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Photoresponse of a superconducting film in the resistive state to pulsed radiation has been studied in
the framework of a model assuming that two different effective temperatures can be assigned to the
quasiparticle and phonon nonequilibrium distributions. The coupled electron-phonon-substrate system
is described by a system of time-dependent energy-balance differential equations for effective tempera-
tures. An analytical solution of the system is given and calculated voltage transients are compared with
experimental photoresponse signals taking into account the radiation pulse shape and the time resolution
of the readout electronics. It is supposed that a resistive state (vortices, fluxons, network of intergrain
junctions, hot spots, phase slip centers) provides an ultrafast connection between electron temperature
changes and changes of the film resistance and thus plays a minor role in the temporal evolution of the
response. In accordance with experimental observations a two-component response was revealed from
simulations. The slower component corresponds to a bolometric mechanism while the fast component is
connected with the relaxation of the electron temperature. Calculated photoresponse transients are
presented for different ratios of the electron and phonon specific heat, radiation pulse durations and
Auences, and frequency band passes of registration electronics. From the amplitude of the bolometric
component we determine the radiation energy absorbed in a film. This enables us to reveal an intrinsic
electron-phonon scattering time even if it is much shorter than the time resolution of readout electron-
ics. We analyze experimental voltage transients for NbN, YBa2Cu307, and T18a2Ca2Cu309 supercon-
ducting films and find the electron-phonon interaction times at the transition temperatures of 17, 2.5,
and 1.8 ps, respectively. The values are in reasonable agreement with data of other experiments.

I. INTRODUCTION

Since the experiment by Testardi the radiation-
induced nonequilibrium state of superconducting films
has been studied intensively. Numerous investigations of
the photoresponse of superconducting films to either
periodic or pulsed radiation has been partially motivated
by the practical request for fast and sensitive detectors.
On the other hand, the experiments offered give the pos-
sibility to determine relaxation times of quasiparticles
and phonons. Activity in this field has been renewed a
few years ago by the discovery of high-temperature su-
perconductivity (HTSC). It was suggested that HTSC
materials should have a relatively strong electron-phonon
interaction. ' This caused a competition aimed to the
experimental observation of the shortest response time.
Although a response time of =15 ps has been demon-
strated experimentally the explanation of the nature
of such a fast response remains controversial.

Basically three different mechanisms of the response
have been proposed. These are the Josephson effect at in-
tergrain weak links, the bolometric effect limited by pho-
non escape from the illuminated area of a film, and a
quasiparticle-nonequilibrium mechanism determined by
radiation-induced nonequilibrium distributions of quasi-
particles. Depending on the thickness and geometry of a
film the decay time of the bolometric response may vary
from milliseconds to several hundred picoseconds. The
other two mechanisms may provide response times in the

picosecond time regime. The model which will be dis-
cussed further is not applicable to the response deter-
mined by the Josephson effect. The latter thus remains
out of the scope of this article.

For there is no uniform relation between the change of
quasiparticle distribution and the change of the film resis-
tance, the magnitude of the response depends on the state
of the film, whether it is in resistive or supercurrent car-
rying state. The resistance of the film in the resistive
state may be connected with magnetic vortices freely
moving in a viscous manner under the inhuence of the
I orentz force. At a fixed biasing current a resistance
charge may result from the change of either the vortex
concentration or the effective viscosity. Additional free
vortices may appear due to radiation induced depinning
of vortices ' or unbinding of vortex-antivortex pairs.
Film granularity may also contribute' to the resistance.
Intergrain contacts presumably have smaller critical
currents than the grains. At any bias some contacts are
in the normal state and do not carry a supercurrent. An
increase of the number of contacts in the normal state
truncates the superconducting path along the film and in-
creases the resistance. The critical current of a contact
depends on the values of energy gap in the contacting
grains. Absorbed radiation depresses the energy gap and
may result in a drop of the critical current below the bias-
ing current. The contact then switches into the normal
state and contributes to the resistance change. Besides
granularity the resistive state may be connected with
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macroscopic nonuniformity. When the biasing current
increases normal regions appears at "weak" points where
critical parameters (e.g. , transition temperature or criti-
cal current) are smaller than in the remaining part of the
film. Absorbed radiation produces a resistance change
due to either diffusive motion of the normal/
superconducting boundaries" or increasing of the
electric-field penetration depth. '

