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Effects of Photoinduced Hole Doping on Normal-State and Superconducting
Transport in Oxygen-Deficient YBa;Cu;0,
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The effects of photoinduced hole doping, caused by persistent photoconductivity, on the normal and
superconducting properties of YBa;Cu3O, (6.35 < y < 6.70) thin films are studied using a high-power-
density He-Ne laser light. Substantial photoinduced enhancements of both the normal conductivity and
T, are found for all the films. Hall measurements reveal that the number of photoinduced holes depends
only on the photon dose and is independent of the oxygen content. The enhanced T, has a nearly quad-
ratic correlation with the hole density similar to that observed in YBa,Cu3O, when the hole density is

varied by adding oxygen to the CuO, chain.

PACS numbers: 74.72.Bk, 72.15.Gd, 72.40.+w, 74.76.Bz

Since high-T, cuprates exhibit a sharp insulator-to-
metal transition under carrier doping, considerable atten-
tion has been focused on the idea of modulating the car-
rier density and thus the superconducting properties of
these materials by electric field effects [1] or photoexcita-
tion [2-8]. Many photoconductivity experiments have
been carried out, for example, on insulating YBa,Cu30,
(YBCO) single crystals [2] and La,CuQj single crystals
[3]1. In YBa,Cu3;Og3 single crystals irradiated by laser
pulses, a transient photoinduced increase in conductivity
of more than 10 orders of magnitude with a lifetime of
10-50 ns was observed [2]. Later, a more striking phe-
nomenon, persistent photoconductivity (PPC) in semicon-
ducting YBCO thin films with y ~6.4, was discovered by
Kudinov er al. [4,5]. They showed that high-power Ar
laser illumination induces a remarkable decrease in the
resistivity which persists completely at 100 K even after
the laser is switched off [4]. A photoinduced semicon-
ductor-to-metal transition and even metastable supercon-
ductivity at 5 K after prolonged illumination were also in-
dicated. Subsequently, the photoinduced enhancement of
superconductivity was confirmed in YBCO thin films with
an initial T, of less than 25 K [6] and then in films with a
T, of as high as 82 K [7]. Although Nieva et al. [8] re-
ported a photoinduced change in the Hall coefficient at
room temperature in conjunction with the 7, enhance-
ment, the relation between the density of photoinduced
holes and both the normal-state and superconducting
properties has not been clarified yet. The microscopic
mechanism underlying these phenomena is also still con-
troversial [5,6].

In this Letter, we report on the photon dose depen-
dences of normal conductivity, transition temperature 7,
and the hole density determined by Hall measurements at
low temperatures for YBCO thin films with different oxy-
gen deficiencies. It is clearly shown that photoinduced
hole doping effects exist even for relatively high oxygen
content (y~6.7) and that the number of photoinduced
holes is independent of the oxygen content. These mea-
surements not only allow us to elucidate the mechanism
underlying these phenomena but also to compare the
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effects of carrier doping induced by photoexcitation with
those induced by the addition of oxygen and the electric
field effect.

The samples were prepared from YBa,CusO, (y
=6.9-7) (001) epitaxial thin films grown on SrTiO;
(100) substrates by coevaporation method. Details of the
thin-film preparation have been described elsewhere [9].
As-deposited thin films showed a 7. (1 uQcm) of 89-90
K and a typical critical current density J. of 2x10¢
A/cm? at 77 K. Two successively deposited films, both
100 nm thick, were selected and cut into four pieces.
After depositing Au contact pads using a metal mask,
they were annealed in flowing Ar+O; gas to obtain sam-
ples with different oxygen deficiencies. We adopted an
O; volume fraction of 0.5%-2% and the annealing tem-
perature of 400-460°C. After annealing for 0.5 h, the
samples were cooled to 200°C in 1 min and then slowly
cooled in a furnace.

