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Electrical transport through Pb (Zr,Ti )O3 p-n and p-p heterostructures modulated by bound
charges at a ferroelectric surface: Ferroelectricp-n diode
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Current through(Pb,La(Zr,Ti)O5 ferroelectrics on perovskite semiconductors is found to exhibit diode
characteristics of which polarity is universally determined by the carrier conduction-type semiconductors. A
persisting highly reproducible resistance modulation by a dc voltage, which has a short retention, is observed
and is ascribed to a band bending of the ferroelectric by the formation of charged traps. This interpretation is
consistent with a large relaxation current observed at a low voltage. On the other hand, a reproducible
resistance modulation by a pulse voltage, which has a long retention, is observed in metal/
(Pb,La(Zr,Ti)O3/SrTiO;:Nb but not in metalPb,La(Zr,Ti)O3/(La,Sn,CuQ, and is attributed to a possible
band bending due to the spontaneous polarizati®ngwitching. The observed current voltagd/§ charac-
teristics, the polarity dependence, the relaxation, and the modulation are explicable, if we agsuna a
p-p junction at the ferroelectric semiconductor interfpehole conduction typey: electron conduction type
The analysis suggests that an intrinsically inhomogendb ¥ P) near the ferroelectric/metal interface is
likely very weak or existing in a very thin layer, when a reaction of the metal with the ferroelectric is
eliminated. Additionally, the various aspects of transport through ferroelectrics are explained as a transport in
the carrier depleted regiopS0163-182@09)09917-§

[. INTRODUCTION was reported in epitaxial ferroelectric film&:*3The current
through ferroelectric exhibit a diode property tunable by an
Electrical properties of ferroelectric are known to be external voltage bias. However, its origin has yet been uni-
closely connected with its crystallographic structure. None-dentified, although two mechanisms, the charge injection and
theless, the free carriers play an essential part in determinindpe P switching, were proposed. Moreover, the conduction
ferroelectric properties of some narrow band-gap matetialsmechanism in ferroelectric film which is a basis for under-
Additionally, a few studies suggest that the free carriers astanding the origin, has been controversial. If this effect is
the surface stabilize the ferroelectric phase and that a degedue to a change of the metal/ferroelectric contacPhyith-
erate electron gas is formed at an ideal surfaéédowever, out surface dead layer in a ferroelectfahese phenomena
there have not been many experimental reports on the intesupport the existence of P effect!*
action of the free carrier with ferroelectric properties, espe- The present article proposes an answer to these questions
cially the spontaneous polarizati¢R).>® by a systematic study of the current voltag®) character-
The carrier transport through a ferroelectric reflects thdstics. By choosing the voltage and materials, we demon-
interaction of free carriers witP and the band structure of strate a very reproducible/, while the reproducibility and
the ferroelectric surface. In an ideal ferroelectric, the boundhe repeatability are not addressed in Ref. 12. The diodelike
charges due t® appear only near the ferroelectric surface.|V characteristics exhibit a universal polarity dependence of
Therefore the interaction is difficult to detect in bulk the forward bias on perovskite electrodes previously reported
samples, in which the carrier transport is mainly determinepartially by us!® Next, a dc voltage \(y4) and persistent
by resistance of the bulk part or the grain boundaries. pulse voltage Ypusd Modulations of a dc conduction are
The carrier transport across semiconductor surface is cotfemonstrated. The results are explained using the band dia-
sidered to be governed by the Schottky barrier andpttre  gram.
junction (p: hole conduction typen: electron conduction
type). Ideally, the Schottky barrier height is estimated from
the metal work function and the electron affinity of the semi- Il. EXPERIMENT
conductor as proposed by Schottignd Mott® Experimen-
tally, the barrier heights deviate often from this estimate due Pb_yLa,Zr; ,Ti,O5.5 (x=0-0.5, y=0-0.15) films
to the surface states. Similarly, the formationpsh hetero-  were epitaxially grown by the pulse laser deposition(H80)
junction has been successful only for a limited number ofSrTiO; doped with 0.5 weight % NKKSTON) as well as on
semiconductors such as IlI-V and 1I-VI compounds so far.La; goSlpo:CUO, (LCO), Nd;ofl& 0:CuO, (NCO), and
This is due to the difficulty of forming botlp- andn-type  LaNiO; films formed on (100 SrTiO; (STO.
using given semiconductors and the formation of surfacéb, ,La,Zr; , Ti,O3. 5, LCO, and LaNiQ arep-type with
states at the junctiohViewing this differently, the signifi- carrier density of 10-=10** cm 2 at room temperature
cant effect of the surface states suggests a possible control RT), while STON and NCO aren-type. We abbreviate
the barrier height or the built-in potential by surface boundPb, _,La Zr,_,Ti,O5. swith x=0.3 andy=0.1 as PLZT and
chargesQ, e.g., due td°. concentrate on PLZ1® because similar results were ob-
Recently, a transport property related to this possibilitytained for other combinations afandy. All the PLZT/LCO
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and the PLZT/STON heterostructures in this article were de- 0.4r
posited in the same batch. Details of the surface morphology,
the crystallographic properties, and their deposition condi-
tions are described elsewhérfeThe oxide conductive layer, M Y
which serves as a bottom electrode, is 100 nm thick, and the " o "M‘U‘"‘\‘/\
ferroelectric layer is approximately 200 nm thick. The x-ray BURIE
diffraction shows that all heterostructures araxis oriented