In the superconducting state of a film at temperatures
T & T, electric current is carried by Cooper pairs with a
finite inertia. From the macroscopic point of view this
state can be equivalently described by the kinetic induc-
tance which is inversely proportional to the density of
Cooper pairs. Radiation quanta can break Cooper pairs,
which results in a change of the kinetic inductance of the
film. At constant bias current the change of kinetic in-
ductance produces a voltage transient across the film
which contributes to the photoresponse. ' '

Besides the mechanism of the photoresponse there has
been little consensus regarding processes which limit the
speed of the response. The response time may be the
time inherent to the resistive state itself, e.g. , the time
free vortices need to recombine into pairs or to cross the
film in the direction perpendicular to the biasing
current. ' On the other hand, the response time can
correspond to the quasiparticle relaxation time. '

This would be the case if the decay of the resistance
change occurs with the same speed as the thermalization
of quasiparticles, or faster.

In this paper we present an analysis based on the as-
sumption that for the resistive state of a film the charac-
teristic time of the reestablishment of the resistance is
shorter or equal to the relaxation time of the nonequili-
brium quasiparticle distribution. Accordingly, the
response time of the filrn in the resistive state should be
the quasiparticle relaxation time. The resistive state of
the film then only plays the role of an ultrafast transform-
er of a change of the quasiparticle distribution function
into a change of the film resistance.

Theoretically, nonequilibriurn distributions of phonons
and quasiparticles can be described by a system of time-
dependent coupled kinetic equations. ' Various simplified
models derived for different limiting cases are in practical
use. The Rothwarf-Taylor equations are valid for tem-
peratures T« T, where quasiparticle energies are much
smaller than the superconducting energy gap h. In this
case all quasiparticles may be considered to have the
same energy and their total number is an appropriate pa-
rameter. At T= T, the energy spectrum of quasiparticles
cannot be neglected. In this situation an effective temper-
ature may be introduced as a parameter describing the
quasiparticle distribution. Assigning another effective
temperature to phonons it is possible to describe a none-
quilibrium state by a system of coupled time-dependent
energy-balance equations. ' This two-temperature
model has been successfully used to analyze quantitative-
ly the photoresponse of superconducting films in the
resistive state to periodic optical ' or microwave
radiation as well as results of pump-probe experiments at
room temperature. The model has also been applied for
a qualitative description of the response to radiation

pulses. A quantitative analysis of the pulsed pho-
toresponse can be carried out only if the bandwidth of the
read-out electronics is taken into account and if the radi-
ation energy absorbed in the film is known. ' We meet
both requirements by introducing the transient charac-
teristic of the measuring circuit into our calculations and
by exploiting the bolometric component of the response
as a measure of the absorbed energy. This enables us to
use the quasiparticle relaxation time as the only adjust-
able parameter to fit model calculation to experimental
photoresponse transients.

The paper is organized as follows. The two-
temperature model is brieAy reviewed in Sec. II. An
analytical solution of the system of time-dependent
energy-balance equations for electron and pho non
effective temperatures is derived taking into account the
radiation pulse shape. The shape of the superconducting
transition curve and the frequency band pass of the
readout electronics are taken into account in calculations
of signal transients. In Sec. III results of calculations are
presented for different electron and phonon specific heats
and electron-phonon interaction times. We will show
how the radiation pulse shape and the electronics tran-
sient characteristic inAuence the photoresponse signal.
In Sec. IV experimental results are compared with the
model calculations and electron-phonon interaction times
are estimated for different materials. The inhuence of the
nature of a resistive state on the shape and decay time of
the photoresponse signal is also discussed in this section.
Section V summarizes our results.