The four reduced samples had T, values of 73, 45, 26,
and lower than 1.5 K, and resistivity p (at 300 K) values
of 0.60, 1.09, 1.86, and 3.45 mQ cm, respectively, indicat-
ing a systematic correlation between 7, and p. Further-
more, the p-T curve showed an apparent downward devi-
ation from the 7-linear dependence as reported in high-
quality oxygen-deficient single crystals [10]. These facts
confirm that the samples contain very little inhomogene-
ous oxygen distribution and grain-boundary weak links.
The oxygen contents of the four samples estimated by
comparing the T, values to those published by Veal and
Paulikas [11] were 6.70, 6.45, 6.40, and 6.35. These
samples were patterned using standard photolithography
and ion milling techniques to produce 10 um wide and
100 um long constrictions with the necessary voltage and
current contacts.

The photoconductivity measurements were carried out
using a 632.8 nm He-Ne laser which was coupled to a
multimode optical fiber with a power density of up to 66
W/cm?2 The setup for these measurements has been al-
ready detailed elsewhere [7]. The fiber end (core diame-
ter=50 um) was fixed to the substrate with an alumina
guide and introduced into a temperature-stabilized cryo-
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stat. Thus an area of the constriction slightly larger than
the length of the voltage probe region (30 um) was uni-
formly illuminated. Since the samples were surrounded
by He gas in the cryostat, oxygen absorption during il-
lumination could be avoided. Moreover, the illumina-
tion-induced temperature rise was less than 0.5 K, hence
no substantial influence of sample heating was expected.
In the present experiments, the samples were illuminated
with various photon doses at a temperature of 80 K or 90
K (for y =6.70 sample). The Hall coefficient Ry was
measured in a 1 T magnetic field parallel to the ¢ axis us-
ing a standard field inversion technique.

Figure 1(a) shows the evolution of the resistive transi-
tion curve with various photon doses dp, for a sample
with y =6.35. Before illumination, this sample shows an
apparent resistivity upturn below 60 K, indicating it is in
an incipient localization regime near the semiconductor-
to-metal transition. With initial photon dose dpn, p de-
creases dramatically. This decrease in p is accompanied
by a clear T, enhancement. For dp,>5X 102 pho-
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FIG. 1. (a) Photoinduced evolution of resistive transition
curve for a YBayCu3O, thin film with y =6.35. The photon
dose dpn was varied from 0 to 5.8 10% photons/cm? from the
highest to the lowest curve. The photon dose for a 100 min il-
lumination with a power density of 66 W/cm? is comparable to
1.2% 102 photons/cm?. (b) Photoinduced evolution of resistive
transition curve for YBa;Cu3O, thin films with y =6.40, 6.45,
and 6.70. The dose was varied from O to 1.5x10%* photons/

cm 2.
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tons/cm?, the variation of the curve is characterized by a
parallel (similar in shape) shift with less pronounced
enhancements in 7, and normal conductivity o, although
no definite saturation is observed. The conductivity en-
hancement Ac/c for the largest dose of 5.8x10%
photons/cm? is approximately 100%, which is the same as
the value reported by Kudinov et al. [5] for y ~6.38. The
maximum 7, enhancement AT,n.x is approximately 15
K, which is the largest value ever reported for homogene-
ous samples.

Figure 1(b) shows the evolution of the resistive transi-
tion curves with various photon doses for y =6.40, 6.45,
and 6.70. All of these samples exhibit a parallel shift in
the curve accompanied by increases in 7, and o. Their
AT max values are approximately 8, 4, and 4 K, respec-
tively. They are smaller than the value for the y =6.35
sample but substantially larger than those observed for
metallic films by Nieva et al. [6].

Figure 2 shows the temperature dependence of 1/Rpye
before and after illumination with a dose of approximate-
ly 1.5x10%* photons/cm?. The samples with y <6.5
show very weak temperature dependence except near the
transition region, while a substantial dependence is ob-
served for y =6.70. The latter shows a nearly T-linear
dependence at temperatures higher than 150 K. This ten-
dency agrees qualitatively with the recent results for
YBCO thin films with various oxygen deficiencies report-
ed by Jones et al. [12]. The illumination induces a paral-
lel shift in the curves for all the samples, which clearly in-
dicates the photoinduced doping of additional holes. It is
generally difficult to estimate the carrier density precisely
for samples which show a strong temperature dependence
of Ry. However, Jones et al. [12] have pointed out that
d(1/Rye)/dT or 1/Rye at a fixed temperature gives a
good measure of the hole density p in YBa,Cu3O, where
the impurity scattering may be neglected. Thus we here-
after consider 1/Rpye at 80 or 90 K as the hole density p.
We also calculated the temperature dependence of the co-
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FIG. 2. Temperature dependence of 1/Rye before (solid
lines) and after illumination (broken lines) with a photon dose
of 1.4x10%* photons/cm? for YBa;Cu3O, thin films with y
=6.35, 6.40, 6.45, and 6.70.
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FIG. 3. Photon dose dependences of normalized normal-state
conductivity and hole density defined at 80 K as well as T and
Hall mobility (44 =Rpuo) for YBa,Cu30, thin films with (a)
y=6.35 and (b) y =6.45. The bare T value is indicated for the
former film.

