temperatures for high-quality
single crystals of YBCO. This is plotted in Fig. 18 along
with 1—¢°, 1—¢*, and BCS*® temperature dependencies
of the superfluid fraction where t =T /T is the reduced
temperature. Figure 19 compares the observed data (o
the simulation results using each of the superfluid frac-
tion curves from Fig. 18. Only a factor of 2 is needed to
get the observed data in good agreement with the simula-
tion results using the superfluid fraction determined by
Hardy er al.”’ Both the 1—:? and BCS dependencies
give similar results above 350 K, but at lower tempera-
tures the BCS curve falls below the 1—r* fit. At this
stage, the 1 —¢* curve is incompatible with the data, how-
ever, extending the photoresponse measurements to lower
temperatures would help to differentiate between the
various dependencies.

The model used in the simulation for the origia of the
fast photoresponse provides good agreement with the ob-
served data, but several approximations and assumptions
were made. The expression for kinetic inductance in Eq.
(6) assumes the current distribution in the superconduct-
ing bridge is uniform. At microwave frequencies this is
not the case, and many srudies have been done’®%%
which look at the effect . current distribution on the
kinetic inductance of microstrip transmission lines. At-
tenuation of the kinetic inductive voltage transient by the
normal fluid com»onent in the superconductor was con-
sidered in a separate simulation, but was found to be
insignificant with normal carrier relaxation times shorter
than 1 ps. A decrease in the peak amplitude was seen for
relaxation times longer than 10 ps. Relaxation times
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FIG. 18. Tueoretical superfluid fraction f¢e as a function of
reduced temperature 1 =T /T, for the following temperature
dependencies: | =t (salid line), 1 —¢* (dashed iine), BCS varia-
tion from Ref. 58 (dotted line), and as observed in YBCO single
crystals by Hardy et al. from Ref. 57 (dash-dot line). Each of
these superfluid fraction curves were used by the simulation to
see which gave the best fit to th:» temperature dependence of the
observed photoresponse data, as shown in Fig. 19.
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FIG. 19. Comparison of the peuk signals obtained from the
simulation results to those observed experimentally as a func-
tion of temperature for the 260 nm film. The simulauon results
for the peak signal amplitudes consist of four curves which use
superfluid fractions (Fig. 18) varying as 1 —r° (solid lines, j—1*
{dashed line), BCS behavior from Ref. 58 (dotted line), and as
observed by Hardy et al. in Ref, 57 for YBCO signal crystals
(dot-dash line). The observed data fopen circles) is multiplied
by factors of 2 (open squares) and 3.5 (open triangles) to see
which superfluid fraction variation used in the simulation gives
the best fit.

longer than [0 ps will occur®® at temperatures below

about 40 K, but the decrease in normal fluid fraction will
reduce the attenuation by the normal component.

The model also assumes uniform heating over the en-
tire thickness of the bridge. This is clearly not the case
for optically thick films, while for thinner films umform
heating is a reasonable approximation. [t was also as-
sumed that the optical penetration depth was relatively
insensitive to temperature, which has been observed else-
where® for transmittanes measurements through 180 nm
YBCO films between 10 and 300 K. The simulauion only
considered thermal escape times governed by thermal
boundary resistance as described by Eq. (2) and did not
take into account the effects of thermal diffusion times
given by Eq. (5). The thermal boundary resistance was
also assumed to be constant over the entire temperature
range. This is true from 90 to 200 K, but as discussed in
Sec. II1E in Eq. (4}, Ryp will probably increase at tem-
peratures below 30 K. This will increase the thermal es-
cape time from the film which will tend to increase the
signal amplitudes obtained from the simulation but will
not affect the speed of the kinetic inductive response.

Uncertainties in laser spot size on the bridge and the
energy in each pulse wiil affect the value for the laser
fluence used in the simulation. The simulation approxi-
mated the Gaussian profile of the laser spot with a uni-
form fluence over an effective spot size. Finally, the value
for the plasma frequency”’ of 167X 1% 571 (1.1 eV) was
obtained from far infrared measurements on similar
YBCO films. Variations in sampie quality may change
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@p, thereby affecting the signal amplitude.

A further test of the validity of the kinetic inductive
bolometric photoresponse model used to interpret the
fast component in the observed wave forms is the predic-
tion by Eq. (11} of negative voltage transients. Simula-
tion resuits for the 30 nm film at 54 K with 20 mA bias
are shown in Fig. 20. Figure 21 shows the simulation re-
sults for the 130 nm film at 61 K and 100 mA, bias. Once
the laser pulse has stopped heating the film, the films re-
lax to their original starting temperatures at a rate deter-
mined by the thermal escape time. This can be seen by
the faster decay time of the temperature transient in Fig.
20(a) for the 30 nm film compared to the slower decay in
Fig. 21(a) for the 130 nm film. The resulting faster rate of
increase in the superfluid fraction for the 30 nm film seen
in Fig. 20(b) gives rise to a negative voltage transient in
Fig. 20(c) a little less than 0.2 mV (= —0.14 mV). The
negative voltage transient for the 130 nm film in Fig.
21(c} is hardly visible ( = —0.024 mV) because the rate at
which Cooper pairs reform as the heat escapes from the
film is too slow.

