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The temperature and polarization dependence, and anisotropy of the laser-generated voltage
response in Y-Ba-Cu-O under no-current-bias conditions were examined. It was found that the
photogenerated current flowed predominantly along the ¢ axis of the Y-Ba-Cu-O crystal, and was

laser-polarization independent.

The strong temperature dependence observed indicated that the

signal was related to the 240-K structural transformation which was also responsible for other
anomalies in the early days of Y-Ba-Cu-O research. The anomalous photovoltaic response is due
to an asymmetry along the ¢ axis of the Y-Ba-Cu-O orthorhombic crystalline structure.

Recently, Chang, Kleinhammes, Moulton, and Testardi
reported the observation of laser-induced transient volt-
ages in thin films of Y-Ba-Cu-O (Ref. 1). They excluded
thermal effects as the possible cause of these signals.
Tate, Johnson, Chang, and Hilinski used picosecond laser
pulses and observed similar voltages at similar laser
fluences.? Additionally, they reported that the signal po-
larity was reversed when the laser was incident on the op-
posite side of the film. Scott explained these observations
based on the third-rank photovoltaic tensor.3

In this paper, we report some careful measurements of
the photovoltaic effect using well characterized and
oriented thin films. Our results indicate that: (i) The sig-
nal is extremely anisotropic, with the photoinduced
current flowing along the ¢ axis of the Y-Ba-Cu-O lattice
only. (ii) The signal is laser-polarization independent.
(iii) The effect is strongly temperature dependent, show-
ing two temperature onset thresholds. (iv) The laser-
induced voltage or current occur not only in the transient
mode; a dc voltage can be maintained by using a cw laser
source. (v) The signal is present mainly in the orthorhom-
bic phase of Y-Ba-Cu-O, and not in the tetragonal phase.
We interpret the result as due to the 240-K structural
transformation of the orthorhombic crystal lattice from
Pmmm to Pmm?2 which has an asymmetric ¢ axis.

The thin films used in these experiments were laser de-
posited on SrTiO3(110) substrates. The lattice-matching
conditions allow the growth of grains with the ¢ axis at
45° to the surface, and also parallel to the surface. By us-
ing x-ray-texture analysis it was confirmed that all the
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FIG. 1. Position of the Y-Ba-Cu-O unit cell relative to the
substrate surface. The c axis can tilt in either direction.
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grains had their a-axes parallel to the (100) direction of
the substrate, and the ¢ axes at 45° to the (110) substrate
axis as shown in Fig. 1.4 There was a negligible amount
of grains in the other directions. The 7. of these high-
quality films were 88 K.

The following experiment was then performed. Many
pairs of electrodes were bonded to the film in a circular
fashion as shown in Fig. 2. A chopped He-Ne laser irradi-
ated the center of the film. A lock-in amplifier was used
to detect the signal as a function of the measurement an-
gle @, without changing any laser parameters such as in-
tensity and position. The angle @ is defined as the angle
between the [100] direction of the substrate and the line
connecting the two measuring electrodes. Figure 3 shows
the results. It can be seen that there is a very strong
dependence of the photovoltaic signal on the angle ®. The
signal shows a strong peak at ® =90° which is in the same
direction as the Y-Ba-Cu-O c axis. The uncertainty in ®
is &£ 5° due to the size of the bonding pads. Nevertheless
this result indicates unequivocally that when light is in-
cident on the film, the photogenerated current flows only
along the c axis of the Y-Ba-Cu-O crystal.

The fact that the photogenerated current flows along
the ¢ axis was confirmed in many samples. For Y-Ba-
Cu-O films with the c-axis perpendicular to the substrate
surface, such as on MgO(100) or SrTiO;(100), it was
found that the magnitude of the signal was strongly
dependent on the tilt of the ¢ axis. It is a well-known fact
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FIG. 2. Position of the measuring electrodes on the film sur-
face. The laser irradiates the center | mm2 Electrode spacing
~8 mm.

6270 ©1991 The American Physical Society



RAPID COMMUNICATIONS

43 ORIGIN OF THE ANOMALOUS PHOTOVOLTAIC SIGNALIN . .. 6271
800 T 1000
- o®

_ 600 N ;1 800 (a) ‘.'
2 < 600} :
- -
< 4007 - < .
(3 - ED 4001 :
B o900t ® 200} .

. . :._ - o 0L " -

00 45 90 135 180 0 100 200 300 400

@ (deg)

FIG. 3. Photovoltaic signal as a function of the measuring
angle .

that commercial (100) surface substrates do not exactly
have the [100] axis perpendicular to the surface. It is usu-
ally tilted by 0.1°-3°. Therefore, the Y-Ba-Cu-O c axis
deposited on such films is also slightly tilted. We found
that films with a tilt angle of 1.5° produced photovoltaic
signals almost 20 times larger than those with only a 0.3°
tilt. Films with the ¢ axis exactly normal to the surface
produced negligible signals. For the 45° films used in
most of the present experiment, there is an ~ 1° tilt of the
[110] substrate axis from the surface normal. This tilt is
probably responsible for the observed signal, since the
grains can have the c-axis pointing in either direction of
the substrate (110) axis.

