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Persistent photoconductivity, characterized by a long-term increase in the conductivity due to
illumination of oxygen-deficient high-temperature superconductors, is greatly enhanced in RBa,Cu;0,
(R =Y or Gd) films as x decreases to 6.1. These results are in qualitative agreement with a model simi-
lar to that used to explain the existence of DX centers in GaAs. However, they cast doubts over several
models commonly used to explain the mechanism behind this phenomenon and that of photoinduced su-

perconductivity.

Persistent photoconductivty' (PPC) and photoinduced
superconductivity? (PSC) are remarkable discoveries in
the field of high-temperature superconductivity. During
the illumination of an oxygen-deficient YBa,Cu,;0, film
with a laser or an ordinary halogen lamp, the electrical
conductivity (o) (Ref. 1) and the superconducting critical
temperature (7,) (Ref. 2) increase substantially. After
the light is turned off, the film remains in this excited
state without decay at temperatures below 100 K. At
room temperature, however, the film relaxes back to the
original state over the period of several days.

Much additional work has been performed to charac-
terize these simple but interesting phenomena. It is
presently known that (a) the frequency necessary for the
observation of the effect covers the whole visible spec-
trum,3” (b) an insulating film can be excited to become
superconducting,* (c) the magnitude of the effect in-
creases as the sample approaches the metal-insulator
transition, 2~ * (d) oxygen vacancies are essential, ® (e) the ¢
axis contracts,® and (f) the excited state is correlated with
a decrease in the Hall coefficient, i.e., presumably an in-
crease in charge carriers. ?

Several models have been proposed to explain these
phenomena. In this paper, we focus on two of the most
commonly invoked models. They are the photoinduced
oxygen-diffusion mechanism’ and photoinduced charge-
transfer mechanism.* Both of these models seem to
correctly describe the PPC dependence on oxygen con-
centration for superconducting oxygen-deficient samples.
However, they fail to explain in a direct fashion the large
enhanced PPC in insulating oxygen-deficient samples.

The experiments were performed independently in two
laboratories at UCSD and KUL. Using standard magne-
tron sputtering, c-axis-oriented RBa,Cu;0, films were
grown on (100) SrTiO; substrates. GdBa,Cu;0; was used
at UCSD and YBa,Cu;0; was used at KUL. The films
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ranged in thickness from 1000 to 2000 A. During
growth, the substrates were placed off to the side of the
glow discharge to avoid resputtering effects.® The transi-
tion temperatures of films grown in this manner, defined
by the 50% point of the resistive transition, are reprodu-
cibly above 88 K. The orientation and lattice parameters
were measured using high-resolution x-ray diffraction.

Oxygen can be removed from RBa,Cu;0, samples by
treatment along the pressure-temperature phase dia-
gram.’ However, a major concern during oxygen treat-
ment is adverse reactions with contaminants or film
decomposition. These adverse reactions may result in
changes in transport and structural properties which
mimic changes obtained as a function of oxygen
deficiency. Therefore, we took special precautions to
minimize this type of contamination. After every trans-
port measurement, glass bead abrasion was used to re-
move indium electrical and thermal contacts. Rinses in
organic solvents were used to remove surface contam-
inants on the film. The quartz tube used to contain the
sample during oxygen treatment had a base pressure less
than 102 Torr.

Oxygen was removed from the films by following the
pressure-temperature curves, which are known to pro-
duce reproducibly and repeatedly oxygen-deficient films
with sharp resistive transitions.!® The sample tempera-
ture was slowly raised from room temperature to 500°C
(2°C/min), while continuously controlling the oxygen
partial pressure.’ The sample was left at 500°C for 5 h in
order to complete the reaction and then slowly cooled to
room temperature (1°C/min) still controlling the pres-
sure. The motivation for this slow-cool technique is to
maintain thermodynamic equilibrium at all times and
thereby minimize any disorder. The oxygen content was
determined by comparing the relative c-axis expansion to
measurements on bulk samples. !!
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The four-lead electrical conductivity was measured in a
closed-cycle refrigerator or a cryostat with optical win-
dows. In order to check for contamination, some unpat-
terned films were measured using a modified
Montgomery technique.'? The films were excited at 95 K
with a halogen lamp or an Ar laser for more than 8 h
with a surface power density of about 1 W/cm?. Due to
losses at the cryostat windows the exact power impinging
on the sample is difficult to ascertain.

