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Epitaxial Lay3gNdg 3555 MnO; (LNSMO) thin films and PKZrg 55Tip 4903(PZT)/LNSMO
heterostructures have been grown on Lafl@01) substrates by the pulsed laser deposition
method. The oxygen concentration in the LNSMO films is quite sensitive to the deposition oxygen
pressure and can be controlled during the fabrication process. It is, however, stable iaggitnst
postdeposition thermal treatments. Consequently, the resistivity and the metal-semiconductor
transition temperature of the LNSMO films can be tuned and fixed during film growth. Electrical
measurements on the Pt/PZT/LNSMO ferroelectric capacitor show a remnant polarizati@b of
uClent and a coercive field of 30—40 kV/cm at low driving voltages. Switching endurance tests
suggest no polarization loss up to about®Bipolar switching cycles. The advantages of using
epitaxial LNSMO films as the semiconducting channel in an all-perovskite ferroelectric field-effect
transistor are discussed. @000 American Institute of PhysidsS0021-89780)04616-9

I. INTRODUCTION Grishin, Khartsev, and Johnsson have demonstrated the
The ferroelectric field-effect transist¢EeFET, which coexisting magnetoresistive and ferroelectric properties in

uses a ferroelectric thin film as the gate insulator, is expecte@iPitaxial _ PliZros;Tio4gdOs  (PZT)/manganate  hetero-

to possess fast write/erase and read-access speeds as welplzyctures. As has been pointed out, in order to obtain a

nonvolatility. Over the past few years, several groups havd2r9€ modulation in the channel resistance, the number of
proposed novel FeFET devices based on the use of alfaTmiers in the channel layer needs to be tuned with respect to

perovskite  ferroelectric/semiconductor  heteroepitaxialtl® aslrpount of available charge induced by the ferroelectric
In this work, epitaxial Lg33dNdy3s5lh3MNO;

structures:2 An example of such FeFET consists of a ferro- 93t€"" _
electric (Pb,La(Zr,T)O; gate and a Sr,CuO, or (LNSMO) films and PZT/LNSMO heterostructures have

Lay 46St 0;CUO, semiconductor channel. In comparison with been fabricated by pulsed Igser_ deposition method. We show
the more conventional FeFET having Si as the semiconducthat the oxygen concentration in the LNSMO layers can be
ing channel layer, a markedly improved ferroelectric fielgcontrolled during then situ fabrication process. The oxygen
effect has been observed. This is attributed to the wellStoichiometry of the LNSMO films is quite sensitive to the
controlled and high quality interface between the epitaxial""mb'er.1t oxygen pressure d_unng depOSlFlpn. It is ngverthe-
gate and the channel layers in the all-perovskite structureé‘?ss’ highly stable against Slt_u pOStdepOSI'Flon .annealmg at.
Recently, the doped manganates exhibiting colossal magn¥arious oxygen pressures. High quality eplth|aI ferroelectric
toresistance have also been used as the semiconductor ch&f-! films grown on the LNSMO layers of different oxygen
nel materials for FeFETs. A modulation in channel resistanc&ONtents have been obtained.

of at least a factor of 3 and a retention on the order of hours

have been achievedThese manganates are perovskites andl- EXPERIMENT

are closely lattice matched to the common perovskite ferro- | NSMO films and PZT/LNSMO heterostructures were
electrics. They show a metal-semiconductor transition ”eaérown on LaAIQ(001) (LAO) substrates byn situ pulsed

the Curie temperature. Their electrical resistivity and transij;qer deposition using a KrF 248 nm excimer laser with a
tion temperature, however, change with carrier concentratiopepetition rate of 10 Hz. The laser energy density irradiated
which varie; \(videly Wéth both the cgtion doping level and 5, the rotating LNSMO and PZT targets was 6 and 3 3/cm
Oxygen st0|ch|ometr§7: Moreover, with the use of manga- |espectively. The target—substrate distance was 50 mm. The
nate films as the semiconducting channel, the field-effect deChamber was evacuated by a cryopump to a base pressure of
vice may potentially be both electrically and magneticallygw 10-7 Torr. For the LNSMO films, the deposition and

tuned. in situ annealing temperature was fixed at 700 °C. The oxy-
gen pressure during deposition was varied in the range of

