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Abstract

Ferroelectric Bi4Ti3O12 (BiT) thin ®lms of di�erent
thicknesses were deposited on p-type Si substrates
using the Chemical Solution Deposition (CSD)
method. The ®lms were crystallized by the conven-
tional thermal annealing for 30min at temperatures
in the 500±700�C range. It was found that the shape
of the photoconductive signal spectral distribution is
dependent on the ®lm thickness. For thin ®lms
(150 nm) four peaks were observed (400, 500, 860
and 1075 nm) and the photoconductive signal occurs
only if the Si substrate is negatively biased. For
thicker ®lms (500 nm) only two peaks were
observed (370 and 1075 nm) and the photo-
conductive signal occurs no matter the polarity of
the applied voltage. # 1999 Elsevier Science Lim-
ited. All rights reserved
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1 Introduction

Ferroelectric thin ®lms and ferroelectric/semi-
conductor heterostructures were subjected to an
intensive study in the last decade due to their poten-
tial use in memory devices.1,2 There is also a sig-
ni®cant trend to integrate other applications of
ferroelectric materials (pyroelectric detectors, piezo-
electric transducers, electro-optic devices, etc.) with
the standard semiconductor technology.3 This imply
optimization of ferroelectric thin ®lms deposition
methods and an intensive analysis of the physical

phenomena taking place at the ferroelectric/semi-
conductor interface. The photoelectric investiga-
tion could be, in some cases, an useful tool
allowing the determination of gap energy, the
detection of impurity induced photoconductivity
and of the internal electric ®elds, etc.4±6

In the past years we have studied the photo-
electric properties of some complex ferroelectric/
semiconductor heterostructures based on lead tita-
nate (PbTiO3) thin ®lms.7±9 Several types of signal
(photovoltaic, photoconductive, pyroelectric) were
observed in such structures. It was shown that they
can be used as photovoltaic cells on a broad wave-
lengths range (0.3±3�m) or can be used in photo-
sensitive ®eld e�ect controlled devices.
In the present paper the PbTiO3 ®lm was

replaced by a Bi4Ti3O12 (BiT) ®lm, the template
material from the Bi-layered perovskite class. The
use of this material in a ferroelectric ®eld e�ect
devices imply a careful analysis of the BiT/Si
interface. Photoelectric measurements can give
information about the interface quality and physi-
cal phenomena taking place there.

2 Experimental

The BiT ®lms were deposited on p-type Si sub-
strates (1±10
cm) by Chemical Solution Deposi-
tion (CSD) described elsewhere. The stock solution
was prepared using Bi-diethylhexanoate and Ti-
isopropylate as metal precursors and xylene as
solvent. A metalorganic ®lm was deposited on Si
wafer by spin coating at 2500 rpm for 1min. After
deposition the metalorganic ®lm was pyrolised
onto a hot plate at 350�C for 5min. Films with
various thicknesses were obtained by repeating
several times the spinning-pyrolise cycle. For pho-
toelectric investigations two thickness of the BiT
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®lm have been chosen: 150 nm (sample F1) and
500 nm (sample F2). The ®lms were crystallized by
thermal annealing in air for 30min at temperatures
ranging between 500 and 700�C. Details about
solution preparation, deposition process and struc-
tural analysis are given in a previous paper.10 We
will remind only that the X-ray di�raction spectra
show the characteristic lines of a policrystalline BiT
®lm, with perovskite structure, and that the TEM
cross-section analysis shows a rough BiT/Si inter-
face with a signi®cant interaction between Si and
the BiT ®lm.11

A continuous aluminum electrode was evapo-
rated on the Si surface (the back electrode) after
removing the native oxide in diluted HF and semi-
transparent gold electrodes were evaporated on the
BiT ®lm. The top Au electrodes with 3�3mm2 area
were de®ned by standard photolithography and
etching in K:KI solution. Photoconductive mea-
surements were performed in continuous light, using
the experimental set-up presented in Fig. 1. For
spectral distribution measurements a voltage of
1.5V was applied on the sample, usually with the
minus polarity on the Si substrate, and the photo-
current was measured using a Keithley 6517 elec-
trometer. For spectral distribution measurements, a
grating monochromator (Spex 270) was used. The
light source was an UV lamp model SVX 1000
calibrated with a Hamamtsu S1227-66BQ Si pho-
todiode in the 200±1100 nm wavelength range.
The normalized spectral distributions of the

