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Persistent photoconductivity in YBa,Cu3;O¢ , films
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Persistent photoconductivity (PPC) and metastable photoinduced superconductivity, recently
discovered in semiconducting YBa,Cu3;O¢.,, have been investigated over the oxygen content of
0<x < 1. Under exposure of semiconducting YBa,Cu;0q, films (x =~0.4) to visible light their resis-
tance is found to decrease drastically. After interrupting the irradiation the resistance persists at this re-
duced level provided that the temperature is kept below 270 K. When the illumination dose is increased
the semiconductorlike behavior of the films progressively changes to that of a metal and a superconduc-
tor. Prolonged irradiation leads to complete loss of resistivity below 5 K and simultaneous growth of a
diamagnetic moment in the films, revealing pronounced enhancement of their superconducting proper-
ties. A slow relaxation of the PPC state was found only by warming the sample near to room tempera-
ture where it could be described by a thermally activated process with an energy barrier of ~1eV. The
observed phenomena are attributed to photoexcitation of extra mobile holes into CuO, planes, allowing
a metastable superconducting phase to be initiated. We also discuss feasible microscopic mechanisms of
PPC in oxygen-deficient Y-Ba-Cu-O films. It is suggested that the photoinduced superconductivity may
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have applications in fabrication of in situ optically tunable weak-link devices.

I. INTRODUCTION

It is well known that high-temperature superconduc-
tivity (HTSC) arises from doping of parent metal-oxide
semiconductor compounds in the immediate vicinity of
the semiconductor-to-metal transition. This is
generally made either by chemical substitution of
elements as in La, ,(Ba,Sr),CuO,_, (Refs. 1-4) and
(Pr,Nd,Sm),_,Ce,CuO,_, (Ref. 5) or by varying the ox-
ygen content as in YBa,Cu;04, .67 16

Resistive properties of YBa,Cu;O¢,, can be changed
easily over a wide range, from dielectric to metallic, by
varying the oxygen concentration within the limits of
0<x<1.>13 The unit cell of this compound contains
CuO, double planes, responsible for the superconducting
properties, and CuO, layers with the oxygen concentra-
tion being variable [see Fig. 1(a)]. YBa,Cu;04 (x =0)is a
dielectric antiferromagnet with a tetragonal crystal lat-
tice.»!%1%15 Increase of x, in the CuO, layers results in
an increase of the free-carrier concentration (holes) in the
CuO, double layers. At x =0.4 the properties of the
compound change sharply from semiconducting to metal-
lic involving the superconducting transition at low tem-
peratures. Along with further increase of x, the transi-
tion temperature grows to T.=92 K near x=1. A
schematic phase diagram®'%16 of YBa,Cu,;0. , is shown
in Fig. 1(b).

In addition to variation of chemical composition, the
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conductivity of semiconductors can be influenced by exit-
ing free carriers with light. Consequently, photoconduc-
tivity can be regarded as an alternative method of doping
semiconductors,!’"!° although the number of free car-
riers remains relatively small. However, superconductivi-
ty of the HTSC compounds shows up most vividly in the
intermediate vicinity of the semiconductor-to-metal tran-
sition. Therefore it can be expected that even a small in-
crease of carrier concentration by photodoping will ini-
tiate or enhance their superconductivity.

Measurements of transient photoconductivity have
been made on dielectric YBa,Cu;0¢ ; monocrystals,'” 1
YBa,Cu;05 films,?®2! and La,CuO, monocrystals.”>?* In
the Y-Ba-Cu-O samples utilized in Refs. 17, 20, and 21,
the decay time of photoconductivity proved to be short
(=~1-100 ns) compared with that observed in La,CuO,
(=~105s).22 In YBa,Cu;0 ; monocrystals exposed to laser
pulses, an increase of conductivity by 10-11 orders or
magnitude over that in the unexposed state has been re-
ported.'’"1° It was supposed that the concentration of
photoexcited nonequilibrium carriers reached a great
value leading to a transient photoinduced superconduct-
ing state with life time of 10—50 ns.

Apart from transient photoconductivity, a number of
semiconductors exhibit persistent  photoconductivity
(PPC). In the PPC state, the excess conductivity persists
a long time after switching off the light.*~% This
phenomenon has been recently discovered in
YBa,Cu;Oq,, films with x=0.4.% Illuminating the
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films with visible light at 100 K for several hours, a drop
of their resistance, completely persisting with time after
turning off the light, was observed.’*™3> When the expo-
sure dose was increased, a transition from the semicon-
ducting to a metallic state occurred. As evidenced by
simultaneous measurements of conductivity and magnet-
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FIG. 1. (a) Crystal structure of YBa,Cu;O4, .. In the CuO,
layer, the oxygen sites are not fully occupied. The graphs show
the charge transfer due to an extra oxygen atom or an absorbed
photon. (b) Phase diagram of YBa,Cu;O4.,, showing the
tetragonal (T), orthorhombic (O-I and O-II), antiferromagnetic
(AF), and superconducting (SC) phases. (c) Temperature depen-
dence of the resistance of YBa,Cu;Oq, films with x =1 before
annealing in vacuum (curve 1), x =0.35 (curve 2), and x =0.38
(curve 3) after annealing. The inset shows the geometry of the
silver contacts on the films.
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ic properties of the films irradiated at 5 K, metastable
photoinduced superconductivity was developed and
enhanced with increasing exposure time.*!* The il-
luminated films showed at room temperature only very
slow relaxation of the photoinduced conductivity (relaxa-
tion time being of the order of 10 h) toward the equilibri-
um value. After accomplishing the relaxation at temper-
atures of 300-320 K, the transport properties of the films
were restored to those before illumination. The photoin-
duced enhancement of  superconductivity in
YBa,Cu;04, , films has been confirmed in recent experi-
ments.>®37