II. FORMUI. ATIQNS

The use of different effective temperatures to character-
ize nonequilibrium distributions of electrons and phonons
was shown to be a good approximation for both the resis-
tive and the normal state of superconducting
films 2&, 22, 25, 29, 30 The model supposes a very short quasi-
particle thermalization time. Fast therrnalization may
occur at high energies via both electron-electron interac-
tion and electron scattering by optical phonons and at
low energies mainly via electron-electron scattering. '
For phonons a single-temperature approximation remains
reasonable for a relatively weak coupling between pho-
nons and the substrate. ' The establishment of a none-
quilibrium phonon temperature then occurs via electron-
phonon and phonon-phonon interaction. The latter
channel is most likely dominating for high-temperature
sugerconductors due to the strong phonon anharmonici-
ty inherent to these materials.

Let us now consider a superconducting film carrying a
constant current and driven in the resistive state at the
temperature T close to the transition temperature. Un-
der this condition the energy gap is small compared to
kz T and the quasiparticle energy spectrum is close to
that of electrons in a normal metal. Consequently, the in-
elastic scattering of quasiparticles as well as their recom-
bination into Cooper paris can be described by the
electron-phonon interaction time. We suppose that the
film is uniformly illuminated by radiation pulses and that
the biasing current is uniformly distributed over the film
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cross section. We also neglect Joule heating by the bias-
ing current and consider only small deviations from equi-
librium. This enables us to use the linearized form of the
general equations for the effective temperature of elec-
trons ( T, ) and phonons ( T ).

The time-dependent effective temperatures T, and T
are obtained as a solution of coupled linear heat-balance
equations written for the unit volume of the film: '

[Pi,pg'+2Pi, pg+ 2]exp( —Pi, ig) —2
012

1,2

P, ~=a, ~+n,
W, ,=a, ,+r,+r, ,

D =rlEn (2dToc, )

dTe
Ce dt +e —p

(T, —T )+P(t), and the characteristic dimensionless decay parameters
are

dTp

dt
Ce

(T —T )—
e p+e —p

(T —To),
CS

=1a, ,=—[ —(r,+r,+r, )+Q(r, +r,+r,', —4r, r, ],
where c, and c are the electron and phonon specific
heat, respectively, TO is the substrate temperature, ~,
is an average electron-phonon interaction time, ~„ is the
time of phonon escape from the film into the substrate,
and P(t) is the time-dependent power of radiation ab-
sorbed in the unit volume of the film.

Strictly speaking, instead of r, ~ [Eqs. (1)] one should
use the electron temperature relaxation time ~~ which is
an average of the energy-dependent electron-phonon
scattering tiine r, (s) over the quasiparticle distribu-
tion function f,

&ol~e —p

r, =r, (c, lc, ),
r3 ~ol'res .

Assuming that in the resistive state the dependence of
the film resistance on the electron temperature R (T, ) is
the same as the dependence of the film resistance on the
ambient temperature R ( T), the former can be approxi-
mated by the expression

&(sf, ) 5(sf, )
rr '= frp, (E) N, dE f ' X,ds

e Te
(2)

e cR ( T, ) =R„ 1+exp —4
C

P(t)=rtEn (2dro) 'g exp( ng), — '

where n =3.4, g= t lro is the dimensionless time, ro is the
full width of the pulse at half maximum, g is the absorp-
tivity of the film, E is the radiation fluence per pulse, and
d is the film thickness. The general solution for the di-
mensionless deviation of the effective temperature from
the equilibrium value is

Te TO

TO

D
[ A, v i exp(a, &)

—A zuz exp(azg') ],
CX2 CX1

(4)
Tp TO =I z [v, exp(a, g) —uz exp(aug)],

TO

where

where c is the electron energy and N, the electron density
of states. It was shown that for a normal metal 7e p
and v.z- differ by a factor of —1.5. Supposing that this is
also valid for a superconducting film in the resistive state
at T=T, we will use in our discussion v,