photoconductive signal are presented in Fig. 2 (F1
®lms) and Fig. 3 (F2 ®lms). It can be seen that
there are major di�erences between the photo-
conductivity spectral distributions obtained for
thin and thick BiT ®lms. For F1 ®lms two sensi-
tivity peaks can be observed at low annealing tem-
peratures (550±600�C), one located around 500 nm
and the other located around 1075 nm. There are
also some shoulders in the spectral distribution,
located at 380, 820 and 900 nm. For the highest

annealing temperature (700�C) the peak from
1075 nm is no longer occurring while the peak
located at 500 nm is developing very much and is
becoming dominant in the spectral distribution.
The peak located at about 390±400 nm is practi-
cally included in the peak located at 500 nm. The
shoulders at 820 and 900 nm are developing in a
single, broad, peak centered around 860 nm. For
the F2 ®lms, no matter the annealing temperature,
only two peaks occur in the spectral distribution,
one at 1075 nm and the second at 370 nm. A pos-
sible third peak is occurring around 860 nm, but its
relative amplitude is very small and remains prac-
tically constant with increasing the annealing
temperature. The relative amplitude of the peak
located at 370 nm is increasing with increasing the
annealing temperature, reaching a value of about
2±3% from the amplitude of the one located at
1075 nm, which is the main peak in the spectral
distribution. An important aspect which has to be
underlined is that the photoconductive signal in
case of F1 ®lms occurs only when the minus
polarity of the d.c. voltage source is applied on the
Si substrate. If a positive polarity is applied on the
Si substrate no photoconductive signal was detec-
ted. In fact the leakage current in this case is very
high as it can be seen from the current±voltage (I±V)
characteristic presented in Fig. 4. In case of the F2
®lms the photoconductive signal occurs irrespective
of the polarity of the voltage applied on the Si

Fig. 1. The experimental set-up used for photoconductivity
measurements: S, the sample; V, the d.c. voltage source; A, the

electrometer.

Fig. 2. The photoconductivity spectral distributions in case of
BiT/Si heterostructures with a thin ®lm of BiT (150 nm).

Fig. 3. The photoconductivity spectral distributions in case of
BiT/Si heterostructures with a thick ®lm of BiT (500 nm).
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substrate (see Fig. 5). In this ®gure the photo-
current dependence on the applied voltage is pre-
sented for a wavelength of 350 nm. The measurement
was performed on the heterostructure annealed at
700�C. As it can be seen the photocurrent is con-
tinuously increasing with increasing the applied
voltage. The fact that at zero voltage the photo-
current is non-zero shows the presence of a photo-
voltaic e�ect, probably due to the internal electric
®eld existing at the BiT/Si interface. Finally, the
dependence of the photoconductive signal on the
applied voltage in case of F1 ®lms was raised. An
example of this dependence, in case of the sample
annealed at 700�C is presented in Fig. 6. The pho-
tocurrent reaches a saturation value for any wave-
length and similar behavior was found for the
samples annealed at lower temperatures.

3 Discussion

To explain the above experimental results we have
to admit that the BiT ®lms behave di�erently if
they are thin or thick. Starting with the thinner BiT
®lms (F1), the I±V characteristic presented in Fig. 4
shows a diode behavior and make us to believe that
in this case the BiT ®lm acts like a semiconducting
material. The BiT/Si heterostructure is forward
biased when a positive voltage is applied on the Si
substrate and the forward current increases rapidly
with increasing the applied voltage. The hetero-
structure is reverse biased if a negative voltage is
applied on the Si substrate. The reverse current
values are small and increase almost linearly with
the applied voltage (see the inset in Fig. 4). Such an
I±V characteristic was also found for other ferro-
electric/Si heterostructures12 and was explained
considering a band structure speci®c for a hetero-
junction. The presence of the ferroelectric polar-
ization can be considered as an additional band
bending, similar with that produced by a voltage

