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Anisotropy of persistent photoconductivity in oxygen-deficient YBaCu;O, thin films
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YBa,Cu;0, (x~6.6) thin films were deposited by pulsed-laser ablation on SyEibstrates, that were cut
with a tilt anglea=10° with respect to thE001] direction, inducing a steplike growth of the Cu@yers. The
films appeared semiconducting along the projection of dheis to the film surface, but metallic in the
perpendicular direction. From the anisotropic resistance, the in-pjapednd the out-of-planeg() resistiv-
ities were calculated. Photodoping with white light was performed at various temperatures from 70-305 K.
We have found strongly temperature dependent photoinduced decreasganélp.. At low temperatures,
the relative reduction gb. was smaller than that ¢f,,, whereas, near room temperature, they were nearly the
same. The electrical anisotropy/ p,, increased monotonously at 70 K, but, at higher temperatures, a fast
increase was followed by a long-term decay. This unusual behavior resembles that of the in-plane Hall mobility
in a previous study, suggesting that both quantities are changed by the same physical process. The results are
discussed within the models previously proposed for the photodoping effect ipCYBa, .
[S0163-182609)11833-2

[. INTRODUCTION PPC effect indeed exists along theaxis direction in
YBa,Cu;0, . We observed similar photoinduced conductiv-

Persistent photoconductivitPPQ, reported by Kudinov ity enhancements in thee-b- andc-axis directions near room
etal,! is a well-known phenomenon in oxygen depletedtemperature. Here, we extend these studies in a systematic
YBa,Cu;0,. It has been established that long-term excita-way by investigating the effect of illumination on the elec-
tion by visible radiation causes significant changes of thdrical anisotropy and on the shape of thgvs temperature
normal-state and superconducting transport propertfthe  characteristics at various temperatures between the supercon-
optical spectrd, and the electrical properties of grain- ducting transition temperature and room temperature. These
boundary Josephson junctiofis’ Most experimental studies experiments were stimulated by the results of our previous
of this remarkable effect were performed omxis oriented magnetotransport studfethat indicated qualitatively differ-
thin films of YBa,Cu;O, , and, hence were restricted to mea- ent processes involved in the photodoping process at differ-
surements of the in-plane properties. However, x-rayent temperatures. In these studies, however, the role of the
studied? and magnetotransport experiméftsndicated ~ so-calledphotoassisted oxygen orderingoces$**® could
pronounced changes of the structural and electronic anisopot be determined unambiguously. With the additional infor-
ropy of the material. From these results, one can expect thapation about the photoinduced changes of the out-of-plane
the electrical anisotropy of the samples must also be affectet@sistivity, provided by the present study, we can give a far
by long-term light exposure. However, this is difficult to more reliable picture of the photodoping process in
prove, since single crystals are hardly suitable for photodopYBa,Cu; Oy .
ing experiments due to the small optical penetration depth in
YBa,Cu;O,, which is of the order of about 100 nm. Il. SAMPLE PREPARATION AND MEASUREMENT

We have shown in a previous _pab‘bthat this difficulty _ TECHNIQUES
can be overcome by using specially prepared YBCO thin
films, deposited on “wedged” substrates. These films show YBa,Cu;O, thin films were grown by pulsed-laser depo-
a steplike growth with the crystallographiz axis slanted —sition (KrF-excimer laser\ =248 nm, fluence 3.25 J ¢,
with respect to the surface normar’ As a result, electrical  pulse duration 25 ns, repetition rate 10)Hm “wedged”
currents flowing along the projection of tieeaxis to the film  SrTiO; substrate$>~*’ The term “wedged” means that the
surface(in the following we will call this direction the “tilt  substrates were cut with a tilt angte with respect to the
direction”) have a componemparallel to the c-axis direc- [001] direction(lower panel in Fig. L For the present work,
tion. In the perpendicular direction, the current propagatesve useda=10°. During the deposition, the substrates were
along thea-b planes. From measurements of the resistanc&ept at 760 °C in an oxygen atmosphere of 0.2 mbar. After-
in both principal current directions, the in-plane as well aswards, the films were annealed for 100 min keeping the oxy-
the out-of-plane resistivities,, and p., can easily be cal- gen pressure unchanged. The films showed a superconduct-
culated. ing transition atT.,~56 K, corresponding to an oxygen