An analytical solution of the system (1) exists when the
function P(t) is a combination of polynomial and ex-
ponential functions. It is clear from the physical point of
view that, to the extent the radiation fluence per pulse is
constant and the pulse duration is less than ~, , neither
the magnitude nor the decay time of the effective temper-
ature change depend on the shape of the radiation pulse.
Therefore we chose for P(t) a form providing the sim-
plest analytical solution of Eqs. (1)

where R„ is the experimentally found resistance of the
film in the normal state at T ~ T, and hT, is the width of
the superconducting transition measured with the biasing
current. The transition temperature is determined here
as the temperature where R =R„/2. The voltage tran-
sient across the film can be written as

V(g) =I[R ( T, )
—R ( T )]o,

where I is the biasing current.
Supposing the film impedance to be real and equal to

R ( T, ), the impedance mismatch between the film and the
signal readout line can be taken into account by the ex-
pression

V~„(g)= V(g) Rol[R(T, ) +R o],

wher e R 0 is the wave resistance of the readout line and

V~„(g) is the voltage transient at the input of the registra-
tion electronics. We simulate the influence of the limited
frequency band pass of the registration electronics mak-
ing use of the Duhamel integral method. The output
voltage transient is determined by

V,„,(g) =f V;„(r)h (g r)d~, —
0

where h(g) is the transient characteristic of the read-out
system. This function represents the voltage response of
electronics to a vertical voltage step with unit height.
The transient characteristic is the Fourier transform of
the frequency band-pass characteristic. To approximate
h (g) we use a form suitable for conventional electronics
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k~afHh(g)= 1 —exp
k~(A

exp

0.35 g (0.35/F, );
(11)

g(f; I0.35)
70= 25 ps

where F, and. f; are the upper and lower band pass fre-
quencies of diFerent components (e.g., cables, amplifiers,
oscilloscope) constituting the registration read-out sys-
tem.

20O 40O 600

III. RESULTS

To demonstrate the results of calculations we choose
paraarameters (Table I) typical for YBa2cu307 films. The

—3 —1value of the electron specific heat c, =0.022 Jcm K
18,29at T=80 K has been reported by several groups. ' The

phonon escape time ~ =3.6 ns corresponds to a filmes
39with the thickness 40 nm on a MgO substrate. For a

laser fIuence E & 1 pJcm these parameters lead to a
maximum electron temperature change AT, of about 10
K which does not run out of the interval of supercon-
ducting Auctuations and is still small compared to the
ambient temperature. Thus we are in the linear regime of
the electron temperature relaxation. The results obtained
under these conditions are shown in Figs. 1 —6 for
difFerent values of the specific-heat ratio c /c„ laser pulse
duration and fluence, and the upper band-pass frequency.

Examples of the electron (solid lines) and phonon
(dashed lines) temperature transients are shown in Fig. 1

for 7e p 3 5 ps& E=1 pJcm, cp/ce 40, and a pulse
duration so=0. 5 ps and r0=25 ps (inset). The equilibri-
um temperature To is taken as zero level. Basically, there
are two components of the electron temperature tran-
sient. The slower component corresponds to the cooling
of the film via phonon escape to the substrate with the
characteristic time ~es. Depending on the radiation pulse
duration, the decay of the fast component rejects either
the establishment of an equilibrium between electrons
and phonons with the characteristic time ~e p ))To

(ballistic regime) or, for ro)) r, ~, it is a measure of the
difFerence between electron and phonon temperatures in
the quasistationary regime. In the latter case the fast
component reproduces the radiation pulse shape.

Unless another value is specified, signal transients in
Figs. 2—5 are calculated with E=100 nJ cm . This re-
sults in the maximum change of the film resistance small
compared to the wave resistance of the readout transmis-
sion line and enables us to neglect impedance mismatch

0 20
I

40 80
Time (ps)

I

100 120

FIG. 1. Calculated and temporal evolution of the effective
electron temperature (solid lines) and effective phonon tempera-
ture (dashed lines) for two different values of the laser pulse
duration ~o. The equilibrium temperature is chosen as zero ev-
el. The inset shows temperature transients for ~O=25 ps in a
larger time scale.

c,lc = 2Q

Time
FIG. 2. Variation of the signal transients with the change of

the e~/e, ratio.

