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We have measured the photoresponse of current-biased bridge structures of epitaxial YBa,Cu;0,_s
thin films on LaAlO; using 100 ps, 532 nm laser pulses. 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 slow 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 due to
temperature-induced changes in the superfluid density from heating of the bridge by the laser pulse. Our
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,Cu30;_5. 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 transients observed in the photoresponse data consistent with the simulation results is also present-
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L. INTRODUCTION

The photoresponse of high-7, 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 transition 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 1 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,_5 (YBCO) line on a micromachined
silicon wafer.

Granular and epitaxial high-7, thin films offer the pos-
sibility of developing very fast photodetectors which rely
on nonequilibrium 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 been attributed to light-induced
phase-slip processes in the Josephson junction weak links
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between the grains. Nanosecond response times have
been observed in polycrystalline Tl-Ba-Ca-Cu-O thin
films!© at wavelengths larger than 100 um, 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 nonbolometric photoresponse at
all. In some experiments, only a bolometric pho-
toresponse in epitaxial thin films was observed!?™ !4
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, !>~ 2° 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 cases, 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 identified by de-
viations of the observed transient voltage AV from a
simple resistive bolometric response governed by
AV =IdR /dT AT, where I is the bias current, dR /dT is
the temperature derivative of the resistance, and AT is
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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
photoresponse which relies on accurate thermal model-
ing.>?%2" A magnetic field has been used in a technique
to help distinguish between bolometric and non-
bolometric components in the photoresponse of epitaxial
YBCO thin films. 2

Among the groups that have reported a nonbolometric
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
suppressing the superconducting order parame-
ter'6718,20.22=24,33 1 changing the sample’s kinetic induc-
tance, 118720:23.25 or attributed to optically induced flux
motion phenomena such as photoenhanced flux creep,?’
photoactivated flux 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
thermalization times,3?73% electron-phonon coupling 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 proportional to the superfluid density
(or proportional to A2, where A is the London penetra-
tion depth). The superfluid density depends on tempera-
ture, so the temperature transient induced by the laser
pulse will change the kinetic inductance of the bridge. At
constant current bias, a change in kinetic inductance 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. II) have limited the observed widths
to just under 500 ps. The fast component can therefore
be described as 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
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kinetic inductance has been used in YBCO microstrip
resonators to 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 bolometric modulation of the kinetic induc-
tance in a YBCO microstrip.*! Kinetic inductance
bolometers have also been developed*? which operate
below T, and require a superconducting quantum in-
terference device (SQUID) to sense changes in the induc-
tance of the circuit. The kinetic inductive bolometric
mechanism we are proposing for the fast photoresponse is
similar to the detection principle 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-T, 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
III 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 pho-
toresponse 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 oxygen. Film thickness ranged from 30
to 260 nm, and substrate sizes were nominally 6 X 6X0.5
mm?. The films were patterned into bridge structures us-
ing standard photolithographic techniques and a wet
chemical etch of 0.1% HCI and HNO; in deionized wa-
ter. Etch times were typically 10-20 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. Contact resistance was less than 0.1
Q 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 I gives the characteristics after processing for the
four films described here. The zero 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 1077 V across the 200 um
bridges or 5 uV/cm. Bridge resistivities were typically
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TABLE 1. Specifications for the four films described in the paper. The patterned bridges have a
thickness d, width w, and length [. T,y —¢) is the zero resistance transition temperature after pattern-
ing using a 1077 V criteria (5 uV/cm), and AT, is the width of the superconducting transition. The
critical current I, at 77 K (5 uV/cm criteria) for each bridge is shown from which the critical current
density J, at 77 K is calculated. The resistance R of the bridge at 100 K is used to estimate the corre-
sponding resistivity p. When referring to a specific film in the text, the film thickness d will be used.

d w I Ter-0y AT, I, at77K J, at77K Rat 100K p at 100 K
(nm) (um) (um) (K) (K) (mA) (A/cm?) (Q) (uQ cm)
30 20 200 86 3 5 8.3X10° 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 89 1 45 1.7 X 10° 110 140

150 €2 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. Variations 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 1 mW
and therefore did not contribute significantly to heating
of the sample. A cylindrical lens was used to focus the
laser pulse to a 20 um X200 um elliptical spot on the
bridge, producing a fluence of about 100 uJ/cm?. The
long axis of the spot was oriented perpendicular to the
bridge to minimize beam misalignment due to thermal
drift of the 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
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FIG. 1. Schematic of the experimental setup used for the
photoresponse measurements.

two contacts were connected to a 50 Q SMA coaxial
cable 40 cm long which brought the transient voltage sig-
nal from the bridge structure to a bias 7 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 20 dB ( X 10
voltage gain) from 0.1 MHz to 1 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 half
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 measurements
across the bridge with a resolution of 50 nV. Each wave
form acquired on the sampling oscilloscope was averaged
128-512 times. Wave forms were taken at positive and
negative current bias and then subtracted to remove dc
offsets and noise pickup, resulting in a noise limit on the
wave forms acquired from the oscilloscope of about 0.05
mV.

III. 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,, decreased (1077 V criteria) and the
width of the transition increased. The critical current I,
is a linear function of temperature from 65 to 85 K,
which is consistent with the temperature dependence of
the critical current density J, observed in YBCO thin
films.** With the bias current held constant, increasing
the temperature beyond a certain point resulted in a very
sharp and sudden upturn in the measured voltage which
may have been due to runaway thermal effects from the
generation of hot spots in the bridge.** Figure 2(b) plots
the resistance of the bridge as a function of temperature
and bias current on a linear scale to emphasize the
broadening. Several photoresponse studies!>!72$2° 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 (dc)
conditions and zero external field. In (a), the dc voltage V' mea-
sured across the 200 um long bridge is plotted on a logarithmic
scale as a function of temperature 7. The rightmost curve is for
a bias current of 10 uA, and the leftmost curve with the broad-
est transition was taken at 100 mA. The corresponding bridge
resistance R is plotted on a linear scale in (b) as a function of
temperature to emphasize the broadening of the transition and
lowering of T,y due to the bias current. The lines drawn in (b)
are only guides to the eye. Similar plots were made for the oth-
er films providing maps of the resistive transitions for each film.

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

Considering that only 20 um of the 200-um-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 transients 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. III E.

B. Typical photoresponse 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. 2(a). 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. 5(a) 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 uJ/cm?. Notice the change in the time scale for
each of the wave forms. In (a), at a temperature of 77.8 K, the
signal is quite large and has a long decay. As the temperature is
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 (c) at 75.1 K, the fast
component is becoming more prominent and the slow com-
ponent has decreased further in amplitude.

shown in Figs. 3(b) and 3(c). In Fig. 4(a), the fast com-
ponent dominates over slow component at 74.2 K, and in
Fig. 4(b) the slow component has completely vanished
below our noise limit at 71.4 K and all that remains is 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. 4(c) 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-
lowed by a slow component have been reported by other
groups studying the photoresponse of epitaxial YBCO
thin films. 15 18:20—23,25,45

The resistive transition curve shown in Fig. 5 can be
used to determine the resistive bolometric nature of the
slow 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 nm film at a
bias of 100 mA and laser fluence of 100 uJ/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 Tynimiar Of 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 a maximum temperature
Tamax of 78.7 K in Fig. 5(b) or a temperature transient
AT of 2.2 K. From the analysis given in Sec. III 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 45.7 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. IIT F.
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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.

1072 g
1073 [ LMY _signal level i/ 3
10_4 2 ' 1.
v ' 'Noise limit A~ ! 3
1075 [ of system : : n
(V) E (0.05 mv) :
-6 [ : ]
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S
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O-"""I """"" e n N T T T
73 74 75 76 77 78 79 80

T (K)

FIG. 5. Expanded view of the dc voltage V measured across
the 200-um-long bridge as a function of temperature for the 260
nm film 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 (a), 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 bolometric voltage tran-
sients would not be seen on the oscilloscope if this minimum
temperature 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 transition curve is
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 a L m ()
signal for the 260 nm film at a bias of 100 mA and laser fluence 0.2
of 100 puJ/cm®. Examples of some of the wave forms for these L
points are shown in Figs. 3 and 4. The inset shows the low- 0.0 MU
temperature region more clearly and plots the peak amplitude L
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 dependence 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

‘BO T ) T T T T
0.6 T T T T
E 0.4 | .
~— 20 F L .
0.2 | E
OO 1 1 1 1

0 10 20 30 40 50
10

Peak signal

O 20 40 60 B0 100
(mA)

FIG. 7. Bias current dependence of the peak photoresponse
signal for the 260 nm film at a temperature of 78 K and laser
fluence 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 signal amplitude seen above 60 mA is due to
the film entering the resistive region at these 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.