Using these films, we demonstrated in Ref. 14 that theontent ofx~6.618 The last preparation step was the fabri-
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A the photoexcitation performed at a different temperature.
During the cooldown we carefully examined that the resis-
tance vs temperature curve was identical with the character-
istics of the undoped sample to ensure that the PPC relax-
ation was complete. Later, the sample was contacted in the
AB direction and the above described measurement cycle
was repeated in this configuration.
Some additional measurements at 260, 275, and 305 K
were performed using another setup. In this case, the sample
B was placed in a vacuum chamber, equipped with a fused
silica window, on a Peltier cooler. The light intensity and
a illumination time were the same as in the other series of
surface ¢ - axis measurements, but the Peltier cooler enabled sample cooling
normal only down to about 250 K. We carefully examined that the
resistance measurements during the illumination at 275 K,
taken in both experimental setups, agreed within the experi-

C D mental error, thereby confirming that the results were repro-
ducible.
SITiO,

Ill. RESULTS

FIG. 1. Schematic illustration of the YB&@u;O, samples used .
in our experiments. Upper panel: Crosslike-shaped test structuré' Calculation of p,
The vertical lines symbolize the intersections of (091 planes Figure 1(upper panglshows the crosslike test structure
with the surface. Lower panel: cross section of the samples showingf our samples schematically. One bridge is perpendicular
the steplike growth of the filmsx is the tilt angle and CD is the (AB) and the other paralleldD) to the tilt direction. We
“tilt direction” of the film. have shown in Ref. 14 that the resistarRgs; (subscripts
denote the current directiprdisplays a metallic behavior,
cation of a cross-shaped test structure by means of photolwhereasRcp appears to be semiconductorlike. The reason is
thography and wet chemical etching. One bridge of the crosthat an electrical current flowing through the sample in the
was parallel and the other one perpendicular to the tilt direc€D direction has a component parallel to the intrinsiaxis
tion. Four silver contact pads were evaporated on each of thdirection of the film, as illustrated by the lower panel in Fig.
bridges making the structure suitable for resistance measuré- Although, at a tilt angle okv=10°, thec component is
ments in the two principal directions of the electrical currentsmaller than th@-b component, the temperature dependence
(see Fig. 1, upper panel of Rep is dominated byp. because of the large intrinsic
For the photodoping experiments, the samples weranisotropy of YBaCusO,(pJ/pay~100 at room
mounted in a temperature controlled closed-cycle refrigeratoremperatur®). From the rotation of the resistivity tensor, we
on a cold finger. A Suprasil window allowed the illumination get
of the sample. The electrical resistivity was measured with a
standard four-point method by using a highly stable ac cur- I
rent source and lock-in technique. For the illumination, a Rag =g Pab- (€Y
100-W quartz tungsten halogen lamp was used, providing an
estimated light intensity of 1 W cnf at the sample surface. and
Sample heating was reduced by a water filter placed in the
optical path. The setup was fully computer controlled and, .
during light excitation, the resistivity was monitored every RCD:m(PabC°§a+PC sinfa), 2
1.4 min. For temperature control, a platinum sensor was
mounted in the vicinity of the sample. The initial tempera-wherel, w, andd denote the length, width, and thickness of
ture rise 0.5 K) after switching on the lamp could be the bridges (=2.3 mm, w=0.1 mm, d~200 nm. Thus
nullified within a few minutes by the computer control. from the measurements &,z andR¢p the principal com-
Using this setup, we measured the time dependences @bnents of the resistivity tenspr, andp, can be calculated.
the resistance in the two principal current directions duringThe validity of this evaluation method is strongly supported
illumination for 25 h at 70, 100, 160, and 275 K. At first, the by the excellent agreement with single-crystal d4t&. A
sample was contacted at the pads in@1i& direction and the possible influence of the defect microstructure on the mea-
time evolution of the resistance was measured during photesured anisotropy, which was observed in fully oxygenated
excitation at a certain temperature. After termination of theYBCO thin films on tilted substrate8,is obviously of neg-
illumination, the sample was slowly cooled down from theligible importance in our oxygen-deficient samples. The rea-
temperature at which the photodoping was performed to 48on is, most likely, that the intrinsic electrical anisotropy is
K to determineT., and the shape of thg, vs temperature larger in oxygen-deficient YBCO than in optimally doped
characteristics. Then, the sample was warmed up to roofBCO. pJpg,, varies from about 1500—100 between 100 K
temperature and kept there for 24 h to allow the completand room temperature in the form&rcompared to about
relaxation of the PPC. After that, the cycle was repeated wittB0—50 in the lattef!