dElectronic mail: wuwb@ustc.edu.cn 300-10 mTorr. Some of the films wene situ annealed at
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oxygen pressure ranging from<2L0” 6 to 760 Torr for up to ok T ]
2 h. They were then cooled to room temperature in the same - Lol 5s51o MO, (LNSMO)
annealing atmosphere. For the PZT/LNSMO heterostruc- 10° 0393 T 3
tures, the LNSMO layers were first grown at 700 °C in oxy- . i - ]
gen pressure of 100, 60, and 25 mTorr, respectively. PZT 10°F  20mTorr ECER E
films were depositedh situ on top at 620 °C in an oxygen 10’ ; © ]
ambient of 250 mTorr. The as-grown heterostructures were 03851 . 17
cooled under 1 atm of oxygen pressure. The thickness of the 10°F 6 100 TZO(?Q .
LNSMO and PZT films is measured to be about 100 and 500 _ : ’ ]
nm, respectively. The deposition rate for the LNSMO films g 10 3 80 3
is calibrated to be 10—15 nm/min and it decreases with the G} 129
deposition oxygen pressure. g 0¥ 300 (a) ;
The crystal structure of the LNSMO films and the PZT/ & 4" -
LNSMO heterostructures was characterized using a four- -& , ]
circle x-ray diffractometer with CK« radiation. The elec- -z 10F i ' PZTILNSMO | b) ]
trical transport properties were examined by resistance— o~ : EWM ]
temperature R—T) measurements of a standard four-point N ] )
method. In order to form capacitive cells, circular Pt elec- 10°F %10 g
trodes(J=0.2 mm were sputtered through a contact mask 3 “’Orl/a—’ 300 mTorr
on the top of the PZT layer at room temperature. The ferro- 10’ _ 100 150 200 250 300 2T = J
electric properties of the heterostructures were measured by & 3 T 3
RT66A standardized test system. The polarization fatigue i TToi0Tor
tests were performed using square wave-6fV at 25 kHz. o'k 2x10" Torr 5
0 100 200 300 400
ll. RESULTS AND DISCUSSION ’ Temperature (K)

Flgure 13 ShOWS theR—T curves of the LNSMO films = 15 1. (3 R-T curves of epitaxial LNSMO films deposited under an
deposited under different oxygen pressure. The as-growskygen pressure of 300, 120, 80, 60 and 20 mTorr, as denoted. The inset
films were cooled to room temperature at their correspondinghows the relationship between the out-of-plane lattice constaahdTp
deposition ambient. No postannealing was carried out off the LNSMO films.(b) R—T curves of epitaxial LNSMO films grown at

these samples. It is seen that the metal—semiconductor tra300 mTorr and thefin situ annealed at 1Qdashed lineand 2<10 € Torr
pies. - @olid line) of oxygen pressure, respectively. The inset sh&xJ curves

sition temperatureT,, of these films decreases with the for the LNSMO layer in epitaxial PZT/LNSMO heterostructures with the
deposition pressure. The overall resistivity of the films, onLNSMO deposited at 100, 60 and 25 mTorr, as denoted.

the other hand, gets progressively larger at lower growth
pressure. Magnetization versus temperature measurements
indicate that th@ p is consistent with the magnetic transition the two films annealed at>210 ° and 10 Torr ambient oxy-
temperatureT ¢, for each of the samples. The x-ray diffrac- gen, the peaks of the LNSMQ02) reflections remain at the
tion (XRD) measurements reveal that the films deposited asame positior(not shown. This observed high thermal sta-
different oxygen pressures are all cube-on-cube grown on thieility distinguishes the LNSMO films from many other
LAO(001) substrates. In the inset to Fig(al, an almost perovskite-type conductive films such asqk8r, C00;.°
linear relationship between the out-of-plane lattice constantQur results also indicate that tle situ annealing effect on
d, andTp of the LNSMO films is obtained. These observa- the manganate films is quite different from teg situan-
tions are similar to those reported for the@a,;MnO;  nealing effects reported previousf.
systerm® Figure 2 shows the XRD results on a typical PZT/
Although the manganate films are very sensitive to theLNSMO heterostructure with the LNSMO layer deposited at
deposition oxygen pressure, their response to the oxyge®5 mTorr. The patterns shown in Figs(aR and 2b) are
background during th& situ annealing process is quite dif- linear scans along the normal of LA@1) (speculay and
ferent. In order to study the thermal stability of the LNSMO LAO(101) (off-speculay diffraction planes of the same het-
films, the as-grown films deposited at the same oxygen amnerostructure. From the two scans, it may be concluded that a
bient were immediatelyn situ annealed at different oxygen parallel epitaxial growth of the heterostructure on the sub-
pressures. