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ABSTRACT

Epitaxial (La, Sr)CoO,/Pb(Zr, Ti)O:/(La, Sr)CoO; heterostructures have been successfully
grown on LaAlO, by pulsed laser deposition for ferroelectric field effect transistor. Epitaxial
LaCo0;/Pb(Zr, Ti)Os/(La, Sr)CoO; heterostructures exhibited 704C/cii and 174C/cnf at a posi-
tively and negatively poled states, respectively. On the other hand, epitaxial (La, Sr)CoO./Pb
(Zr, Ti)OyLaCoQ; heterostructures show the remnant polarization states opposite to the
LaCo0Q:/Pb(Zr, Ti)Oy/(La, Sr)CoO; heterostructures. This indicates that the interface between
(La, Sr)Co0; (LSCO) and Pb(Zr, Ti)O; (PZT) layers affects the asymmetric polarization rem-
anence through electrochemical nature. The resistivity of LaCoO; (LCO) layer was found to
be dependent on an ambient oxygen, primarily the ambient oxygen pressure during deposition.
The resistivity of the LCO layer varied in the range of 0.1-100 £cm. It is suggested that,
with an appropriate resistivity of the LCO layer, the LCO/PZT/LLSCO heterostructure can be

used as the ferroelectric field effect transistor.

INTRODUCTION

Ferroelectric thin films have received great
attention primarily due to memory device ap-
plications.””'” Several important characteris-
tics inherent in ferroelectric materials such as
remnant polarization and high dielectric
constant are used in non-volatile memories
and dynamic access
(DRAM), respectively. Various efforts for
the realization of the memory device are
currently directed at producing reliable fer-
roelectric thin film capacitors incorporated

random memories

into the complementary metal-oxide semi-
conductor (CMOS) based
cuits. Among the memory devices, non-vol-
atile ferroelectric memories have two differ-

integrated cir-

ent type of read operation modes, ie., de-
structive readout (DRO) and non-destruc-
tive readout (NDRO). To date, non-volatile
ferroelectric memory with destructive read-
out mode are extensively studied. These de-
vices undérgo a large amount of read/
write cycles when used with a destructive
readout mode in order to dynamically re-
trieve/store information and thus are re-
quired to have long-term reliability under
various operating conditions such as fa-
tigue, retention and imprint. Hence, the
main emphasis on research for the realiza-
tion of a commercially viable ferroelectric
memory has been on processing of the fer-
roelectric thin films compatible with CMOS
processing and reliable performance of fer-
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roelectric capacitors.”™®

On the other hand, the non-volatile mem-
ory with non-destructive readout mode em-
ploys the same structure as field effect
transistor, in which the conventional gate
oxide 1s replaced by ferroelectric material.
The ferroelectric field effect induces the
compensation charges in Si and thus the
As a

result, the ferroelectric material as a gate

modulation of conductance in Si.

oxide provides the transistor with the non-
destructive readout mode as well as non-
volatility.

This ferroelectric field effect transistor
(FEFET) alleviates the stringent require-
ment of the long-term rehability (i.e., fa-
tigue) on the ferroelectric material, com-
pared with the non-volatile memory with
the destructive readout mode. Despite of
various advantages of FEFET, reliable per-
formance of FEFET was hindered by great
difficulty
film directly on Si and charge injection be-

in fabricating ferroelectric thin

tween the ferroelectric thin film and Si.'*-'?
The interface between the ferroelectric thin
film and Si is easily degraded by interdiff-
usion or reaction of the ferroelectric oxide
thin film and Si
field effect on conducting oxide such as
SrCu0;'® and (La, Sr),Cu0,'* has been re-
ported