and p,, from the resistance measurements
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FIG. 3. Time dependence of the normalized out-of-plane resis-

FIG. 2. p4, VS temperature characteristics of YBaLO, before  tivity p (t)/p(0) of YBaCuO, during white-light illumination at
and immediately after white-light illumination for 25 h at the indi- the indicated temperatures.
cated temperatures. The lower inset shows the transition region on
enlarged scales. Upper inset: time dependencet)/pa0)  and 100 K curves and is therefore not displayed in the fig-
during the photodoping at the indicated temperatures. ure). We again note the excellent agreement with the previ-
ous results from conventionally grown sampiés.

The temperature dependence @f(t)/p(0) showed a
completely different behaviofFig. 3). At low and interme-

Using Egs.(1) and (2), we calculated the time depen- diate temperature€70, 100, and 160 K the resistivity re-
dences ofp,, and p. as a function of the illumination time ductions were similatabout 4—5 %, butsubstantially larger
from in situ measurements R,z andRcp at 70, 100, 160, at the higher temperaturg260-305 K, where values of
260, 275, and 305 K. Up to 275 Kat)/pa(0) showed 8-10% were measured. The 305-K characteristics were ob-
essentially the same behavior as in conventionally growrviously affected by the PPC relaxation. The results in Fig. 3
YBa,Cu;0, films [compare the results in Fig.(@pper inset  strongly suggest that, at high temperatures, an additional
with Ref. 6]. The p,, reduction after 25 h of illumination was contribution to the photodoping effect occurs, that is of mi-
large at high temperaturéabout 9-10 % at 275 and 260 K nor importance at the lower temperatures.
and also at the lowest studied temperatui@out 8% at 70 To assess the reliability of the results in Fig. 3 we esti-
K), but smaller at intermediate temperatufebout 7% at mated the possible errors pf due to the above two-step
100 K and 5% at 160 K Only at 305 K a saturation at measurement method. We neglected possible inaccuracies of
about 8% was observed, obviously reflecting the balance béhe sample geometries and the tilt angle, since we were only
tween the photodoping effect and the PPC relaxaftioft interested in the photoinducethangesof the resistivities.
the other studied temperatures, no real saturation oError sources like noise or temperature variations during the
photodoping was achieved, in agreement with our previougphotodoping can be estimated from the scattering of the data
studies?>?® We have shown in Ref. 22 that even after points in Fig. 3. More important are the possilsiestematic
50-60 h of white-light illumination a further reduction pf,  errors arising from the fact that tHe,g and theR¢p values
is observable, especially when the data are plotted on a logavere collected in two separate experimental runs. For ex-
rithmic time scale and even if the linear plot suggests satuample, slightly different temperatures in two corresponding
ration. Therefore we cannot completely rule out that the deruns could result in incorrect absolute values of the resis-
pendences of the physical properties on the “photodopingances. We have simulated this effect by varying the mea-
temperature’(i.e., the temperature where the photodoping issured values oR,g andR¢p by 5%, which we regard as an
carried out, which we will discuss below, are partially due upper limit of these errors. As a result, we obtainegt)
to the fact that photodoping for 25 h ends up at differentcurves that were shifted parallel to the measured one. After
distances from saturation at different temperatures. Howevethe normalization, all these curves collapsed with the curves
the present as well as the previous results clearly demornn Fig. 3 within the line thicknesses, indicating that the dis-
strate that the resistance drop after about 20 h of excitationussed type of errors is negligible, if only the normalized
becomes very slow at all temperatures so that the differenceslues are discussed. Another type of error may arise from
betweerp,;, (25 h) and the saturation value pf;, should not  different light intensities on the sample surface in the two
vary too much from temperature to temperature. runs, caused, e.g., by slightly different settings of the halo-

