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Epitaxial all-perovskite ferroelectric field effect transistor with a memory
retention

Yukio Watanabea)
Mitsubishi Chemical Yokohama Research Center, Yokohama 227, Japan

~Received 14 November 1994; accepted for publication 28 January 1995!

All-perovskite ferroelectric field effect transistors~FET! are proposed, and switching behaviors of
the prototype devices having a~Pb,La!~Zr,Ti!O3 as a gate insulator and a La1.99Sr0.01CuO4 as a
channel layer were demonstrated. Marked improvements in device performances were obtained as
compared with the previous ferroelectric FETs. Namely, the present device was written and erased
at an operating voltage of 7 V with a pulse width of less than 1 ms, yielding resistance modulation
up to about 10% and retaining its memory for more than 10 days at room temperature. Examinations
show that the switching speed was limited by a delay constant and can therefore be improved up to
1 ms, and that the memory retention may not be limited by an intrinsic ferroelectric instability as
previously suggested. ©1995 American Institute of Physics.
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Research on the high-temperature superconduc
~HTSC!1 has revealed a rich physics in the perovskite oxid
exhibiting the metal-insulator transition as well as their p
tential importance in electronics. They also have provid
bases for approaches to the perovskite based electronics,
by developing large substrates and deposition technolo
suitable for them. In this letter, an approach which uses
normal state properties of the HTSC is reported to sign
cantly improve a long unsolved problem in semiconduc
electronics. Namely, a novel ferroelectric field effect trans
tor ~FET! is proposed, and switching behaviors of the pro
type devices having a~Pb,La!~Zr,Ti!O3 as a gate insulator
and a La1.99Sr0.01CuO4 as a channel layer are demonstrat
for the first time.

The ferroelectric field effect transistor~FET! which uses
ferroelectricity as a gate insulator is expected to possess
write/erase and read-access speeds and a nonvolatile me
feature. While ferroelectric FETs have been studied fo
long time after their initial proposals in 1957,2–8 an accept-
able memory retention together with a reasonable write/er
speed has not yet been demonstrated. This difficulty w
interpreted by the depolarization field instability.9 The re-
ported memory retention time was usually less than an h
in thin-film ferroelectric/semiconductor FETs except by Su
ibuchi et al.6 which showed an exceptionally slow switchin
speed difficult to understand as a simple ferroelectric swit
ing. By using a nonoxide ferroelectric BaMgF4, the retention
time was reported to increase up to several hours.8 Addition-
ally, the write-erase voltage in the reported FETs has b
too large to be incorporated in standard semiconductor
cuits.

From our point of view, the interface between ferroele
tricity and the semiconductor was not well controlled in t
previous studies. The results of Wurfel and Batra9 are usually
regarded to be against the feasibility of a ferroelectric FE
However, using their formulation, we have concluded th
thermodynamically stable ferroelectric domains should fo
on a semiconductor by choosing a ferroelectric material,

a!Electronic mail: nabe@rc.m-kasei.co.jp
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that an existence of even a 10 Å thick insulating layer shoul
destabilize the ferroelectricity. The latter result is a sever
constraint, if conventional combinations of a ferroelectric
and semiconductor are used. The use of BaMgF4 is an ap-
proach to employ a ferroelectric compatible with common
semiconductors. Another possibility could be the use of
perovskite semiconductor compatible with common ferro
electrics. To reduce the trap density under the gate, use of
epitaxial heterostructure is inevitable. For this purpose, w
proposed an all-perovskite ferroelectric/semiconductor stru
ture and discussed a possibility of the high density integra
tion of more than 1 Gbit.10

There are numerous semiconductive perovskites such
(L,S)TO3 system~L:rare earth element,S:alkaline earth ele-
ment,T:3d metal element!, L(T,T8)O3 system~L:rare earth
element or alkaline earth element,T:3d metal element,
T8:4d or 5d metal element!, and HTSC’s. Many of them
have no rigid band but a charge transfer gap formed by a
electronic correlation.11 Indeed, a drastic change of the elec-
tronic structure by chemical doping was observed in th
HTSC systems and their related materials using infrare
spectroscopy.12,13 This property provides an enhanced
change of resistivity by carrier doping10 and may compensate
for the reduction of field-induced resistance modulation du
to their defects. In La22xSrxCuO4 ~LSCO! system, a good
control of conductivity, and a good process stability were
achieved. Therefore, we report here on the results usin
La1.99Sr0.01CuO4 as a FET channel material. The device
structure was similar to that of the superconducting
FETs,14,15and Pb0.95La0.05Z0.2Ti0.8O3 ~PLZT! was used as a
ferroelectric gate insulator. All measurements were done
room temperature.