It was suggested®? that under illumination of
YBa,Cu;0¢ , films, the concentration of free holes is in-
creased (photodoping), leading to similar effects in trans-
port and magnetic properties as would result from in-
creasing of the oxygen contents of the sample.>°"37 Early
experimental evidence for the PPC and related photoin-
duced phenomena have been reported in short communi-
cations.’®~3 This paper gives a comprehensive descrip-
tion of extensive investigations into the phenomena of
PPC and photoinduced superconductivity, into their re-
laxation, and dependence on illumination wavelength and
on the oxygen concentration. The paper is organized as
follows. Sample characteristics and experimental details
are presented in Sec. II. Section III contains experimen-
tal results of transport and magnetic properties of il-
luminated films and of the PPC effect. The microscopic
mechanism of PPC is discussed in Sec. IV. Conclusions
involving possible applications of photoinduced super-
conductivity are made in Sec. V.

II. SAMPLES

Our samples were prepared from YBa,Cu;O; films
grown on SrTiO; substrates by laser ablation. The thick-
ness of the films, d, varied from 45 to 90 nm, and their ¢
axis was oriented perpendicular to the surface of the sub-
strate. Silver contacts were deposited on the film surface
in the geometry shown in Fig. 1(c). To reduce the oxygen
content below the value corresponding to the
semiconductor-to-metal transition (x ~0.4), the films
were annealed in vacuum at 320°C for 6-8 h. The oxy-
gen concentration was determined by comparing the lat-
tice parameter ¢, obtained from x-ray-diffraction mea-
surements, with the data of ¢(x).® In Ref. 8 oxygen was
removed from Y-Ba-Cu-O samples by heating with Zr
foil at 415°C, that is, close to the annealing procedure
used by us. Compared with untreated YBa,Cu;0; films
(R =6-20 Q /0 at 300 K), the resistance of the annealed
films was increased by a factor of 10-50. At low temper-
atures they showed semiconductorlike behavior without
any indication of superconductivity.

The resistance measurements were made in an optical
Dewar over the temperature range of 2-230 K by using
the four-contact dc method. We studied 20 films in all,
including the starting material and the following three
annealed samples investigated, in detail. Starting materi-
al: x=~1, d~45-90 nm, R,;,,x=6-20 Q/0O,
T-=89—91 K, and transition width ~1 K. Film 1:
x=0.35, d=45 nm, Ripx=1 kQ/0, Ry, x/R3pox
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=60, measurements of PPC and R (T). Film 2: x =0.38,
d =70 nm, Ry g =200 Q/0, R4, x /R 300 x =3, investi-
gation of PPC and relaxation, spectroscopic, transport,
and magnetic properties (photoinduced superconductivi-
ty). Film 3: d ~90 nm, study of the dependence of PPC
on x.

The oxygen contents of our annealed films suggest that
they fall into the semiconducting phase close to the tran-
sition from the tetragonal dielectric to the orthorhombic
SC phase [see Fig. 1(b)]. This agrees with the tempera-
ture dependence of their resistivity, R (T), shown in Fig.
1(c). While the YBa,Cu;0, film (curve 1) reveals a transi-
tion to the SC phase below ~90 K, the resistivities of an-
nealed films 1 (x =0.35, curve 2) and 2 (x =0.38, curve 3)
grow monotonically with decreasing temperature. This
feature and the large value of Ry, g /R 350 xk =60 show
that the film 1 is strongly semiconducting. Instead, film 2
is just near the semiconductor-to-metal transition as evi-
denced by the weak localization regime below 50 K.

The samples were subjected in an optical cryostat to
different does of visible light from Ar, Kr, or HeNe
lasers. During illumination, the films were surrounded by
gaseous or liquid He in order to avoid diffusion of oxygen
out (into) of them. This also prevented overheating of the
sample even under the maximum applied photon flux
3% 10" photons/(scm?) (1 Wem™2). The penetration
depth of visible light into YBa,Cu;04, is about 100
nm,* which is greater than the thicknesses of our films.

III. EXPERIMENTAL RESULTS

A. Transport properties
and photoinduced superconductivity

When films 1 and 2 were exposed at 100 K (or 4.2 K) to
laser light (A=514.5 nm) for several hours (up to 50 h),
their resistances, as shown in Fig. 2, decreased with time
(with increasing Q). As the illumination was interrupted
at any instant, the lowered value of the resistance
remained constant at the preassigned temperature, show-
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FIG. 2. Resistance of the YBa,Cu;0q , films vs cumulative
photon dose Q (A=514.5 nm, flux = 0.2 W/cm?) of film 1 il-
luminated at 100 K (curve 1) and film 2 illuminated at 293, 100,
and 4.2 K (curves 2—4, respectively).

ing no sign of relaxation below 270 K (the PPC
phenomenon).>%?>?7 After a high illumination does at
100 K, the resistance of the films reached about 40% of
the value observed at the same temperature before il-
lumination. Similar results were obtained by irradiating
the films with red light from Kr and HeNe lasers.

INlumination by using different laser powers P shows
that the PPC effect is a single-valued function of the cu-
mulative photon dose, Q =P X¢. This means that we are
dealing with a one-photon process, and the effects dis-
cussed here can be presented as a function of Q. Upon il-
lumination the resistivity of film 1 changed progressively
from “strong” semiconductinglike with R, , x /R3p x
=60 before illumination (curve 1 in Fig. 3) through a re-
gime with R, , x /R 300k = 14 (curve 2) to a weak localiza-
tion regime with R, , ¢ /R 350 ¢ =3 (curve 3). Between 15
and 60 K, the R (T) curves of film 1 can be approximated
by a function R «exp(E, /T). The semiconducting gap
values were found to decrease with increasing photon
dose from E,=37 K before illumination to E,=22 K
after Q=1.5X10% photons/cm® and E,=12 K after
Q=5X10% photons/cm?. Thus the metallic properties
of the film were progressively enhanced. Further il-
lumination of film 1 did not affect substantially its con-
ductivity. At this stage the resistive properties of film 1
(x =0.35) became qualitatively similar to those of the
unexposed film 2 with oxygen content (x =0.38) just near
to the semiconductor-to-metal transition.