Recently,

In this study, we have used an conduct-
ing oxide ((La, Sr)CoO;) as a conducting
channel instead of Si. Pb(Zr, Ti)O; (PZT)
1s used as a ferroelectric layer. It is ex-
pected that the interface between ferroelec-
tric layer and the conducting channel layer
is improved mainly due to the junction of
oxide layers. Several characteristics of fer-

roelectric oxide layer and conducting oxide

ferroelectric

channel layer have to be investigated. Fer-
roelectric properties of the PZT layer such as
remnant polarization and polarization switch-
ing behavior affect the modulation of resi-
stance in the conducting channel layer.
First of all, heteroepitaxial (La, Sr)CoOs/
Pb(Zr, Ti)Os/(La, Sr)CoQ; heterostructure
with all epitaxial nature have been grown
to obtain high quality interface between
PZT and (La, Sr)CoO; (LSCO) layers. The
ferroelectrie properties of the multilayers and
the resistivity of the conducting oxide chan-
nel layer are investigated. This paper pre-
sents the results of the growth and the
electrical properties of the heterostructures.

EXPERIMENTAL PROCEDURE

PZT and LSCO layers have been grown

. on LaAlO; substrate by pulsed Nd:YAG

laser deposition. For the growth of epitaxial
LSCO/PZT/LSCO heterostructures, LaAlQ,
was used a substrate. The LSCQO layer was
first grown on the LaAlQ; substrate and
Pb(Zr,T1)O; (PZT) thin films were further
deposited on the LSCO layer. Subsequently,
LaCoO; (LCO) was deposited on the PZT/
LSCOQ heterostructure. In the LCO/PZT/LSCO
heterostructure, the bottom LSCO layer is
used as an electrode while the top LCO
layer is used as a channel layer.(Lag sSrg 5)CoO;
sintered target was used for the deposition
of the bottom LSCO layer In order to ob-
tain high conductivity. For the deposition
of LCO channel layer, LaCoOs; sintered tar-
get was used in order to have appropriate
charge carrier concentration. Pb(Zr s;T1g 4s)
O; sintered ceramic targets were used For
the deposition of PZT films. All the layer

in the heterostructure were deposited at
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substrateX temperatures of 550-750°C and
at an ambient oxygen pressure of 100-300
mTorr. The

heterostructure was examined by x-ray 6-

epitaxial growth of the
20 scan and ¢ scan (pole figure measure-
ment). The samples were first aligned to
diffract the (204) plane and were rotated
about an axis normal to the substrate sur-
face. The direction, In which maximum in-
tensity was obtained, was set to zero de-
gree. The samples were then positioned to
diffract incident x-ray from the{110} planes
of the LSCO films and were rotated about
an axis normal to the substrate plane.

This scan was repeated for the PZT
films. For the electrical measurements, test
capacitors with Pt/Au contact pads and
dots of 100um diameter on the LSCO top
electrodes were delineated by a photolitho-
graphic lift-off process. The Pt/Au dots
were subsequently used as a mask for
etching the uncovered top LSCO layer with
a 1% nitric acid solution to achieve electri-
cal isolation of each capacitor. Contact to
the bottom electrode was achieved by ca-
pacitive coupling from a large contact on
the wafer. Ferroelectric properties of the
heterostructure were measured using a Ra-
diant Technologies pulsed testing system
(RT66A). First, ferroelectric hysteresis loop
and pulse polarization measurements for
ferroelectric properties were carried out
using a single triangle wave and a series
In the
loop measurement, the measuring voltage

of pulses, respectively. hysteresis
begins at 0 volts and steps in discrete volt-
age intervals (200 mV) to the assigned
maximum voltages (Vmax) with the time
increment of 100 pusec, then back to 0

volts, then to-Vmax, and then back to 0

volts. The sheet resistances of LSCQO layers
were measured by the four point (square
or linear geometry) probe method. The ap-
plied source current was in range of 1077

to 107* A.