Current bias

toresponse wave forms for the 260 nm film at a temperature of
78 K and a laser fluence of 100 uJ/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 lowered to 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 fluence near the highly non-
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 also
been observed elsewhere. 17 19:23.24

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 voltage 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
only 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 plotted in Fig. 9. The fast, 650 ps FWHM tran-
sient with 60 mA bias seen in (a) is 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 seen, as
shown in (c) at a bias of 15 mA. In this current region, the fast
photoresponse is linear with bias current, as shown in the inset
of Fig. 9.
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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) photoresponse

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 magnitude 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 laser pulse can
be determined by finding the temperature in the dc resis-
tance transition curve at which the dc voltage equals the
voltage in the photoresponse transient at a given time.

(mV)

Photoresponse signal

250
30 nm

6 8 10 12 14 16 18 20

(ns)

FIG. 11. Examples of resistive bolometric photoresponse sig-
nals seen in the four films biased in their resistive transition re-
gions. The.decay time for the 260 nm film in (a) is greater than
20 ns, but gets progressively shorter as the film thickness is de-
creased becoming as short as 1 ns for the 30 nm film in (d). The
temperature at which each of the wave forms was taken is given
in Table II. The laser fluence was 100 puJ/cm?, and the current
bias was 100 mA in (a), 80 mA in (b), 75 mA in (¢c), and 20 mA
in (d).

Time
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An example of this technique, which gives more accurate
estimates of thermal escape times, is described below.

A voltage transient from the 130 nm film at 70 K is
shown in Fig. 12. A current of 75 mA was enough to 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 to
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 the oth-
er films shown in Fig. 11, and the normalized tempera-
ture transients are shown in Fig. 14. The main feature of
Fig. 14 is the faster thermal 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 II and III, 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 Eass
AT gsTiMATE = Ccd E, (1)

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

TestimaTe = CRppd » )

where F is the incident laser fluence in J/cm?, C is the
heat capacity of the film in J/cm3 K, d is the thickness of
the film in cm, and Rpp is the thermal boundary resis-
tance in K cm?/W. The factor E ,pg /E, is the fraction of
the total incident energy absorbed in the film and takes
into account transmission of the laser pulse through the
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FIG. 12. Voltage transient (¥, open squares) observed from
the 130 nm film biased in the resistive transition region (7=70
K, I=75 mA, F=100 uJ/cm?) and corresponding temperature
transient (7, closed circles) interpolated from the measured dc
resistive transition curve shown in Fig. 13. Due to 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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(mV)
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T (K)

FIG. 13. dc voltage measured across the 200-um-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

Enps/Eq=(1—R)[1—exp(—d /8)] , (3)

where R is the reflectivity and & 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

T T T T ] T 1 T T

1
AT
ATMA)(

o 1 J 1 1 1 1 1 1 1

0O 2 4 6 8 10 12 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 four films. As discussed in the text,
the faster thermal decay time observed for the thinner films is
consistent with Eq. (2). Exponential fits to this data provided
values for the maximum temperature transients AT, ,y and
thermal decay times 7ogsgrvep fOr each of the films, as shown in
Tables IT and III.
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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. III F). The thermal boundary
resistance’® between YBCO thin films and LaAlO; sub-
strates is nominally 1.0X 103 K cm?/W and independent
of temperature from 90 to 200 K. At lower tempera-
tures,

Rpp=B/T?, 4)

where B =17 K*cm?/W for YBCO on sapphire.’> There-
fore, the T2 behavior of R g, 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 a of YBCO thin films* is approximately
1.1X10° cm ™! which gives an optical penetration depth
of §=1/a=90 nm. Using Eq. (3), E sz /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 g5 /E change to 0.89
and 0.35, 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 ,uJ/cmz 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 II 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 III when
comparing estimates of the thermal escape time using Eq.
(2) to exponential fits of the decay times for the observed
temperature transients shown in Fig. 14. If it is not as-
sumed that Rpy=1.0X10"3 Kcm?/W (Ref. 5), then
Ryp 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)X 1073 K cm?/W, which is in
good agreement with other reported values.>!#235! This

