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Mechanisms of photodoping in oxygen-deficient YBa2Cu3Ox films
studied by in situ transport measurements
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In situ studies of the superconducting and normal-state transport properties in partially oxygen-depleted,
metallic YBa2Cu3Ox (Tc,mid'52 K) thin films exposed to long-term white-light illumination~photodoping! are
reported. We observed that the effects of photoexcitation strongly depended on the temperature at which the
photodoping was performed. The Hall number increased during the illumination in the entire tested tempera-
ture range from 70 to 290 K, with the strongest increase near room temperature, whereas, the Hall mobility
increased steadily only upon low-temperature illumination. At temperatures above 250 K, it showed an abrupt
initial increase followed by a long-term decrease. At high temperatures, the Hall quantities react on the impact
of light excitation independently from each other, which strongly suggests that both the photoassisted oxygen
ordering and charge-transfer mechanisms contribute to photodoping, the former acting mainly on the mobility,
while the latter on the density of charge carriers. The photoinduced enhancement of the superconducting
transition temperatureTc exhibited essentially the same temperature dependence as the enhancement of the
Hall number, being largest (DTc'2.6 K) for the illumination performed at high temperatures. Thus, theTc

enhancement results from the change of the density more likely than of the mobility of the charge carriers.
@S0163-1829~98!05714-2#
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I. INTRODUCTION

It has been shown in various studies1–14 that physical
properties of YBa2Cu3Ox ~YBCO! with 6,x,7 are
changed persistently by long-term illumination with whi
light or visible laser radiation. This remarkable phenomen
known as persistent photoconductivity~PPC!, is a common
feature of all oxygen-deficient YBCO samples. In semico
ducting samples (x'6.4), prolonged illumination progres
sively transforms YBCO from a semiconducting~nonsuper-
conducting! state to a metallic~superconducting! state.1–3 In
the superconducting samples (6.4,x,7), the illumination
causes, in addition to the decrease of the electrical resisti
a simultaneous increase of the superconducting trans
temperatureTc .4–8 The observed light-induced changes
the Hall coefficient and the Hall mobility,5–7,9the contraction
of the c-axis lattice parameter,10,11 and the increase of th
superconducting coherence lengthsjab and jc ,12 give evi-
dence that prolonged light illumination modifies both t
electrical and the structural properties of YBCO. The pho
induced effects decay only at temperatures above 250 K
metallic YBCO ~Ref. 13! and above 270 K in insulating
YBCO,3,14 below these temperatures the PPC was found
be indeed persistent.

The aforementioned results, as well as the apparent d
culties to clearly observe PPC in other high-temperature
perconducting~HTSC! materials,7,15,16 suggest that PPC i
strongly correlated to the oxygen content and stoichiome
of YBCO. The unit cell of thex57 compound contains
570163-1829/98/57~14!/8702~7!/$15.00
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CuO2 double planes and CuO chains, the latter playing
role of charge carrier reservoirs for the planes.17 The chain-
oxygen ions are weakly bounded and can be easily remo
by temperature treatments in the oxygen-po
atmosphere.18,19 Near x56.5 the CuO-chain layer seems
be partially ordered in the so-called ortho-II phase,20 but, in
general, the CuO chains in partially oxygen-deficie
samples consist of more or less disordered segments.

All models proposed for PPC in YBCO are based on t
disordered structure of the CuO chains. In the so-ca
charge-transfermodel,3 the photoexcited electrons are tran
ferred to the CuO chains and trapped there in unoccupiep
levels of oxygen ions, while holes remain mobile in th
planes. The trapped electrons induce a local potential dis
tion resulting in an energy barrier of about 1 eV3,14 which, at
low temperatures, prevents recombination of electrons w
excess holes, resulting in PPC. Thephotoassisted oxygen
ordering model5 assumes that the visible light induces
oxygen reordering process in a way that the average len
of the CuO-chain segment increases. It is well known t
the increased length of the CuO chains results in the incre
of free-carrier~hole! concentration within the CuO2 planes.
In the oxygen vacancy capturemodel,21,22 the photoexcited
electrons are trapped by oxygen vacancies in the C
chains. This model seems most appropriate to explain PP
oxygen-poor~insulating! samples.

