Electrical response of superconducting YBa,Cu,0,_; to light
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We have studied the effect of visible and near-infrared light on the electrical properties of
superconducting thin films of YBa,Cu;0; _ ;. The responses we observe can all be explained in
terms of light heating the film to a temperature above the superconducting transition. No
evidence that the light directly affects superconductivity was found.

Although thin-film superconducting bolometers have
been used for years, their extreme cryogenic requirements
have restricted their application. With the new, higher tem-
perature superconductors, a large variety of applications are
conceivable, especially if photoexcited quasiparticles (QPs)
can directly modify the electrical properties before sharing
their energy with the other modes (e.g., phonons) in the
sample. Such a nonbeolomeiric mechanism could permit
high-speed, high-sensitivity infrared detection, as has re-
cently been claimed in Josephson-coupled, granular, thin
films of Ba(Pb,Bi, ,)0,." A direct effect of electronic ex-
citations on the superconducting properties of
¥Ba,Cu,0, , would aiso be of scientific interest, since it
could give important insight into the excitations present in
these superconductors. With these ideas in mind, we have
examined the electrical response to optical illumination of a
wide variety of thin films of YBa,Cu,3, _, grown by sput-
tering, evaporation, or chemical precipitation. In contrast to
other authors,? we coenclude that all our results, for steady-
state and pulsed, visible and near-infrared illumination, are
consistent with a bolometric model, in which the iflumina-
tion affects superconductivity only to the extent that the en-
tire film is heated.

Measurements were made by current-biasing a smali
area of film, exposing it to light, and monitoring the voltage
developed. Since we use a four-probe geometry, the voltage
is identically zero in the superconducting state, and any vol-
tage developed must represent a destruction of superconduc-
tivity. {This is strictly true only if no light hits the voltage
leads directly. For example, we observed thermocouple ef-
fects when light was allowed to hit the indium contact pads.)

The absorption of light will always produce a tempera-
ture rise determined by the thermal properties of film and
surroundings. If the critical current at the new temperature
is less than the bias current, a voltage will be observed, equal
to that measured in the same film at the same bias current at
the higher temperature. Whether this bolometric mecha-
nism is responsible for an observed effect can be determined
if one knowns the magnitude of the temperature rise pro-
duced by the light.

The simplest method® for estimating the temperature
rise is to measure the voltage produced by the light at tem-
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peratures above the critical temperature 7,. At such tem-
peratures any exotic mechanisms are presumably absent, so
only the bolometric effect is present. Dividing the voltage by
the temperature coefficient of the normal-state voltage gives
the termperatare rise. If one is careful to keep the illumina-
tion geometry and power level identical, a similar temper-
ture rise will be produced in the illuminated superconductor
at g temperature just below 7. { The lattice thermal proper-
ties vary slowly, and the electronic contribution to the ther-
mal properties is a small fractional effect near 100 K.) The
assumption of similar thermal properties is only correct fora
small range of temperatures around 7, however, since for
farge fractional temperature changes significant changes in
the thermal conductivity and heat capacity of the film and
substrate will occur. Thus this technique can be confidently
applied only to films with a sharp transition to fully super-
conducting behavior. Broader transitions” make evaluation
of the possible bolometric contribution more difficult.
Figure 1 shows the temperature-dependent optical sig-
nal in a sample grown by electron beam evaporation. This
sample had zero resistance at 70 K and a critical current
density of 10 A/cm” at 4.2 K. The signal was obtained by
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FIG. 1. Comparison of temperature dependence of response to red light
(A = 632.8 nm) (filled squares) and temperature derivative of measured
voltage (open squares) at a constant bias current of 10 mA. for an evaporat-
ed sample. Except for a gradual change with temperature, the two quanti-
ties are proportional, as expecied for a bolometric response.
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passing a 10 mA bias current through the sample, ifluminat-
ing with a 1 mW heliom-neon laser chopped at 227 Hz, and
synchronously detecting the voltage across the sample. This
figure also shows the nemerical derivative of a measurement
of voltage versus temperature taken with the same bias cur-
rent. Both the optical response and the temperature coefli-
cient of the voltage show peaks around 7., with a similar
width in both cases. Above T, the light-induced voltage
refiects only the bolometric effect, sc the ratio of the two
quantities yields an estimated temperatore rise of 0.01 K
caused by the ilfumination. This same temperature rise is
fully adeguate to explain the more dramatic peak in the re-
sponse near 7. Any nonbolometric effect might be expected
to become obvious at lower temperatures, after the bolomet-
ric effect has disappeared. The close proportionality of the
two quantities, even as they decrease dramatically, shows
that any such effect is orders of magnitude smaller. A very
high quality film, with zero resistance at 92 K and 3 critical
current density of 10’ A/cm? at 4.2 K grown in the same
system, also showed a response only in the immediate vicini-
ty of the transition, and of course no long tail at lower tem-
peratures.