TABLE II. Comparison of observed transient temperature
amplitudes AT opsprvep for the four films of thickness d to esti-
mates of the transient temperature ATgsrvate Using Eq. (1).
The estimates use the heat capacity C of the YBCO film at an
initial temperature 7T;. E ogs/E, is the fraction of incident laser
pulse energy absorbed in the film, as described by Eq. (3).
(F=100 puJ/cm?, R=0.1, 5=90 nm.)

d T: C ATOBSERVED ATESTIMATE
(nm) (K) (J/ecm*K) Eaps/Eo (K) (K)
30 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 3.4
260 77 0.98 0.85 2.3 3.3
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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
d> _d*C

= , 5
TDIFF D P (5

where D is the thermal diffusivity in cm?/s and « is the
thermal conductivity W/cm K. Using 7ppp 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 LaAlO; substrate. Values for k in YBCO single crys-
tals’? depend on sample quality and direction of heat
flow>® but are nominally 0.12 W/cm K in the ab plane
near 80 K and 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 mppp
along the ¢ axis are shown in Table III using Eq. (5) with
k,~0.026 W/cm K and C~1 J/cm*K. For the thinnest
films, a thermal boundary resistance model is in better
agreement 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 superconductor will ideally exhibit
zero resistance. If 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 )
L _—— | — | = A’z A
KIN nscez wd KoL wd
= 1 s = 1 1 s (6)
Eow%SC wd an)%) fSC wd

where m is the effective mass of the superconducting car-
riers, ngc is the density of superconducting carriers in a
two fluid model, p, is the permeability of free space, g is
the permittivity of free space, A; is the temperature-
dependent London penetration depth, wp is the plasma
frequency, and fgc is the superfluid fraction equal to
ngc/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 A}
and wp can be determined more accurately than ngc or
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TABLE III. Comparison of observed thermal decay times Togsgrvep for the four films of thickness d
to estimates Tgstimate 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 =1.0X 1073 K cm?>/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 Togservep- R Bp estimate 1S Obtained using the observed decay times in Eq. (2), giv-
ing an average value for Rgp of about (1.14+0.6) X 1073 K cm?/W. Tppr is an estimate of the thermal
diffusion time along the c axis as discussed in the text using Eq. (5).

d T; C TOBSERVED TESTIMATE RBp ESTIMATE TDIFF
(nm) (K) (J/cm’K) (ns) (ns) (K cm*/W) (ns)

30 73 0.91 1.5 2.7 5.5X107* 0.31
130 70 0.85 12 11 1.1Xx1073 5.5
220 84 1.11 18 24 7.4X107* 21
260 77 0.98 52 25 2.0X1073 25

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

The superfluid current density is given by

Jsc=ngcevsc » (7)

where vgc 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 density 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
avsc ansc

Wsc _ + 6]
3 'SCTgp TseTg )

From the condition of constant bias current I, Eq. (8) be-
comes
2
ngceé 1 Ongc

E+Jgc—

0= >
ngc Ot

)

where E is the electric field generated across the bridge
by the acceleration of the carriers. The voltage V across
the bridge can be found by substituting E =V /I and
Jsc=1/wd into Eq. (9) giving

ml 1 Ongc

Ve=—I
e*wd n3. 0t

d
dt
d

ml

ngce’wd

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

_,d _ ALy
VKIN—IdtLKIN=I Ar

where ALy is the change in kinetic inductance over

n

some time increment At. If fgcinitial @nd fsc anal are the
initial and final superfluid fractions at time ¢ and ¢ + A¢,
respectively, then

_1
an’%

l

wd

1 1

ALgin= -
Sfscfinal  SsC 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 fgc anal approaches 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 is 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 c is the velocity of light. If initially at low temper-
ature so that fgcinia=1, then a 10% decrease in
superfluid fraction to fgc g, =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 voltage 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=~0.49 J/cm*K and F=100 uJ/cm? gives a tempera-
ture transient of about 6.7 K. If fgc varies as
1—(T/T,)? as measured>>>® for YBCO thin films, then
the superfluid fraction will change from 0.68 to 0.59
(T, =89 K). This is a 13% change in fgc, which is large
enough 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) _ _G(t) _ AT(2) (13)
dt cu,1) T’
where G is the heat generation term in W/cm? and 7 is
the thermal escape time given by Eq. (2). The generation
term was given by