Figure 22 shows fast photoresponse wave forms tak~n
from the 30 and 130 nm films under operating condition:
identical to those used in the simulation results of Figs.
20 and 21. Wave forms with approximately the same am-
plitude were chosen to make sure any negative trarsients
were not due to spurious circuit efiects. The pho-
toresponse observed for the 30 nm film in Fig. 22(a)

1 I T i F
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Time (100 ps/div)

FIG. 20. Simulation resuits for the 3¢ nm film ar a tempera-
ture of 34 K and a bias current of 20 mA. The film is biased
below its resistive transition region, 50 only the kinetic inductive
bolometric response appears in the simulation. Notice the nega-
tive voitage transient in (c) produced once the superfluid frac-
tion in 1b) starts to increase 2gain and the kinetic inductance be-
8ins 1o drop.,
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FIG. 21. Simulation results for the 130 nm film at a tempera-
ture of 61 K and a bias current of 100 mA. The film is biased
below its resistive transition region, so only the kinetic inductive
bolometric response appears in the simulation. Notice that the
negative voltage transient in () produced once the superfiuid
fraction in (b) starts to increase again is much less than the neg-
ative transient expected from the 30 nm film shown in Fig. 20(c).
This is because the thermaj decay time in {a) is much slower
than that for the 30 nm film seen in Fig. 20(a). The superfluid
fraction takes longer to recover 10 its initial value than for the
30 nm film, whichk resuits in a slower change in Ly and a
smaller negative voltage.
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FIG. 22 Fast photore. 20nsc signais soserved from the (a) 30
nm and (b} 130 nm films. The 50 nm film was at a temperature
of 54 K and biased =¢ 20 mA. The signal from the 130 nm film
was taken ai §! K and 100 mA. Both films were biased below
their resistive transition regions. A ...l negative transient is
observed for the 30 nm film in (a) bu. :.0t for the 130 nm friiz in
(b). This is consistent with the simulation resuits shown in Figs.
20 and 21. Note the difference in time scale with Figs. 20 and
2L,
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shows a slight negative voltage transient less than 0.2 mV
in amplitude, whereas no negative voltage transient is dis-
cernable in Fig. 22(b) for the 130 nm film. Notice that
the oscilloscope noise is relatively flat before the tran-
sients are seen in Fig. 22. The increased noise seen after
the fast transient is due to ringing and reflections of the
fast voltage transient at the sample. The negative tran-
sient in Fig. 22(a) is seen as a negative-going trend in the
average value of these oscillations, lasting about 1 ns after
the fast positive-going pulse. A 60 nm film also exhibited
a small negative voltage transient. As seen in Fig. 4{b),
no negative voltage transient was observed for the 260
nm film. Figure 10(c) for the 30 nm film at a slightly
smaller bias than that used in Fig. 22(b) also shows a
small negative transieni. The observation of negative
voltage transients only in very thin films with faster
thermal escape times supports the kinetic inductive
bolometric photoresponse mechanism we are proposing
for the origin of the fast photoresponse in YBCO thin
films.

3. Possibility of nonequilibrium effects

In our simulation, we assumed that the distribution of
quasiparticles was in equilibrium with the local tempera-
ture of the lattice. Of course, if a sufficiently short laser
pulse is used to excite the superconductor, then this con-
dition would not be initially satisfied. The nonbolometric
kinetic inductive photoresponse that would then
arise!®187202325 might be identified by deviations {rom
the simulated kinetic inductive bolometric response. This
would provide insigiit into the complex quasiparticle dy-
namics and relaxation processes. Several authors have
suggested that a single photon could be responsible for
breaking many Cooper pairs due to impact ionization and
emission of optical phonons which subsequently break
more Cooper pairs. '8.32 Estimates based on conservation
of energy have suggested®? that as many as 100 Cooper
pairs can be broken by a single optical photon. We note
that these estimates are based on a minimum quasiparti-
cle energy comparable to the BCS “s-wave" gap, and that
any gap structure with nodes could lead to multiplication
factors much higher than 100.

Pump-probe results suggest that during a 100 ps pu'se
the quasiparticles will be in equilibrium with the lattice
temperature. The duration of the quasiparticie thermali-
zation process has been measured in YBCO thin films??
to be about 350 fs, and recombination back into Zooper
pairs was believed to be complete after 3 ps. 2

Suppression of the superconducting order parameter
by the exc. - quasiparticle distribution has also been pro-
posed as a nonbolometric mechanism and origin of the
fast photoresponse in YBCO thin films, '¢7 1822272 3 1f
the gap is sufficiently suppressed, the critical current will
be exceeded and the superconductor will enter a resistive
state. %20 Signatures of this mechanism would be a non-
linear current dependence at threshold and a resistive
rather than inductive signal. Whether this occurs with
subpicosecond lacer pulses is still unclear. The fact that
the photoresponse was linear with bias current provides
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evidence that nonequilibrium gap suppression was prob-
ably not involved in our experiments.

4. Possibility of photoactivared flux flaw

Laser-induced depinning of vortices has been pro-
posed'”* as a mechanism for the fast photoresponse.
Once the vortices have been freed, they move with a ve-
locity governed by the Lorentz force generated by the
current density J and the viscosity 7 for flux flow in the
film. 1t is :he motion of these photoactivated vortices
perpendicular to the current which produces a voltage
drop across the superconducting bridge. We now try to
estimate the size of this effect for the 260 nm film.