PLZT/La22xSrxCuO4 multilayers were grownin situ on
SrTiO3 ~STO! ~100! single crystals by a pulsed laser deposi-
tion using an ArF excimer laser. Details of the deposition
condition and the crystallographic properties were describe
elsewhere.16 Ferroelectric hystereses were measured by u
ing a Sawyer–Tower circuit, where a high resistance o
La22xSrxCuO4 layers was compensated by a 11V resistor
serial to a reference capacitor. The remnant polarization w
68 mC/cm2. The dielectric constant decreased as the resi
5/66(14)/1770/3/$6.00 © 1995 American Institute of Physics
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tance of La22xSrxCuO4 layer increased and as the frequen
of the applied voltage increased. Nevertheless, the diele
constants of the samples having aheavily doped thin
La22xSrxCuO4 ~x50.10, 800 Å! and those having alightly
doped thick La22xSrxCuO4 ~x50.01,2100 Å! were nearly
the same at 100 Hz. Additionally, the dielectric constant
the latter slightly decreased as the frequency increased
100 Hz to 1 kHz. These behaviors can be understood usi
RC time constant~R: resistance,C: capacitance!, and the
related results will be reported elsewhere. The reported
polarization instability17 was likely to be at least partially
due to this effect.

Prototype ferroelectric FETs as schematically shown
Fig. 1 were fabricated by a standard photolithography p
cess. Thicknesses of thesemiconductiveLa1.99Sr0.01CuO4
~LSCO! and the PLZT layers of the multilayers used in t
FETs were 100–200 Å and 4000 Å, respectively. An exc
lent three-dimensional alignment of the PLZT, the LSCO a
the substrate was confirmed by the x-ray 2u–u scan and the
pole figure measurements. No interdiffusion of the elem
was detected in the compositional depth profiles. The re
tivity of 200-Å-thick LSCO in the multilayers was typically
0.1–1V cm.

The memory characteristics of ferroelectric FETs we
measured using the two terminal measurement. Figur
shows that the source/drain current was repeatedly red
by a positive gate pulse~off-state! and was repeatedly en
hanced by a negative gate pulse~on-state!, where the pulse
width and the pulse height were 10 ms and67 V, and the
source/drain voltage was 2 V. the inset shows the res
obtained using65 V 10 ms pulses. The modulation in th
device was 9.5%, while its theoretical estimation was 2
by assuming a remnant polarization of68 mC/cm2, a carrier
density of LSCO of 231020 cm23,18 zero carrier trap
density, zero contact resistance, and a conventional band
ture. This agreement was rather surprising in view of
pected imperfections in the present heterostructure and
contact resistance, which was thought to be comparabl
the channel resistance. The obtained modulation was low

FIG. 1. Structure of the prototype ferroelectric FET and the measurem
circuit. The lateral dimension of the gate was typically 200mm long along
the channel and 50mm wide.
Appl. Phys. Lett., Vol. 66, No. 14, 3 April 1995
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a FET but was comparable to the on/off ratio of the dynamic
random access memory~DRAM! cell.

The highest write/erase speed, i.e., the switching speed
of this device was 1 ms. However, the switching speed of
several devices increased as the total resistance, being th
sum of the source/drain contact resistances and the chann
resistance, decreased. TheRC time constant~resistance3
capacitance! of each FET estimated from its gate capacitance
and its total resistance of the FET agreed with the observed
switching speed. This explanation is consistent with the
above observation of the frequency dependence of the dielec
tric constants and the hystereses. The highest switchin
speed obtained in the present devices having a gate area
200mm350 mm was 100ms at67 V, when the total resis-
tances at 1 V were 3–4 MV. Since theRC constant was
found to scale linearly with device dimension as long as
contact resistance is negligible, switching speed can be be
low 1 ms for devices having a 2mm long channel.