_ 2
G()=Gge 7", (14)
where 7p is the pulse width term and
F E aps
0 ‘/7TdTP Eo

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 7'(¢) 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 superfluid fraction as a function
of time using a two-fluid model 1—(T/T,)* dependence
of the superfluid fraction. The kinetic inductance of the
bridge, calculated from Eq. (6), is also shown in Fig.
15(b). The change in kinetic inductance for each time in-
crement was calculated using Eq. (12), and the voltage
generated from this change in kinetic inductance is
shown as the dashed line in Fig. 15(c) using Eq. (11) mul-
tiplied by the voltage gain AV of the amplifier. The
simulation also incorporated 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
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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 followed 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 pulse, and does not
depend on the slow thermal escape time froim the film.

A fit to the heat capacity*®*’ as 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 AT pax (simul.) aS 2
function of temperature in the 260 nm film. Approxi-
mate values AT vax (approx.) Obtained 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 1—(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. Multiplying
the observed data points by a factor of 3.5 provides good
agreement with the simulation results. 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 fluence and
the absorbed energy, in addition to attenuation of the
broadband signals in the experimental setup. Simulation
results have shown an almost linear dependence of the
peak voltage signal as a function of laser fluence from O

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

Parameter Symbol Value Units
Bridge thickness d 260 nm
Bridge width w 10 pm
Length of bridge exposed to laser ) 20 pum
Critical temperature T, 89 K
Bias current I 100 mA
Current density J 3.8X10° A/cm?
Plasma frequency ©p 1.67 X 10" s !
Pulse width term for 100 ps FWHM Tp 60 ps
Laser fluence F 100 uJ/cm?
Optical penetration depth at 532 nm 5 90 nm
Reflectivity at 532 nm R 0.1
Ratio of absorbed to incident energy E ps/Eq 0.85
Thermal boundary resistance Rgp 1.0x107? K cm*/W
Generation term constant G, 3.074X 1010 W/cm?
Amplifier voltage gain AV 10
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to 150 uJ/cm? and in a temperature range from 40 to 70
K. Preliminary observations 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 the 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 uncertainties 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 agreement 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 temperature of 75 K, 100 mA bias current,
and laser fluence of 100 uJ/cm?. The parameters used in the
simulation are listed in Table IV. The laser pulse intensity F is
plotted in (a), which induces a temperature transient 7 in the
bridge. This temperature transient reduces the superfluid frac-
tion fsc which varies as 1 —(T/T.)? in this case, and increases
the kinetic inductance Lgyy of the bridge, as shown in (b). The
increase in kinetic inductance produces a fast voltage transient
indicated in (c) as the kinetic 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
(dotted 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
escape time from the film. Similar photoresponse signals were
observed at 75 K, as seen in Fig. 3(c).
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FIG. 16. Heat capacity C as a function of temperature T for
YBCO. The plot 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 pulse. For the 260 nm film with a fluence of
100 uJ/cm?, the maximum temperature transient ATyax (simul.)
from the simulation results can be compared to approximate es-
timates of the temperature transient ATyax (approx.) Calculated
from Eq. (1). The maximum temperature Trysx reached in the
film according to the simulation is also plotted as a function of