tangent of the Hall angle cot(6y) and found a photoin-
duced downward shift in the curves for y =6.35 and 6.40,
suggesting an increase in the scattering time or the mobil-
ity of holes. The samples with y =6.45 and 6.70 had al-
most the same cot(6y) vs T curve and only a very slight
decrease in cot(8y) was observed after illumination.

Figure 3(a) shows the photon dose (d,) dependence of
the normal-state conductivity o and p as well as T, and
the Hall mobility uy (=oRy) for the y =6.35 sample.
In spite of the rapid initial increases in both ¢ and T, p
exhibits a monotonic and nearly logarithmic dependence
on the photon dose over the entire dosage range. It is ap-
parent that their rapid increases are mainly caused by the
increase in the mobility. A similar logarithmic depen-
dence of p on the photon dose is observed for y =6.40,
6.45, and 6.70. The photon dose dependence of o, T, p,
and uy for y =6.45 is shown in Fig. 3(b). All these pa-
rameters exhibit monotonic logarithmic increases with
the photon dose in this sample.

In Fig. 4, T, enhanced by the photon irradiation is
plotted versus 1/Rye (which represents p) for all the
samples. The most important fact to notice is that all the
points for samples with different y values seem to coalesce
into one correlation line between T, and p. The correla-
tion deduced from the recent results by Jones et al. [12]
is indicated as a dashed line in the same figure. Their
correlation line, obtained for several YBCO thin films
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FIG. 4. Correlation of T, enhanced by photon irradiation
with 1/Rye (which represents the hole density) for YBa;Cu30,
thin films with different y values. The open and closed circles
represent T, midpoint and 7. defined at p=1 yQcm. The hole
density was defined at 80 K (for y =6.35, 6.40, and 6.45) or ex-
trapolated to this temperature (for y =6.70). The dashed line
represents the correlation deduced from the results reported by
Jones et al. for thin films with different y values (Ref. [12]).
Correlation of conductivity at 80 K with the hole density for the
same films is also indicated in the inset. The broken line is a
guide to the eye.

with various y values, agrees very well with our result if
their hole density is multiplied by a factor of 0.4. This
means that the photon irradiation has the same effects on
the hole density and 7, as those of adding oxygen to the
CuOy chains and also strongly suggests that 7 is deter-
mined only by the hole density in the CuO; plane.
Another important fact is that the amount of photoin-
duced increase in p for the maximum photon dose for all
the samples is nearly the same, approximately (1-1.5)
x10% cm 3. This fact as well as the results of Fig. 3 in-
dicate that the number of photoinduced holes depends
only on the photon dose and is independent of the oxygen
content. It is also clear that AT nax for each sample is
determined by this correlation line in YBa;Cu3O,. The
correlation between o and p is also shown in the inset. It
is evident that the critical hole density for both the metal-
lic conduction and superconductivity is almost the same,
approximately 4x10% c¢cm ™3, A linear correlation ob-
served for y > 6.40 reinforces the idea that 1/Rye actual-
ly represents the hole density except for a constant factor.
There have been a large number of studies on the
correlation between 7T, and the carrier density in high-T,
cuprates. Earlier, Uemura et al. [13] pointed out a
universal linear relation between T, and n,/m* (super-
conducting carrier density over effective mass) for
YBCO, La;-,Sr,CuO4+5 and Bi-based cuprates. On
the other hand, Whangbo and Torardi [14] reported a
quadratic relation, T, =Tcmax[l —7(p — popt)?], between
T, and p estimated from the bond valence sum for several
high-T, cuprates. Here, pop is the optimum hole concen-
tration and n is a system-dependent parameter. Al-
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though a similar quadratic 7, correlation with the hole
density deduced from the bond valence sum [15] or Hall
measurements [12] was observed in YBa,Cu;0,, there is
some ambiguity due to the scattering of the data for the
T, range below 50 K. The result of Fig. 4 obtained by
continuously varying p apparently indicates a nonlinear,
nearly quadratic, correlation in this material. In contrast,
Xi et al. [1] have recently reported a linear relation be-
tween T. and p modulated by the electric field effect.
This difference possibly arises from the fact that the zero
resistance T, for their 2-unit-cell-thick YBCO thin film
represents the Kosterlitz-Thouless temperature Tt
which is proportional to n; [16].

