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ABSTRACT

Photovoltaic (Pb,La)(Zr,Ti)O5; (PLZT) films in a layered
structure of different crystallographic orientations are
fabricated by an optimized metalorganic deposition
(MOD) method. Such films of (001) orientation exhibit a
photovoltaic electrical power of approximately 20 times
higher than that of random films. The anisotropic optical
properties of the oriented films, including dark
conductivity, photoconductivity and photovoltaic tensor
surfaces, are obtained quantitatively. These results show
that the photovoltaic output current and power of the
oriented films are highly improved to be equal to those of
semiconductors and suitable for application in the optical
sensor of micro-electro-mechanical systems (MEMS).

1. INTRODUCTION

There are several types of ferroelectric material that
exhibit photovoltaic effects under near-ultraviolet
illumination.[1]-[4] The behavior of the photovoltaic
effect of ferroelectrics is similar to but entirely different
from that of semiconductor p-n junctions. It is not
necessary for the photovoltaic effect of the ferroelectrics
to apply the bias voltage into its interface in order to
extract the electrical output, while it is necessary for the
semiconductor p-n junction. Therefore, the photovoltaic
effect of ferroelectrics is a simple mechanism of the
current source of optical sensors that are promising in
micro-electro-mechanical systems (MEMS).[5]-[7]
There are three types of photovoltaic samples[8],
namely, a bulk single plate[9], a bulk bimorph[10] and a
film[11]. The single plate[9] exhibits a high voltage. The
bimorph[10] has a large degree of distortion and a fast
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mechanical response, and is suitable for mechatronics.
The film[11] shows a high current output and is a good
current source of the optical sensor of the MEMS. Our
structural design including a modified electrode
configuration, called the “layered film structure”, was
introduced into a PLZT film. The layered film was proved
to be useful mainly due to the following
properties[8]:(1)simple characteristic mechanisms,(2) a
high output current of more than 1 pA, (3)easily
controllable parameters, (4)a high reduction in poling
voltage and (5)an improved response.

The photovoltaic effect of the ferroelectrics has an
advantage in nonbias mechanisms, as mentioned above,
but the output current of the ferroelectrics is almost the
same as that of the semiconductors. Futher improvement
of the output current, for example, by more than 10 times,
could be effective in the establishment of the property of
the ferroelectrics over the semiconductors. Recently,
several microstructures and/or microtextures, such as a
microscopic  defect[12]-[15], a  crystallographic
orientation[16][17] and a domain structure[18] have been
reported to play an essential role in the characterization of
the ferroelectrics. The characteristics of the random
PLZT film used in our previous study[11] are generally
assumed to be inferior to those of an oriented PZT
film[17][19]. Therefore, objectives of this study are to
clarify the possibility of improving of the ferroelectric
photovoltaic effect by controlling the microstructures
and/or microtextures, i.e. (1) to establish an approximate
method of preparing layered orientated crystalline films,
(2) to measure the photovoltaic effect of the layered
oriented films and (3) to clarify the possibility of
improving the photovoltaic output of the oriented films.
As a result, films of (001) preferential orientation with a
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photovoltaic electrical power output of 20 times higher
than that of previously reported films of random
orientation were formed. The details of preparation and
experimental results are shown as follows.

2. EXPERIMENT

Among several kinds of photovoltaic material, we
chose lead lanthanum zirconate titanate as the first
material in our study. Lead lanthanum zirconate titanate,
i.e., PbyLa(Zr,Ti,); 5405 (abbreviated PLZT or
PLZT(X/Y/Z), where X = 100x, Y = 100y and Z = 100z),
is a ferroelectric solid solution with a wide range of
material properties that are dependent on its composition
[20]. A PLZT film was prepared by a previously reported
MOD method[11]. The crystallographic orientation
depends on the prolysized temperature of a
precursor[19][21]-[24]. Thus, heat treatment was
performed in a rapid thermal annealing (RTA) furnace as
follows: drying at 120°C for 2 min, then the formation of
the precursor at 250°C for 5 min ((001) orientation) or
450°C for 5 min ((111) orientation), and finally,
crystallization at 650°C for 2 min. This is almost the same
as the procedure reported previously in the sol-gel
method[19][25]. Standard methods were used to estimate
the characteristics of the film: scanning electron
microscopy (SEM) and X-ray diffraction (XRD) and
photovoltaic effect analyses. Optical measurements were
carried out using a previously reported
system[10][11][26].

3. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD profiles of layered
oriented films. Figure 1(a) shows the XRD profile of the
layered oriented film of (001) preferential orientation, and
Fig.1(b), that of the layered oriented film of (111)
preferential orientation. The presence of a typical
perovskite structure was confirmed. The thickness of the
formed films was determined to be approximately 2 um
by SEM observation. Figures 2 shows the photovoltaic
properties of the (001)-oriented film; the lines indicate
different light intensities. The photovoltaic current was
linear with respect to the induced voltage. This
photovoltaic behavior was considered to result from the
same mechanisms exhibited by bulk PLZT[27]. The
photovoltaic voltage and current reached 1.1 V and 1.0
LA, respectively, at the highest illumination intensity
region of 60 mW/cm®,

Table I shows the observed experimental results of the
photovoltaic properties of the oriented and random films.
The photovoltaic current is defined as the output current
in the case of zero applied voltage. Table II shows the
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calculated photovoltaic effect for comparison. The
differences in illuminated area and light intensity
Table I Experimental conditions

+ Raw material PLZT(3/52/48) MOD solution

+ Pb additional Twt%
* Density 20wt%
* Substrate Pt/Ti/Si0,/Si

Si0,:thermal oxidation
Pt/Ti:sputering

500rpm 3s 4000rpm 20s

120°C 2min.,

250°C(001), 400°C(111) Smin.,
650°C 2min. RTA-furnance

+ upper electrode ITO sputtering

* spin coat
* heat treatment

were calculated using the same volume unit, such as the
illumination area of 10 x 10 mm? of illumination area, the
thickness of 4 um and the light intensity of 150 mW/cm®,
The illuminated light will reach at 100pm in depth that
has already been reported previously[28]. This means
that the output of photovoltaic effect in a unit volume of
layered film that thickness is at most few micro meters.
The film of (001) preferential orientation film show an
electrical power output 20 times higher than that of the
films of random orientation. The films of (111)
preferential orientation shows the electrical power output
7 times higher than that of the films of random orientation.
These results confirm that the output of the photovoltaic
effect of the films of crystallographic orientationis
superior to that of the films of random orientation.

The current density j; is expressed in terms of the

applied electric field E and the light intensity J . € is
the
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Fig.1 XRD profiles of (a)(001) and (b)(111) oriented
film.

Light intensity [mW/cm?]

—o—

—a 23
—— ég 2
—— 15 & 3

-1 1 2
Applied voltage [V]

Fig.2 Photovoltaic current with respect to applied
voltage at four kinds of light intensity.

Table I. Directly observed photovoltaic currents of
oriented and random films. In the oriented film, the
thickness, illumination area and light intensity are 2 um, 2
x 14 mm? and 60 mW/cm?, respectively. In the random
film, these are 4pum, 10 x 10 mm? and 150 mW/cm?,
respectively.

Sample Photovoltaic  Photovoltaic ~ Reference
current [uA]  voltage [V]
j[111] =0.

PLZT(001) 1.07 0.96 This work
oriented

PLZT(111) 0.43 0.82 This work
oriented

PLZT 1.70 0.85 11
random

Table II Comparison of the output current and electrical
power of oriented and random films. The output is
calculated under the same conditions for comparison; the
area is 10 x 10 mm?, the thickness is 1 um and the light
intensity is 150 mW/cm?’.

Sample Photovoltaic Electrical Reference

current [pA] power

[uW]

PLZT(001) 19.1 55.0 This work
oriented
PLZT(111) 7.7 19.1 This work
oriented
PLZT random 1.7 2.9 11
PLZT bulk 2x 10" 0.16 12
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polarization unit vector of incident light[2].
ji=0,E,+cl"E J+ B,eeJ] )

Here, 0';.’ is the dark conductivity, o—;”’
photoconductivity and ﬂiﬂ the photovoltaic coefficient.