The p4p VS temperature characteristics, measured after thgen lamp and/or different locations of the sample in the col-
photodoping experiments and plotted in the main panel ofimated light beam. This type of error essentially results in
Fig. 2, showed essentially the same behavior as in converthifferent time scales dRag andRcp, and is expected to be
tionally grown sample&® The T, enhancement was about significant especially at the higher temperatures, where the
1 K after photodoping at 70, 100, and 160 K, but approxi-two resistances have comparable magnitudes. The reproduc-
mately two timedarger at 275 K(see the lower inset in Fig. ibility of the light intensity in our experiments was tested
2; the curve for the 160-K measurement lies between the 76xperimentally, using a broadband thermopile detector. The

B. The impact of photoexcitation on the anisotropic transport
properties of YBa,Cu;0,



PRB 60 ANISOTROPY OF PERSISTENT PHOTOCONDUCTIVITY . .. 7643

0.30

r 70K
1.04 F ey
C 100 K W ot
0.25 . Mﬂ.‘:‘“‘\f‘ v
5 1.03F pe FT
3 ! PO
0.20 | g Li
i = L : .
= % 102f7 &
g - . S F: > 160 K
S 015} 0.2 028 032 03§ S g
o ¢ T4 = E H
* s 260 K
010 - 3 3
1.00 [} 27e K
0.05 |
; C 305 K
kS 0.99I||||||||||||||||||||v||||
0.00 LE ) ) L L 0 5 10 15 20 25
50 100 150 200 250 300 Time (hours)

