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

Yukio Watanabe®
Mitsubishi Chemical Yokohama Research Center, Yokohama 227, Japan

(Received 14 November 1994; accepted for publication 28 January 1995

All-perovskite ferroelectric field effect transistofSET) are proposed, and switching behaviors of

the prototype devices having(&b,L3(Zr,Ti)O; as a gate insulator and a L&Sr, ¢;CuQ, 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 us, and that the memory retention may not be limited by an intrinsic ferroelectric instability as
previously suggested. @995 American Institute of Physics.

Research on the high-temperature superconductorthat an existence of even a 10 A thick insulating layer should
(HTSO? has revealed a rich physics in the perovskite oxideslestabilize the ferroelectricity. The latter result is a severe
exhibiting the metal-insulator transition as well as their po-constraint, if conventional combinations of a ferroelectric
tential importance in electronics. They also have providedand semiconductor are used. The use of Baj)MigFan ap-
bases for approaches to the perovskite based electronics, e gtoach to employ a ferroelectric compatible with common
by developing large substrates and deposition technologieggmiconductors. Another possibility could be the use of a
suitable for them. In this letter, an approach which uses th@erovskite semiconductor compatible with common ferro-
normal state properties of the HTSC is reported to signifi-lectrics. To reduce the trap density under the gate, use of an
cantly improve a long unsolved problem in semiconductorepitaxial heterostructure is inevitable. For this purpose, we
electronics. Namely, a novel ferroelectric field effect transis-Proposed an all-perovskite ferroelectric/semiconductor struc-
tor (FET) is proposed, and switching behaviors of the proto-ture and discussed a possibility of the high density integra-
type devices having &b,La(Zr,T)O, as a gate insulator tion of more than 1 Gbit?
and a La ¢Sl o;CUO, as a channel layer are demonstrated There are numerous semiconductive perovskites such as
for the first time. (L,S)TO; system(L:rare earth elemengalkaline earth ele-

The ferroelectric field effect transist6FET) which uses Ment, T:3d metal element L(T,T") O, system(L:rare earth
ferroelectricity as a gate insulator is expected to possess faglement or alkaline earth elemeni;3d metal element,
write/erase and read-access speeds and a nonvolatile memdry 4d or 5d metal element and HTSC's. Many of them
feature. While ferroelectric FETs have been studied for 4'ave no rigid band bll"t a charge transfer gap formed by an
long time after their initial proposals in 19578 an accept- elec.tronlc correlatior! Indepd, a dr.astlc change of the .elec-
able memory retention together with a reasonable write/eradkONic structure by chemical doping was observed in the

speed has not yet been demonstrated. This difficulty wals_rrSC systerrE anﬁ_ their related ma_'ijerials usinghinfrargd
interpreted by the depolarization field instabifityfthe re- spectroscopy”'*® This property provides an enhance

ported memory retention time was usually less than an hou?hatr;]ge ogres;!st|V|t¥ fk_)ylge_lrréer d(c)janR;_ar:d may co??etpsatg
in thin-film ferroelectric/semiconductor FETs except by Sug- or the reduction of Tield-induced resistance modulation due

ibuchi et al® which showed an exceptionally slow switching to their defects. In La.,SiCuQ, (LSCO) system, a good

speed difficult to understand as a simple ferroelectric switchszomrOI of conductivity, and a good process stability were

) : . . . achieved. Therefore, we report here on the results using
ing. By using a nonoxide ferroelectric BaMgFhe retention La <SrCuO, as a FET channel material. The device
time was reported to increase up to several hBuddition- 1.9920.00= "4 '

ally, the write-erase voltage in the reported FETs has beelsgtructure was similar to that of the superconducting
’ - 14,15 H
too large to be incorporated in standard semiconductor ci ETs, "™and PR gel2.0Z0 2 Tlo.§03 (PLZT) was used as a

I'z . A
cuits ferroelectric gate insulator. All measurements were done at

F int of view. the interf bet ; | room temperature.
tricit romdotlrj]r point o v:jew,t € inter atce ”e wefn”e(rjr(_)e tehc- PLZT/La,_,Sr,CuQ, multilayers were growin situ on
ricity and the semiconductor was not well controlled in eSrTiO3 (STO) (100 single crystals by a pulsed laser deposi-
previous studies. The results of Wurfel and B&aee usually

ded to b . he feasibility of a f lectri FETtion using an ArF excimer laser. Details of the deposition
regarded to be against the feasibility of a ferroelectric condition and the crystallographic properties were described

However, using their formulation, we have concluded thaty\qeyherd® Ferroelectric hystereses were measured by us-
thermodynamically stable ferroelectric domains should form, a Sawyer—Tower circuit, where a high resistance of

on a semiconductor by choosing a ferroelectric material, buEaz,xSrXCuO4 layers was compensated by a Qresistor
serial to a reference capacitor. The remnant polarization was
¥Electronic mail: nabe@rc.m-kasei.co.jp +8 uClen?. The dielectric constant decreased as the resis-
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FIG. 2. Write/erase repeatabilitymain figure and insg¢tand short period
memory retentiorimain figurg 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 ag; show the timing and the polarity of write/erase pulses,
where the upward and the downward spikes show the positive and the nega-