with a strong diffraction intensity comparable to single crys-
tals and all the layers are aligned in plane to éhexis of the
substrate. No secondary phases are detected by the depth
profile using Auger electron spectroscopy and x-ray diffrac-
tometry.

Au and Pt films with surface area of 0.2, 1, and 2.25%mm
were deposited on the heterostructures as top electrodes. The
annealing of the metal electrodes, which is usually per-
formed, are not carried out to minimize the reaction at the
metal/ferroelectric interface. The remanent polarizatin
measured by Sawyer-Tower method is 3«Q@/cn? at maxi-
mum applied voltage of 10 V at 1 kHZ.The current [,)
was measured by applying\4,; across a ferroelectric film,
where its bottom conductive layer or its substrate was
grounded. Thé&/ 4, was first increased from zero to the maxi-
mum (+Va, then decreased to the minimum- ¥ 40
passing through zero, and finally returned to zero. Ovie
curve was measured in approximately 7 min, and each data
point was obtained, waiting abb@ s afterVy. was applied.
We confirmed that the qualitative featuresl¥f characteris-
tics were the same as below, even when the metal/PLZ
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FIG. 1. IV curves for PLZT/STON (a)—(c)] and PLZT/LCO

{.(d)—(f)] for different V,,,,s. Each panel of(@—(d), (c), and (f)
519 show five, ten, and siXV curves consecutively measured, respec-

0
V(V)

Cor_]l_tﬁCt arlea vgas rgduc?d tdl00 pm”. L itabl | tively. In (e), thelV curves before and after the measurement of the
€ poling ,ya, PVO_ tage ag:compames Inevita ,ya a9 ata in(f) are shown by the dashed and dotted lines, respectively.
amount of carrier injection, which obscures a possible con-

duction modulation by th@& switching. By utilizing a short _ . . _ .
pulse and selecting its width and its height, we attempted t§@mples with a low resistance, neither relaxation or oscilla-
suppress the carrier injection, while still accomplishing®he tion at a lowV. is detected.
switching, i.e., the domain-wall motion. As Vax iNncreased)V curves become nonlinear exhibit-
The following results are representative of manying still symmetric relaxation-dominated hystere$&sgs.
Pby_,La,Zr;_,Ti,O; heterostructures studied, e.g., 2001(b)and Xe)]. By increasingV payfurther, diodelikelV char-
samples for measurements in Fig(see Appendix A We  acteristics emerggFrigs. 1c) and 1f)]. At the forward bias,
measured the same position of a same sample for all theeproducible resistance modulations, i.e., hystereses, are evi-

results below, unless otherwise stated. dent. Namely) at a givenV is larger for decreasing/q
than for increasingVyJ. A sharp increase df_ is evident at

2 Vin Fig. 2(c) and at—1.3 V in Fig. 2f), while these
IIl. RESULTS voltages corresponds approximately to the coercive field.
The maximum resistance ratio of the resistive to the conduc-
Figure 1 shows typicalV characteristics of Au/PLZT/ tive state is 300 for the PLZT/STON and 20 for the PLZT/
STON and Au/PLZT/LCO for variou¥ .. Each panel of LCO. At the reverse biad, at a givenV is smaller for
Fig. 1 displays multipldV curves consecutively measured, decreasingVyJ than for increasingVyJ. This indicates that

demonstrating the reproducibility. the hystereses at the reverse bias in Figs) and 2f) are
For V.= 0.2 V[Figs. 1@ and Xd)], I, exhibits hyster- due to a relaxation.

eses symmetric with respect ¥,.. || at a givenVg. is In Fig. 1, the forward bias is positive for the heterostruc-

smaller for decreasinfy/yd than for increasingVyd (|Vgyd:  tures withn-type bottom electrodes and negative for those

the absolute value df 4. Furthermore, the polarity df is  with p-type bottom electrodes. Simild¥ characteristics are
partly opposite toVy.. These observations suggest that theobserved when the top electrode is Pt. The current density at
hystereses are due to a relaxation of trapped carriers or lzoth forward and reverse biases is of order of magnitude the
dielectric relaxation. The initial overshoot bf in Fig. 1(d)  same in Au/PLZT/STON and Pt/PLZT/STOR.However,
also supports this view. The large oscillations in Fig&),L the current density at both forward and reverse biases is
1(b), and 1d) are not instrumental but are likely due to the larger by a factor of 1din P/PLZT/LCO than in Au/PLZT/
trapping/detrapping of the carriers at PLZT surfaces, becaudeCO. These observations support thatis limited at the

the oscillation amplitude decreases with repeated measur®LZT/STON interface in metal/PLZT/STON and at the
ments. The oscillations have a quasiperiodicity, although it isnetal/PLZT interface in metal/PLZT/LCO.