The most sensitive probe of small changes in QP density
is the tunneling characteristic of a Josephson junction. This
effect has been exploited’ in the use as optical deteciors of
films of Ba(Pb, Bi; _ )5, whose extremely uniform grain
boundaries act as a large network of almost-identicat Joseph-
son tunnel junctions. As discussed elsewhere,” in an unusual
sputtered film of YBa,Cu,0, ., we have observed features
in the electrical characteristics associgted with junctions, al-
though the morphology is not nearly as uniform as that of
the Ba(Pb, Bi, _ , )0, films of Ref. 1. Figure 2(a) shows a
portion of the d¥ /dI vs F characteristic that includes one
such feature. This feature bhas a nonhysteretic current-vol-
tage characteristic; other features showed hysteretic charac-
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FIG. 2. (a) Differential resistance of a sputtered film, as a function of bias
current, showing a large peak corresponding to the critical current of an
internal junction. (b} Voltage response to chopped red light has a peak at
ihe same current, reflecting the high sensitivity of the junction critical cur-
rent to the light. The magnitude of the peak is explained by the known tem-
perature coefficient of the critical current, again consistent with a bolomet-
ric mechanism.
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teristics. Figure 2(b) shows the response to chopped He-Ne
light as a function of bias current. The light response peaks at
precisely the bias at which the junction switches from low to
high voitage.

Although this response is clearly associated with the
junction, its magnitude is still consistent with a bolometric
mechanism, in which heating caused by the light reduces the
critical current of the junction, causing the junction to
switch. If we model the voltage as the sum of a part associat-
ed with the junction ¥V, and a background part ¥, from the
rest of the film, (which is still resistive} then the change in
the voltage caused by z light power Pis

av d . R
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(1)

The last term reflects the change in shape of the junction
characteristic with 7, which is probably small compared to
the effect of the change in 7. By biasing away from the
junction, we measured dV,/dT [, ~10 mY/X, so the ob-
served light responseof 0.17 V/W implies d T /dP~ 1TK/W.
A direct measureof df./d7T ~ — 0.02 mA /K, multiplied by
the extra resistance of the junction (8¥,/97 |, ~ 700 1) and
by 17 X/W predicts a bolometric light response from the
junction of 0.24 V/W. The observed peak in the light re-
sponse is even smaller than predicted: only about 0.06 V/W
above the background. Clearly the junctien does not show a
large nonbolometric response.

Tunction critical currents will be reduced by an in-
creased QP density whether the increased density results
from simple heating or from a nonbolometric effect. In ei-
ther case the largest response will be seen for films having
junctions with (2) no small resistances shunting the junc-
tions, which would reduce the voltage change when a junc-
tion switches to the normal state, and (b) a narrow distribu-
tion of critical current densities, so a small increase in QP
density will switch many junctions. Therefore, the highly
uniferm morphology of the Ba(Pb, Bi, _ )0, films de-
scribed in Ref. 1 are well suited for bolometric detection, as
well as for any nonequilibrium mechanism acting via critical
current reduction. If the morphology were favorable, the
bolometric respense of our YBa,Cu,C, 4 films might be
improved by several orders of magnitude given optimum
film characteristics, without recourse to nonbolometric ef-
fects.