the initial temperature 7T of the film, where Tpyax
=T +ATmax (simul.)-
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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 to obtain a reasonable fit
to the simulation results. 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 through the squares) used to
determine the resistive photoresponse in the simulation.
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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—¢2, 1—¢*, and BCS®® temperature dependencies
of the superfluid fraction where t =T /T, is the reduced
temperature. Figure 19 compares the observed data to
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 et al.>’ Both the 1—t? and BCS dependencies
give similar results above 50 K, but at lower tempera-
tures the BCS curve falls below the 1—r? fit. At this
stage, the 1 — t* 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 origin 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 studies have been done’®3%%
which look at the effect of current distribution on the
kinetic inductance of microstrip transmission lines. At-
tenuation of the kinetic inductive voltage transient by the
normal fluid component 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. Theoretical superfluid fraction fsc as a function of
reduced temperature t =7 /7, for the following temperature
dependencies: 1—1? (solid line), 1—¢* (dashed line), BCS varia-
tion from Ref. 58 (dotted line), and as observed in YBCO single
crystals by Hardy er 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 the temperature dependence of the
observed photoresponse data, as shown in Fig. 19.
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FIG. 19. Comparison of the peak signals obtained from the
simulation results to those observed experimentally as a func-
tion of temperature for the 260 nm film. The simulation results
for the peak signal amplitudes consist of four curves which use
superfluid fractions (Fig. 18) varying as 1—¢? (solid line), 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 (open 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 10 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 uniform
heating is a reasonable approximation. It was also as-
sumed that the optical penetration depth was relatively
insensitive to temperature, which has been observed else-
where® for transmittance measurements through 180 nm
YBCO films between 10 and 300 K. The simulation 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. IITE in Eq. (4), Rgp 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 will 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 1.67X 10" s 71 (1.1 eV) was
obtained from far infrared measurements on similar
YBCO films. Variations in sample 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 results 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 taken
from the 30 and 130 nm films under operating conditions
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 transients
were not due to spurious circuit effects. The pho-
toresponse observed for the 30 nm film in Fig. 22(a)

vV (mV)

(100 ps/div)

FIG. 20. Simulation results for the 30 nm film at a tempera-
ture of 54 K and a bias current of 20 mA. The film is biased
below its resistive transition region, so only the kinetic inductive
bolometric response appears in the simulation. Notice the nega-
tive voltage transient in (c) produced once the superfluid frac-
tion in (b) starts to increase again and the kinetic inductance be-
gins to drop.

Time
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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 (c) produced once the superfluid
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 thermal 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 to its initial value than for the
30 nm film, which results in a slower change in Ly and a
smaller negative voltage.

(mV)

Photoresponse signal

Time (500 ps/div)

FIG. 22. Fast photoresponse signals observed from the (a) 30
nm and (b) 130 nm films. The 30 nm film was at a temperature
of 54 K and biased at 20 mA. The signal from the 130 nm film
was taken at 61 K and 100 mA. Both films were biased below
their resistive transition regions. A small, negative transient is
observed for the 30 nm film in (a) but not for the 130 nm film in
(b). This is consistent with the simulation results shown in Figs.
20 and 21. Note the difference in time scale with Figs. 20 and
21.
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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 transient. 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 mioht be identified by deviations from
the simulated kinetic inductive bolometric response. This
would provide insight 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. '®3? 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 pulse
the quasiparticles will be in equilibrium with the lattice
temperature. The duration of the quasiparticle thermali-
zation process has been measured in YBCO thin films*?
to be about 350 fs, and recombination back into Cooper
pairs was believed to be complete after 5 ps.*?

Suppression of the superconducting order parameter
by the excess quasiparticle distribution has also been pro-
posed as a nonbolometric mechanism and origin of the
fast photoresponse in YBCO thin films. 16718:20,22-24.33 1
the gap is sufficiently suppressed, the critical current will
be exceeded and the superconductor will enter a resistive
state. !320 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 laser 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 photoactivated flux flow

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. It is the 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 penetration 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 5X 10% A/cm? over a length [ of 20 um, then
the flux flow voltage will be given by ¥V = Blv, where v is
the flux flow velocity. Using v =J¢,/m, where ¢, is the
flux quantum and 7=~2X10~7 N's/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 cannot
account for the origin of the fast photoresponse. In the
flux flow model, v ~J and B ~J making ¥V ~J?%. Further-
more, if the activation energy for depinning of vortices
decreases with increasing current?® then the pho-
toresponse should increase even faster than J2. 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 to
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 measured 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 a
slower component with a decay of several nanoseconds.
Well below the resistive transition, only the fast com-
ponent was observed which persisted to low tempera-
tures. We have shown that the slow component is 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 faster 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 superfluid frac-
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tion. The simulation also 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 resolve 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 pulses should produce
larger and faster voltage transients which could have in-
teresting implications in the development of high speed
optical detectors made from high-T, superconductors.
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