The resistivity of film 2 can be converted under il-
lumination from a state indicating weak localization be-
havior to a metallic state with superconducting properties.
Really, as can be seen from Fig. 4, the semiconductorlike
resistivity is suppressed as film 2 is exposed to light (curve
2). In addition, the R (T) curve shows an incident section
of resistance below 20 K after Q=1.4X10%
photons/cm? (curve 3). With prolonged exposure the
drop of R (T) becomes more pronounced and indicates
transitionlike behavior, which moves to higher tempera-
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FIG. 3. Temperature dependence of film 1 (x =0.35) mea-
sured in the dark after illumination at 7=100 K (A=514.5 nm)
with photon doses Q=0 (1), 1.5X10* photons/cm? (2), and
5 10% photons/cm? (3).
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FIG. 4. Temperature dependence of film 2 (x =0.38) mea-
sured in the dark after illumination at 7=100 K (A=514.5 nm)
with photon doses Q=0 (1), 4.8X10?' photons/cm? (2),
1.4 10”2 photons/cm? (3), 1.8 X 10?2 photons/cm? (4), 3.6 X 10%
photons/cm? (5), 6.3X10** photons/cm? (6), 9.9X10%
photons/cm? (7), and 5X 10% photons/cm? (8). The inset shows
the temperature T, vs the sheet resistance R (60) calculated for
one CuO, layer at T=60 K (normal state).

tures when Q grows. Finally, below 5 K the resistance
drops under a measurable level (R <0.05 Q /) (curve 8).
The knee observed in the R (T) curves below 40 K and
the strong loss of resistance below it suggest growth of
superconducting domains in the sample under illumina-
tion. The location of this knee, T, is represented in the
inset of Fig. 4 as a function of the film resistance calculat-
ed at 60 K (normal state) for one CuO, layer, R(11.8
A /d). The SC state is observed in the illuminated films
when the resistance of one double CuO, layer is close to
R ~h /4e?=6.45 kQ /0. This value of R corresponds to
the localization threshold of two-dimensional conducting
systems.’®* %2 Occurrence of superconductivity close to
the localization threshold has been reported also in
HTSC compounds**~* where the conductivity was
varied by annealing.

The increase of the resistivity at low temperatures
(curves 3 and 4 in Fig. 4) and the broad SC transition
(curve 8) can be attributed to oxygen inhomogeneity of
the film, resulting in properties similar to granular super-
conductors. Nevertheless, the knee at T, indicates de-
veloping of local superconductivity at intermediate il-
lumination doses. Global superconductivity occurs only
at the maximum dose (curve 8) when the resistance drops
to zero below 5 K.

Voltage-current characteristics of film 2 were measured
by the four-probe method where 1 and 5 are the current
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contacts and 2 and 3 (3 and 4) the potential contacts [see
inset of Fig. 1(c)]. Before illumination, the V,; voltage is
a linear function of the I;5 current. After prolonged il-
lumination (Q >5X10% photons/cm?), when the film
resistance drops to zero below 5 K, its voltage-current
characteristic becomes substantially nonlinear like in a
system of Josephson-linked superconducting domains
(Fig. 5). The critical current of the photoinduced SC
phase is about 100 A/cm?.

In the transport experiments described above, film 2
was exposed to light at 100 K and the photoinduced su-
perconductivity was observed upon cooling the sample to
a low temperature. The photoinduced SC phase could be
grown also in situ from the semiconducting state at 7 <5
K. As film 2 was illuminated at 4.2 K (when the SC
phase can grow in the film), its resistivity dropped rapidly
with time and finally at Q =10?* photons/cm® became at
least four to five orders of magnitude lower (see Fig. 2),
which is less than the limit of the resistance measurement
(R <0.05 Q/00). A similar transition is observed in curve
8 of Fig. 4. The persistent photoconductivity effect is ob-
servable even in the metallic phase of YBa,Cu;0¢. , with
x <0.45 (see Sec. IVC3 below). It has been shown in
Ref. 36 that the critical temperature of global supercon-
ductivity can be increased substantially by laser illumina-
tion.

B. Magnetic properties of the photoinduced SC phase
and scenario of photoinduced superconductivity

To verify the superconducting nature of the zero-
resistance  state occurring in the illuminated
YBa,Cu;04,, films at x=0.4 and to investigate the
growth dynamics of the photoinduced SC phase, the di-
amagnetic moments of the films were measured as a func-
tion of Q. For these investigations film 2 was illuminated
at 100 K for periods of 2—3 h. After each period the film
was cooled in zero field down to 4.3 K and the magnetic
moment was measured by a superconducting quantum in-
terference device (SQUID) magnetometer in a field
oriented perpendicular to its surface. The strength of the

FIG. 5. Voltage-current characteristics of film 2 (x =0.38)
measured at 77=4.2 K before (curve 1) and after (curve 2) il-
lumination.
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field, 4.5 Oe, corresponded to the middle point of the
linear section of the M (H) curve at T=4.3 K. In the
geometry used, the filed practically penetrates into the su-
perconducting domains and the detected diamagnetic
moment measures the field screening effect rather than
the equilibrium Meissner effect. In this situation the
magnitude of the superconducting critical current and
vortex-pinning effects dominate the value of the diamag-
netic moment.