obscured by overlapping of fivid/ curves in each panel. In Dependence of the diode polarity on the bottom elec-
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FIG. 3. I-t curves of Au/PLZT/STON@a) and Au/PLZT/LCO
(b) after £2 V Vy's. The sample fofa) is different from that used
in Figs. 1a)—1(c). The sample forb) is that used in Figs. (d)—
1(f).
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PE— - o ] port would cease to limit the current. Therefore a transport in
vi2(V) V12(V) the entire carrier depleted regigdepletion layef of PLZT,

FIG. 2. Replots oflV curves in Fig. 1) [(@], 1(¢) [(b)], 1)  Which is the SCL, starts to limit, . In some other samples,
[(d)], and 1) [(e)] in accordance with a SCL conduction model and the apparent conduction mechanism is different: only a SCL,
IV curves in 1c) [(c)] and Xf) [(f)] in accordance with a PFL or a PFL, or a TEL is observed, or the conduction mecha-
conduction model. Each panel shows five consecutiwecurves, — nism changes gradually.
while one representative curve is shown by a thick line. Figures 1c) and Xf) demonstrate a reproducible reduc-

tion of the resistance by a forwakd,; and its restoration to
trode similar to Fig. 1 is invariably observed in other an original value by a reversé,.. Unlike IV hystereses of
heterostructures such as jPbLa,Zr, ,Ti,O5.,5/LCO, other materials, the present hystereses exhibit a high repro-
Pb_,La,Zr,_,Ti,O3.5/STON (x=0.2, 0.3, y=0.05 ducibility and a large on/off ratio.
0.10, Phy o8-89 0Z10.2Ti0 803+ 5/NCO, PR _Lay TiO5. 5/ Figure 3 shows the current timé-{) characteristics at
LCO,Ph _,LaTiOz. 5/LaNiOs,  Ph_,LaTiO3.5/STON  |V4f=1 V after each application dVqJ=2 V, which are
(y=0.05, 0.10, PbZisTips05+5/LCO, PbZpsTipsOs+5/  successively obtained after several reproducibtecharac-
LaNiO3, PbZg cTig <03 5/ STON (Appendix A).% teristics were measured. In both heterostructures, the resis-

After the IV curves forV,,=2 V were obtained]V  tance modulation decreases monotonically with time. The
characteristics fol =1 V were measured agafuotted  retention time of the memory is approximately*19and is
lines in Fig. 1e)]. ThelV characteristics before and after the dependent on the duration Wf;..}* These two observations
resistance modulatiofFig. 1(f)] are almost the same. This favor the view that the resistance modulation Wy, is
observation and the reproducibly observed high resistance aaused mainly by the carrier trapping/detrapping at the inter-
the reverse bias in Fig. 1 elucidate that the resistance moddfiace as suggested in Ref. 11. Here, the change of the TFL/
lation is not a simple resistance degradation. PFL onset voltage can explain a sharpmodulation.

The stereotype conduction mechanisms for insulators are To minimize the effect of carrier trapping/detrapping, we
grossly classified as the thermionic emission limit@&L),  attempt to modulate the resistance by a shjfise (0.1-1
the Poole-Frenkel emission limitedPFL), the Fowler- ms). No resistance modulation BY,,scis observed at a low
Nordheim tunneling, and the space charge limit8€L).?> V. in PLZT/LCO as shown inV and |-t characteristics
Figure 2 shows the replots of Fig. 1 that yield linear relation-(Fig. 4). By applyingVp,se, the IV characteristics become
ships, i.e., plots in the SCL and the PFL model. Little differ- noisy and exhibit a hint of modulation. Namely,4e V 1
ence between the TEL and the PFL plot is found [fgg ms Vs decreases | for V< —1V [inset of Fig. 4a)]. A
>0.5 V. The SCL model appears to be appropriatelf¥ér +10 V 1 msV s tends toincrease | for V4<—1V, and
with a low V.« [Figs. 4a) and Zd)]. the IV becomes even noisiéAppendix B).