Each of the above models has its characteristic stren
and problems. Thecharge-transfermodel, as well as theoxy-
gen vacancy capturemodel, give reasonable explanations f
8702 © 1998 The American Physical Society
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57 8703MECHANISMS OF PHOTODOPING IN OXYGEN- . . .
the observed wavelength dependence of PPC, predicting
onset of the photodoping efficiency3,23,24 at the charge-
transfer gap energy~approximately 1.6 eV! of the semicon-
ducting YBCO.25 These models, however, have difficultie
describing thec-axis shrinking and the increase of the Ha
mobility during the photoexcitation. These findings are mo
easily described by thephotoassisted oxygen-orderin
model, which, on the other hand, has problems with the P
in the oxygen-poor YBCO samples and also gives
straightforward picture of the wavelength dependence
PPC. We want to stress, however, that the disordered s
ture of the oxygen-deficient YBCO, where one can exp
the presence of unoccupiedp levels, oxygen vacancies, and
more-or-less random arrangement of chain segments,
gests the possibility that all of the above processes may
multaneously contribute to PPC, with their relative impo
tance depending on the oxygen contentx and on the
temperature at which the photodoping is performed.

In this paper, we presentin situ studies of the time evo
lution of the transport properties of partially oxygen-deple
epitaxial YBCO thin-film samples, light illuminated at dif
ferent temperatures. Our aim is to determine the role
contribution of each PPC mechanism in the photodop
process. Thereby, we extend our preliminary studies26 by
including different doping temperatures and giving a co
prehensive description of the impact of prolonged light il
mination on the transport properties of YBCO, including t
resistance, Hall resistivity, andTc . Our results indicate tha
not only the effectiveness of photodoping, but also the e
tronic properties of the photodoped state are strongly dep
dent on the temperature at which the photodoping proces
conducted. Our conclusion is that several physical mec
nisms simultaneously contribute to the photodoping proc
In addition, we find evidence that near room temperatu
there is a direct competition between the oxygenordering
and disordering processes. These structural instabilities
rectly influence the carrier mobility but at the same tim
seem to have only a minor, indirect influence on the fr
carrier concentration in the material.

II. SAMPLE PREPARATIONS
AND MEASUREMENT METHODS

In our experiments, we used about 140-nm-thick YBC
films depositedin situ by rf magnetron sputtering on LaAlO3
substrates. As-deposited films were fully oxygenated and
hibited a 0.5-K-wide superconducting transition at appro
mately 90 K. The oxygen content of the films was sub
quently reduced by annealing for 1 to 2 h at 330–450 °C in
20 mTorr of oxygen and cooling down to 270 °C within 2
min, followed by a quench to room temperature.Tc values
from 10 to 80 K were obtained with this method.27 By reoxi-
dizing some of the previously oxygen-depleted films, the i
tial Tc value was reproduced within 1–2 K, showing that t
annealing procedure did not degrade our films or cha
their structural integrity. For the presented studies, sam
with Tc,mid of about 52 K were used, applying the midpoin
of-transition criterion. According to Ref. 7, this correspon
to an oxygen content ofx'6.5 to 6.6. The films were pat
terned by a laser inhibition technique28 into six-contact test
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structures, suitable for measurements of the resistivity
the Hall voltage.

In situ measurements of the resistivity and the Hall effe
during light illumination were performed in a temperatur
controlled closed-cycle refrigerator, with the samp
mounted on a cold finger. The sample was illuminat
through a Suprasil glass window with a 100-W quartz tun
sten halogen lamp. The light intensity on the surface of
sample was estimated to about 1 W/cm2. A water filter was
used to eliminate the infrared part of the radiation. Lon
term temperature stability was substantially improved, co
pared with our previous studies26 by ~a! applying an addi-
tional inner heat shield around the sample with an entra
slit of about 1 cm2, and~b! mounting the temperature sens
close to the sample and illuminating it together with t
sample. These measures limited the initial temperature
after turning on the lamp to<0.5 K, which, within a few
minutes, was completely nullified by the temperature con
system.

For the Hall-effect measurements, an electromagnet p
vided a magnetic field ofB50.52 T perpendicular to the
film’s surface. The electrical measurements were perform
with a lock-in technique and a very stable 17-Hz curre
source. The experimental setup was fully computer c
trolled. The longitudinal and Hall voltages in both polaritie
of the magnetic field and at the zero field were simul
neously recorded during the experiment at every 1.4 m
time interval.

To ensure comparability of the measurements taken
different temperatures, the following experimental proced
was implemented. After an initial cooldown to 40 K to d
termine its intrinsicTc , the sample was heated to a desir
experimental temperatureT and was photodoped for timet
of 48 h. Next, it was immediately cooled down again
determine theTc enhancement. Finally, the sample w
warmed up to 310 K and kept there for 24 h to allow
complete decay of PPC. Later, the cycle was repeated
cluding the initial cool-down to check reproducibility of ou
measurements, with the photodoping carried out at a dif
ent temperature. During the entire sequence of meas
ments, the experimental setup was kept absolutely
changed.