Since no external fields have been applied, the only
source of vortices is from the self-field of the current-
carrying bridge. The current density and resulting mag-
netic field are peaked near the edges of the bridge.®! The
peak amplitude of the self-field at the edge of a 10 um
wide superconducting bridge has been calculated®' to be
about 190 G using a penetratic-s depth of 220 nm and a
current density of 10° A/cm®. In a simple model, if one
assumes that the laser pulse is able to activate the move-
ment of a uniform magnetic field B of 100 G at a current
density J of 5% 10° A/cm” over a length { of 20 um, then
the flux flow voltage will be given by V =Bl, where v 1s
the flux flow velocity. Using 1 =Jdq/n, where dq is the
flux quantum and 7=2X 1077 Ns/m* at 50 K for YBCO
thin films,% the flux flow voltage would be about 1| mV
after amplification with the X 10 amplifier. This is cer-
tainly within the correct order of magnitude of the ob-
served fast photoresponse, but such a mechanism cznnot
account for the origin of the fast photoresponse. In the
fiux flow model, v~/ and B ~J making ¥ ~J’. Further-
more, if the activation energy for depinning of vortices
decreases with increasing current” then the pho-
toresponse should increase even faster than J®. This
disagrees with the observed linear dependence of the fast
photoresponse with the bias current. An external mag-
netic field of 100 G was applied perpendicular to the
bridge of a different sample in experiments™ similar 1w
the ones described here, but no change in the amplitude
of the fast photoresponse was observed implying the ab-
sence of photoactivated flux flow.

IV. SUMMARY

We have meast.ed the photoresponse from current
biased YBCO bridge structures exposed to 100 ps laser
pulses in films ranging in thickness from 30 to 260 nm.
Near the resistive transition, the photoresponse consisted
of a fast component less than 500 ps wide followed by u
slower component with a decay of sevrral nanoseconds.
Well below the resistive transition, only the fast com-
ponent was observed which persisted to low tlempera-
tures. We have shown that the slow component 1s due to
a resistive bolometric response where the laser pulse
heats the film into the resistive transition region. The de-
cay of the slow component is therefore determined by the
thermal escape time from the film, which is fuster for
thinner films in agreement with predicted results. The
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fast component is consistent with a kinetic inductive
bolometric response. Heating from the laser pulse de-
creases the superfluid fraction in the superconductor
which in turn increases the kinetic inductance of the
bridge. This gives rise to a positive transient voltage
which has the same width as the incident laser pulse.
Fast transients were observed in both thin (30 nm) films
and thick (260 nm) films. Negative voltage transients
were only seen in the thinnest films where the thermal es-
cape times were the fastest. This offers the possibility of
using the amplitudes and decay times of the negative
transients to estimate thermal escape times and thus the
thermal boundary resistance as a function of temperature
below T, in thin films. The origin of the fast pho-
toresponse of YBCO epitaxial thin films is therefore
bolometric in nature over the duration of the 100 ps laser
pulse, and arises from thermally induced changes in the
kinetic inductance of the current-biased bridge. The ob-
served linear dependence of the fast photoresponse with
bias current is consistent with this mechanism.

A simulation based on the kinetic inductive bolometric
response model provided reasonable agreement with the
temperature dependence of the observed photoresponse
data. Nonequilibrium or nonbolometric mechanisms
were not required to explain the origin of the fast com-
ponent. The only adjustable parameter in the simulation
was the temperature dependence of the sunerfiuid frac-
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tion. The simulation aiso provided a comparison between
the various postulated temperature dependencies of the
superfluid fraction in YBCO, but data at lower tempera-
tures is required to determine the best fit.

Improvements in the electrical bandwidth of the pho-
toresponse setup will be necessary in order to resoive the
fast voltage transients. This will provide more accurate
measurements of the amplitudes of the photoresponse
signals for comparison with the simulation results. Since
the amplitude of the positive portion of the kinetic induc-
tive bolometric signal relies on the rate at which the laser
pulse heats the film, shorter laser puises should produce
larger and faster vritage transients which could have in-
teresting implicatior.s in the development of high speed
optical detectors made from high-T,, superconductors.
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pulses. General trends observed in the photoresponse data consistent with the KIB model

are discussed.



High speed kinetic inductive bolometric photoresponse of cpitaxial YBa,Cu,0,, thin films
Frank A. Hegmann, Robert A. Hughes
Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada L8§S 4M1
John S. Preston

Department of Engineering Physics, McMaster University, Hamilton, Ontario, Canada L8S 4L7

ABSTRACT

A general trend is observed in the photoresponse of current biased epitaxial YBa,Cu,0, thin film bridge
structures exposed to picosecoud laser pulses. Both fast and slow components are seen in the photoresponse near
the transition region. The slow component, which has a decay over several nanoseconds, is a resistive bolometric
response due to heating of the film by the laser pulse in the resistive transition region. At lower temperatures,
only the fast component is observed with an amplitude which is linear with bias current. The fast component has
been observed in films ranging in thickness from 30 nm to 260 nm. Using 100 ps, 532 nm laser puises, the
origin of the fast component can be explained by a kinetic inductive bolometric response where the superfluid
fraction is rapidly decreased by the laser puise heating the bridge. Recent resuits using 5 ps, 820 nm laser pulses
on samples maintained at liquid nitrogen temperature (77.4 K) in a high speed measurement setup have revealed
fast components in the photoresponse as short as 16 ps full width at half maximum. To our knowiedge, this is
the fastest photoresponse signal observed to date from YBa,Cu,0,, thin films. A large portion of this fast
response can be attributed to a kinetic inductive bolometric response. The possibility of a nonbolometric
component over this short time scale is discussed.