To study the time response we used a pulsed YAG laser
(A = 1.064 pm}, with a pulse duration of roughly 10 ns. All
the results can be explained in terms of heating, but since the
detaifed response is not simple, it will be described in some
detail. To most clearly distinguish bolometric from other
effects we describe experiments on 2 high quality evaporated
sample with a 2 K wide transition, and zero resistance at
about 90 K.° Above 7. the voltage response should simply
reflect the time dependence of the temperature. Figure 3(a)
shiows that the decay is well described by an inverse square
root law,
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FIG. 3. Temperature de-
pendence of voltage re-
sponse to pulsed, near-in-
frared light (duration [0
ns, A=1.064 um) for a
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light intensity is lowered.
Tty = T + AT /1) 712 (2)
Here 7., is the ambient (starting) temperature. AT, is the

maximum temperature rise, achieved at some early time g,
which can be no shorter than the pulse duration. (If the film
response is faster, the observed response will be a convolu-
tion with the excitation pulse.} This sguare root time de-
pendence is expected for thermal diffusion in one dimension,
which is reasonable for an iihiminated region wide compared
to the film thickness.

The response shown in the figure is caused by about 13
1 of light in an area of order 107 om”. By comparison with
Fig. 1, the maximum vcltage of 0.6 mV corresponds (0 a
temperature rise of about 20 X, substantially larger than the
transition width for this film. However, the pulse response of
our electronics {rmeasured by applying a voltage step to the
bias leads) 18 of order 60 ns. Thus the true maximum tem-
perature rise in response to a 10 ns pulse is ~/60/10 larger
than that observed, i.e., AT,~ S0 K. For the pulsc energy
shown, one would expect the bolometric response to disap-
pear completely at a temperature 7. — AT, or ~40 K. We
actually saw a response only above 35 K, but since changes
i thermal properties over this large temperature range are
negiected in the simple model, this is reasonably consistent
with a bolometric mechanism.

Asthetemperature is lowered below the R = Otempera-
ture, the pulse still drives the sample normal for the short
period during which 7¢z) > 7. Response times of 2 few tens
of ns are observed when the initial film temperature is near
77 K. The ultimate response depends on how {ast heat leaves
the film, which is probably the diffusion rate through the
film, presumably faster than 1 ns. (Thermal boundary resis-
tances, o T 77, are negligible at these high temperatures.)
However, the utilization of this speed in, for example, com-
munications, is complicated by a highly nonlinear depend-
ence on pulse energy in this kigh-speed regime. The nonlin-

177 Appt. Phys. Lett, Vol. B4, No. 12, 20 March 1988

earity also causes an interaction between each pulse and any
heat remaining in the sample from preceding pulses. We
have verified that the nontinearity is of the form expecied
from Eq. (2). Thus, even on the time scale of these pulsed
experiments { ~ 10 ns), all the effects observed are bolomet-
ric in origin.

A steady-state QP density larger than that correspond-
ing to the local temperature would require a “bottleneck™ in
the relaxation process. T hat is, either the recombination rate
of QPs, or the conversion of high-energy phonons (or other
excitations created by recombining QFs) to low-energy
phonons must be slow compared to the rate at which low-
energy phonons (heat) are removed into the substrate, At
tow densities, optically excited QPs must recombine with
rare, thermally excited QPs, which will be slowest at low
temperatures. We searched for an optical response at tem-
peratures as low as 1.7 K, but any signal had a pulse area less
than 1% of that near 7.

One would expect that since heat is removed more rap-
idly from thinner films, they would be more likely to show
nonthermal effects, but we saw no effects in filims as thin as
2000 A; perbaps thinner fims are necessary. Good guality
tunnel junctions, which are directly sensitive to QPs, might
make much more guantitative statements about QP dynam-
ics possible.® However, the films showing internal Josephson
junctions described above showed no effects larger than the
heating response.

In summary, we have studied the optical response in
fitms of YB2,Cu,0, 5. Since auy nonbolometric response
may well depend on film morphology, we surveyed z variety
of films, including films with both high and low critical cur-
rent, films grown by evaporation, sputtering, and chemicai
precipitation, and films with clear indications of internal Yo-
sephison junctions. Everything we have seen is consistent
with a bolometric mechanism, in which heating of the film
reduces the critical current below the bias current. Gur ob-
servations do not preclude the possibility of nonbolometric
effects in other circumstances, but we expect that such of-
fects will be seen only on very short time scales, in very thin
films, and at temperatures much lower than 7. Nonethe-
less, the bolometric response can be fast and sensitive, and
may be useful for scme applications.

We recently learned of independent work’ which con-
cluded that the effect in epitaxial filins was entirely bolomet-
ric.
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