By using a 20-mW cw He-Ne laser, a dc signal of 0.7
mV could be obtained with 10° amplification. Thus this
laser-induced effect is not only a transient phenomenon, it
is a true photovoltaic effect. By rotating the polarization
of the laser, it was found that the signal did not change,
indicating that there was no polarization dependence.
Thus the explanation proposed in Ref. 3 cannot be valid.
Additionally, we did not observe any reversal of the signal
voltage upon shining the laser from the back of the films,
contrary to the results reported in Ref. 2. The indepen-
dence of the signal on the propagation vector of the light
is consistent with the lack of polarization dependence. It
rules out any tensorial effects in the photovoltaic signal
such as in piezoelectricity.

Using the chopped He-Ne laser, the heating of the film
was negligible. It was then possible to study the tempera-
ture dependence of the signal. Figure 4 shows the experi-
mental results in both linear and log scales. It can be seen
that there is a strong temperature dependence. There are
two apparent thresholds at 90 and ~200 K. This result is
contradictory to those reported in Refs. 1 and 2 where no
temperature dependence was observed. We believe that
the discrepancy is due to the use of intense pulsed lasers in
those cases leading to large temperature increases. We
indeed confirmed this point by using a pulsed Nd:YAG
(where YAG denotes yttrium aluminum garnet) laser as
the excitation source. In that case, there was only a slight
temperature dependence in the signal.

Since the signal can exist in a dc mode and is strongly
temperature dependent, it cannot be thermal in origin.
The major threshold for the photovoltaic signal at ~200
K is reminiscent of the 240-K anomaly observed during
the early days of Y-Ba-Cu-O research. It was seen in Ra-
man scattering, ultrasound attentuation, and sound veloci-
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FIG. 4. Temperature dependence of the photovoltaic signal.
The horizontal line is the noise limit; (a) linear scale showing
the major (~200 K) threshold; (b) log scale showing the lower
(90 K) threshold.

ty measurements®> and was confirmed to be related to a
Pmmm to Pmm?2 structural transformation of the ortho-
rhombic lattice. Above this temperature, the crystal
structure is asymmetric along the ¢ axis. This asymmetry
is crucial in explaining the origin of the photovoltaic sig-
nal."? The situation is actually similar to the photogal-
vanic effect (PGE) for material without a center of sym-
metry.® In Ref. 6, it was pointed out that the photogen-
erated voltage was present even in gases and liquids pos-
sessing optical activity. For PGE, it is not necessary to
have a built-in electric field which is generally the case for
ordinary photovoltaic effects in a p-n junction.

With the above data, a plausible argument can be given
on the origin of the photovoltaic signal. In Y-Ba-Cu-O,
the mobile charge carriers are confined to the CuO,
planes. Interplane transport occurs only when this
confinement is violated, such as by strong thermal fluctua-
tions.” In many models, current transport along the ¢ axis
can be viewed as a tunneling or hopping process between
these planes.® When the light irradiates the sample, the
carriers are excited and can hop or tunnel between planes
with higher mobility. The asymmetry of the lattice along
the ¢ axis should induce an asymmetric tunneling or hop-
ping of the excited carriers. If the carriers move in a pre-
ferred direction, a current will be generated. A more
quantitative model calculation on this process can prob-
ably be presented in the future with further theoretical in-
sight. At present we have no explanation for the weak sig-
nal above 90 K. It is perhaps related to the superconduct-
ing transition or may be due to thermal fluctuation effects.
We do not believe that the asymmetry along the ¢ axis in
Y-Ba-Cu-O generates an electric field as in ordinary fer-
roelectric crystals. Such fields, if present, will be screened
by the mobile holes resulting in an asymmetric equilibri-
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um charge distribution. This should not be the case.

Since the sample is polycrystalline, it is uncertain why
there is an overall preferred direction for the flow of the
photogenerated current. Suppose the asymmetry occurs
by displacement of the cations in one direction along the
[001] axis, then arguably, the direction of this shifting
should not be coordinated between the grains, i.e., there
should be an equal number of grains with cations shifting
in one direction as in the opposite direction, Hence there
should be no net current flow. Perhaps there is a preferred
direction of this supposed cation displacement because of
the presence of the substrate. To avoid such uncertainties
in the interpretation, the present experiment should be
performed in an untwinned single crystal.

Based on the magnitude of the photovoltaic signal, the
displacement of the cations can be estimated to be ex-
tremely small. This may or may not be observable by x-
ray diffraction. Such x-ray measurements are meaningful
and should be performed not only on Y-Ba-Cu-O, but on
other oxide superconductors as well. It may well turn out
that this small asymmetry is related to the superconduct-
ing mechanism in these materials.
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By performing the photovoltaic measurement in the
vacuum deposition chamber, it is possible to examine the
effect of different crystalline phases on the signal. We can
heat up the sample in either an oxygen or vacuum envi-
ronment to obtain the orthorhombic or tetragonal phases.’
It was found that the signal was at least 30 times higher
for the film in the oxygen rich phase. This basically
confirms that the signal is related to the crystalline trans-
formation in the orthorhombic phase. It also implies that
the tetragonal phase does not have this interesting struc-
tural transformation.

The photovoltaic response is intimately related to the
anisotropy of the lattice and can be used to study the crys-
tal structures of these perovskites. It may be used to study
the normal-state characteristics of the high-T,. materials.
However, this effect is quite different from the normal
photoresponse under current bias. The latter is generally
much stronger and both thermal and nonthermal
responses have been demonstrated. '°
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