TK

FIG. 5. Time dependence of the normalized anisotropy factor
FIG. 4. p. vs temperature characteristics of YO, before [ p(t)/p(0)1/[pat)/pa0)] of YBa,CusO, during white-light il-
and immediately after white-light illumination for 25®&: nonillu- lumination at the indicated temperatures.
minated sample; 2,3,4,5: photodoped at 70, 100, 160, and 275 K,
respectively. The inset shows three of the data curves plotted asanisotropy during the entire duration of the experiment. In
Inpc vs T~*'* between 66 and 300 K; in this plot, curves 3 and 4 contrast, at 100 and 160 K(t) showed a saturation after
collapse with curve 1. several hours of illumination, and, at the higher tempera-
tures, a sharp increase d&(t) at the beginning of the
measured values of the intensity showed deviations definitelphotodoping experiment was followed by a long-term de-
smaller than 10%, equivalent to a maximum possible error ofréase. The reason for the latter is that, at high temperatures
20% between the two measurement runs. Hence we sim@nd long exposure timeg(t)/p¢(0) decreased more rapidly
lated a 20% stretching/compression of the one time scalthanpay(t)/pay(0). Atboth 275 and 305 KA(t) even seems
with respect to the other. The result of the simulation isto fall below 1, which implies that the prolonged photoexci-
p|otted as error bars to the 275 K curve in F|g 3. Obvious|y7tati0n flna”y resulted in a perSiStemdUCtionOf the electri-
the above description of the behavior @f(t)/p.(0) is not ~ cal anisotropy of the system. As an additional interesting
questioned by the errors. result, differenttemperature dependencesthe anisotropy,
Figure 4 shows the impact of light excitation on thevs ~ Ax(T)=p(T)/pafT), were obtained after photodoping at
temperature characteristics. Each curve in the figure contairf§fferent temperatures, with the largest differences occurring
two sets of measured values: the one collected during thi& the low-temperature range from 70-150(see the main
cooldown to 40 K and the other collected during the warmupPanel in Fig. 6. In this range, the 70 and 100 K curves run
to room temperature. The absence of any thermal lag beabove but the 275 K curve staybelow the “undoped”
tween these two branches shows that the characteristics a¢grve. This behavior oA (T) is merely a consequence of
not influenced by the PPC relaxation. Compared topi}gg)  the dependences of the-plane (see Fig. 2 and of theout-
curve of the nonilluminated sample, the curves measured aff-plane(see Fig. 4resistivity vs temperature characteristics
ter the photodoping experiments at 70, 100, 160, and 275 kOn the photodoping temperature. The obvious conclusion is
appeared “compressed,” similar to the effect of high hydro-
static pressur&:?® However, the inset in Fig. 4, where the 4000 . 200
curves are plotted as . vs T~ 4 (the three-dimensional I
variable-range hopping formyladisplays a remarkable dif- 300
ference between the effect of illumination and of pressure. 3000
As in Ref. 24, Inp. in Fig. 4 (inse) is nearly linear over a
wide temperature range, but, contrary to the effect of pres-
sure, is not simply shifted parallel after photodoping. In par-
ticular, the illumination at 275 K clearly changed the slope of I N ]
the curve. In the variable-range hopping pict(athough its 150 200 250 300
application to the out-of-plane resistivity of YBauwO, is 1000 | TIKI
somewhat problematic, as Fored al?* pointed ou}, this
implies a substantial reduction of the hopping barrier occur-
ring mainly at high temperatures. 0 ' —_ , ! —
Of particular interest is the behavior of the electrical an- 60 80 100 120 140
isotropy of YBaCusO, during photoexcitation. In Fig. 5, we T[K]
have plotted the normalized anisotropy factak(t)
=[pt)/p0)]/[pas(t)/ paf0)] as a function of the illumi- FIG. 6. Temperature dependence of the electrical anisotropy
nation time at the studied temperatures, with error bars corap(T)=p(T)/p.T) of YBa,Cu,O, before and after white-light
responding to the above error estimation. We observe in Figllumination at the indicated temperatures. Main panel: the tempera-
5 that, at 70 K, the illumination monotonously enhanced theure range from 56150 K. Inset: 156-300 K.
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that the nature of the photodoped state varies with the teneation of this interpretation. If the oxygen ordering process
perature at which the photoexcitation is conducted. was more pronounced at lower than at higher temperatures,
the temperature dependence of the anisotropy should be op-
posite to Fig. 5. Considering the higher diffusivity of oxygen
in YBa,Cu,0, at high temperaturées,it can be inferred from

We learn from Figs. 5 and 6 that the electrical anisotropyour results that the photoassisted oxygen ordering acts on the
of YBa,Cu;0, is enhancedy prolonged photodoping at low mobile i.e., thermally activated oxygen across the diffusion
temperatures, but ieweredat high temperatures. The latter barrier of about 1.2—1.3 e%%:?° Otherwise, if the effect of
effect is connected with substantial increases of thghotodoping carried out at, e.g., 2 eV was to activate the
photodoping effectiveness observedgdp, (see Fig. 2 and bounded oxygen ions, prolonged photoexcitation would fi-
Ref. 6 as well as inp. (see Fig. 3and also with pronounced nally lead to a completely disordered chain layer, which is
changes ofp(T) (see Fig. 4 All these findings strongly not supported by any experimental results. On the other
suggest that, at high temperatures, a certain photodoping prband, the picture of the photoassisted oxygen ordering pro-
cess adds to others that are already working at low tempergosed by Osquiguiét al*® may be consistent with our inter-
tures. Most striking is the comparison between Fig. 5 and theretation. They proposed that photoexcited electrons are
Hall effect data presented in Ref. 6. Obviously, the photointrapped at the end of chain segments and, through local po-
duced changes of the electrical anisotropy and of the in-plantential distortions, favor the growth of the chain segments. It
Hall mobility (xy) show essentially the same unusual tem-seems conceivable that a thermally enhanced oxygen diffu-
perature dependence. In particular, we notice the followingsion will facilitate this process.
similarities: (a) a strictly monotonous increase at low tem-  In Ref. 6, we considered an “oxygen disordering” pro-
peratures and a competition between an increasing compeess to be responsible for the observed mobility decrease
nent and a decreasing component at high temperatures ear room temperature. Within the present interpretation,
observed,(b) the positive slope at short illumination times however, this hypothetic process is no longer needed. Also,
increases with the increasing temperature, é&)dat the  this picture is not in conflict with the results presented by
highest studied temperatures, both quantities falow  Guimpelet al,* who have shown that photodoping does not
unity. Since both physical quantities are not directly con-compensate for the effects of quenching-induced oxygen dis-
nected, these results can only be understood, if the photoimrder. In their experiments, photodoping was carried out at
duced changes o&(t) and of uy have a common physical 150 K, at which temperature, according to our interpreta-
origin. This implies that essentially two types of mechanismdion, photoassisted oxygen ordering is of minor importance.
are involved in photodoping: one of thentreases At) and The above discussion does not include the other process,
uy, and gives a considerable contribution at all temperawhich must be mainly responsible for the photodoping at low
tures, whereas the other odecreases ft) and uy, and temperatures. In the following, we examine the possibility to
shows up significantly only at high temperatures. identify this process with one of the alternatively proposed