TABLE I. Parameters used in model simulation. 2OO s

Film thickness
Electron specific heat
Transition temperature
Transition width
Operation temperature
Phonon escape time
Biasing current
Normal-state resistance at T,

d=40 nm
e, =0.022 J cm K
T, =80 K
ET, =2 K
TO=80 K
~„=3.6 ns
I=0.3 mA
R„=100' FIG. 3. Signal transients for the electronics transient time

~, = 3S ps and different durations of the laser pulse 7 p.
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IV. COMPARISON WITH EXPERIMENT

The proper interpretation of experimental data in the
framework of the two-temperature model requires two
essential parameters. These are the radiation energy ab-
sorbed in the film and the electron-phonon interaction
time. Both parameters can be determined from experi-
mental results. To obtain the radiation energy absorbed
in a film we use the bolometric component of the
response signal. For HTSC films which are not extremely
thin the phonon escape time is long compared to the
electron-phonon interaction time and, for short laser
pulses, also to the pulse duration. Consequently, within
the time scale of the fast component, phonons play the
role of a heat sink with a large heat capacity (c ))c, ).
Therefore, after the quasistationary equilibrium between
quasiparticles and phonons has been established, the
change of phonon temperature is a measure of the radia-
tion energy absorbed in the film. This situation enables
us to fit independently the slow component of the experi-
mental signal transient with the absorbed energy as a pa-
rameter. With the best fit value of the absorbed energy
one can determine the absorption coefFicient using the ex-
perimental value of the fIluence. In the next step we fit
the whole experimental signal transient revealing the
value of the electron-phonon interaction time.

Figures 7(a) and 7(b) show experimental response sig-
nals from Refs. 29 and 4, respectively, together with cal-

Time

(b)

P 100 ps
l ~

I

g+ ii ~ ~a
lt 4

THIle

FICx. 7. The best fit (dashed lines) of the model calculations
to the photoresponse signals of YBa2Cu3Q7 films from Ref. 29(a)
and Ref. 4(b). Horizontal dashed line shows zero level.

culated transients. In both cases similar YBa2Cu307
films were studied while laser pulse duration and tem-
poral resolution of electronics were ra=0. 3 ps, fH=23
GHz (Ref. 4) and r0=40 ps, fH =3.5 GHz (Ref. 29). For
model calculations we used the phonon specific heat' '

c =0.9 Jcm K ' and experimental data from Refs. 29
and 4 (parameters used are listed in Table II). From the
best fit indicted by the dashed line we concluded
g=0. 2, r, „=3.5 ps [Fig. 7(a)] and q=0. 5, r, =1.5 ps
[Fig. 7(b)]. We note here that model simulations of ex-
perimental results obtained in different conditions for
similar films reveal close values of q and ~, . The
electron-phonon interaction time derived from the fitting
procedure is also close to ~, =2.0 ps concluded from
the study of submillimeter photoresponse of YBazCu307
films. ' '

The signal transient for a T1Ba2Ca2Cu~09 film and
the calculated wave form (dashed line) providing the best
fit are shown in Fig. 8. The parameters (Table II) used in
calculation were taken from Ref. 30. From the fitting
procedure we obtained ~, =1.8 ps at 65 K which is, to
our knowledge, the first estimate of the electron-phonon
interaction time in T1Ba2Ca2Cu309 compound.