III. EXPERIMENTAL RESULTS

Figure 1 shows the normalized longitudinal resistiv
rxx(t)/rxx(0), measured during white-light illumination fo
48 h at 70, 100, 200, 260, and 290 K, respectively, using
same light intensity in each of the measurements. At
beginning, rxx(t)/rxx(0) dropped rapidly, followed by a
slower decrease at long illumination times. It is evident fro
Fig. 1 that the total reduction of the resistivity achieved af
48 h ~we will call this value the photodoping effectivenes!
strongly depended on the temperature. The effectiveness
largest at 260 K~about 13%!, and smallest at 200 K~about
9%!. At the other studied temperatures, the values of eff
tiveness of about 10–11 % were observed.

In Fig. 2, the normalized Hall resistivityryx(t)/ryx(0) is
shown as a function of the illumination time at the studi
temperatures. Compared withrxx(t)/rxx(0), ryx(t)/ryx(0)
displayed a quite different behavior of the effectiveness
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FIG. 1. Time dependence of the normalized resistivity,rxx(t)/rxx(0), of YBa2Cu3Ox ~x'6.5, Tc,mid'52 K! during white-light illumi-
nation, measured at the indicated temperatures. Solid lines represent the fits obtained with the help of Eq.~1!. The inset shows three of th
data curves plotted on a logarithmic time scale.
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photodoping. At temperatures up to 200 K, the effectiven
of only 5–6 % was achieved, whereas at both 260 and
K, it sharply increased to about 11%. Similarly
rxx(t)/rxx(0), no saturation was observed in th
ryx(t)/ryx(0) dependence~see insets in Figs. 1 and 2!.

rxx(t) and ryx(t) dependences are clearly nonexpone
tial. In agreement with previous results,13,26our experimental
data can be well described by the empirical stretch
exponential Kohlrausch expression:3

r ik~ t !5r ik~ t→`!1@r ik~0!2r ik~ t→`!#

3exp$2~ t/t! ik!b ik}, ~1!

where ‘‘ik ’’ is replaced by either ‘‘xx’’ or ‘‘ yx’’ depending
on the quantity under consideration.r ik(t→`) is the satura-
tion value of r ik(t), t ik is a time constant, andb ik is a
dispersion parameter (0,b ik,1). As reported previously,13

the measured values show a general tendency to fall so
what below the theoretical curves at large illumination tim

To separate the different contributions to the photodop
effect, the Hall numberpH51/(RHe) ~RH5ryx /B is the
Hall coefficient! and the Hall mobilitymH5RH /rxx were
calculated fromrxx(t) and ryx(t). Within a single-band
model,pH andmH correspond to the free-hole concentrati
and the hole mobility, respectively. SincepH}1/ryx , the
temperature dependence ofpH ~not shown! is just the inverse
of ryx , shown in Fig. 2. Hence,pH increases strictly mo-
notonously as a function of the illumination time at all stu
ied temperatures, and even after 48 h of illumination ther
no sign of a saturation in any of the curves. We note that,
s
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times below 30 h, the increase ofpH is largest at 290 K but
shows a flattening dependence at larger illumination tim
This latter effect is a sign of PPC relaxation, which becom
important in this temperature and time range.

As compared topH , mH(t) displays a remarkably differ-
ent behavior~Fig. 3!. At 70 and 100 K,mH(t) shows, simi-
larly to pH(t), a monotonical increase without a saturati
for up to 48 h of illumination. However, themH(t) depen-
dence changes dramatically when the photodoping temp
ture is increased. At 200 K,mH(t) saturates after approxi
mately 18 h of illumination. At both 260 and 290 K,mH(t)
increases rapidly at the very beginning of the photodop
process, reaches a maximum value after a few hours of
mination, and subsequentlydecreases. Based on the above
data, we believe that the process responsible for the mob
enhancement at low temperatures is still present at hig
temperatures, but it is counteracted by another process sh
ing a falling tendency. It should be noted that, in contrast
pH ~48 h!, mH ~48 h! shows a monotonical temperature d
pendence and that at 290 K,mH ~48 h! is somewhatsmaller
than the original, undoped value. This latter finding confir
our previous results26 but is considerably different from the
results presented by other groups. The data published by
ers show only a monotonical increase of the Hall mobil
during the illumination6,9 with the exception of a remark
made by Osquiguilet al.,7 who stated~without showing an
appropriate figure! that in a YBCO sample with the oxyge
content x56.7, mH decreased during the photodoping
room temperature. We also observe in Fig. 3 that the ris
as well as the falling components ofmH(t) become clearly



57 8705MECHANISMS OF PHOTODOPING IN OXYGEN- . . .
FIG. 2. Time dependence of the normalized Hall resistivity,ryx(t)/ryx(0), of YBa2Cu3Ox ~x'6.5,Tc,mid'52 K! in a magnetic field of
B50.52 T, measured under the same conditions asrxx(t)/rxx(0) in Fig. 1. Solid lines represent the fits obtained with the help of Eq.~1!.
The inset shows three of the data curves plotted on a logarithmic time scale.
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steeper with the increasing temperature. Obviously, the
netics of both components is substantially accelerated by
ing the temperature.