Figure 2 shows that the conduction mechanism is changed On the other hand, PLZT/STON exhibits evidently a re-
from a PFL/TEL to a SCL by a large forwaM,.. The car-  sistance modulation by ¥, s.. Resistance is reduced by a
riers are likely injected into the interface that limlts, i.e., ~ +10V 1 msV,s.and is enhanced by @10 V 1 msV s
AU/PLZT in Au/PLZT/LCO or PLZT/STON in Au/PLZT/ [Fig. 5a)]. However, it is not returned to an original value,
STON [Figs. 2b) and 2e)]. This would generate trap sites presumably becauseédlV 1 ms Vs iS t00 strong for the
and facilitate a PFL/TFL transport, and the PFL/TFL trans-PLZT/STON. Therefore we used another PLZT/STON for
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FIG. 4.1V curves of Au/PLZT/LCO measured after application
of 1 msVpees of +5V (—) and -5V ( ) (main figure:
Va1 V, inset: V=2 V) (@ and -t curves measured after
application of 1 ms/yses of +10 V (—) and—10 V (
(b). The sample is that used in Figgdi—1(f). No pulse resistance
modulation is evident except for the noisy result in the insetabf
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FIG. 5. 1V curves of Au/PLZT/STO measured after application
of 1 msVyes of +10 V. (—) and 10 V (... ...
figure) and 100us VpyseS Of +5 V (—) and =5 V (
(insed (a). The ratio of the current density dft measured after the
application of 100us Vyyses of =5 V (b). The lines(—) and
(—.—.—.—) correspond to the ratio of the secol(d) to the third
and, the ratio of the fourth(t) to the fifth. The sample for the main
figure of (a) is that used in Figs.(&)—1(c), while the sample of the
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FIG. 6. Band bending bWP at V4=0 and its mathematical
equivalence for metdwith shade/p-type ferroelectric withb) and
without the VP effect (a). The corresponding effective ionized ac-
ceptor density I(\I;e”) is shown below each band diagram, assum-
ing a homogeneoul, distribution and P|gyace< | Plinsige- 1N (D),
the dashed and dotted lines correspondte0 (V<0 at the
meta) and P<0 (V>0 at the metal respectively. Hence the
depletion layer is wider foP>0 thanP<O0.

the same measurements. THgscof +5V, =5V, +5V,

and —5 V are successively applied, and thé characteris-
tics are measured after each pulse. The first posMyg.
reduces the resistance drasticdllyset of Fig. %b)], and the
subsequent negativé, s enhances the resistance but does
not also return it to an original value. After th¥ measure-
ments,|-t characteristics are measured by applying V,
=5V, +5V, and—5 V pulses successively. The resistance
modulation persists for a long timé=ig. 5(b)] in contrast
with the dc voltage induced modulation. The resistance is
found to increase slowly with time even without application
of Vuises Which, we think, is responsible for the incomplete
reproducibility in Fig. §b). Very reproducible pulse switch-
ing having a long retention, e.g., 24 hours, is obtained using
a PHZr,Ti)O3/STON (Appendix B.

IV. BAND BENDING BY P

The current through a ferroelectric is partly controlled by
its band bending. The band bending is changedy the
depolarization field in the ferroelectrig; , (1) by the surface
states(lll) by the charge distribution, andV) by the work
function. Few experimental evidences for the work function
change byP are reported so far.

The origin of E; is an effective separation of the bound
charges due t® from the shielding charges, i.e., an imper-
fect screening oP. Such a separation is realizéd) by the
VP effect (Fig. 6),'* (Ib) by the contact of the ferroelectric
surface with an insulator or a semiconductdt,and(ic) by
the degradation of the ferroelectric surface, i.e., formation of
an extraneous surface dead layer during the sample
preparatiort®

The VP+#0 effect(la) is equivalent to the bound charge
distribution P’ §(x) + 6P(x)/6x [x=0 is the ferroelectric
surface and|P’|#|P|]. Therefore the bound charges
SP(x)/6x are separated from the shielding charges in the
electrode. Alternatively, the effective charge concentration
for x>0 is expressed by eeggV-E;=p—V-P=p
— 6P (x)/6x usingV-D=p and D=ggyE;+P. Therefore

inset and(b) is different. Pulse resistance modulations are evidentthe switching ofP changes the effective charge concentration
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FIG. 7. Approximate band diagrams for metal/PLZT/STON

(a)—(c) and metal/PLZT/LCQd)—(f). The band offsets are assumed -5 Q(p,C(}cmz)
to be zero. The figurega) and (d), (b) and (e), and (c) and (f) o ) )
correspond t® =0, Q>0, Q<0, respectively, wher@ is the sheet FIG. 8. Builtin potential vs interface bound char@eat 25 °C

bound charge density at the PLZT/semiconductor interface. itf for no external field in PLZT/STON calculated according to the
due toP, Q<0 is expected in as-deposited sample owing to theProcedures described in Ref. 4. The parameters used in the calcu-

builtin potential.(Q can also be due the surface states. lation are donor density in STON: 10 cm ™3, acceptor density in
STON: 0, donor density in PLZT: 0, acceptor density in PLZT:

10'® cm2. Band gaps of PLZT and STON: 3.2 eV, built-in poten-
tial for Q=0; —2.7 V with no interfacial states assumeH, and
WV are defined in Fig. 7.

and, hence, the band bendiffgg. 6).