1. INTRODUCTION

1.1. Photoresponse experiments

In a typical photoresponse experiment, which is shown schematically in Fig. 1, a picosecond laser pulse
is focused onto a narrow bridge patterned into a2 YBa,Cu,0,,; (YBCO) epitaxial thin film. When a current bias
is applied, voltage transients can be seen on a fast oscilloscope. If the sample is biased in the resistive transition
region, the photoresponse is due to a resistive bolometric response where the amplitude of the signal can be
explained in terms of heating by the iaser pulse changing the resistance of the bridge. The bolometric (thermal)
nature of this response is apparent in the slow rate of decay of the signal over severai nanoseconds which is
determined by the thermal escape time from the film, However, it is possible to observe subnanosecond voltage
transients when the sample is biased well below the transition region in the superconducting state.

Several groups'® have studied this fast photoresponse from YBCO thin films which cannot be explained
by a simple resistive bolometric response. Transients as fast as 30 ps wide have been reported.” The controversy
that exists today is over the origin of this fast photoresponse in YBCO epitaxial thin films. Various
nonbolometric (nonthermal) mechanisms have been proposed arising from laser induced nonequilibrium
superconductivity such as kinetic inductance ffects™ and gap suppression by excess quasiparticles.*” Since the
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FIG. 1. Schemaric of a typical photoresponse experiment.

motion of vortices in superconductors can generate voltages, mechanisms such as photoactivated flux flow’ and
photofluxonic detection® have also been proposed. We have already shown! that for 100 ps, 532 nm laser pulses
the fast photoresponse can be explained using a kinetic inductive bolometric model, which is explained further
in section 1.4. We have recently studied the photoresponse from YBCO films using 5 ps, 820 nm laser pulses
and have observed 16 ps wide transients from a 200 nm thick film. One of the motivations behind these high
speed photoresponse experiments is to find evidence for nonbolometric processes in the photoresponse, which
would help improve our understanding of high-T superconductors. Another motivation was to assess the
feasibility of a high speed YBCO photodetector cooled with liquid nitrogen.

1.2. Gesneral trend observed in the photoresponse data

We have observed a trend in all of our photoresponse measurements, as shown in Fig. 2 and discussed
in more detail in Refs. 1 and 2. One of the first steps, however, was to measure the steady-state voitage (Vo)
across the bridge as a function of temperature and bias current in order to obtain a "map” of the resistive
transition. This made it possible to identify a resistive bolometric resporse (slow component) in the
photoresponse signals. The temperature transient AT induced by the laser puise in the bridge determined the
amplitude of the resistive bolometric response, and the decay time was deterriined by the characteristic thermal
escape time from the film (see section 1.3). As shown in Fig. 2, the resistive transition gets broader as the bias
current through the bridge is increased. If the bias current is kcpt constant at I,, then a photoresponse
measurement taken at a temperature T, will be almost compietely a resistive response. At a temperawre of T,
however, AT will just be large enough to produce a voltage transient due to 2 change in resistance along the
bridge which is greater than the resolution of the photoresponse measurement system. (For example, the system
resolution for the wave forms described here was 0.05 mV, whereas the noise associated with the steady-state
measurements Vo across the bridge was less than 107 V.) A fast component is also seen on top of the slow
component at this temperature. As the temperature is lowered further to T;, only the fast component remains.
The slow component, which is due to the resistive bolometric response, has completely disappeared since AT is
insufficient to bring the transient temperature of the film to a resistive region above the noise level of the system.
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FIG. 2. General trend observed in the photoresponse data.

The fast response is due to a kinetic inductive bolometric response, as discussed in section 1.4. The amplirude
of the fast response decreases more slowly as the temperature is lowered further.

If the temperature is kept at T., then biasing the sample with a current of I, will bring the sample into
the resistive region and the response will be predominantly resistive bolometric. Decreasing the bias current to
I; brings the film further away from the resistive transition region until the current is low enough such that AT
is too small to produce a resistive change greater than can be detected by the system. At currents between zero
bias and I, only the fast component is present with an amplitude which is linear with current.

This general trend has been observed with 100 ps laser pulses' from films with thicknesses ranging from
30 nm to 260 nm, and recently with 5 ps laser puises® from films with thicknesses from 47 nm to 200 nm.

1.3. The resistive bolometric response (the slow component)

The resistive bolometric response arises from a change in resistance of the bridge induced by heating from
the laser pulse. The sample is biased in the resistive transition, or is biased in a region where the induced voltage
transient due to a resistive change is larger then the noise of the system. The resistive bolometric response decays

over several nanoseconds, and the amplitude can become very large if biased very far into the resistive transition
region.
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Figure 3 shows some examples of resistive bolometric signals seen from four fitms wiih differemt
thicknesses.' It is very apparent in Fig. 3 that the thickest film (260 nm) has the longest decay time and the
thinnest film (30 nm) has the shortest. These decay times are consistent with thermal escape times from the film
determined by the thermai boundary resistance between the film and the substrate. This makes the thermal escape
time proportional to the thickness and the heat capacity of the film. For example, typical thermal escape times
near 77 K would be 20 ns for 2 200 nm fiim, 13 ns for a 130 nm film, and only 3 ps for a 30 om film.
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FIG. 3. Examples of resistive bolometric photorespopse signals from films
with thicknesses of (a) 260 nm, (b) 220 om, (c) 130 om, and (d) 30 om.