The results of the magnetic measurements in film 2 are
illustrated in Fig. 6(a). The diamagnetic moment does
not change practically at low-exposure doses
Q < Q,=6X10?? photons/cm?. However, above this lim-
it the moment starts to grow almost linearly with il-
lumination and comes close to saturation at
Q ~2.5X10% photons/cm?. The total increase of the di-
amagnetic moment was AM = —3.3X 1078 A m?. This is
about 1% of the moment M =—4X10"° Am? of the
original YBa,Cu;0; films measured in the same condi-
tions.

In the above experiments, the transport and magnetic
properties of film 2 were measured separately. The ob-
tained results have been confirmed by simultaneous in
situ measurements of the resistivity and induced diamag-
netic moment vs the illumination time for the
YBa,Cu;0q , films placed in a SQUID magnetometer.*
When the resistivity of the film dropped as a result of il-
lumination, its diamagnetic moment was found to grow
by AM=—1.2X10"% Am?

On basis of the transport and magnetic measurements,
the following scenario of the growth of the SC phase in il-
luminated film 2 can be presented. At low-exposure
doses Q<Q,=6X10" photons/cm?, the low-
temperature conductivity changes gradually from semi-
conductorlike (curve 1, Fig. 4) to metalliclike (curve 3,
Fig. 4) as a result of photogeneration of extra mobile
holes. At this stage no SC domains are originated in the
film and no increase of the diamagnetic moment is ob-
served [Fig. 6(a)]. At the exposure dose Q ~Q,, the con-
centration of the free holes in the CuO, layers, N, reaches
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FIG. 6. (a) Photoinduced diamagnetic moment of film 2 vs
the illumination dose. (b) Room-temperature relaxation of the
diamagnetic moment induced in film 2 by an irradiation dose of
5X10% photon/cm?. The solid line is a fit of Eq. (2) to the ex-
perimental data.

the critical value of N, ~10?2 cm™? (Refs. 45 and 46) at
which the SC phase is initiated and starts to grow. Since
then, a descending section appears in R (T) (Fig. 4) and
the diamagnetic moment grows linearly with the il-
lumination dose [Fig. 6(a)]. With further increase of Q,
the size of the SC domains rises and so does the tempera-
ture T, (inset in Fig. 4). The growth of the SC phase (as
well as of photoconductivity at 100 K) is saturated at
Q =~3X10? photons/cm?. Obviously, this is the percola-
tion threshold and the resistance becomes zero at 5 K.
At the same time, the voltage-current characteristic is
rendered nonlinear (Fig. 5).

In principle, an alternative scenario for the supercon-
ductivity of the illuminated films can also be present-
ed.*”% At x =~0.4 there always exists some oxygen in-
homogeneity in the YBa,Cu;Oq4,, films along the sam-
ple. Therefore, in the immediate vicinity of the
semiconductor-to-metal transition, the films can contain
small inclusions of the SC phase. Then it may be as-
sumed that the samples with x > 0.4 are composed of su-
perconducting grains and, with x <0.4, of semiconductor
interlayers. When the temperature is lowered, the super-
conductivity of the isolated grains may remain latent be-
cause of the growth of the resistance in the semiconduc-
tor interlayers. Since the PPC effect occurs in the semi-
conductor phase only, illumination decreases appreciably
the resistance of the interlayers (through photoconduc-
tivity) and the SC transition is observed in the R (T)
curve. Further illumination enhances the SC properties
by initiation of weak superconductivity between the
grains in the semiconducting interlayers.*’

According to the first approach, the photogeneration
of free carriers occurs throughout the film. The latter ap-
proach accepts the initial inhomogeneity (phase separa-
tion) of the sample as an essential ingredient, and the
enhancement of superconductivity is associated with ap-
pearance of superconducting weak-links between the
grains. Recently, the PPC effect has been observed in a
homogeneous metallic film (x >0.4) with a narrow SC
transition and relatively high 7,.3® Thus the latter ex-
planation of PPC seems unlikely.

C. Persistent photoconductivity

1. Wavelength dependence of the PPC effect

The PPC phenomenon has been observed in our films
over the whole temperature range from 1.5 K to room
temperatures, where under exposure of film 2 to visible
light the resistance is reduced by 30-35 % (see Fig. 2).
At illumination doses less than 10%° photons/cm?, the
resistance reduction is linear in time (¢), but becomes non-
linear at higher doses and saturates at Q=~1-2X10%
photons/cm?.

The spectral dependence of the persistent photocon-
ductivity has been investigated at 293 K by illuminating
YBa,Cu;0¢,, films through a monochromator (band-
width 4 nm) by using either a tungsten halogen or a xe-
non lamp as the light source. The light power was less
than 0.4 mW/cm>. During the measurements, R (7T) was
continuously recorded as a function of time. After
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periods of Af =1 min, the monochromator was turned to
the next wavelength using a step of 5 nm. Consequently,
the plot of R (T) consisted of segments of straight lines.
The spectral efficiency of forming the PPC state in the
film at a given light wavelength was determined from the
slope of these segments by using the equation

1 dR() 1
R(0) dt |i=oNyu(h)’

n(A)= (1)
where N, =P /#io is the photon-flux density.

The PPC spectrum 7(w) of film 2, as shown in Fig. 7,
arises at photon energies above 1.6 eV and has a pro-
nounced maximum at Ziwo=1.82 eV. As discussed in de-
tail in our previous publication,’® the spectrum can be
presented by a set of six Lorentz lines (dashed lines in
Fig. 7) throughout the visible region of 1.6-3.3 eV. The
value of the PPC efficiency (quantum efficiency) at its
maximum is estimated to be 7,,,~10"* photons~! for
one Cu atom in the CuO, layers.