To explain the persistent photoconductivity in oxygen-
deficient YBCO thin films, two different mechanisms
have mainly been proposed. These are photoinduced
charge transfer [4] and photoassisted oxygen ordering
[6]. The first assumes the photoexcitation of the
electron-hole pairs in the CuO; plane bands and also as-
sumes the transfer of the excited electrons to the adjacent
CuOy chain planes where they are trapped in the local-
ized O~ levels. In the second mechanism, photoexcita-
tion in the CuOj, chain plane induces oxygen defect or-
dering so as to form longer chain segments. This results
in the charge transfer of additional holes to the CuO;
plane. This mechanism has close relevance to the experi-
mental fact that a thermally activated oxygen reordering
was observed near room temperature in oxygen-deficient
YBCO quenched from high reduction temperatures [17].
The similarity in the characteristic time for thermally ac-
tivated oxygen reordering, of several hours, to the relaxa-
tion time of PPC has been pointed out [8].

On the other hand, Kudinov er al. [5] have recently ob-
served that the PPC efficiency and the relaxation parame-
ters are strongly dependent on the oxygen content. For
example, the PPC efficiency, as estimated from Ao/o at
room temperature, rapidly diminishes for y = 6.45. The
amount of 7, enhancement observed by Osquiguil et al.
[18] also shows a similar tendency. Kudinov et al. [5] at-
tributed this PPC disappearance to the difficulty in the
isolation between photogenerated electrons and holes for
metallic films with a significant hybridization of the
CuO, and CuO, layers. However, our present study indi-
cates that the efficiency of photoinduced hole doping is al-
most the same for films with different oxygen contents in-
cluding the y=6.70 film. We have recently observed
PPC and a T. enhancement of approximately 1 K for a
film with a T, as high as 87 K and an estimated y of 6.80.
These totally contradict the discussion presented by Ku-
dinov et al. on the oxygen content dependence and rule
out the first mechanism. In contrast, the substantial pho-
toinduced doping even for large y values can be explained
by the oxygen ordering mechanism, since oxygen ordering
has a substantial influence on the superconducting prop-
erties of high-T, YBCO thin films, as revealed by recent
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surface resistance measurements [19]. The significant
enhancement in the doping efficiency for an elevated il-
lumination temperature previously observed in some in
situ films [7] and the photoinduced slight reduction in the
c-axis parameter recently reported by Kawamoto and
Hirabayashi [20] are also consistent with this mechanism.

In conclusion, we have shown that substantial per-
sistent photoconductivity and 7, enhancement effects ex-
ist even in high-7, YBCO thin films as well as in lower-
T, films with a lower oxygen content. Hall measure-
ments clearly reveal that the enhancements of both 7.
and conductivity for films with different oxygen contents
result from the photoinduced doping of a similar amount
of additional holes in the CuO; plane. These observations
rule out the photoinduced charge transfer mechanism
which assumes electron trapping and indicate that the
photoassisted oxygen ordering in the CuO, chain plane is
the most probable mechanism of these unusual photo-
induced phenomena in oxygen-deficient YBCO. The
enhanced T, exhibits a nonlinear, nearly quadratic, rela-
tion with the hole density similar to that observed when
the hole is supplied by adding oxygen to the CuOy chain.
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