1.4. The kinetic inductive bolometric response (the fast component)

The fast photoresponse using 100 ps laser pulses can be explained by a kinetic inductive bolometric
model.! A large portion of the 20 ps wide voltage transients seen using 5 ps laser puises is also due to a kinetic
inductive bolometric response.” Figure 4 describes the kinetic inductive bolometric mechanism. The lattice
temperature T of the film is quickly raised by heating from the incident laser pulse and the superfluid density D,
which depends on temperature, suddenly decreases. The kinetic inductance Ly of the bridge, which is inversely
proportional to the superfluid density,’ then increases quickly. This sudden change in the inductance of the bridge
results in a fast positive voltage transient given by V = | dLy/dt,"* where ! is the bias current. If the thermal
escape time is fast enough, thea it is possible to see a negative voltage transient as the superfiuid density increases
back to its original value. It is important to note that a fast response arising from the kinetic inductive bolometric
response depends on the rate at which the film is initially heated by the laser pulse and not on the thermal escape
time from the film. This explains why a fast response can be seen from films as thick as 200 nm. The linear

dependence of the photoresponse on current, once the slow component has disappeared. supports a kinetic
inductance model.
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FIG. 4. Description of the kinetic inductive bolometric response.

~ 2. EXPERIMENT
2.1. Processing of the YBCO thin films

The c-axis, epitaxial YBCO films were grown by laser ablation on LaAlOQ, substrates and parerned into
50 @ coplanar transmission line structures using standard photolithographic technigues and a wet chemical etch,
as described elsewhere.'* The transmission line was terminated in a bridge 10 um wide by 100 pm long. The
films described here had thicknesses of 135 nm and 200 nm. but 47 nm, 67 nm, and 160 nm films were also
studied in the high speed setup. Gold contact pads were evaporated onto the films and then annealed to decrease

the contact resistance. After processing, the zero resistance critical temperatures of the films ranged fiom 86 K
to 89 K.

2.2. Laser source

A synchronously pumped dye laser was used to generate 5 ps, 820 nm laser pulses. A pulse selector
system was used to reduce the pulse repetition rate from 76 MHz to 38 kHz, which lowered the average laser
power incident on the sample to about 70 uW. A lens with 2 5 cm focal length produced a 35 um spot size at
the bridge. With an energy per pulse of about 0.1 nl , the fluence at the sample was about 10 pJ/cm?,

2.3. High speed photoresponse setup

Figure 5 describes how the photoresponse measurements were made. The YBCO coplanar transmission
line sample was connected to a Wiltron V" connector (DC to 65 GHz) glass bead launcher which coupled the
high speed transients to a 15 ¢cm long coaxial cable. A Wiltron bias-tee (0.1 to 60 GHz) connected the other end
of the cable to a 50 GHz digital sampling oscilloscope (Tektronix CSA 803 with SD-32 sampling head) and to
a current source (0 to 100 mA). Wave forms were acquired at positive and negative bias currents and then
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subtracted to eliminate spurious base line effects. A noise level of 0.05 mV was achieved with 512 averages per

wave form.
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FIG. 5. Schematic of the high speed photoresponse measurement circuit.

A diagram of the sample chamber is shown in Fig. 6. The sample was mounted in vacuum on the end
of a cold finger which was cooled by liquid nitrogen. All the photoresponse measurements discussed here,
therefore, were taken at liquid nitrogen temperature (77.4 K). The glass bead launcher provided a hermetic seal
between the sample and the liquid nitrogen reservoir. This allowed the coaxial cable to be immersed directly in
the liquid nitrogen, which greatly reduced heat conduction through the short cable to the sample. Quartz windows
on the base of the chamber provided optical access. The entire chamber was designed to be compact and portable
to see if it could be used as a practical high speed YBCO photodetector operating at 77K

vacuum /L "=\ quanz
omsr (7774 """ L

—— 5.5 cm —-—-l

F1G. 6. Cut-away view of the sample chamber.
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3. RESULTS AND DISCUSSION
3.1. Fast photoresponse signals and linear current dependence

Examples of photoresponse signals from the 135 nm film are shown in Fig. 7. At a bias of 15 mA, as
in Fig. 7(a), a fast component is seen which is followed by a slow component. In Fig. 7(b), the current has been
reduced to 11 mA and the slow component has a;most disappeared. At lower currents, the slow component has
vanished and only the fast component remains with a width of about 20 ps, as shown in Fig. 7(c) for a bias of
6.5 mA. The amplitude of the photoresponse signal as a function of current is shown in Fig. 8. The straight
line is a least squares fit to the data below 8 mA, and shows the linear dependence of the fast photoresponse with
current. The arrow in the upper inset of Fig. 8 marks the current above which the slow component is present.
Below that value, only the fast component remains which varies linearly with current. The lower inset shows
the 15 mA waveform from Fig. 7(2) on a longer time scale. This wave form, with a fast component
superimposed on top of a slow component, is simiiar to wave forms that have been seen by other groups.>**4

2 i . 1

(mv)

Photoresponse signal

20 ps/div

FIG. 7. Photoresponse signals seen from the 135 nm film at
a bias of (a) 15 mA, (b) 11 mA, and (c) 6.5 mA.

3.2. Comparison of the observed photoresponse to the kinetic inductive belometric model

Figure 9 shows the photoresponse from the 200 nm film at a bias of 75 mA which was in the linear
current dependence regime for this film.?> The full width at half maximum (FWHM) of the signal is 16 ps. Also
shown in Fig. 9 is the photoresponse expected assuming a kinetic inductive bolometric model as outlined in Ref. 1
with a zero resistance critical temperature of 89 K, initial temperature of 77.4 K, and a | - (T/T o) dependence
of the superfluid density with temperature. The transient temperature induced by the 5 ps wide laser pulse is
0.40 K, which produces a voltage transient shown in Fig. 9 about 1.38 mV high and 5 ps wide. This is close
to the observed amplitude of about | mV when one considers that bandwidth limitations will broaden and
attenuate the voltage pulse generated at the bridge. Similarly for the 135 nm film, the simulation and observed
photoresponse peak values are 0.41 mV and 0.40 mV, respectively, at a bias of 6.5 mA (Fig. 7(c)). The
reasonable agreement of the simulation results to the observed amplitudes strongiy suggests that a large portion
of the observed photoresponse must be due to a kinetic inductive bolometric mechanism.
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FIG. 8. Amplitude of the photorespoase signal as a function of current for
the '35 nm film. The lower inset shows the wave form at a bias of 15 mA.

