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A substantial photovoltaic effect is found in heterostructures of typical ferroelectric oxides.
PK(Ti, Zr)O3/Nb-doped SrTiQ, especially, exhibits current—voltage characteristics of the
photovoltaic effect of a typicapn junction (p: hole carrier typen: electron carrier type A
preliminary nonoptimized device shows high performance such as open circuit voltage of 0.7-0.8
V, external conversion efficiency of 0.6%—0.8%, and response time faster thas {20 ultraviolet

light at room temperature, suggesting the potential of this diode as a new class of photodiode. The
results support the formation of pn like junction by ferroelectric oxides. Additionally, the
photovoltaic characteristics are tuned by the application of short pulse voltages and retained.
© 2001 American Institute of Physic§DOI: 10.1063/1.1357807

The photovoltaic effect has been reported forjunc-  films showed reasonable polarization hysteresis loops at 200
tions of Ge and Sip: hole carrier typen: electron carrier kHz. Additionally, some other epitaxial structures such as
type) as well as for various semiconductors and, also, aBaTiO; (BTO, n-type conductiofSTON were formed. Ap-
Schottky contacts. In principle, the photovoltaic effect can bgroximately 20-nm-thick Pt or Au films with surface areas
observed when an illuminated part sandwiched by conductrom 0.1 to 0.3 mr are sputter deposited as top electrodes.
ing parts possesses a built-in potential. Therefore, it has alsbhe bottom electrode was pasted silver. The light source was
been reported for various oxide/metal Schottky contd@ats  a 150 W Xe—Hg lamp with a heat-absorption glass filter and
cluding those of ferroelectric materits.However, the ef- it had intense emission near 3.40 €365 nm. The spec-
fect has been small, and few studies have reported currentrometer was the McPherson 257 with resolution of 4—20
voltage(IV) characteristics comparable with those of typicalnm. The radiation power was measured by an optical pow-
semiconductor junctions under illumination. ermeter with a Si photodiode and an energy powermeter.

Ferroelectric oxides are usually regarded as insulators  Figure 1 shows typicaV hysteresis of a Pt/PZT/STON
having spontaneous polarizatiés. Accordingly, the leak- diode illuminated by 3.44 eV photons in a quasistable state.
age current in metal/ferroelectric/metal capacitor structures igvell-definedIV characteristics of a photodiode are evident.
sometimes interpreted as dielectric relaxation. On the otheFor photon energy higher than 3.2 eV, the conductance of
hand, ferroelectric oxide films often exhilgtor n type con-  the diode and the photocurrent increases slowly with time for
duction. Empirically, the barrier height of an oxide semicon-1 h. This effect continued after turn off of the light. This
ductor correlates well with the work functidnwhich has  slow component is 10%-20% of the total photocurrent, and
also been experimentally confirmed in epitaxial ferroelectricthe photovoltaic current reaches a quasistable state in 20—30
films on the macroscopic and nanometer scalésese ob- s. The quasistable value of the open-circuit photovoltage in-
servations indicate the possibility of the formation fi  creases with the light power and is 0.7 V at light power of 4
junction by ferroelectrics® If ferroelectric oxides form @n  mwcm 2 The maximum external power conversion effi-
junction, it can be useful as a transparent semiconductor, dusiency is 0.6%, which is reached at the applied voltatge
to the mechanical strength, the radiation hardness, and the0.55V. The efficiency increases up to 0.8% with the light
ferroelectricity such as the pyroelectric infrared detectionpower, at least until it reaches the instrumental limit of 60
Additionally, it would provide a basis for understanding of mwi/cn?. Another diode having a lower efficiency yielded 4
the interaction between the photon and the ferroelectricity.
To explore this, we have studied the photovoltaic effect in

epitaxial heterostructures of typical ferroelectric oxides. Dark // W
PbTiy ¢Zr 505 (PZT) films are epitaxially grown on 0.5 0o l

wt% Nb-doped SrTiQ (STON) substrate by pulse laser “-‘E

deposition and are 200 nm thick. According to x-ray diffrac- <

tometry the films are axis oriented, and the lattice axes are £ |4 mwem?

three dimensionally aligned with those of the substrate. The = PZT/STON

lattice mismatch between PZT and the STON substrate is 01— ) ]

estimated to be 1%. The PZT films and STON exhibit a V(V)

p-type and ann-type conduction, respectively. The PZT

FIG. 1. IV characteristics of a PZT/STON junction diode under illumination
by 3.44 eV photons and in the dark at 300 K. The voltage polarity is defined
¥Electronic mail: ynabe@elcs.kyutech.ac.jp at the top electrode on PZT.
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T (ms) FIG. 3. (a) IV characteristics of the PZT/STON diode near the maximum
applied voltage of 0.9 V under UV light after short pulsest@ and—6 V

FIG. 2. (a) Spectral sensitivity of the photovoltaic effect of the PZT/STON in the dark.(b) Open-circuit voltage/qc after each short pulse.