Figure 1 shows the conductivity as a function of tem-
perature for a GdBa,Cu;0q ;5 film before and after il-
lumination. The conductivity has increased by more than
two orders of magnitude over the entire temperature
range. We define 0; and o, as the conductivity at 95 K
before and after illumination, respectively. The absolute
increase in conductivity, Ao =o ; —0, is shown in Fig. 2.
The agreement between samples prepared and measured
in two different laboratories is considered excellent. At
low oxygen concentrations, for all temperatures o; is
negligibly small compared to o, and therefore, Ao is
dominated by o ;. Under the assumption that o/ is pro-
portional to o;, the low-temperature behavior reflects the
characteristic decrease in conductivity as the samples be-
come insulating.

The magnitude of the PPC effect in insulating films is
best characterized by the increase in conductivity by
illumination, normalized by the conductivity before
illumination (Ao /o;). The normalization removes the
inherent decrease in conductivity as oxygen concentra-
tion is decreased. The results for illumination at 95 K are
shown in Fig. 3. The PPC effect is greatly enhanced at
low oxygen concentrations and seems to increase faster
than exponentially.

An important check on these results was done by fully
reoxygenating various samples to assure that the initial
high-temperature superconducting film is recovered.
Therefore, any suppression of the conductivity and T, is
due to reversible changes in the oxygen concentration
and not adverse chemical reactions during processing.

These experiments are similar to an experiment report-
ed earlier by Kudinov et al. (Ref. 4, Fig. 11) which
showed an enhancement of the PPC effect down to
x=6.4. However, for x <6.4 the effect continuously de-
creased to zero in complete disagreement with the
present results. The origin of these differences may arise
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FIG. 1. The conductivity vs temperature for a
GdBa,Cu;0g 5 film before (Q) and after (#) illumination. The
films were excited to saturation for 8—12 h at 95 K.
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FIG. 2. Absolute increase in conductivity vs oxygen concen-
tration of RBa,Cu;0, films at 95 K, where R=Y (O) or Gd
(@).

from the differences between the two experiments. Kudi-
nov et al. performed their experiments at 300 K,* while
the present results were done at 95 K. Although most of
our experiments were performed at 95 K, a measured
PPC effect of Ao /0;=2.9 at 300 K for a sample with
x=6.10 is in complete disagreement with the earlier re-
sults of Kudinov et al.* Kudinov et al. quenched their
samples from high temperature during oxygen treatment
instead of maintaining thermodynamic equilibrium. This
quench might suppress the PPC effect in some unknown
way. Finally, Kudinov et al. did not reoxygenate their
samples to check for adverse chemical reactions. We
therefore conclude that either their samples may have
been contaminated during oxygen treatment or the effect
is suppressed in quenched samples in an unknown
fashion.

CuO, chains are believed to play an important role in
the high-temperature superconductivity of RBa,Cu;O,
compounds. Long chain fragments are able to inject
holes into the CuO, planes.!> Oxygen ordering in the
CuO, chains of RBa,Cu;0,, which may allow the chain
fragments to grow, has been extensively studied since its
discovery.!* Experiments have focused on quenching
oxygen-deficient bulk samples from high temperatures
and measuring the changes in transport and structural
properties during room-temperature annealing. !>
Similar to PPC, there is a long term increase in conduc-
tivity, increase in T,, and contraction of the ¢ axis. It is
only natural to assume that the underlying mechanism
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FIG. 3. Magnitude of the PPC effect vs oxygen concentration
of RBa,Cu;0, films at 95 K, where R=Y (0O) or Gd (@).
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for both of these effects must be similar. This assumption
forms the basis of the photoinduced oxygen-diffusion
mechanism.’ The mechanism proposes that photons as-
sist the diffusion of oxygen by inducing local electric
fields in the chains; this in turn increases chain length,
thereby enhancing the superconductivity. We would ex-
pect this model to be sensitive to the chains lengths in the
sample.