(mV)

Photoresponse signal

FIG. 9. Comparison of the observed photoresponse from the 200 am film at a bias of
75 mA to a simulation based on the kipetic inductive bolometric response model.
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3.3. Possibility of nonbolometric effects

The kinetic inductive bolometric response is based on a simple model which assumes that the electron
and lattice temperatures are in equilibrium as the laser pulse heats the film, and that the local superfluid density
is determined by the instantaneous lattice temperature of the film. For 100 ps laser pulses, this may be a
reasonable assumption if quasiparticle relaxation times in YBCO determined from microwave experiments'®' are
less than 1 ps above 60 K. For 5 ps laser pulses, deviations from a simple kinetic inductive bolometric model
might be indicative of nonbolometric or nonequilibrium effects in the photoresponse. With potential sources of
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error in the simulation results such as estimates of the fluence, it is difficult to look for small deviations from a
simple kinetic inductive bolometric model. However, the simulation resuits shown in Fig. 9 give a negative
response due to the slow thermat escape from the sample of only -0.002 mV whereas a much larger negative
response with a decay of about 30 ps is observed. In fact, a negative transient with a 30 ps decay time was
observed in all the films that were studied from 47 nm to 200 nm.

A fast negative transient in the observed photoresponse, as seen in Fig. 7(c) and Fig. 9, may be
interpreted as evidence for recombination of nonequilibrium quasiparticles (which were in excess of the
instantaneous local thermal equilibrium value from heating by the laser pulse) back into Cooper pairs.>*
Quasiparticle recombination times of about 3 ps at 80 K have been reported from pump-probe experiments on
YBCO samples.” However, the negative signal may arise from the system response or from the coplanar
transmission line characteristics, and caution in the interpretation of the negative photoresponse must be taken.
Measuring the temperature dependence of the negative component may help clarify the origin of this response.

4. CONCLUSIONS

We have studied the photoresponse of epitaxial YBCO thin films at 77 K using picosecond laser pulses
and a high speed measurement setup. A general trend is observed in the photoresponse data which contains both
fast and slow components. The slow component is due to a resistive bolometric response and the fast component
is primarily due to a kinetic inductive bolometric response. The fast response has been seen in films with
thicknesses from 30 nm to 260 nm. Transients as fast as 16 ps wide have been observed from a 200 nm film.
There may be some evidence for a nonbolometric contribution to the photoresponse due to nonequilibrium
quasiparticle recombination, but more work is needed to clarify the origin of the negative response.
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Paper D

"Picosecond photoresponse of epitaxial YBa,Cu,0;_; thin films"

F. A. Hegmann, R. A. Hughes, and J. S. Preston, Appl. Phys. Lett. 64, 3172-3174 (1994).
(©1994 American Institute of Physics. Reprinted with permussion of the American Institute of Physics)
Summary:

Paper D describes the photoresponse data taken with 5 ps laser pulses. The 16 ps
wide voltage transient observed from a 200 nm film is shown in this paper and compared
to the KIB model. The 50 GHz bandwidth limitation of the oscilloscope was also
considered when the expected amplitude of the photoresponse signal was estimated. As of
September, 1994, the 16 ps wide transient reported in Paper D is still the fastest voltage
transient observed to date from a YBCO film. The fact that the KIB model could account
for a large portion of the amplitude of the observed response suggested that nonequilibrium

heating was not significant over the time scale of the 5 ps laser pulse.
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Photoresponse signals as fast as 16 ps (full width at half-maximum) have been observed from
current-biased bridge structures of epitaxial YBa,Cu;0. 4 thin films on LaAlO; using S ps, 820 nm
laser pulses. Operating at liquid-nitrogen temperature (77.4 K), the amplitude of the fast response
was found to be linear with current at low bias currents. At higher bias currents, a slow component
appeared in the signal with a decay over several nanoseconds which could be attributed to a resistive
bolometric response. Fast transients about 20 ps wide have been observed in films with thicknesses
ranging from 47 to 200 nm. We believe the fast response is primarily due to a kinetic inductive
bolometric mechanism associated with heating of the film by the laser pulse, There is some evidence
of a nonbolometric contribution but it is not yet conclusive.

Several groups'™’ have reported fast photoresponse sig-
nals from current-biased epitaxial ¥Ba,Cu;0,_; (YBCO)
thin {ims below the transition temperature using short laser
pulses. Transients as fast as 30 ps wide have been observed
from 30 nm films,' which were followed by a slow compo-
nent with a decay over several nanoseconds. One of the mo-
tivations behind these studies has been to understand the
origin of this fast response, since it cannot be explained in
most cases by a resistive bolometric response where the laser
pulse simply heats the film in the resistive transition region.
Several nonbolometric (or nonthermal) mechanisms have
been proposed based on nonequilibrium phenomena which
result in optically induced gap suppression~ or changes in
the sample’s kinetic inductance.!” Photoactivated flux flow
has also been suggested® as one possible mechanism.