Examining dependence of the source/drain current on
gate pulse polarity, its magnitude, its width, and source/drain
voltage, we have concluded that the observed conductanc
changes were based on the field effect caused by ferroelectr
polarization. Some of the main reasons for that conclusion
were that the results were basically unchanged when the gat
was short circuited to the ground via a 1 MV resistor, and
that little increase of modulation was observed when the
switching pulse width and its amplitude were increased be-
yond a threshold. Namely, these observations exclude
mechanisms of the modulation of the source/drain conduc
tance dominated by a charge injection or a charge-up. Addi
tionally, the source/drain current characteristics did not
change within 104 write/erase cycles.

The memory retention of ferroelectric FETs were mea-
sured using a constant source/drain bias of 2 V for 24 h in the
air at 20 °C. No change was observed as shown in Fig. 3~a!.
For longer periods of time, the source/drain current atboth
on- and off-states was observed to a decrease by 10%–20%
per month, since the part of the ultrathin channel was directly
exposed to the air of 40%–60% humidity at 20 °C. If this
change was due to the instability reported by Lampeet al.8

ent

FIG. 2. Write/erase repeatability~main figure and inset! and short period
memory retention~main figure! of the FET No. 1 at room temperature. The
symbols show the data points. The spikes on the straight line near the ab
scissa denoted asVg show the timing and the polarity of write/erase pulses,
where the upward and the downward spikes show the positive and the nega
tive polarities, respectively.I on /I off0 is the ratio of the on-state current to the
initial off-state current.
1771Yukio Watanabe
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the off-state current should have increased while the on-s
current decreased. Furthermore, the change was suppre
when the channel area exposed to the air was reduc
Therefore, we conclude that this change was due to
chemical change of the channel directly exposed to the
To exclude this effect from source/drain current modulatio
the current values were normalized by one of the typic
off-state current values measured on the same day. In
evaluation, the off-state was found to be very stable and
to change for 13 days. However, the on-state was found to
less stable as shown in Fig. 3~b!. Nonetheless, the on-state
was clearly distinguishable from the off-state, having abo
40% of the initial modulation. More importantly, the modu
lation amplitude were unchanged, which suggests that t
memory loss was not likely due to the intrinsic instability9

The origin of the switching mechanism in LSCO and th
cause of the partial memory loss require a further study.

The present results show that the epitaxial all-perovsk
heterostructure can markedly improve the performances

FIG. 3. ~a! Retention of an on-state of the FET No. 2. The write/erase pu
voltage and width were67 V and 10 ms.~b! Retention of an on-state of the
FET No. 3. The write/erase pulse voltage and width were67 V and 1 ms,
and the source/drain voltage and its current were 1 V and typically 250
A similar result was obtained for FET No. 2, and the off-state was stable
both FETs. The meanings of the spikes on the straight line near the absc
denoted asVg and I on /I off0 are the same as in Fig. 2.
1772 Appl. Phys. Lett., Vol. 66, No. 14, 3 April 1995

Downloaded 20 Jun 2013 to 133.5.128.1. This article is copyrighted as indicated in the abstract. 
ate
ssed
ed.
he
ir.
n,
al
his
ot
be

ut
-
his

e

ite
of

ferroelectric FET, though the optimization of the fabrication
process and the film composition are still on the way. The
circuit for the present FET may allow a quite different design
which will be discussed elsewhere. However, it is worth not-
ing that such a circuit may not require ultrapure and defect-
free films and substrates even in the high density integration
contrary to the present all-Si technology.

The author is indebted to Mitsuru Tanamura for assis-
tance in the lithography processes. He also acknowledges D
S. Uchida, Dr. N. P. Ong, Dr. D. C. Tsui, and Dr. J. G.
Bedenorz for encouraging discussions.
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