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Nonvolatile programmable two-terminal diodes using a ferroelectric
semiconductor

Motochika Okano and Yukio Watanabe?®
Kyushu Institute of Technology, Tobata, Kitakyushu 804, Japan

(Received 26 July 1999; accepted for publication 10 November)1999

The conductance of diodes formed by epitaxiab, Lg(Zr, Ti)O; on SrTiO; doped with Nb is
programed using the relaxation semiconductor characteristics of a ferroelectric. Namely, a
three-terminal device function is given to a two-terminal device by time-domain control. The
conductance modulation programed by a short-voltage pulse is perfectly retained for ten days at
room temperature and is nondestructively read. The relaxation current at very low bias is also
programmable. When the current is regulated by a metal/ferroelectric contact, the pulse modulation
is obscure and is not retained. This implies that the surface layer at the metal/ferroelectric contact
is negligibly thin or thinner than the tunneling distance. 2000 American Institute of Physics.
[S0003-695(100)02002-1

The functionality of perovskite oxides is rapidly expand- rent through epitaxial ferroelectric heterostructures. After a
ing since the discovery of the high: superconductor by high Vg4, was applied to a low-resistance film, the resistance
Bedenorz and Mier. Diodes possess one of the simplestmodulation was retained over a day, although the repeatabil-
device structures and operate in a two-terminality is not reported? After a low-dc voltage Y4 was ap-
configuration:™ which is advantageous in high-density- plied, the current increased and decreased repeatedly, repro-
integrated circuitgIC). However, an external control of the ducibly by a factor of 10-100, but the modulation was
rectifying characteristics as in three-terminal devices is deretained only for an houf These observations have been
sired, especially for memory application. explained by the change of bandbending dudilacharge

Ferroelectric perovskites possessing a high resistandejection at the ferroelectric surface @r) spontaneous po-
and a large permittivity change the spontaneous polarizatiotarization (Ps). Furthermore, analysis of the carrier-transport
(Pg) by application of a short-voltage pulse while they con-process suggested a kind jf junction formation in some
duct the carrier when a dc voltage is appliedNamely, the  ferroelectric heterojunctions, e.g., @b, Ti)O3/SrTiOs,
ferroelectric behaves as an insulator in a short time scale anghere thep type is the hole carrier type and theype is the
as a semiconductor in a long time scale and is regarded asedectron carrier typ&®
relaxation semiconduct8rThese properties allow a time- c-axis-oriented Péod-ag 05Zr0.2Ti0.603 (PLZT),
domain control of a three-terminal device-like-operation ofPh, gd @y osTiO3 (PLT), and PbZg ,Tig §O5 (PZT) films with-
diodes. The present letter reports programing of the diodeut secondary phases were epitaxially grown by pulsed-laser
conductance, i.e., a memory write by a short-voltage pulsedeposition on (100 SrTiO; doped with 0.5 wt% Nb
ten day perfect retention, and a nondestructive memory rea(6TON), as well as on 100-nm-thick LaggSr ¢:CuG,
by a dc voltage. Relaxation current is found also to exhibit(LCO). The Zr concentration is chosen to achieve a good
similar behavior. These operations were possiblepim lattice matching and acceptable switching properties. The
junctions-like ferroelectric heterostructures formed byferroelectric layer is approximately 200 nm thick. Au and Pt
Ph(Zr, Ti)O; and SrTiQ. The current—voltagel ¢V) char-  films with surface areas of 0.2 and 1 rhmere deposited as
acteristics of ferroelectric films are usually unstable due tahe top electrodes, and the bottom conductive layer or the
degradation. However, thie-V characteristics reported be- substrate was groundell, measured by the Sawyer—Tower
low are extremely stable and unchanged over hundreds ofethod is 2—54C/cn? at maximum applied voltage of 8 V
measurements. The results are interpreted Bg @ntrol of  at 10-100 kHz. The current was measured by applyigg
the diode current. On the other hand, in ferroelectricacross a ferroelectric film at room temperat(R), where
Schottky contactsPg control of the current was not identi- VvV, was first increased from zero to the maximum
fied. This fact limits experimentally the thickness of an in- (+V,,.), then decreased to the minimura ¥ .., passing
trinsic surface layer wittV P+ 0 restricting the ferroelectric  through zero, and finally returned to zero. OneV curve
size limit>1° An advantage of this approach over ferroelec-consists of 200 pointsfd. s intervals.
tric field-effect device¥"?is the reduction of the wiring for First, the results of a PLZT/STON diode are discussed.
high-density integration. Furthermore, using the present diSimilar results were found in PZT/STON and PLT/STON
odes, synapse elements in a neural circuit and ferroelectrigiodes, while the PLZT/STON diodes showed the best repro-
diode disk memories can be developéd. ducibility among the three. PLZT/STON showedV char-