The Tc of our samples was measured before and a
each of the photodoping experiments. Therxx(T) curves
measured for the ‘‘erased’’ samples always overlaid, wit
the accuracy of our measurement, the characteristics
tained for an undoped, nonilluminated sample. In contr
the rxx(T) characteristics of the photodoped samples w
different and depended on the temperature of the precee
photodoping experiment. Up to 200 K, the curves overlay
each other and were more or less shifted parallel with res
to the undoped curve. The curves collected at the 260
290 K doping temperatures exhibited substantially lower v
ues of resistivity and intersected at 290 K. These data wil
presented elsewhere. Here, we only state that photodo
carried out at different temperatures, but with identical ph
ton doses, lead to differentrxx(T) characteristics and, henc
to the photoexcited states with different electronic structu
If we define theTc enhancementDTc as the shift of the
offset temperature@i.e., whererxx(T)50#, we find thatDTc
depended strongly on temperature at which the photodo
was performed. Photodoping at temperatures up to 20
resulted inDTc'1.3 K, but at 260 and 290 K,DTc was
approximately twice as large. This final result is of particu
importance since the value ofTc is correlated to the carrie
concentration in the material.29

In Fig. 4, we summarize the effects of photodoping in o
YBCO samples. The relative changesdsxx , dpH , anddmH
of sxx51/rxx , pH , andmH are expressed as the percenta
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of the corresponding initial values, respectively, and are p
ted together withDTc . As can be clearly seen in Fig. 4,DTc
depends on the photodoping temperatureessentially in the
same wayasdpH , which confirms that the enhancement
both these quantities is governed by the enhancement o
same electronic parameter, i.e., the free-carrier concen
tion. In obvious contrast,dsxx and dmH show completely
different temperature dependences, due to complicated
havior of mH during the illumination process~see Fig. 3!.

IV. DISCUSSION

In HTSC materials,pH shows an unexpected temperatu
dependence. In metallic YBCO,30 as well as in Bi-based31

and Tl-based32 compounds,pH depends almost linearly onT
aboveTc . Thus, pH calculated from the simple one-ban
formula pH51/(RHe) cannot be directly identified as th
density of charge carriers, which should be more-or-less c
stant in a metal. However, starting with the Anders
model,33 Joneset al.34 have argued that thechangesof pH
andmH , observed at any arbitrarilyfixed temperature, mea
sure thechangesof the true carrier concentration and th
mobility. This consideration is strongly supported by the fa
that dpH andDTc in our PPC experiments show essentia
the same dependence on the photodoping temperature~Fig.
4!. Therefore, in the following discussion, we will use th
terms carrier concentrationn and mobilitym interchangeably
with pH andmH .

It is helpful for the further discussion of our results
briefly summarize predictions that the different PPC mod
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8706 57C. STOCKINGERet al.
FIG. 3. Normalized Hall mobilitymH5RH /rxx as a function of the illumination time, taken at the indicated temperatures. Solid line
the sum of two Kohlrausch expressions@Eq. ~1!#, one of them rising and the other falling with the increasing illumination time. They
meant to serve as guides to the eye.

FIG. 4. Relative changes of the longitudinal conductivitydsxx , the Hall numberdpH , the Hall mobility dmH , and the absoluteTc

enhancementDTc , after light excitation for 48 h, plotted as a function of the photodoping temperature. Solid lines are just guides to t
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~outlined in Sec. I! give for photodoping’s impact on carrie
properties. In thecharge-transferas well as in theoxygen
vacancy capturemodel, photodoping should increase main
the carrier concentration. As far as the drift mobility is co
cerned, a decrease is more likely to occur, because of
additional disorder introduced by randomly distribut
trapped electrons, and the increased fermion-fermion sca
ing rate due to the photoinduced charge carriers~holes!.