Based on the model of the Mott-Hubbard insula-
tor,>° 757 the six peaks of the PPC spectra were ascribed
to the electronic transitions in the CuO, planes, between
the conduction band (being formed by five 3d orbitals of
Cu** hybridized with 2p,, orbitals of O?7) and the
upper Hubbard unoccupied (3dxz_y2Cu2+) subband (for
details see Ref. 35). In the framework of this model, an
interpretation of the structure of the YBa,Cu;04,, con-
duction band has been given.’® Because the transitions
involved have purely electronic origin, it may be expected
that 7(w) does not depend strongly on temperature.
Upon cooling to low temperatures, the main conse-
quences would be a slight shift of the six Lorentzian
peaks to higher energies and some narrowing of their
widths.

2. Relaxation of PPC

As noted above, no relaxation of the photoconductivity
and induced diamagnetic moment has been found at low
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FIG. 7. Spectral efficiency of the growth of PPC, 7n(w), in
film 2 illuminated at 293 K. The solid line is a fit of () with
six Lorentz peaks, and the dashed lines are contributions of the
separate peaks to 7(w).
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temperatures. At room temperature, however, a slow re-
laxation of the conductivity toward the equilibrium value
before illumination was observed. The relaxation of the
photoinduced excess conductivity of film 2 measured at
several temperatures after prolonged illumination (when
the PPC effect reached a saturation) is shown in Fig. 8.
Obviously, the relaxation time decreases rapidly when the
temperature is increased. Besides, the relaxation of PPC
is strongly nonexponential. The rate of change is initially
rapid, but becomes slower as time progresses. Such be-

havior is typical to the “stretched-exponential de-
cay,”*®% which in the case of conductivity can be ex-
pressed as

Ao (t)=Ao(0)exp[ —(t/7)P] . )

Here 7 is a characteristic decay time, [3 is a dispersion pa-
rameter 0 << 1, and Ao(t) is a deviation of the conduc-
tivity from an equilibrium value o, The stretched-
exponential decay has been observed in a wide class of
disordered systems such as oxides and polymeric
glasses,”®> in spin glasses,* % and in a charge-density-
wave system.%> The Kohlrausch expression (2) has also
been used to describe the PPC decay at GaAs interface®*
and in hydrogenated amorphous silicon.®* 70

The solid lines in Fig. 8 show the fits of Eq. (2) to the
decay of PPC observed at several temperatures. The
values of 7 used in the fits are 7=91 h at T=273 K, 7=4
h at T=293 K, 7=37.5 min at T=310 K, and 7=12
min at 7=325 K. The decrease of the relaxation time
with increasing temperature can be described by thermal-
ly activated relaxation across an energy barrier as

T(T)=reexp(A/kT) , (3)

with A=0.935 eV and 7,=1.4X 1072 5 (see Fig. 9). The
dispersion parameter can be well fitted with a linear func-
tion B(T)=—0.63+T/264.6 between temperatures of
270 and 330 K.

In the case that the relaxation toward the equilibrium
state is statistically independent in each volume element

1%
= | N
v 273 K
<1
<
=
5 293 K
<01
310 K
Ao (1) /8a(0) =exp[~(t/7)F]
0.01 5 100720 30 40 50
time (h)

FIG. 8. Rélaxation of the photoinduced excess conductivity
Ao (t)/Ac(0) in film 2 at several temperatures. The solid curves
are fits of Eq. (2) to the experimental data.
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FIG. 9. Temperature dependences of (a) the relaxation time 7
and (b) the dispersive parameter 8. The solid line (a) is a fit of
~(T) with Eq. (3) using the values of 7,=1.4X107!? s and
A=0.935 eV. The straight line (b) is calculated from the rela-
tion B(T)=—0.63+T /265.

of the sample, the conventional Debye relaxation law
aexp(—t/7) can be applied. Then the characteristic
time 7 will refer to some averaged decay time, and the
quantity (1—p) will characterize the width of the trap
distribution in our system. In the framework of this ap-
proach, the width of the trap distribution in the samples
is about 8A ~0.1 eV.
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Figure 6(b) shows the relaxation of the photoinduced
diamagnetic moment AM (¢) in film 2 after exposure with
a dose of Q ~3.2X10% photons/cm?. The solid curve is
a fit of the data with Eq. (2) by using the parameters
74 =0.54 h and B,,=0.58. Hence AM(¢) decays more
rapidly than PPC [Ao(¢)] for which the values of 7=4.06
h and 8=0.49 were observed at 293 K.

Room-temperature relaxation of PPC leads to degrada-
tion of the photoinduced SC properties of the film at low
temperatures. Thus the SC transition observed in the
R (T) curve (Fig. 4) disappears gradually as the resistivity
relaxes at room (or slightly higher) temperature toward
its equilibrium value. As soon as the relaxation is accom-
plished, the resistivity is restored to that observed before
illumination (curve 1 in Fig. 4). Thus the PPC effect and
photoinduced superconductivity are, in addition to their
stability at low temperatures, completely reversible, al-
lowing the film to be changed by illumination repeatedly
from the semiconducting to the superconducting phase
and vice versa.

3. Dependence of the PPC effect
on the oxygen contents of YBa,Cu3;Oq. , films

Finally, we present results for the dependence of the
PPC and its relaxation on the oxygen concentration in
YBa,Cu;0q, , (film 3) over the range of 0<x <1. The
oxygen concentration was reduced in 11 annealing stages
(each lasting 1-2 h) in vacuum at 320°C (see Table I).
After each annealing stage, the value of x was determined
by measuring c(x) with x-ray diffraction. We estimate
that the maximum error in the absolute value of x is
Ax ~0.1 and the relative error is Ax <0.01. The film
was illuminated at 7=273 K by an Ar-ion laser over
long periods (30-40 h) at the power density of 0.5 W/cm?
and A=514.5 nm. The time dependence of the resulting
growth of the conductivity is shown in Fig. 10 for some
intermediate oxygen concentrations.