The effect of the contact d® with an insulator(lb) or the
effect of an insulating surface dead laykm) is estimated for
a ferroelectric with a thicknesk having a nonferroelectric _ ) _
insulator with a thicknesk; and a dielectric constaet. The  doping and reduces the depletion layer widél [W
electric flux in the insulatoD, is related withE; by D, =N (N;?), Np(N,): donor (acceptor density] There-
=—ggoEs+P and the continuity of the potentiaE;l fore the effect of the charge injection &k is similar to the
=Dily/e;gq, Yielding E;=Ply/e;eq(l +14e/e;). The non- VP effect, although the dependenceWfon the polarity of
zeroE; bends the band. the applied voltage is expected to be oppositEPif| <|P|

When a ferroelectric is contacting with a nonferroelectric(Fig. 6). Similarly, the charge redistribution in the ferroelec-
semiconductoflb) or the dead layer is semiconductifig),  tric (lll) can increase and decreasé
the P switching can also change the band bending. The
switching of P by V>0 can change the band diagram
from Fig. 7(c) to Fig. Ab) or Fig. 7a), which corresponds to V. DISCUSSION
decrease of the barrier heigh for electrons’® Experimen-
tally, the band bending of a semiconductor electrodé liy
supported by a ferroelectric field efféCtFigure 8 shows a First, Fig. 2f) shows that reverse biased Schottky barrier
calculated potential change of PLZT on STON by the effec-exhibits only relaxation. This suggests the reason why few
tive P (Pg) [Pei=P(AT™—A7), A™: area of+ P domain, papers report the resistance modulation in the metal/
A~ : area of— P domain. ferroelectri¢dielectrig/metal (MFM). Namely, in the MFM,

If the thickness of the region df P+#0 is much shorter [ is always limited by a reverse biased Schottky barrier. On
thanl, the P distribution andE; are well approximated by the other hand, both PLZfitype semiconductor and PLZT/
those in a ferroelectric with a surface dead l&&féYFurther-  p-type semiconductor heterostructures exhibit the resistance
more, a weakly damaged layer formed through the interdifmodulationat forward bias
fusion of electrode material can produce a ferroelectric layer As mentioned in Sec. I, the dependence of the current
of VP+#0. Therefore an appareMP effect can easily be density on the top metal electrode material and the depen-
created during the sample preparation. Examples of the prolslence of the forward polarity on the bottom semiconductor
lems are the change of the chemical composition near theerify that thel_ is mainly limited at the metal/PLZT inter-
ferroelectric surface, the reaction of the surface with theface in metal/PLZT/LCO and at the PLZT/STON interface in
moisture, the defects near the surface, and the reaction of theetal/PLZT/STON. This is explained by a band diagram in
surface with the electrodes that occur easily during electrod€&ig. 7.
annealing. This is the reason why we did not perform the The modulation by 4. and its loss are explicable by tke
post annealing of the samples after electrode deposition. switching, or the charge injection, or the charge redistribu-

A charge injection into the semiconductor surface regiortion. For the latter two causes, the relatively long retention
is known to change the surface statfly and the charge time is likely achieved by an extraordinarily slow relaxation
distribution (lIl'). Additionally, excessive surface statés) rate. Indeed, a similar resistance modulation is found to in-
may change the Schottky barrier heigli¥). The surface crease with temperature and exist even above its Curie tem-
states formation inside the ferroelect(it) is equivalent to  perature in Au/BaTi@/STON.

A. Origin of resistance modulation
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Blom et al. reported 1V characteristics similar to Fig. B. Implication for ferroelectric field effect transistor (FET)

() in Au1/2P bTiOy(200 nm thick)/ L@,5Sro_5CoO\>,_ (p-type The metal/ferroelectric/semiconduci@S) and the metal/
conducto).™ Furthermore, they observed a persistent moduferroelectric/insulator/semiconduct@fIS) structures are in-
lation by Vg of £10V. However, only one cycle of alV  tensively studied to realize a ferroelectric FET. Although a
curve and one resistance measurement of a high and a lowng retention of the transconductance modulation is
resistance state are shown, and no reproducibility is adreportec?® it is lost in minutes or hours in most studies. This
dressed. Assuming &P effect, it was attributed to the time scale for retention agrees with that of the dc modulation
change of the band bending near the Schottky barrier by thgf |v, suggesting its relevance. Indeed, it is well known that
P switching. The poling process, i.e., the application of athe transconductance is modulated by carriers injected from
large electric field to aligrP, is known to be a complex the semiconductor in F$.Additionally, there is a possibility

process which redistributes also the charges and traps negji the carriers injected from the metal contact to modulate
the surfacé Judging from théV characteristics, the current the transconductance in FIS.

of an enormous density is expected to flowtt0 V, which
creates a possibility that a small fraction of the carriers were
injected and remained trapped for a long time.