RESULTS AND DISCUSSION

Figure 1 shows X-ray diffraction pat-
terns of (LagsSry;)CoQ; (LSCO) thin films
deposited on LaAlQ; substrate. Perovskite
LSCO thin films were obtained with highly
oriented nature at substrate temperatures
of 600°C to 700°C. The ambient oxygen
pressure was 200 mTorr at the deposition.
It is well known that the underlying con-
ducting oxide layer affects the characteris-
tics of further growing perovskite PZT
layer such as the composition of the PZT
layer, the formation of perovskite structure
and the orientation of the perovskite PZT
layer. This LSCO layer will assist the for-
mation of the perovskite PZT layer and
furthermore the highly oriented nature of
the LSCO layer affects the orientation of
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LSCO(200) LSCO,LAQ(300)

700°C l

LSC0(200)

INTENSITY (CPS)
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Fig. 1. X-ray diffraction patterns of{Lass Sros)
CoO; (LSCO) thin fims deposited at
substrate temperatrues of 600-700°C on
LaAlO; substrate, '
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the perovskite PZT layer. The oxygen am-
bient during the deposition of LSCO layers
was varied while substrate temperature
was maintained at 650°C for the deposi-
tions. Figure 2 shows x-ray diffraction pat-
terns of LSCO films deposited at oxygen
pressures of 100-300 mTorr. The LSCO
layer also have perovskite structure with
highly oriented nature. It is noted that the
lattice parameter of the LSCO layer decr-
eases with Increasing the ambient oxygen
pressure. It is known that laser deposition
of Y,Ba,Cu0:;-x (YBCO) high Tc supercon-

LSCO,LAO (100) LAO(200) LSCO, LAO (300)

o LSCO(200)
5 | 300 mtorr
D
E LSCO(200)
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Fig. 2. X-ray diffraction patterns of(Lag sSres)O;
Co0; fims deposited at xoygen pres-
sures of 100-300 mTorr.
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Fig. 3. X-ray diffraction patterns of (La, sSrqs)

Co0; fims deposited at an oxygen pres-
sure of 100 mTorr with different oxygen

cooling pre

ducting oxide is not the thermally equili-
brated process with an oxygen ambient
used (typically oxygen pressure of 100-300
mTorr).”” Consequently, Y;Ba,Cu;0,-X su-
perconducting films are, in general, annea-
led at high oxygen pressures during cool
ing. Similarly, the dependence of the ambi-
ent oxygen pressure on the lattice parame-
ter of the LSCO layer (shown in Figure 2)
indicates that the LSCO layer is deposited
at the growth temperature (650°C) and the
oxygen ambient pressures (100-300 mTorr)
in non-equilibrium process. Figure 3 also il-
lustrates the effect of post annealing at an
oxygen pressure of 400 Torr on the lattice
parameter of the LSCO layer. The LSCO
layer cooled at an oxygen pressure of 400
Torr exhibited the reduced lattice parame-
ter, compared with the LSCO layer cooled
at the same oxygen pressure as the deposi-
tion pressure (100 mTorr).

X Pb(Zr,Ti)O; (PZT) thin films were fur-
ther deposited on the LSCO layer. Subse-

LSCO,LCO,LAO(100) LSCO,LCO,LAD(200)
?f
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Fig. 4. X-ray diffraction patterns of LaCoO;/Pb
(Zro. 52 Tip. 48) O3/ (La0.6Sr0.5)Co0; heteros-
tructure deposited at a substrate tem-
perature of 650 and an oxygen pres-
sure of 200 mTorr. The heterostru-
cture was cooled at the oxygen pres-
sure of 400 Torr
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quently, LaCoO; (LCQO) as a channel layer
was deposited on the PZT layer to make a
LCO/PZT/LSCO heterostructure. Figure 4
shows a x-ray diffraction pattern of the
heterostructure. All the layers in the hetero-
structure were grown at 650 C and an
oxygen pressure of 200 mTorr. Each layer
(LCO, PZT and LSCO)

ructure was highly oriented with the perov-

iIn the heterost-

skite structure. Further, ¢ scan was per-
formed on PZT/LSCO heterostructure in
order to investigate the in-plane texture of
the layers. Figure 5 shows the diffraction
peaks obtained by the ¢ scans. The diffrac-
tion peaks of LSCO and PZT films are
spaced by 900 and no additional peak was
observed. In other words, both LSCO and
PZT films in the heterostructure have four
fold symmetry. This result indicates that
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Diffraction Angle (¢)

Fig. 5. ¢ scan for (a)(LagsSres)Co0; layer
and (b) Pb(Zr;sTi04)0; layer in Pb
(Zro 5. Tiy. 48)03/ (Lag. 58r,. 5)Co0 ;

heterostructure.

LSCO and PZT films
grown. Moreover, the diffraction peaks of
LSCO and PZT films are spaced at the
same angles (¢), which means that LSCO
and further PZT films deposited on the
substrate were grown epitaxially with a
parallel with  the
Close lattice matching between LSCO and
LaAlQO; will induce the epitaxial growth of
LSCO layer. Subsequently, PZT would be
epitaxially grown on the LSCO/ LaAlO..
Figure 6 shows polarization-voltage (P-
V) hysteresis loops of LCO/PZT/LSCO and

were epitaxially

orientation substrate.
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Fig. 6. Polarization-voltage (P-V) hysteresisloops of
(a) LaCoOs/Po{Zrg 52 Tip 4s) Oa/ (Lag :5ra s)
CoO; and (b) (Lag 5Sre 5)Co04/Pb(Zry 52
Tio 4s)Os/LaCo0; heterostructures.
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LSCO/PZT/LCO heterostructures. It is im-
portant to obtain large polarization for fer-
roelectric field effect since the large rem-
nant polarization induces the large ferroe-
lectric field effect in LCO channel layer.
The LCO/PZT/LSCO heterostructure had
remnant polarization of 704C/cai at a posi-
tively poled state. These remnant polariza-
tion values are large, compared with those
of PZT films deposited by sol-gel method.
The large polarization value of the heteros-
tructure is attributed to the epitaxial na-
ture of the PZT film In the heterostruc-
ture. Figure 6 also shows that the P-V

hysteresis loop of LCO/PZT/LSCO is not

quite symmetric. The remnant polarization
of the LCO/PZT/LSCO heterostructure was
17.C/cif at a negatively poled state. In
other words, the heterostructure exhibited
the relaxation of the remnant polarization
at the negatively poled state. It is reported
that asymmetric electrode configuration (i.
e., Pt/PZT/YBCO) induces asymmetric P-
loop.!® In this LCO/PZT/
LSCO heterostructure, LSCO layer was
used as an bottom electrode while LCO

V hysteresis

layer was used as a conducting channel
layer as well as a top electrode. This
asymmetric electrode configuration is hkely
to induce the asymmetric hysteresis loop
(positively biased) in the LCO/PZT/LSCO
heterostructure shown in figure 6 (a). This
suggestion is supported by the fact that
the positively biased asymmetric hysteresis
loop i1s reverted to the negatively biased
LSCO/PZT/LCO
heterostructure is used, as shown in Figure

hysteresis loop when

6 (b). The asymmetric polarization switch-
ing seems to be dependent on the electro-

chemical property of the interface between
PZT and the LSCO (or LCO) layers. These
heterostructures exhibited high resistivities
(10" £cm) at the applied voltage of 5 V
(larger than the switching voltage).