The PPC effect could be observed in the metallic phase
only for x <0.45. The saturation value of PPC at high
photon doses increases sharply, attaining a maximum at
the metal-to-semiconductor transition when x=0.4.

TABLE 1. Properties of the YBa,Cu;O4, film 3 after each annealing stage: c, lattice parameter; x, oxygen content; o,, conduc-
tivity at 273 K; Ao .y, magnitude of PPC at 273 K; 7, and By, the characteristic time and the dispersive parameter of the growth of
PPC at 273 K derived from Eq. (4); and A and 7, the relaxation parameters of PPC defined by Eq. (3).

Illumination Relaxation
E TJo Ao-ma)( AO',,, /UO Tin A To

N (A) x Q™ Q™ (%) (s) B (eV) (s)

1 11.705 0.9 1.48x107! 0 0

2 11.735 0.68 8.34X 1072 0 0

3 11.752 0.50 6.34X 1072 1.90Xx 10~ # 0.3

4 11.766 0.42 5.75X 1072 2.19%X1073 3.8

5 11.783 0.405 3.26X 1072 2.82Xx1073 8.65 5.34X10° 0.616 1.290 ~1071¢

6 11.797 0.400 1.64X1072 3.90x1073 23.8 9.29x10° 0.607 1.062 2.3X10714

7 11.813 0.388 9.78X1073 5.08X1073 51.9 2.33x10* 0.527 0.995 3.2x10713

8 11.822 0.375 4.89x1073 492%1073 100.6 2.07 X 10* 0.524 0.926 4.8%X10712

9 11.832 0.25 2.23X1073 1.13X1073 50.7 1.20X% 10* 0.621 0.723 1.7%X1078
10 11.842 0.15 1.25X1073 4.18%x107* 33.4 1.19 X 10° 0.588 0.605 2.6X107°¢
11 11.850 0.1 6.12Xx 1074 0 0
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FIG. 10. Normalized conductivity of the YBa,Cu;0¢, film
3 vs cumulative photon dose Q at several oxygen contents:
x=0.40 (1), x =0.375 (2), and x =0.15 (3). The solid curves are
fits of Eq. (4) with the experimental data.

Further oxygen reduction results in a gradual decease of
Ao .., and finally the PPC signal disappears at x =0.1.
Figure 11 illustrates the maximum of the PPC effect,
Ao .. and its relative value Ao, /0 vs X, measured at
273 K immediately after prolonged illumination. The
semiconductor-to-metal transition can be clearly defined
in the equilibrium conductivity oy(x) measured in the
dark.

The relaxation of PPC was measured for each inter-
mediate value of x between 0 <x < 1. To do this the re-
laxation curves Ao (x) were recorded at T=273, 298, and
318 K immediately after illumination for 30 min, and the
relaxation time 7 was determined by fitting the data with
Eq. (2) at each temperature involved. For all oxygen con-
centrations (Fig. 12), 7 was found to be very long (several

-1 _.-8
10 1 -8 —~
-8 —~ R
4 c 150
~od —i B
o 107 P 6.0 ~
~— /ﬁ E é
o v @ 5 100 &
e} -3 z’, it < <
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J : 3.0
. ol éi L 50
10 %4 9'/ ;e >
7oA
o I
10 et bdeo e lo
6.0 6.2 6.4 6.6 6.8 7.0

Oxygen Content 6+x

FIG. 11. Magnitude of the PPC effect Ao ,,(A) and its rela-
tive value A0.,./00o(®) vs oxygen concentration of the
YBa,Cu;0¢, film 3 after prolonged illumination at 273 K and
the equilibrium conductivity oy(x) measured at T7=273 K in
the dark (O).
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FIG. 12. Decay time of PPC vs oxygen concentration of the
YBa,Cu;04 , film 3 at temperatures 273, 298, and 318 K.

hours). The values of A(x) and 7¢(x) were determined
with Eq. (3) by using the data of 7(¢) (see Fig. 9) at each
x. As can be seen from Fig. 13, the relaxation barrier A
increases significantly and 7, decreases by orders of mag-
nitude, from 107° to 1071¢ s, when the semiconductor-
to-metal transition (x =0.4) is approached. The PPC re-
laxation parameters A(x) and 7, ! are implicitly correlat-
ed with an exponential relationship 7p=a exp(—bA),
where a =10 s and b=40.5 eV ™!, This relationship is
well obeyed over a wide range of x except very close to
the semiconductor-to-metal transition (see the inset of
Fig. 13).

The dependence of the rise of the PPC signal on the il-
lumination time can be expressed in a form similar to Eq.
(2),

0(1)=0 pax— (O max— T o)expl — (¢ /7)1, (4)

where o, is the saturated value of the conductivity and
71 is a characteristic time of the growth of o(¢) (depend-
ing on the incident light flux, i.e., 7, <P). The o(z)
curves in Fig. 10 were obtained by fitting Eq. (4) to the
observed growth of PPC in film 3 for several oxygen con-
centrations (0 ., Ty, and By, were used as fitting parame-

1.4 o Tre ) -
3 .
12 it 10
o i 0
— 8 ob ® 16 "0
= 1.0 - 3 u 10 =2
Q2 PRI -o
10 5 -7 | I
< A (eVv) o :i 1012 =
s |
0.6 A L2 /, I
e [
P 8
m’ : 10
7 I
0.2 = *

80 6.1 6.2 63 64 865
Oxygen Content 6+x

FIG. 13. Dependence of the relaxation parameters A and 7 !
on x in film 3. The inset shows In(75!) plotted vs A.
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ters). We have observed that 7;;(x) increases more than
10 times when x is reduced (see Table I). From these re-
sults it may be concluded that the PPC efficiency per one
absorbed photon decreases substantially in highly-
oxygen-deficient films of YBa,Cu;O¢.,. For By(x), a
regular trend could not be found in the data.