We have already studied the photoresponse of YBCO
thin films using 100 ps laser pulses’ and concluded that the
fast response could be adequately explained by a kinetic in-
ductive bolometric mechanism. In this mechanism, heating
of the film by the laser pulse rapidly decreases the superfluid
density which increases the kinetic inductance of the bridge
resulting in a fast voltage transient. The mechanism is bolo-
metric because the kinetic inductance is determined by the
local temperature of the film. In the work described here, we
have tried to look for evidence of nonbolometric effects in
the photoresponse over much shorter time scales. To our
knowledge, the 16-ps-wide transients described in this letter
(with no slow component afterwards) are the fastest observed
so far from YBCO thin films. The photoresponse is due to
kinetic inductance effects, but it is unclear if nonbolometric
mechanisms are present.

The photoresponse measurements described here were
taken primarily from a c-axis oriented, epitaxial
YBa,Cu;30,_ 5 thin film with a thickness of 200 nm depos-
ited by laser ablation on LaAlQ; at 780 °C in 250 mTorr of
oxygen. Standard photolithographic techniques and a wet
chemical etch were used to pattern the film into a 2-mm-long

“‘Author to whom all cortespondence should be addressed.
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coplanar transmission line structure terminated by a 10-zm-
wide and 100-gm-long bridge, as shown schematically in
Fig. 1. The width of the transmission line was 130 gm, and
the gap to the ground planes was 336 um. A substrate thick-
ness of 500 um and dielectric constant of 23.5 gave a trans-
mission line impedance of 50 ). Gold pads were also depos-
ited onto the YBCO sample to allow four-point probe
measurements of the resistance of the bridge. The gold pads
were annealed at 500 °C for 30 min to reduce the total con-
tact resistance to about 0.5 {1 and improve the adhesion of
the gold to the film. After processing, the zero resistance
critical temperature was about 89 K, the resistivity at 100 K
was 124 uf) cm (62 1), and the critical current density /. al
77 K using a 10 uV/cm criteria across the beidge was about
15X 10° AJem® (29 mA).

Figure 1 is a schematic of the experimental setup. Wil-
tron V" connectzrs (de to 65 GHz) were used to launch the
tast voltage transients from the YBCO transmission line
structure to a coaxial cable 15 cm long. The sample was
mounted in vacuum on the tip of a copper cold finger cooled
by liquid nitrogen. This limited the photoresponse measure-
ments to liquid-nitrogen temperature (77.4 K). The launcher
provided a hermetic seal between the sample and the coaxial
cable, which allowed the cable 10 be directly cooled by the
liquid-nitrogen contained in the cold finger. This greatly re-
duced heat conduction through the short cable length 1o the
sample. A current source (0-100 mA} provided de bias 1o the
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FI1G. 1. Schematic of the experimental setup.
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FIG. 2. Photoresponse signals from a 10 umX 100 xm>200 nm bridge at a
bias current of {a} 100, (b) 75, and (¢} 45 mA. The full width at half-
maxiraum of the fast pulse in (b) is 16 ps.

sample through a Wiltron bias-tee (0.1-60 GHz). A 50 GHz
digital sampling oscilloscope (Tektronix CSA 803 with
SD-32 sampling head) was also connected to the bias-tee,
and wave forms were acquired at positive and negative bias
currents and then subtracted to eliminate base line effects.
After 512 averages for each wave form, a voitage resolution
of about 0.05 mV was obtained. The bandwidth of the setup
was measured by a network analyzer to be greater than 40
GHz, which would give a theoretical rise time of about 8.8
ps. The sample chamber, with a height of only 22 ¢cm and
diameter of 6.5 cm, was designed to be compact and portable
in order to investigate the viability of a practical high-speed,
high-T, photedetector operating at 77 K.

A synchronously pumped dye laser generating 5 ps, 820
nm pulses was focused by a 5 cm lens to a 35 um spot size
on the sample. A pulse selector system operating at a pulse
repetition rate of 38 kHz was used to reduce the average
power at the sample to about 70 uW. Each selected pulse had
an energy of about 0.1 nJ, resulting in u fluence at the bridge
of about 10 pfem”,

Figure 2(a) shows the photoresponse from the 200 nm
film at a bias of 100 mA. A fast transient less than 20 ps wide
is followed by a slow component which decays over several
nanoseconds. As the bias current is lowered to 75 mA, as
shown in Fig. 2(b), the slow component disappears and only
the fast component remains with a full width at half-
maximum (FWHM) of 16 ps. The fast component persists at
even lower currents with decreased amplitude as shown in
Fig. 2(c) for a bias of 45 mA. The amplitude of the response
from the 200 nm film as a function of bias current can be
seen in Fig. 3. Below 80 mA, the slow component disappears
and the amplitude of the fast response becomes linear with
bias current.

The same trend is observed in the photoresponse from a
135 nm film with a 10-um-wide bridge as shown in Fig. 4.
The upper inse: in Fig. 4 shows a photoresponse that rapidly
increases with curtent above 8 mA. This is the region where
the slow component appears and becomes very large. An
example of a wave form from this region is shown in the
lower inset of Fig. 4 for a bias current of 15 mA where the
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FIG. 3. Peak amplitude of the photoresponse signal (open circles) as a
function of bias current for the 200 am film. The solid line is a least-squares
fit 10 he data below 80 mA. Above 80 mA, a slow component (amplitude
denoted by open inverted triangles) is observed in the photoresponse. The
inset shows the steady-state voltage across the 100 um bridge as a function
of temperature near 77 K for bias currents of 100, 80, and 60 mA.

fast component is superimposed on top of the slow compo-
nent. Below 8 mA, only the fast component is present with
an amplitude which is linear with bias current. Similar trends
have been observed in the photoresponse from 47, 67, and
160 nm films.