The results of Ref. 12 is to be compared with our results The conduction mechanisms in perovskite dielectrics and
for PLZT [or (Pb,LaTiOs, PKZr,Ti)O4]/LCO, because both ferroelectrics have been attributed to SELTEL,**3! or
Lag sSi <Co0; and LCO arg-type. In this case, they and we PFL3 For example, the electrode dependencg afupports
think that metal/ferroelectric interface regulatgs. First, a TEL, thelV plots support a SCL, or sometimes a PFL, or
we observedlV characteristics very similar to theirs at a TEL at a highVy.. Here, the SCL and the PFL are re-
V4. much lower than the coercive field of the samplegarded as bulk transport processes, while the TFL is regarded
(Au/PbZp, ,Tip §05/LCO). However, thdV curves were ir-  as an electrode limited transport procésshe different con-
reproducible in the repeated measurement, which is a conduction mechanisms ascribed by the previous reports can be
mon problem in the measurement of the diode current. Fureonsistently explained by the depletion layer. Here, an ex-
thermore, as shown in Fig. ¥,,,se SWitching was observed. traordinarily low polaron mobility in PLZT seems respon-
However, thelV exhibited an extraneous features similar tosible for the appearance of the SCL conduction that is rarely
those of Ref. 12 and has an insufficient reproducibility. Inobserved in the current through the depletion layer of the
the present paper, the current density is lower by an order afonventional semiconductors.
3 to 4 (>4 for poling) than that of Ref. 12 and the samples  First, below|V4J<1V, the IV characteristics are sym-
retained an original high impedance showing reproduciblemetric to V. [Figs. 1b) and Xf)]. Additionally, an appre-
IV after many runs. We think that these differences are theiable fraction ofl| is due to a relaxation, and th¥ char-
reason why we observed no persistent modulatioVfyin  acteristics are fitted well with a SCL model that is pertinent
metal/PLZT/LCO. Because we are concerned with the reproto an insulator which has no free carriers. However, the free
ducibility and the quality of théV curves, we conclude that carriers are abundant in the bulk part of PLZT and STON.
a P-induced modulation is hardly observed in metal/PLZT/Moreover, thdV characteristics limited by the electrode ex-
p-type semiconductor. hibit also the SCL Figs. 2b) and Ze)]. These contradictions

On the other hand, the injection is suppressed by use aire solved, if we assume the SCL conduction in the depletion
the short pulse. Figure 5 demonstrates that\thg,. resis-  layer of the Schottky contact or then junction. By assum-
tance modulation is repeated and retained for a long time ifng the trapping/detrapping process in the depletion layer, the
Au/PLZT/STON. The modulation is likely attributable to the model accounts for the relaxatidhlf this interpretation of
P switching. It is true that we could not restore the resistancghe relaxation is correct, the relaxation is expected to be
of Au/PLZT/STON to an initial value by &/, which — prominent as the builtin potential or the reverse bias in-
creates a suspicion that then junction was destroyed. creases, because the depletion layer widens. Indeed, Dietz
However, it is presumably due to the difficulty of tHie  etal. found that the relaxation becomes evident as the
switching caused by the induced low resistance. Indeed, thiSchottky barrier increasé$.0n the contrary, the dielectric
problem is overcome in other experimefifgppendix B. relaxation>* which is frequently assigned to the relaxation as

Theoretically, the resistance of the Au/PLZT/STON is ex-in Fig. 1, cannot explain the extraordinarily slow relaxation
pected to be tuned by even without a surface dead layer or rate [l «t™" (0.2<n<1)] and the apparent SCL
a VP effect (Sec. IV). This is becausé, is limited by a  conductior:™
ferroelectric (PLZT)/semiconductdSTON) p-n junction. When |V is increased, the carriers in the space charge
The 8¢ value at the PLZT/STON is approximately 150 meV layer are slowly emitted and are redistributed, e.g., from Fig.
for the hysteresis in Fig. (&), 250 meV for the transition 9(b) to %a). The polarity of the resulting current inside the
from Fig. 1(b) to Fig. 5a), 100 meV for the transition from PLZT is the same a¥y.. When|Vdis reduced, the carriers
a low to a high resistance in Fig(é. Figure 8 indicates that return to the initial positions as seen for the change from Fig.
these values correspond to changeQof5Q)=20 uClcn?  9(a) to 9Ab). The polarity of the resulting current inside the
for an initial Q (Qg)~—40 uClcn?, 6Q~2 uClcen? for  PLZT is opposite td/y for 0<Vyc<Vma. We should note
Qo~—20 uClcn?, andsQ~10 uClcn? for Qu~0. There- thatl_ can flow in the circuit without the carrier transport
fore 8¢ for the modulation in Fig. 5 lies in the range expli- across the Schottky barriéor p-n junction. Namely, due to
cable by theP switching. The absence of the pulse modula-an image charge effect, the carrier redistribution in the PLZT
tion in metal/PLZT/LCO suggests that the effectsVd® and  depletion layer changes the carrier concentration in the elec-
a dead layer are negligible. trode and yield$, in the measurement system. Therefore the

C. Conduction mechanism, relaxation, and diode polarity
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FIG. 9. Band bending of PLZT by an external bias and the - VRI) 2 -1 V?V)
trapping/detrapping for a forward bids), zero bias(b), a reverse )
bias (c). The filled circles, the open circles, and the half filled FIG. 10. IV curves of PhdagTiO3.5/STON (a),

circles show the ionized acceptors, the acceptors trapping a hol€.6-80.1TiO3:5/LCO (b), Phy ed-a0,05Z10 2Ti0.£03= 5/NCO (c), and
and the holes, respectively. PbZr, 5Tig 505+ 5/LaNiO; (d). Panels(a)—(d) exhibit three, one,
two, and fivelV curves consecutively measured, respectively. The
diode polarities are consistent with Fig. 1. STON and NCOrare

carrier redistribution inside the PLZT during the band bendt 4 LCo and LaNi ¢
ing can explain the relaxation current. Accordingly, the ap- ype. an o and LaNigarep type.
parent conduction mechanism is a bulk limited transport o ] .
such as PFE and a SCL as observed in Figa. @nd 2d). ity of the forward bias is invariably dgtermlngq by the con-
As V4. increases, a substantial fractionlpfis expected to  duction type of the semiconductors, i.e., positive fietype
flow across the metal/PLZT interfa®and IV characteris- and negative fop-type. The band diagrams based on the
tics asymmetric t/4. emerge. Ifl_ is limited by the barrier Work function differences suggestn junction for PLZT/
of a sharp metal/PLZT contact having a high work functionSTON andp-p for PLZT/LCO. The various experimental
metal, the TEL characteristics are expected. Otherwise, thésults including metal electrode dependence are consistently
SCL or the PFL in the PLZT depletion layer is expected. In€xplained by the diagram, and is limited by thep-n junc-
this process, the holes are emitted from traps in PLZT, yieldtion in the metal/PLZT/STON and by the metal/PLZT con-
ing a net increase dfl,- in PLZT, which is likely related tact in the metal/PLZT/LCO.
with the memory effect. In both PLZT/STON and PLZT/LCO structures, the ap-
The preceding discussions indicate that the diodelike curPlication of a forward Vg of 2-4 V induces a reproducible
rent is limited by the PLZT/STON interface in metal/PLZT/ resistance modulation decreasing with time. However, a re-
STON and by the metal/PLZT interface in metal/PLZT/ Producible resistance modulation by\gse, Which is an
LCO. This is consistent with the band diagrams based on thsnportant criterion for identifying & induced modulation, is
work function difference in F|gs(a) and ad) According to pOSSIble Only in the PLZT/STON. The resistance modulation
the literaturet?3°-3537-4¢he top of the valence band of PLZT by a V. is attributed to the carrier injection into the PLZT
and LCO, the bottom of the conduction band of STON, andgsurfaces and its unusually slow relaxation that may be related
the Fermi levels of Au and Pt are approximately? eV, with the electron-lattice coupling in the ferroelectric. None-
—5.5~—6, —4, —5, and —5.5 eV from the vacuum level, theless, the carrier injection may indirectly afféttswitch-
respectively. Accordingly, the builtin potentials based on theiNg, because the pinning &f at surface is possibly changed
work function difference 8¢ are —2 V for Au/PLZT, by this process.
—1.5~—2 V for PLZT/LCO, —3 V for PLZT/STON (ex- Theoretical calculation indicates that a smRlswitching
perimental values seem lower than thesEhereforel, is ~ can modulate the resistance, when the resistance regulated by
expected to be controlled by the Au/PLZT interface in Au/

PLZT/LCO and by the PLZT/STON interface in Au/PLZT/ 1r
STON, assuming that the resistance in the bulk part of the
PLZT layer is negligible. Indeed, for Au/PLZT/LCO, the ob- a
served forward bias polarity corresponds to that of a E 0
Schottky contact ofp-type semiconductor, and, for Au/ P,
PLZT/STON, that of g-n junction. £

= -1

VI. CONCLUSION

We have studiedV characteristics of various metal/Pb-
based ferroelectricsitype andp-type semiconductors of a

sufficiently high resistance at RT. At a low, the IV are FIG. 11. 1V curves of Pt/PRod ag osZrosTio sO5. 5/ Pt after the
symmetric and relaxation dominated. At a high. the IV v, application. The thick and thin lines show ¥ curves
are diodelike, exhibiting a highly reproducible hysteresis andneasured after eat¥,,s.. No pulse resistance modulation is evi-
a well defined sharp threshold for a current jump. The polardent.
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FIG. 12.1V curves of Au/PRgd-ap 0Zro sTio s34 /STON after FIG. 13. 1V curves of Au/PLZT/LCO measured after thNgse

the V. application. Four lines sho measured 7 min after the a@pplication of+10 V (—) and—10 V (....). Inset is a replot in
successive application &f,,ses of +8 V (—), =8 V (...), +8 logarithmic scale. The five curves correspond b after the suc-

V (——-),and—8 V (...). EachlV is identical to theV mea- ~ C€ssive application o¥y,ses of +10 V, =10V, +10 V, —10 V,
sured immediately after th¥/,,. application that is not shown. and+10 V. Pulse modulations having noisy characteristics with
Recurrent pulse resistance modulations and the high reproducibilitgn insufficient reproducibility are only seen. No modulations are
are evident. seen at all for loweN s Or shorter pulse width.

a semiconductor/ferroelectric junction like PLZT/STON. to ensure thé> switching and suppress the charge injection
This is regardless of the assumption of an insulating or &imultaneously.
semiconducting ferroelectric. When the resistance is regu-
lated by an ideal metal/ferroelectric contact, no modulation is 1. Pt/Phy od-a0.05Zr 0.5Ti 903/ Pt
theoretically expected without a special assumption such as Saturated well-defined hystereses are observed at ac volt-
VP#0. In the present experiments, where a surface deagge (V. of 9 V at 50kHz, andPr is approximately=12
layer is carefully reduced, it is safer to conclude that the ' e
modulation byP andVP are absent at the metal/PLZT. ,uC/cm? at 50 kHz and=10 '“C-/sz at 100 kHz. _The first 5
In the present samplesy characteristics appear to be % S Vpusse th_6 \t/) reduced slightly th]? relaxatlg : cgrrent.
’ : . However, the subsequents V,,s¢s of +6 V induced no
SCL ata lowVgcand SCL or TFL/PFL at a highlq,. A high change of V. Similarly, the first 5us Vps0f —8 V reduced
Ve /appears to chanhge the cl:)onducltlon (rjnechanlsm from @jishtly the relaxation current, but the subsequentu$
TFL/PFL to a SCL. TheV can be explained as a transport in Vo : -
. . ' ) s of =8 V induced no changéig. 11). Some samples
the depletion layer. The relaxation often called as a dielectrig. PS¢ geig. 11 P

laxation is attributed to the t ina/det _ ¢ . break down for Sus Vs 0f 8 V. These results suggest no
relaxation 1s attributed to the trapping/detrapping o carnervpulse modulation in this heterostructure.
in the process of the band bending.

2. Au/Pbg gd-@g osZr 9.2Tio.g03/STON

_ Unsaturated hystereses wifhr of =3 uC/cnf are ob-
This work was performed under the support throughserved at/,of 8 V at 100kHz. A highly reproducible pulse

Grant-in-Aid for Scientific Research from the Ministry of modulation of the resistance is observed in agreement with
Education, Science, Sports No. 08455014. Y.W. acknowlthe result for PLZT/STON in the text. A8 V 5 us V
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tochika Okano for the data in a part of Appendix B. (Fig. 12. The modulation is retained at least for a day. Simi-

lar results are obtained for Au/PhgiipgO3/STON, al-
APPENDIX A: MATERIAL DEPENDENCE though the reproducibility was insufficient.

Figure 10 shows examples of material dependéfcgA .
low resistance bottom metal electrode was used, and a high 3. AUIPby od-80,05T10/LCO, AUPLZTILCO
resistance top metal electrode was carefully chosen. A few Unsaturated hystereses wilr of =4 uClcn? are ob-
heterostructures exhibit no resistance modulation up teerved atV,. of 8 V at 20kHz. A pulse modulation of the

[Vgd=3 V. resistance having an acceptable reproducibility was ob-
served. A—8 V 100 us V scdecreases the resistance, and a
APPENDIX B: Vce MODULATION OF IV IN Pb ;iv 1gotﬁsvpti'56.'tncrﬁf‘e it. The ".‘Odmat.'ot” was lost afteft
FERROELECTRICS HAVING VARIOUS han]c E pVoPar|f¥ of the increasing resistance is opposite
COMPOSITIONS (Ref. 41) to that for theVP effect.

When a 10Qus V,sc0f =8 V is applied to the Au/PLZT/
The Pb oxide ferroelectric films below are 200—300 nmLCO used for Figs. 1-4, the resistance modulation is
thick. Polycrystalline Pt/Piyd-ay oLl sTips03/Ptfilms are  vaguely seen as in Fig. 13. The polarity of the increasing
prepared by a sol-gel process, whereas all others are epitaxisistance agrees with that for tRé® effect. The noisy irre-
ally grown by a laser deposition. Thé, s width and the  produciblelV is insufficient to support & P induced modu-
intensity are determined from the Sawyer-Tower hysteresitation. No reproducible resistance modulation is observed for
measurements and the delay constant of each sample, soAs/PrZr, ,Tip §O3/LCO.
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