LCO conducting oxide as a channel layer
should have appropriate electrical properties
such as resistivity and charge carrier mo-
bility. The LCO layer should have a charge
carrier concentration suitable for the cur-
rent modulation. In other words, the com-
pensating charge in the LCO layer induced
by ferroelectric polarization should be the
same order as the charge concentration ex-
isting the LCO layer. If the resistivity of
the LCO layer is too low, l.e., carrier con-
centration 1S too high, ferroelectric field ef-
fect becomes less effective. The resistivity
of the LCO layer was examined by four
point probe method. Figure 7 shows the
resistivity of the LCO layer in LCO/LaAlQ..
The resistivity of LCO films was iIn the
range of 4-100&cm, in which the LCO/
LaAlO; were cooled at the same oxygen
pressure as the deposition pressure (100-
300 mTorr). The resistivity decreases with
increasing the oxygen pressure, shown in
Figure 7. This result is consistent with the
dependence of the lattice parameter of the
LCO layer on ambient oxygen pressure
(figure 2). Moreover, the resistivity of the
LCO layer varies with the deposition oxy-
gen pressure while the cooling oxygen pres-
sure was maintained at 400 Torr for all
deposition. This indicates that oxygen 1is
not fully incorporated into the LCO layer
in post annealing at high oxygen pressure,
l.e., cooling at 400 Torr. The heterostruc-
ture was cooled at the rate of 10°C/min
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Fig. 7. The resistivity of LaCoQ; layer in LaCoQ,
/LaAlO; deposited at various ambient ox-
ygen pressures. The LaCoO; layer was
cooled either at the same as the oxygen
pressure during deposition or 400 Torr.

from the deposition temperature. Therefore,
the ambient oxygen pressure during the de-
position primarily determines the oxygen
content and further the resistivity of the
LCO layer. The resistivity of the LCO
layer varies in the range of 0.1-100£cm
with deposition parameter and cooling oxy-
gen pressure. The carrier concentration of
the LCO layer was further estimated from
the resistivity of the LCO layer. The LCO
layer with the resistivity of 0.10Qcm would
have the charge carrier concentration of 10
2em~3. It was assumed that the mobility of
the LCO is similar to that of La, «SrxCuO,
With the
charge concentration and the thickness
(2000 A) of the LCO layer, the resistance
modulation Is calculated to be 13% with
the PZT layer in the LCO/PZT/LSCO hete-
rostructure with a polarization value of 70
(#C/cat and 174C/ent at the positively and
negatively poled states, respectively. The
calculation was made with a assumption

perovskite conducting oxide.'¥

that zero trap density, zero contact resist-
ance. However, the resistance modulation
with the polarity of PZT films in the hete-
rostructure was not detected within the ac-

curacy of 5%, which can be attributed to
poor interface between the LCO and PZT
layer. The asymmetric switching behavior
1s also likely to affect the field effect due
to the relaxation at the remnant state.
Consequently, a detailed study on thin LCO
layer, the interface between the LCO and
PZT layers and the contact resistance has
to be carried out. Such experiment is In
progress and the results will be reported.

CONCLUSION

Epitaxial(La,Sr)CoQs/Pb(Zr,T1)0;/(La,Sr)
CoO; heterostructures have been grown on
LaAlO; by pulsed laser deposition for ferro-
electric field effect transistor. In the hete-
rostructure, LaCoQO; and (La,Sr)CoQ; layers
were used as a channel layer and elec-
trode, respectively. Hysteresis loop obtained
from the LCO/PZT/LSCO heterostructure
was asymmetric. In other words, the rem-
nant polarization was large at the positive-
ly poled state while it was small at the
negatively poled state. When the LSCO/
PZT/LCO heterostructure is used, the rem-
nant polarization at the positively poled
state becomes smaller than that at the neg-
atively poled state. The resistivity of the
LCO layer varies the oxygen pressure dur-
ing deposition and cooling. The oxygen am-
bient in the deposition process will affect
the oxygen content in the LCO layer and
further the resistivity of th' LCO layer.
The current modulation in the LCO layer
of the LCO/PZT/LSCO heterostructure was
not detected, in which the thickness of
LCO layer was 2000 A. This can be atirib-
uted to the asymmetric polarization rema-

nence or poor interface between the LCO



846 Journal of Korean Institute of surface Engineering Vol. 29, No. 6, 1996

and PZT layers. More detailed study is
need and currently in progress.
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