In order to understand the environment in the CuO,
chains for an oxygen-deficient film, we have performed a
statistical calculation for the “chain fragment length,” n,
defined as the number of consecutive oxygen atoms in a
chain fragment (Fig. 4). The oxygen atoms are assumed
to be randomly distributed in the CuO, chains and the
RBa,Cu;0, to be in the tetragonal phase, where the a
and b axes are identical.!> As the oxygen concentration
decreases below x=6.3, most of the oxygen atoms are lo-
cated on short chain fragments. For x=6.1 over 90% of
the oxygen atoms are located in single unit chain frag-
ments. In order for a chain fragment to inject holes into
the CuO, plane it must be greater than a critical length,
n=3 or 4.1 As the oxygen concentration decreases, it
will be less likely for oxygen movement to produce chains
greater than this critical length. Therefore, photoin-
duced oxygen-diffusion mechanism predicts a decrease in
PPC as the oxygen concentration is decreased, in
disagreement with the experimental results shown here.

Furthermore, there is a fundamental difference be-
tween oxygen ordering in quenched samples as compared
to the photoinduced oxygen-diffusion mechanism. A
quenched sample in a disordered metastable state orders
at room temperature. In contrast, the photoinduced
oxygen-diffusion mechanism predicts that a sample in an
ordered metastable state disorders at room temperature.

The second model used to explain PPC and PSC also
involves the CuO, chain fragments, but in a very
different way. The basis of the photoinduced charge
transfer mechanism is that the holes in chain fragments
can trap electrons.* A chain fragment of length n may
consist of one oxygen atom in the divalent state and n-1
in the monovalent state.!* Consequently, there are n-1 p
holes in the chain fragments.!* During illumination, the
photons produce electron-hole pairs. The electrons can
be trapped in the chain fragments while the holes remain
as carriers in the conduction band. The hole doping re-
sults in an enhancement of the superconducting proper-
ties.!3 However, according to this model, there are elec-
tron traps only in chain fragments of length 2 or greater.
Therefore, this model also predicts a decrease in the PPC
effect as the oxygen concentration decreases.

It is clear that a simple interpretation of the two lead-
ing models for the PPC effect does not explain our re-
sults. However, we propose a model which is similar to
an older work by Kreines and Kudinov!” and was used
earlier to explain DX centers in GaAs.!®* During il-
lumination a photon creates an electron-hole pair. The
electron can be trapped in an oxygen vacancy in the
CuO, chains layer where normally an O™ ion would be
located in a fully oxygenated sample. The trapping of the
electron causes a lattice distortion which results in a large
energy barrier impeding the reverse recombination with
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FIG. 4. Distribution of oxygen atoms in chain fragments of
length n for various oxygen concentrations. The statistical cal-
culation assumes a random distribution of oxygen atoms in the
CuO, chains and the RBa,Cu;0, is in the tetragonal phase.

the hole. The hole in turn is transferred into an extended
state in the CuO, plane, thus enhancing the conductivity.
As a result, the electron-hole pairs are only able to
recombine at a high enough temperature for the electron
to be thermally activated out of this self-trapped well.
The photoinduced vacancy capture mechanism is then
enhanced as the oxygen concentration decreases and the
number of oxygen vacancies increase. It should vanish
when the chain fragments lengthen and the oxygen va-
cancies disappear.

We emphasize that the PPC effect cannot be explained
exclusively with a long lived photodoping model. Ac-
cording to a single band model, the magnitude of the
PPC effect, for small values, is

Ao /o;=Ap/p;+Au/y; ,

where p is the hole density and p is the hole mobility.
Clearly, hole doping is only part of the effect. In fact, it
has been recently shown, using Hall and conductivity
measurements, that the increase in u dominates the PPC
effect at x=6.35.1° Perhaps the observed changes in the
lattice are a reflection of the changes in mobility.

It has been suggested that this type of model is invalid
because if every oxygen vacancy trapped an electron,
there would be enough donated holes to raise the T, of
the material to its maximum value of 92 K.” Inhomo-
geneities in the film such as grain boundaries and defects
may play an important role in the trapping mechanism
and limit the number of trapping sites. Additionally,
there are other changes such as a contraction in the ¢ axis
and a change in the mobility which are being completely
ignored. Consequently, without further experimental and
theoretical evidence, the photoinduced vacancy capture
mechanism is a valid model.

In conclusion, the PPC effect is greatly enhanced at
very low oxygen concentrations in RBa,Cu;0, films.
The two leading models used to explain the PPC effect
predict the opposite behavior. The data is in qualitative
agreement with a model used to explain photoconductivi-
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ty in DX centers in GaAs.
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