The decrease oA(t) during photodoping at high tem- photodoping mechanisms. Thbarge-transfer modelsf the
peratures fits well to the observed photoinduceakis con- PPC in YB3Cu;O, assume that photoexcited electrons are
traction, since a reducemaxis lattice parameter most likely transferred from the Cugplane layers to the CuQ(chain
implies a shorter distance between neighboring Cplanes  layers and are trapped there either in unoccupied oxygen
and hence a reduced energy barrier for the hopping or turlevels or in oxygen vacancie¥;* while the mobile holes
neling transport along the-axis direction, in agreement with remain within the Cu@ layers. The electron capturing is a
the curves in Figs. 4 and 5 collected at high temperaturesandomprocess and hence must introduce a certain amount
The c-axis contraction is consistent withhotoassisted oxy- of disorder within the chain layers. It seems quite conceiv-
gen ordering'™!? suggesting that the considered “high- able that a disordered Cy@yer weakens the overlap of the
temperature photodoping mechanism” can tentatively bevave functions between neighboring Cu@lanes and,
identified with that mechanism. Another support for this as-thereby, reduces the hopping rate in thaxis direction. As
signment is provided by studies of the Hall mobility after a consequence, the photoinduced reductiop ofdriven by
quenching a YB&u;0, sample from high temperatures the enhancement of carrier density in the Guflanes,
down to room temperature, which is known to induce long-would be delayed relatively to that pf,, in agreement with
term oxygen ordering processes ‘room-temperature Fig. 5. On the other hand, the photoindu@thancementf
aging”).?® Nievaet al* observed alecreaseof the Hall mo-  the carrier mobility can hardly be explained by a charge
bility during the “room-temperature aging,” which is very transfer model, so that the assignment of the process under
similar to the photoinduced decrease presented in Ref. &onsideration to the models proposed in Refs. 2, 31, and 32
Hence, for the following discussion, we assume that the conremains questionable.
sidered mechanism can be identified wjtotoassisted oxy- The above picture of the PPC effect seems to be contra-
gen ordering dicted by the c-axis shrinking also observed during

In a previous papet,we have argued that only oxygen photodoping at low temperaturés'? However, the mea-
ordering can give a reasonable explanation for the observeslired relative decrease of tleeaxis lattice parameter was
increase of the Hall mobility at low temperatures and also~0.5x 10" * (Refs. 11 and 1 which is three orders of mag-
during short illumination times at room temperature. Thisnitude smaller than the decreasepgf(Fig. 3), and its impact
argument was based on the general consideration that an ara the electrical anisotropy may be overcompensated by the
dering process should enhance the carrier mobility. Howabove discussed disordering of the Gulayers. Further-
ever, our new results, especially Fig. 5, suggest the modifimore, in Refs. 11 and 12, insulating samples were used, in

IV. DISCUSSION
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