. ive polarities, respectively,,/l o is the ratio of the on-state current to the
FIG. 1. Structure of the prototype ferroelectric FET and the measuremer{%itiaﬁ off-state cur?ent Yon/loto

circuit. The lateral dimension of the gate was typically 208 long along
the channel and 5gm wide.

a FET but was comparable to the on/off ratio of the dynamic

tance of La_,Sr,CuQ, layer increased and as the frequencyrandom access memotPRAM) cell.
of the applied voltage increased. Nevertheless, the dielectric  The highest write/erase speed, i.e., the switching speed,
constants of the samples having heavily doped thin of this device was 1 ms. However, the switching speed of
La,_,Sr,CuQ, (x=0.10, 800 A and those having bightly ~ several devices increased as the total resistance, being the
doped thick La_,Sr,CuQ, (x=0.012100 A were nearly sum of the source/drain contact resistances and the channel
the same at 100 Hz. Additionally, the dielectric constant offésistance, decreased. TR&C time constant(resistancex
the latter slightly decreased as the frequency increased frogapacitanceof each FET estimated from its gate capacitance
100 Hz to 1 kHz. These behaviors can be understood using@nd its total resistance of the FET agreed with the observed
RC time constant(R: resistanceC: capacitance and the switching speed. This explanation is consistent with the
related results will be reported elsewhere. The reported deabove observation of the frequency dependence of the dielec-
polarization instability’ was likely to be at least partially tric constants and the hystereses. The highest switching
due to this effect. speed obtained in the present devices having a gate area of
Prototype ferroelectric FETs as schematically shown in200 umx50 um was 100us at+7 V, when the total resis-
Fig. 1 were fabricated by a standard photolithography protances at 1 V were 3—4 f. Since theRC constant was
cess. Thicknesses of treemiconductiveLa, 445l o;CUO,  found to scale linearly with device dimension as long as
(LSCO) and the PLZT layers of the multilayers used in the contact resistance is negligible, switching speed can be be-
FETs were 100—200 A and 4000 A, respectively. An exceldow 1 us for devices having a 2zm long channel.
lent three-dimensional alignment of the PLZT, the LSCO and  Examining dependence of the source/drain current on
the substrate was confirmed by the x-ra§~2 scan and the gate pulse polarity, its magnitude, its width, and source/drain
pole figure measurements. No interdiffusion of the elemenvoltage, we have concluded that the observed conductance
was detected in the compositional depth profiles. The resisshanges were based on the field effect caused by ferroelectric
tivity of 200-A-thick LSCO in the multilayers was typically polarization. Some of the main reasons for that conclusion
0.1-1Q cm. were that the results were basically unchanged when the gate
The memory characteristics of ferroelectric FETs werewas short circuited to the groundava 1 M) resistor, and
measured using the two terminal measurement. Figure fthat little increase of modulation was observed when the
shows that the source/drain current was repeatedly reducesvitching pulse width and its amplitude were increased be-
by a positive gate pulséoff-state and was repeatedly en- yond a threshold. Namely, these observations exclude
hanced by a negative gate pul@m-stat¢, where the pulse mechanisms of the modulation of the source/drain conduc-
width and the pulse height were 10 ms ahd V, and the tance dominated by a charge injection or a charge-up. Addi-
source/drain voltage was 2 V. the inset shows the resultonally, the source/drain current characteristics did not
obtained usingt5 V 10 ms pulses. The modulation in this change within 16 write/erase cycles.
device was 9.5%, while its theoretical estimation was 20% The memory retention of ferroelectric FETs were mea-
by assuming a remnant polarization8 uC/cn?, a carrier  sured using a constant source/drain bias of 2 V for 24 h in the
density of LSCO of %10%° cm 3,'® zero carrier trap air at 20 °C. No change was observed as shown in K. 3
density, zero contact resistance, and a conventional band pi€or longer periods of time, the source/drain currenbeath
ture. This agreement was rather surprising in view of ex-on- and off-states was observed to a decrease by 10%—-20%
pected imperfections in the present heterostructure and thger month, since the part of the ultrathin channel was directly
contact resistance, which was thought to be comparable texposed to the air of 40%—-60% humidity at 20 °C. If this
the channel resistance. The obtained modulation was low azhange was due to the instability reported by Lanepal®
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(a) ferroelectric FET, though the optimization of the fabrication

DY — 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-
1200 P e free films and substrates even in the high density integration
contrary to the present all-Si technology.
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FIG. 3. (a) Retention of an on-state of the FET No. 2. The write/erase pulse 5
voltage and width werec7 V and 10 ms(b) Retention of an on-state of the
FET No. 3. The write/erase pulse voltage and width we®V and 1 ms,

and the source/drain voltage and its current were 1 V and typically 250 nA.¢
A similar result was obtained for FET No. 2, and the off-state was stable in;
both FETs. The meanings of the spikes on the straight line near the abscis
denoted a®/y andl ./l oo are the same as in Fig. 2.
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