It can be shown that the slow component is a resistive
bolometric response. The inset in Fig. 3 shows the steady-
state voltage across the 100-um-long bridge as a function of
temperature and bias current as measured in a separate setup
by 2 four-point probe measurement. The estimated tempera-
ture transient’ induced in the 200 nm film by the laser pulse
is about 0.40 K. If the initial temperature of the sample is
77.4 K, then the change in voltage across the bridge to a final
temperature of 77.8 K is 0.98, 0.21, and 0.056 mV for bias
currents of 100, 80, and 60 mA, respectively. Since the spot
size is only 33 um, the laser pulse illuminates only a 35-um-
long section of the 100-um-long bridge. The voltage tran-
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FIG. 4. Peak amplitude of the photoresponsc signal as a function of bias
current for a 10 gmX 100 mX 135 nm bridge. The solid linc is a least-
squares tit 10 the data below 8 mA, Above 8 mA, as indicated by the amow
in the upper inset, 3 slow component is observed in the photoresponse and
the amplitude increases sharply. The lower inset shows an cxample of a
wave form with 3 slow component taken at a bias current of 15 mA.
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FIG. 5. Comparison of the observed photoresponse to a simulation based on
a kinetic inductive bolometric model for the 200 am film. The dashed curve
represents the simulation pulse limited to the 50 GHz bandwidth of the
sampling head. The width of the simulaticn transieat is 5 ps, the observed
response taken at 75 mA is 16 ps wide, and the width of the broadened
simulation pulse is 11 ps.

sient expected from a resistive bolometric response would
then be 35/100 of the above voltage changes, or (.34, 0.07,
and 0.02 mV. As seen in Fig. 2(a), the amplitude of the slow
component observed at a bias of 100 mA is about 0.3 mV,
which agrees quite well with the predicted change of 0.34
mV from the steady-state measurements shown in the inset
of Fig. 3. In Fig. 2(b), the disappearance of the slow compo-
nent at 75 mA also agrees with a predicted 0.07 mV ampli-
tude for the slow component at 80 mA since the noise level
of the system is 0.05 mV. The decay of the slow component,
which depends on the thermal escape time from the sample,’
should be about 20 ns for the 200 nm sample at 77 K or
about 13 ns for the 135 nm film. The lower inset in Fig. 4,
however, shows a decay for the slow component from the
135 om film of only 3 ns. This decay for the slow compo-
nent, which is faster than expected, can be explained by the
lower cutoff frequency of the bias-tee (Fig. 1) of 0.1 GHz
which would give a calculated fall time of 3.5 ns. Qualita-
tively similar wave forms to the one shown in the lower inset
of Fig. 4 have been observed by other groups.*¢

The origin of the 20-ps-wide fast photoresponse seen in
all of our films is accounted for by kinetic inductance
changes induced by the laser pulse in the current-biased
bridge. The voltage expected from such a response is given
by>’ V=IdL yn/dt, where [ is the bias current and Ly is
the kinetic inductance of the bridge. The observed linear cur-
rent dependence of the photoresponse agrees with a Kinetic
inductive mechanism. However, it is not certain whether the
fast response provides clear evidence for nonequilibrium
mechanisms over a 20 ps time scale.

Figure 5 compares simulation results assuming a kinetic
inductive bolometric response’ to the observed response at
75 mA for the 200 nm film from Fig. 2(b). The kinetic in-
ductive bolometric model gives a 1.38 mV peak value and a
5-ps-wide signal which is the same width as the incident
laser pulse. The dashed curve in Fig. 5 shows the simulation
pulse broadened to a width of 11 ps due to the 50 GHz
bandwidth limitation of the sampling head. Dispersion ef-
fects in the coplanar transmission line” and a time jitter of
about 5 ps associated with the wave form acquisition on the
oscilloscope will also contribute to broadening, but have not
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been included in the broadened simulation pulse shown in
Fig. 5. The amplitude of the broadened pulse is about 0.69
mV, which is close to the observed peak photoresponse of
about 1 mV. The fast response, therefore, must have a large
component arising from the kinetic inductive bolometric
mechanism.

However, the fast photoresponse signals from all the
films we studied show a negative transient with a decay time
of about 30 ps as seen in Figs. 2 and 5. Negative transients
have also been seen by other groups, and have been inter-
preted as evidence for nonequilibrium recombination of pho-
toexcited quasiparticles back into Cooper pairs.!® Pump-
probe experiments on YBCO samples® have reported
quasiparticle recombination times of the order of 3 ps. The
kinetic inductive bolometric model’ shown in Fig. 5 predicts
& negative response of only —Q0.002 mV. The broadened
simulation puise shows negative going oscillations, but none
with a decay time of 30 ps. The dispersion effects in the
coplanar transmission line must be studied further before any
conclusions can be made regarding the origin of the
negative-going transient.

In summary, we have observed 16-ps-wide photore-
sponse transients from YBCO thin films with thicknesses up
1o 200 nm. We believe the response is due to kinetic induc-
tance effects and that a large portion of the response is due to
a kinetic inductive bolometric mechanism from heating of
the film by the laser puise. It is still not clear at this point
whether nonequilibrium mechanisms are present in the pho-
toresponse data over this time scale and at a temperature of
77 K, even though the observed negative transients might
suggest nonequilibrium recombination of quasiparticles into
Cooper pairs. Performing the same experiments as a function
of temperature may help reveal more information on the ori-
gin of the negative photoresponse signal.
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