In the photoassisted oxygen-orderingmodel, n is en-
hanced in two ways: first, electrons trapped at the end
chain segments result in mobile holes in the CuO2 planes;
second, the chains are lengthened by the oxygen reorder7

inducing an additional charge transfer from planes
chains.35 The growth of the chains must change the el
tronic and the crystal structure of the material, and, hen
the carrier mobility m. We expect that oxygen orderin
shouldincreasethe carrier mobility since it reduces disord
in a system, increasing the average scattering time. Howe
in experiments of room-temperature aging of quench
YBCO samples, adecreaseof mH was observed.6 Admit-
tedly, the analogy between the photoassisted oxygen or
ing and oxygen ordering in quenched samples is limited
the photodoping experiments, the sample isremovedfrom its
initial thermodynamical state by lowering the therma
driven disorder. This is in sharp contrast to the roo
temperature aging process, which moves the systemtowards
the intrinsic equilibrium state. Thus, despite apparent an
gies @e.g., the applicability of Eq.~1!; see Ref. 36#, the re-
sults of room-temperature aging experiments cannot be
rectly taken as a model for photoassisted oxygen orderin

Based on the above considerations we will now assess
experimental results discussed in Sec. III. Most striking
the markedly different time dependences ofpH and mH ,
which certainly cannot be explained by implementing exc
sively theoxygen-orderingmodel, since this model predict
a very close relationship betweenn andm. The results give
no evidence for such relationship, in particular, the ma
mum of mH(t) at high temperatures~Fig. 3! is not reflected
in pH(t). On the other hand, onlyoxygen orderingseems to
give a reasonable explanation for theincreasingpart of the
mobility observed at all temperatures. Thus, our conclus
is that oxygen ordering enhances mainlym and has only a
very limited effect onn.

Another intriguing phenomenon established by our
periments is the decreasing componentmdec of the mobility
during a prolonged illumination~Fig. 3!. mdec is observable
only at T.250 K, where the thermal relaxation of PPC o
curs in metallic YBCO.13 Most likely, both effects have a
common physical background in oxygen orderin
disordering processes, which are strongly accelerated, w
the temperature approaches room temperature, due to th
creased diffusivity of oxygen.37 A reasonable picture is tha
the thermal relaxation process gradually destroys phot
duced ordering in the chains, simultaneously, either hav
only a limited influence on the carrier density or being ov
compensated by an enhanced photogeneration of addit
carriers. This competition between the photoinduced oxy
ordering and thermally driven oxygen disordering proces
could also explain why, after long exposure times,mH falls
-
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below its initial, undoped value, despite the fact that o
would expect PPC relaxation to cancel only the photo
duced enhancement ofm. A similar behavior ofm was ob-
served in our other photodoping/relaxation experiments,38 so
the assignment of the falling component ofm to the thermal
PPC relaxation is a consistent interpretation of our da
However,mdec keeps decreasing even after 48 h of illumin
tion ~Fig. 3!, while mH under dark conditions saturate
within about 15 h,38 indicating differences between relax
ation processes with or without light exposure and ag
pointing tophotoassisted oxygen orderingas the mechanism
for enhancing mobility.

The above considerations imply that the main contrib
tion to the photoinduced enhancement ofn originates from
mechanisms that have little or no influence onm. The most
obvious candidates forn enhancement are thecharge trans-
fer and theoxygen vacancy capturemechanisms, but one
cannot exclude trapping of photoexcited electrons by im
rities or on lattice distortions/grain boundaries. Figure
clearly demonstrates~note thatpH}1/ryx! that the enhance
ment of n is the largest near room temperature, i.e., in
same temperature region wheremH exhibits its unusual be-
havior ~Fig. 3!, and the thermal relaxation of PPC becom
important.13,14 Thus, our data seem to indicate that the th
mal disordering creates additional oxygen vacancies or
tice defects that must act as trapping centers for the ph
generated electrons.

V. CONCLUSIONS

The effect of white-light illumination on the transpo
properties of partially oxygen-depleted YBCO~x'6.5,
Tc,mid'52 K! depends strongly on the temperature at wh
the photodoping experiment is performed. At low tempe
tures, photoexcitation leads to the enhanced carrier con
tration and mobility. At temperatures above roughly 250 K
m is reducedafter long illumination times, whereasn is even
moreenhanced, as compared to low temperatures. Thus,
longed photodoping at different temperatures generate
YBCO, metallic states with different electronic properties

From the observed asynchronous behavior of the H
quantities, we conclude that the photoassisted oxyg
ordering and charge transfer processes from CuO2 planes to
CuO chains are the main contributors to the PPC effect,
their contributions are qualitatively different and strongly d
pend on the temperature of the photodoping process.
oxygen-orderingmechanism is mainly responsible for th
changes ofm, while the charge transferacts mainly onn.
We have also shown that theTc enhancement due to
photodoping is a function of the carrier concentration rat
than of the mobility.
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