A few works reported dc voltage modulation of the cur- acteristics of gn diode, and the forward bias polarity was
positive (Fig. 1). The +6 V 25 us pulse increased the for-

aAuthor to whom correspondence should be addressed: electronic mai¥vard biE_;’tS current, and the6 V 25 us pulse decreased it.
ynabe@elcs.kyutech.ac.jp Four pairs ofl —V curves after=6 V 25 us pulses are shown
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FIG. 1. -V characteristics of PLZT/STONpn junction-like) after £6 V g = 5h < _30h(( - 5h, 30|"I
25 pus pulsegb). The +6 V 25 us pulse increased the forward bias current, =~ 0 £ 50 { 50 )ﬁ.' 20

and the—6 V 25 us pulse decreased it. For each pulse, tw¥ curves h
taken consecutively are displayed. TweV curves measured after6 V t( )

(left) and —6 V pulse(right) are shown but are completely overlapped
indicating that the reading process is nondestructive. FIG. 2. Long time retention of -V characteristic modulation in PLZT/

STON (pnjunction-like) by =6 V 25 us pulseqa). For each measurement,
two |-V curves taken consecutively are displayed. As a summary of the

in Fig. 1(b). All the | -V curves after the-6 V 25 us pulses retention, the current densityat V.= + 1.3 V from(a) is replotted in(b). (I
were identical, and those after thes V 25 us pulses were is t_akgn from th_e third -V on each da.y to eliminate the effect of trap

. . emissiony. Abscissa have a dual scale: The arrows of the length of one
also identical. After each pulse, the-V curves were mea- iision show the scales.
sured twice and were indistinguishable, as demonstrated in
Fig. 1(a). This shows that the “read” process by theV
measurements is nondestructive.

Thel -V modulations were retained for at least five days
(Fig. 2). On the first day of the retention test, theV char-
acteristics were measured by applying V 25 us pulses.
The last pulse was positive, and no pulse voltage was applie%r
afterwards for 120 h. Thé—V measurements after the last
positive pulse confirmed that the-V characteristics were

Fig. 3 is 11.9 mV. In comparison with theot$ this small
value indicates thatP; near the leakage path is pinned
tightly. The value of 11.9 mV suggests that less than 3% of
the domain switched near the leakage path.

Similar experiments on nm-scale contacts were per-
med using an atomic force microscope with a conducting
tip. No reproducibld —V modulation was observed for pulse

letel Fig. 2@)]. After th N voltages smaller than 13 V, which may be related to the
completely reserye@ ig. Aa)]. After these Measurements, o sorementioned small fraction of domain switching near the
thel -V characteristics were measured again by applyiiég leakage path

yoﬁ: "é Swgilzes'"ggz]}taesr\tlvggéze_}’Vhae?/r:sg:;'xfér:ggtsngﬂpel:lse In contrast with the diode-liké—V characteristics, the
9 bp ' low-voltagel —V characteristics were dominated by a relax-

the last negative pulse confirmed that thé/ characteristics ation current that likely originates from the emission and the

were completely reserved. The retention characteristics arg, . .
. . . sorption of carriers by traps. Nevertheless, pulse modula-
summarized in a plot of the current density at 1.3 V after th b y trab P

. . Sion was also observeFig. 4). The +6 V 25 us pulse de-
last pulse[Fig. 2(b)]. The retention at another electrode Was . o ced the width of the hysteresis and the slope of the

found to be over ten days in a 21 day test, although 'tscurve (AI/AV) and the—6 V 25 us pulse increased them.

current density was slightly scattered from day to day by
poor room-temperature control.