For NbN films at a temperature near 10 K the
electron-phonon interaction time is of the order of ten pi-
cosecond ' which is comparable with the phonon escape
time for films thinner than 100 A. The phonon and elec-
tron specific heats are also comparable at T= 10 K. Both
facts make the calculated transients less sensitive to vari-
ations of ~, . The electron-phonon interaction time for
NbN was estimated ' from results of pulse measurements
with ~0=10 ps which is close to the electron-phonon in-
teraction time in NbN. To realize better accuracy, we
measured the response of a 200 A thick NbN film with 80
fs pulses of a titanium-sapphire laser (wavelength 0.85
pm). Signal transients were monitored with a 541208
Hewlett Packard sampling oscilloscope; the upper fre-
quency of the registration band pass was =9 GHz. Fig-
ure 9 shows the response signal of the film measured at
T=8. 1 K. The rise time of the signal is limited by elec-
tronics (transient time so=39 ps). The fast component of
the signal is weakly pronounced most likely due to the
small ratio c~ /c, .

Since we did not know about experimental data for the
phonon specific heat of NbN films, we made an estimate
of c using the Debye model. The transition temperature,
the Debye temperature ea, and the Sommerfeld constant
y of NbN depend on the nitrogen-to-niobium ratio x.
Generally, "

y and GD tend to increase with the decrease
of x while T, peaks at x =0.94 reaching a value of —17
K. For films similar to that we study in the present arti-
cle y = 1.85 X 10 J cm K has been reported. This
results in c, =2.3X10 Jcm K ' at T=8 K. Refer-
ring to y(x ) and BD(x ) dependencies we assume for
our film a Debye temperature of 250 K. At T=8 K this
gives c~ =(12~"/5)nk~(T/BD ) =5.0X 10 J cm K
(n =4.8X10 cm is the atom density of NbN). Other
parameters used in model calculations are taken from the
experiment (see Table II). From the best fit indicated by
the solid line in Fig. 9 we concluded g =0.44 and
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TABLE II. Parameters used for fitting model calculations to experimental data.

YBa2Cu307 YBa2Cu3O7 TlBa2Ca2Cu309
Ref. 4 Ref. 29 Ref. 30

Film thickness, d (nm)
Electron specific heat, c, (Jcm K ')
Phonon specific heat, c~ (J cm K '

)

Operation temperature, To (K)
Transition temperature, T, (K)
Transition width, AT, (K)
Phonon escape time, ~„(ns)
Biasing current, I (mA)
Normal state resistance at T„R„(Q)
Radiation fluence, E (pJcm )

Laser pulse duration, ~o (ps)
Lower bandpass frequency, fI (CxHz)

Upper bandpass frequency, fH (CxHz)

40
0.022
0.9

85
85

3
2.0

22
50
44
0.3
0.01

23

45
0.022
0.9

77
75
4
3.9
0.4

100
8

40
0.01
3.5

400
2.3 X10-'

0.22
65
63

5
8.2

15
100

12
40
0.01
1.6

20
1.3 X10-'
5.0X10-'

8.1

8.2
0.25
0.16
0.2

2.600
2X10-'
0.1

0.1

9.0

= 17 ps. The best fit value of the absorption
coefficient reasonably agrees with q=0.46 calculated for
an optically thin metal film by the formula
g = (4R ~ /Zo ) /( 1+2R ~ /Zo ) where Zo =3770 is the
impedance of free space and R ~ =360 Q is the sheet resis-
tance of our film in the normal state. The value of the
electron-phonon interaction time revealed from the
fitting procedure (w, =17 ps) is very close to r, =19
ps concluded from modulation measurements with mil-
limeter wavelength radiation.