The barrier of the PPC relaxation remains sufficiently
high for all values of x, and the PPC signal does not
transform into transient photoconductivity, giving evi-
dence that these two phenomena have different origins in
oxygen-deficient YBa,Cu;04 ., compounds.

IV. DISCUSSION OF MECHANISMS
OF PERSISTENT PHOTOCONDUCTIVITY
AND PHOTOINDUCED SUPERCONDUCTIVITY
IN YBa,Cu,04., , FILMS

A. Oxygen ordering in YBa,Cu30¢ .

The semiconductor-to-metal transition in
YBa,Cu;Oq¢., , is assumed to result from charge transfer
from CuO, planes to the Cu—O—Cu— chains in the
CuO, layers.'®7172 Accordingly, the p orbitals of O ions
in the chains are partially filled and there exist a great
number of acceptor centers (localized holes) formed by
the unoccupied p orbitals of O™. At low oxygen content
(x <0.2), 0% ions turn out to be isolated and each incor-
porated O ion forms two Cu?% ions.>'¢7177% At n>2
(x >0.2), only one oxygen ion appears in a divalent state,
027, and the other (n —1) oxygen atoms are transformed
into the O~ states with simultaneous ionization of n +1
Cu” ions into a Cu®" state. Thus there are n — 1 holes in
the p orbitals of O ions belonging to a n-mer chain frag-
ment. When x is increased in the CuO, layers, the con-
centration of the chain fragments and their average
lengths grow. At x=0.4 the average chain length
exceeds the critical value (n =3 or 4 according to Ref.
72) and it becomes energetically favorable” ~74 to transfer
electrons from CuQO, planes to the CuO, layers, inducing
thereby hole conductivity in the CuO, planes [Fig. 1(a)].
At the same time, the chain fragments are arranged
predominantly along the b axis and the tetragonal-to or-
thorhombic phase transition occurs.

The local oxygen structure in an O-deficient sample de-
pends strongly on the annealing procedure,’!”"® and a
number of metastable phases have been observed.”” %2
The oxygen ordering can occur in domains’>’® which at
low x may be of very small size.”>’* On annealing at
T>500 K and rapid cooling to room temperature, the
metastable disordered O-1 phase characterized by a
broad distribution of the chain lengths is realized in a
sample with x ~0.4 (or T phase at low x). With increas-
ing x the charge transfer between CuO, and CuO, layers
occurs only in the (O-I) domains involving chain frag-
ments with n >n_ and conducting properties develop in
the sample.

A pronounced step in the c lattice parameter at x =0.4
(Ref. 8) can be explained by the fact that low-temperature
annealing (T" <450°C) is favorable for growth of the O-11I
phase with a narrow distribution of the chain-fragment
lengths when compared with the disordered O-I phase.

When approaching the value of x=0.4, the charge-
transfer process is “switched on” and a relatively narrow
semiconductor-to-metal transition occurs. Because our
samples were prepared by low-temperature annealing, it
is expected that the charge transfer from Cu—O chains
to the CuO, planes occurs sharply at x =0.4. The pro-
nounced maximum of PPC vs x (see Fig. 11) supports this
assumption.

Based on the above model of the semiconductor-to-
metal transition, we discuss in the following two essen-
tially different mechanisms of PPC in oxygen-deficient
YBa,Cu;0q ., films. These are the photoinduced charge
transfer and the photoinduced diffusion of oxygen.

B. Photoinduced charge-transfer mechanism

Let an absorbed photon excite in an CuO, plane an
electron into the upper (empty) conduction band. With a
certain probability, the electron transfer to an adjacent
CuO, layer where it is trapped in unoccupied p levels of
O7, localized deep in the gap (~1.8 eV) between the
valence and upper excited bands. The photoexcited holes
gradually increase the total concentration of free holes in
CuO, planes, and the film changes from semiconducting
to metallic (photodoping). If the concentration of the free
carriers corresponds before exposure to the onset of the
SC phase (N =N,), photodoping would lead not only to
an increase of the conductivity, but also to growth of the
SC phase. For T <270 K, the photoexcited electron
trapped at O~ is unable to overcome the barrier A~1eV
for recombination with a hole. This is why no relaxation
of the photoconductivity (and photoinduced supercon-
ductivity) is observed in this temperature range. At room
temperature the relaxation of PPC is possible by thermal
excitation of the trapped electrons over the barrier to the
upper conduction band. Inhomogeneity of the oxygen
concentration gives rise to some distribution (8A~0.1
eV) of the trap levels, explaining the reason for the
stretched-exponential growth and decay of PPC.