The results suggest thalPg controlled the current 6 after +Pulse
through thepn junction-like ferroelectric diodes. The for- & |- after Pulse S}
ward bias 1-V relation is expressed by epa§(d) §4 /g/'
—V4o/vKkT], wheree is the elementary charge) is the P /,:;//’,
barrier height{) means an average over the leakage paths, £ i
is the Boltzmann factoiT is the absolute temperature, and =20
is the ideality factor. A typical =V curve is replotted in Fig. == 12 13
3 from Fig. @), and the curve at increasing is fitted with V(V)

v=1.56. The change of the-V characteristics is explained FIG. 3. Logl vs Vi plot of typical |-V curves of PLZT/STON in Fig. 1

by XP), the change of®) due to_the polarization _re_\/ersal after =6 V 25 us pulses. For each pulse, tWweV curves taken consecu-
near the leakage paths. TBgb) estimated from the fitting to tively are displayed.
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semiconductor diode, and the forward bias polarity is nega-

after +Pulse | after —Pulse tive. The —8 V 100 us pulse increased the forward-bias

P e current, and thet8 V 100 us pulse decreased it. However,
o the -V characteristics were noisy, and unlike PLZT/STO,
the |-V curves of the first and second measurements do not
completely overlap. The modulation was not retained even
for 9 h [Fig. 5(b)]. These results would suggest thag
switching did not affect the current through the ferroelectric
Schottky diodes.

Theoretically, modulation of the—V characteristics by
' domain switching is also expected at the ferroelectric/metal
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<041 :\'\'.:.‘. I . contact, if a nonconducting dead layer formed by chemical
% L...,o' -r ! j: reaction or a layer wititVP++0 exists on the ferroelectric
g Voo surfacet® The above result suggests that the thickness of
< | | | [Voltage such a layer at a clean metalfferroelectric interface is less
:1 [ ] | Pulse than the tunneling distance, if it exists. This is consistent
0.0 "50 100 150 with the recent report of two-dimensional ferroelectric films

t (h) demonstrating that an intrinsic thickness limit is negligibly
small!® However, the present conclusion does not exclude
FIG. 4. Low-voltagel -V characteristics of PLZT/STORpn junction-like) the possibility that such an ultrathin layer may reduce the net
after +6 V 25 us pulses@). The hystere_5|s is due _to relaxation. For each pielectric constant of the film.
pulse, thred —V curves taken consecutively are displayed and are almos . . . .
identical, indicating that the reading process is nondestructive. Retention of  IN conclusion, nondestructive reading and nonvolatile
the slope of thd -V curves(b). writing of a two-terminal device, i.e., a diode, were repeat-
edly performed, exploiting the difference of the time-domain
. . . . response of a semiconducting ferroelectric. Namely, the con-
Qonsstently le[h the diode current modulatlon,_the mOdwa'ductance of apn junction-like diode was changed by the
tions are explained py the decrease of the resistance by t%ltage pulse, was undisturbed by read processes, and was
+6 V pulse and the increase by thés V pulse, because the e ctly retained for 5-10 days. The whole operation can be
current is mainly due to the capacitive response and iNfegarded as a quasi-three-terminal device operation in the
creases with th&C time constant. The modulation was re- time domain. Such modulation was not retained when the

tained at least for two days. current was regulated at the metal/ferroelectric interface.
Contrary to the PLZT(PLT, PZT)/STON diodes, most _ o
of the metal/PLZT(PLT, PZT)/LCO diodes did not exhibit This work was supported by Grant in Aide Nos.

reproduciblel -V modulation, which agrees with a recent 08455014 and 09450156 from the Ministry of Education,
report'” An exception was found in Au/PLT/LCQFig. 5). Science, Sports and the lketani Science Foundation. The au-

The PLT/LCO exhibitd —V characteristics of a metattype ~ thors acknowledge T. Shigesue for assistance.
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