We now discuss how the nature of the resistive state
may restrict the validity of the two-temperature model.
The resistive state of a current carrying HTSC filrn may
be related to magnetic vortices moving perpendicular to
the biasing current. In a model considering unipolar vor-
tices partially localized at pinning centers ' the resis-
tance of a film is inverse proportional to the effective
viscosity of Aux-How and proportional to the density of
free vortices which is determined by the ternperature-
dependent activation energy. Since no direct interaction
mechanism between photons and vortices is known, it is
reasonable to suppose that radiation influences the vortex
dynamics via the nonequilibriurn quasiparticle distribu-

tion. The effective viscosity of Aux Bow, the vortex densi-
ty, and the activation energy are temperature dependent.
Therefore, the increase of the effective electron tempera-
ture gives rise to a change of the film resistance. The re-
laxation of the resistance change may be determined by
the Aux-How relaxation or by the rebinding of vortices
at pinning centers. The maximum value of the charac-
teristic rebinding time is the time a vortex travels from
one side of the film to the other. At T=T, for a film
width of 10 pm the traveling time is —100 ps. This is
much longer than the intrinsic response time concluded
from pulse measurements. The rebinding time obviously
drops down with the increase of the pinning center densi-
ty and may become shorter than few picoseconds for
granular filrns or for films with a high density of defects.
On the other hand, it was shown that in the dirty limit
the Aux-How relaxation time is of the order of the inelas-
tic carrier scattering time. In the clean limit (e.g., for
YBa2Cu307) the nature of the energy dissipation by mov-

ing vortices may differ from that in the dirty limit. Nev-
ertheless, it seems to be unlikely that the Aux-How relaxa-
tion time in the clean limit increases up to several pi-
coseconds.

In the Kosterlitz-Thouless model ' the film resis-
tance is also proportional to the density of free vortices
which, in its turn, is determined by the temperature-

Time

FIG. 8. Photoresponse signal of a TlBa2Ca2Cu309 film from
Ref. 30 and the best model fit (dashed line) ~ Horizontal dashed
line shows zero level.

Time

FICx. 9. Photoresponse signal of a NbN film and the best
model fit (solid line). Dashed line shows zero level.
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dependent binding energy of a vortex-antivortex pair.
The recombination of free vortices with different polari-
ties into pairs provides the effective mechanism of the
resistance decay. The characteristic time of this process
s15

2
0'o

Sm.c R~(T)kiiT
(12)

here fo is the magnetic Aux qua~turn and Ro is the
sheet resistance of the film. For R~ =100Q at T =80 K
we find ~„=10 ' s. At lower temperatures, when the
film resistance drops to zero, recombination of vortices
may contribute to the intrinsic response time.

The resistance in the resistive state of a granular film

may be caused by motion of Josephson vortices or hyper-
vortices. Such a film can be thought of as a granular
Josephson medium consisting of superconducting parti-
cles (grains) connected by Josephson junctions. Vortices
in this medium have no normal core. Their effective size
is of the order of the grain size or larger. Vortices move
in a viscous manner driven by a force which is propor-
tional to the local current density. The motion of vor-
tices is not affected by pinning centers. Therefore the
effective time of the resistance decay is the time a vortex
takes to cross the film

mme 8'
4%I,

(13)

where ~ is the effective viscosity, 8' the film width, and
I, ~ 8" the current at which vortices begin to penetrate
into the film. An estimate of t, can be obtained using the
viscosity of Abrikosov vortices in the Stefan-Bardeen
model. For K=6.4X10 '

y T, =4.6X10 ' Jscm
and typical values" 8'=2X10 cm, d=3X10 cm,
and I, =4X10 A, we obtain t =10 s. This time obvi-
ously has nothing to do with picosecond transients. Also
we would like to emphasize that Eq. (15) leads to the
dependence t ~ 8' which has not been observed ex-
perimentally.

In narrow granular films with the width of the order of
the characteristic grain size the resistivity may arise from
intergrain contacts having smaller critical currents than
the biasing current. ' As the contact critical current de-
creases with the decrease of the energy gap in granules
forming the contact, the response of such a system is pro-
portional to the electron temperature change in granules.
The contact resistance switches from zero to the normal-
state value within the time carriers need to be converted
from pairs into quasiparticles. The conversion time,
—h /6, is always much shorter than the electron-phonon
interaction time. Therefore, the latter determines the
speed of photoresponse.