In the framework of the above mechanism, the relaxa-
tion parameter A(x) (defined in Sec. IIC2) can be con-
sidered as the energy difference between localized O™ lev-
els in the chains and upper conduction band (d ,_ » or

bitals of Cu?* in CuO, planes). Similarly, 7, '(x) is the
width of these levels. The energy of the acceptor levels in
the chains and their width proved to depend critically on
x. At x~0.1, O ions are still isolated (»n =1) and there
are no unoccupied O~ levels in the CuO, layers. In the
absence of the acceptor levels at x <0.15, the PPC effect
was not detected. For x >0.15 some chain fragments
which can adopt an extra electron appear’? and the PPC
effect occurs (see Fig. 11). At the same time, the chains
lengthen and the acceptor levels are shifted toward the
edge of the filled valence band. The O~ level “immer-
sion” corresponds to an increase of the energy barrier, A,
in Fig. 13. In principle, A could rise up to the energy gap
of 1.8 eV where the unoccupied levels in the chains can
intersect with the filled valence band of CuO, and the
charge-transfer transition occurs. So, owing to increased
hybridization between CuO, and CuO, layers, the width
of the O~ levels <7, ! is increased by orders of magni-
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tude up to the value of ~1 eV (1, '~10716 51, Fig. 13).
At x >0.4 the transition into the metallic state occurs
when the CuO, and CuO, layers become strongly hybri-
dized. Then the photoexcited electrons trapped in the
chains are no more isolated from the photogenerated
holes in the CuO, planes. Under such conditions no
quasiequilibrium state can exist and the PPC effect sharp-
ly disappears (see Fig. 11).

Although the mechanism discussed above gives an ade-
quate description of many of our experimental results, it
is not clear that photoexcited electrons and holes can
coexist in a metastable excited state within one unit cell.
The orthorhombic structural distortion surrounding a
trapped electron®"# 785 and the highly anisotropic elec-
tronic structure of YBa,Cu;04,, at x =0.4 could prob-
ably aid in stabilization of the photoexcited electrons.

C. Photoinduced diffusion mechanism

As shown in several works,’®” 7886 YBa,Cu;0q. , has
an extraordinarily high diffusivity of oxygen in the CuO,
layers.?*~® The activation energy of diffusion depends
on the local oxygen structure’”’®878 and is only 0.11
eV for isolated O ions, while for a jump of an oxygen ion
involved in a chain fragment the energy of 1.1-1.3 eV is
required (because of the change of the valence). The
latter energy corresponds approximately to the barrier of
the PPC decay (Fig. 13).

Recently, the relaxation of the metastable tetragonal
phase in YBa,Cu;04,, (x ~0.5) has been studied inten-
sively,”” " ® showing an increase of T. by room-
temperature aging of oxygen deficient samples quenched
from 800 to ~300 K. Since no change in the overall oxy-
gen content could be detected, it was suggested that the
oxygen rearrangement to the O-II phase might be respon-
sible for the effect. Indeed, x-ray diffraction showed an
increase of the orthorhombicity during aging. A charac-
teristic time of oxygen reordering, several hours, is simi-
lar to the PPC decay time observed by us (see also Ref.
37).

In the tetragonal (semiconducting) phase, O~ ions are
randomly arranged among Cu ions so that the probability
of finding O~ ions in sites 1 and 2 is the same [Fig. 14(a)].
Suppose that the light absorbed by an oxygen ion in a
CuO,, layer transfers the ion to an excited state. The ex-
cited ion jumps from position 1 to position 2, where it re-
laxes and returns to the ground state. In this case two
O~ ions may form a chain, originating an orthorhombic
ordering of oxygen in CuO, layers [most likely to the O-
IT phase, Fig. 1(b)]. Above T =270 K, the PPC relaxa-
tion may be caused by thermal oxygen disordering.

However, there are several experimental results which
cannot be satisfactorily explained by the photoinduced
diffusion mechanism: (i) The oxygen diffusion presumes
rather weak dependence of the relaxation parameters A
and 7y 1~a)ph on x instead of the observed growth of
A(x) and the large increase of 74(x) near x =~0.4 (Fig. 13).
(ii) Assuming that absorbed photons cause jumps of O in
the CuO, layers, the PPC spectrum (Sec. III C 1) should
reflect electron transitions in these layers, but not in the
CuO, planes (Fig. 7).>> (i) The Hall mobility of
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FIG. 14. (a) Photoinduced diffusion of oxygen and forming of
a chain fragment and local orthorhombic distortions in CuO,
layers of YBa,Cu;Oq , films. (b) Energy diagram of the O atom
in the adjacent positions 1 and 2 of CuO, layers.

quenched nonilluminated YBa,Cu;O44, films reduces
during oxygen ordering,®” while the mobility of the sam-
ple raises during exposure to light, indicating that the
metastable states obtained by photoexcitation and
quenching are different.

V. CONCLUSION

We have shown that photoinduced superconductivity
and persistent photoconductivity can be generated in a
semiconducting YBa,Cu;0¢ 4 film by illumination with
visible light. In the normal state, the conductivity of the
film becomes metallic, as would result from increasing of
the oxygen concentration. The illuminated samples ex-
hibit persistent photoconductivity with no sign of relaxa-
tion below 270 K and a slow relaxation at 300 K. These
processes are completely reversible, allowing the film to
be changed repeatedly from semiconducting to supercon-
ducting and vice versa.

The metastable state with persistent photoconductivity
is probably created by a photoinduced increase of free
holes in CuO, planes and trapping of electrons on adja-
cent CuO, layers. For a selection between this effect and
mechanisms such as photoinduced oxygen diffusion, the
existence of the localized electron states should be inves-
tigated by spectroscopic methods (such as searching for
slowly decaying photoluminescence).

Photoinduced superconductivity and persistent photo-
conductivity offer new possibilities for investigations of
the basic mechanisms of YBa,Cu;Og¢. , and other high-
temperature superconductors. These phenomena may be
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used for designing novel devices by in situ laser fabrica-
tion® and tuning of superconducting circuits, including
SQUID’s, with a resolution of the order of 1 um on a
semiconducting YBa,Cu;0¢, film. The possibility of
varying the local conductivity by illumination in a con-
trolled and reversible manner may find applications in
storing and recording of analog and digital information.
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