applied on the sample. The BiT ®lm acts like a
semiconductor due to the Si atoms di�using into it
during the thermal annealing. For thin ®lms this
doping process could a�ect the entire BiT ®lm and
could introduce some discrete levels in the for-
bidden band acting like trapping levels. These
levels could be ®lled with carriers photogenerated
either in Si or in BiT ®lm and are emptied every
time the wavelength of the incident light corre-
sponds to their activation energies. This is the so
called impurity induced photoconductivity13 and
can explain the occurrence of the peaks located at
860 and 500 nm. In our opinion, the peak located
at 500 nm can be associated with a punctual defect
such as an interstitial or a substitutional Si atom in
the crystalline lattice of the BiT ®lm. The peak is
sharp and increases with increasing the annealing
temperature, denoting that the density of this
punctual defect is also increasing. The other peak,
located at 860 nm, is a broad peak and can be asso-
ciated with some defects at the BiT/Si interface. It
can be assumed that a large interface states density
acting as trapping levels with a broad spectrum of
activation energies occurs at the interface due to
the interaction of the two materials.

Fig. 5. The voltage dependence of the photocurrent in case of
the BiT (thick)/Si heterostructure annealed at 700�C. The

wavelength of the incident light was 350 nm.

Fig. 4. The I±V characteristic in case of the BiT (thin)/Si het-
erostructure annealed at 700�C.

Fig. 6. The voltage dependence of the photocurrent in case of
the BiT (thin)/Si heterostructure annealed at 700�C.

Photoconductive properties of Bi4Ti3O12/Si heterostructures 1475



The other two peaks or shoulders occurring in
the spectral distribution of photoconductivity in
case of the F1 samples could be associated with the
band-to-band generation in Si (1075 nm) and BiT
(390±400 nm), respectively. The second peak, due
to the 500 nm neighboring peak, is slightly dis-
placed towards higher wavelengths than in case of
the BiT ®lms deposited on Pt/Si (370 nm).14 The
activation energy of the four peaks can be estimated
using the peak wavelengths and the obtained values
are: 3.2 eV (for the 390 nm peak, possible the gap
of the BiT ®lm), 2.48 eV (500 nm, possible inter-
stitial or substitutional Si atoms in the BiT ®lms),
1.43 eV (860 nm, interface defects) and 1.2 eV
(1075 nm, the Si gap).
Referring to the dependence of the measured

photocurrent on the applied reverse voltage (Fig. 6)
it can be seen that no signal can be detected for a
bias lower than 0.20±0.4 eV, therefore, one can
suppose the existence of a threshold voltage. For
all samples and for all wavelengths increasing the
reverse bias the photoconductive signal increases
reaching very rapid a saturation. The saturation of
the photoconductive signal with the increasing of
the applied reverse voltage could be due to the fact
that all the photogenerated carriers are separated
and collected by the applied electric ®eld.
In the case of thicker BiT ®lms (F2) the in¯uence

of the Si di�usion on the photoconductive proper-
ties of the ferroelectric/Si heterostructure is dimin-
ished. In this case only the peaks corresponding to
band-to-band generation in Si (1075 nm) and BiT
®lm (370 nm) occur. The fact that in this case
the photoconductive signal occurs no matter the
polarity of the applied voltage and that this signal
increases almost linearly with the applied voltage
make us to believe that the Si substrate plays the
role of an electrode for the BiT ®lm. In this case
the BiT ®lm can be regarded as a highly insulating
®lm with ferroelectric properties. Due to the ferro-
electric polarization the Si substrate is either in
accumulation or in inversion near the interface. In
both cases, a highly conductive layer exist in the
Si substrate near the interface and the remaining Si
volume can be regarded as a small value resistor in
series with the ferroelectric ®lm. Photocarriers can
be generated in the Si bulk but only a few of them
can overcome the potential barrier between the two
materials. This can explain why the photo-
generated current is so small at waveengths where
the band-to-band generation in Si take place.

4 Conclusion

Photoconductive properties of the BiT/Si hetero-
structures were investigated. It was found that the

shape and the number of peaks occurring in spec-
tral distribution is dependent on the BiT ®lm
thickness. In case of thin ®lms the semiconducting
properties of the BiT ®lm are dominant and a
doping process can occur by Si di�usion in the ®lm
during the thermal annealing. For thick BiT ®lms
the in¯uence of Si di�usion is negligible, the BiT
®lm having very good insulating properties.
The results are explained considering that for

thin BiT ®lms the heterostructure can be regarded
as a semiconducting heterojunction while for thick
®lms the heterostructure can be regarded as an
insulating layer with electrodes. Further studies are
need to clarify the role of Si atoms over the trans-
port and photoconducting properties of the BiT
®lms deposited on Si substrates.
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