Summation is understood using the identical subscripts
here. The last term describes the photovoltaic effect,
namely, the light generating a direct current in the

absence of external fields. The dark conductivity 0'; ,

photoconductivity 0'; and photovoltaic coefficient ,Biﬂ,

are calculated quantitatively from eq.(2), Fig.2 and the
symmetry of the material. The poled and oriented film
with a C,, symmetry has five non-zero linear photovoltaic
tensor components[28][29], namely, £, , 5, (= B;,) >

Bi3s Bis and B,,(= B,5) - Using this definition and

tensor expressions, j, is expressed as

1001] =BuJ, 2

Jing = 0.285,J + 0.4, +0.86,J =0.25,J +0.4f,J

3)

The results obtained are shown in Table IIl. S, ;is much
smaller than 3;, and £, and is considered zero[2]. The

photon momentum, nonlinear effect, photoentrainment
and polarization effects are omitted in this consideration,
which is good within the precision of the experiment.
The coefficients of the (001) orientation are larger than
those of the (111) and random orientations.
Photoconductivity is high in a current density range of
more than over 10 mW/cm?®. Dark conductivity and
photoconductivity have been reported in the case of bulk
but not the photovoltaic coefficient. The photovoltaic
coefficient of PLZT is smaller than that of single crystals
except PbsGe;0q;. On the other hand, the
photoconductivity of PLZT is larger than that of single
crystals. The observed current of PLZT is more than 1
pV due to this large photoconductivity.

The optical properties of polycrystalline materials, for
example, ferroelectric ceramics[2] and polymers[32][33],
have been reported to show the general tensor description.
The tensors of polycrystalline materials, for example, a
gyration tensor[31][32], have also been reported but not
photovoltaic tensors. Figure 3 shows the cross section of
the tensor surface[34][35] cut in the yz(010) plane, where
the distance from the origin to the surface corresponds to
the magnitude of the photovoltaic effect. The anisotropic
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properties of the photovoltaic effect in a layered film
structure have not yet been reported. The tensor surface

is

Table III Dark conductivity, photoconductivity and photovoltaic coefficients of PLZT films and bulk, and other
materials. The dashed line indicates that there is no report on the point in the corresponding references

Sample Dark Photo- Photovoltaic Wavelength of Reference
conductivity conductivity coefficient incident light
10°[Q 'm ™ 101 'mwW 10"'v'] [nm]

PLZT(001) oriented 6.2 12 13 365 This work
PLZT(111) oriented 2.6 52 54 365 This work
PLZT random 1.6 2.8 2.8 365 11

PLZT bulk 2.7x 107 02 e 365 27
LiNbO;+Fe0.003wt 45x10™ 5.0 x 10 440 2

%

Bi1,Si0y — — 6.0 x 107 488 2
KNbO;+Fe0.065wt%  7.0x 10 9.3x10° 1.2x 10 488 2
PbsGe;01q; 1.7 S 9.0 440 2

photoconductivity and photovoltaic coefficient of the
[001] direction (001) orientation are higher than those of the (111)
L | orientation. Thus, it is suggested that the photovoltaic
T effect is more closely related to the electrical properties
x 10-11[V-1] . .
than to the ferroelectric properties. The outputs of the
[111] direction bulk and film of random orientation were previously
5 confirmed to be almost the same qualitatively and
X 1071V quantitative.ly[12]. In addiFion to this, ph(?toconductiviFy
do ; b was determined to play an important role in photovoltaic

Fig.3 Cross-sectional figure of the photovoltaic
tensor surface.

expected to reproduce the optical anisotropy very well.
This result indicates that the (001) direction shows the
highest photovoltaic effect. The entire surface has an o
rotational symmetry axis in the [001] direction.

There has been a report on the relationships between
the crystallographic orientation and certain physical
properties[18][22]-[25]. In a PZT system, there could be
two kinds of crystalline orientation, namely, (001) and
(111). The (001) orientation shows better dielectric and
piezoelectric properties than the (111) orientation. On the
other hand, the (111) orientaion shows better ferroelectric
properties such as a coercive field and remanent
polarization[18][22] than the of (001) orientation. This
report also indicates that the dark conductivity,
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effect.
4. CONCLUSIONS

The conclusions of this article are summarized as
follows: (1) Films of (001) and (111) preferrential
orientations wer prepared by the MOD method by
controlling the heating treatment of the precursor. (2)
Films of (001) orientation exhibited a photovoltaic
electrical power 20 times higher than that of films of
random orientatation[11]. (3) The dark conductivity,
photoconductivity and photovoltaic coefficient of the
oriented films were determined. The tensor surface
showing the photovoltaic effect was also determined. (4)
The control of the orientation was effective for the
photovoltaic effect and suitable for the current source of
the optical sensors of micro-electro-mechanical systems
(MEMS). The oriented films showed a higher electrical
power than the random films.
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