The resistance state of quasi-one-dimensional epitaxial
films was related to phase-slip centers. The resistance
contributed by one center is determined by the electric-
field penetration depth and by the normal-state resistance
of the film. The electric-field penetration depth corre-
sponds to the decay length of the charge imbalance be-
tween electronlike and holelike quasiparticles which is
temperature dependant via the superconducting energy

gap. Consequently, the rate of the resistance change is
governed by the energy-gap relaxation time. This point
of view is also applicable to the resistive state resulting
from macroscopic normal regions pinned at geometric
nonuniformities.

Referring to different types of the resistive state which
were discussed above, we conclude that the resistive state
may most likely be considered as a noninertial transducer
of the electron temperature change to the change of the
film resistance. In other words, bR =(5R /6T, )AT„
where 5R /5T, is equal to the temperature derivative of
the film resistance 5R /5T, which can be obtained from
the experiment.

Although the two-temperature model provides a rather
good description of the experimental results one of the
assumptions we made may not be valid for YBa2Cu307
films. It was supposed that the establishment of the elec-
tron temperature occurs during a time small compared to

and that within this time almost no energy is
transferred from electrons to phonons. However, none-
quilibrium electrons may transfer energy to optical pho-
nons which in turn decay into acoustic phonons. Evi-
dence of such a mechanism has been concluded from the
experimental observation of the anharmonic broadening
of optical-phonon lines. For optical-phonon modes
strongly coupled with electrons the time ~, in which
optical phonons decay into acoustic phonons, varies
from approximately 4 to 7 ps at T=90 K. With the use
of the detailed balance condition r~, =r, ~c~ /c, (r~
is the phonon-electron interaction time) the portion of
the absorbed radiation energy, which is transferred to
phonons until the electron temperature is established, can
be estimated as r~ ~/r, =(r ~c, )/(r, ~c~). As the
single-particle electron-phonon interaction time decreases
with the increase of the energy of an electron this portion
is larger when electrons are excited by radiation quanta
to higher energies. Consequently, the portion of the ab-
sorbed energy, which is retained in the electron subsys-
tem and which gives rise to the electron temperature, de-
creases with the increase of radiation frequency. This
conclusion corresponds to the experimental observa-
tion ' ' of a spectral dependence of the nonequilibriurn
photoresponse. The magnitude of the nonequilibriurn
component of the response to visible light pulses was
found to be two to three times smaller than predicted by
the electron heating model. ' Our model simulations
show that an increase of ~, decreases the ratio of am-
plitudes of the fast and slow component. Therefore the
use of the two-temperature model to describe the pho-
toresponse to visible light pulses leads to an overestimate
of the electron-phonon interaction time which may be ap-
proximately twice shorter than the best-fit value.

V. SUMMARY

We have applied the two-temperature model for inter-
pretation of the results of pulses photoresponse measure-
ments carried out in the resistive state of both high-T,
and conventional superconducting films. We have shown
that the observed slow component of the response is
determined by the phonon escape from the film. The fast
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component is consistent with the electron temperature re-
laxation with a decay time corresponding to the
electron-phonon interaction time. The resistive state pro-
vides a fast connection between the electron temperature
and the film resistance and does not inhuence the charac-
teristic response time.

Taking into account the frequency band pass of regis-
tration electronics and using the magnitude of the
bolometric component of the photoresponse as a measure
of absorbed radiation power, we estimated the electron-
phonon interaction time by a fitting procedure where

was the only adjustable parameter. This method
provides reasonable results even if the transient time of
the registration electronics is longer than the intrinsic
response time of a superconducting film. We found the
electron-phonon interaction time at the transition tem-
perature 1.8 ps, 1.5 —3.5 ps, and 17 ps for Tlaa2Ca2Cu309

(T, =70 K), YBazCu3Q7 (T, =80 K), and NbN films

(T, =8 K), respectively, which is in agreement with the
results obtained from modulation experiments with mil-
limeter radiation. An interpretation of the pulse pho-
toresponse data obtained in the superconducting state
would require us to take into account the kinetic induc-
tance contribution to the voltage transient.
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