junction diode at 300 K. The closed circles and the dashed lines show the

f:;rta‘:'rlcli}t ;C%tgg“g;e?r:ed'ﬁ’é?]fdpg\yvet?’erggsggggm?ﬁ;gﬁgggg&; of +3 V applied in the dark restores it to its original value
response to the chopped UV light by measuring the voltdgeloMQ load  [Fig. 3(@]. The modulation is retained at least for 1 h. Fur-
resistor. The inset shows an expanded view. The photovoltaic open-circuthermore, the open-circuit voltage, i.e., the voltage at zero
e e ey e o CUITn, i repeatecly changed by 1056 and is retaifieg
frequency dependence. 3(b)]. On the other hand, the effect of the voltage pulse on
the short-circuited photocurrent, i.e., the current at zero volt-
age, is only vaguely observed. This is probably because the
pW/cn? under outdoor sunlight around 1 p.m. on a hazy dayshort-circuit photocurrent is expected to depend mostly on
(March 2000, 20, Kitakyushu, Japan the generation and the recombination process but not much
The spectral response was studied by measuring the phen details of the transport process nearghgunction. If the
tocurrent atv=0 during a sweep of the light wavelength and primary origin of pulse modulation is carrier injection,
by measuring théV characteristics at different wavelengths. modulation would be difficult to observe, because ultraviolet
The dependence of the photocurrenVat0 on photon en-  (UV) light changes the distribution of the injected carriers.
ergy estimated by these methods was qualitatively similarThis inference, the modulation of the diode characteristics by
The closed circles in Fig. (3 show the spectral response low-voltage low-current short pulses, and its retention favor
estimated from the first method. The large increase of th@artial switching ofPg as the origin, although thBg effect
photovoltaic effect at 3.2 eV is evident, and is attributed tois observed only under very limited conditions and most of
the band to band transition that corresponds to the band gaise IV hystereses, reported in the literature seem to be due to
of the PZT and STON. A narrow peak is located at 1.7 eV.charge injection.
The sharpness of the spectral response indicates that this The efficiency of the Pt/PZT/STON is 10 times higher
peak is probably due to impurity-related absorption. In prin-than that of Pt/BTO/STON, and the efficiency of the
ciple, the optical transition from the metal to PZT can con-Pt/PZT(La, Sp,Cu0Q, (p-type) Schottky diode and
tribute to the photovoltaic response that should have a broaBt/BTOALa, Sp,CuQ, is low. This fact gives additional sup-
spectral response starting from 0.5 to 1 eV. Such a respongmrt for the view that the photovoltaic effect originates from
is not clearly visible in Fig. @), suggesting that the photo- the PZT/STON interface that isn junction like. The band
voltaic effect at the Schottky barrier is secondary. based on the work function differen€Eig. 4) is consistent
The response time of the present diode is intrinsicallywith the conversion efficiency that is decreasing the order of
limited by the large resistance and the dielectric constant aB{Au)/PZT/STON (/n), Pt/BTO/STON @/n), Pt/PZT/
well as by the large electrode size of 0.5 fatNonetheless, (La, SH,CuO, (p/p), and PYBTO(La, SH,CuQ, (n/p). Ad-
the photovoltaic response to the chopped light shows that thaitionally, the Pt/La-doped PZTsol—-gel methopPt capaci-
response time is shorter than the instrumental limit ofu0 tor exhibited only a very small photovoltaic current, a small
[Fig. 2(b)]. This also supports the fact that the observed pheepen-circuit voltage, and an extremely slow response speed,
nomena are not of chemical or structural origin but of elec-consistent with previous repors.
trooptic origin. The preceding results consistently indicate that the pho-
Ps or carrier injection can change the band bending oftovoltaic effect in Fig. 1 originates at the PZT/STON inter-
the junction>’ Therefore, the photovoltaic characteristics of face. This is consistent also with the relatively small depen-
the present diodes can be controlled by voltage pulses. Irdence of the photovoltaic characteristics on the electrode
deed, a 1Qus pulse of—6 V applied in the dark enhances the materials(Pt, Au) and the electrode material dependence of

forward bias current under light by 10%, and a 48 pulse the dark currenf.However, a closer examination of Figs. 1
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hump-shapedV curve under illumination is only weakly de-
pendent on temperature. Therefore, the current réa6 V
showing a hump-shapdd curve could be due to tunneling

(@

p n that may be associated with the trap levels detected in the
(b) (©) ) spectral response. If this explanation is correct, the formation
Q f\—1— of an intrinsic layer between PZT and STQRIN) would
N increase the open-circuit voltage and the conversion effi-
n n p p h p ciency. Additionally, the optically enhanced forward bias

FIG. 4. Simplified band diagrams of the ferroelectric oxide heterostructuresCurrent In Fig. 5 suggests that caution is needed ”? the vicin-
neglecting the band offseta) PZT/STON[1], (b) M/BTO/STON[0.1], () 'ty Of the leakage current measurements, especially, those

M/PZT/(La, SH,CuO [ ~0], and (d) M/BTO/(La, SH,CuO [~0]. The  using an atomic force microscope.
numbers in the square brackets are the observed approximate external en- |n conclusion a substantial photovoltaic effect is found
2:)?]);a<:ctt)nver3|on efficiency, and M represents the metal layer of a Schotthn epitaxial ferroelectric heterostructures. The high perfor-

' mance of the PZT/STON ferroelectric diodes without an an-

tireflection coating, any window layer, or the optimization of

and 5 indicates a few characteristics that deviate from thosearious parameters such as electrode materials and thickness
of an idealpn junction. They arg1) the incomplete satura- of the layers proves the potential usefulness of the present
tion of the reverse bias currer(®) the light-enhanced for- diode. Their sensitivity to UV light and their radiation hard-
ward bias current neat 1.5 V, and(3) the current increase ness can be beneficial in space. The present results support
near+0.6 V (the threshold voltage for the diffusion current the formation of apn like junction by ferroelectrics, which
in the dark is+1.5 V). The second feature is often found in would be important in understanding of the ferroelectric sur-
the photovoltaic effect at then junction and at Schottky face. However, understanding of their detailed characteristics
contacts. The first and the last features, which reduce theawaits further studies.
conversion efficiency, have often been attributed to series

resistance and leakage curréht. h h K led ¢ he | S
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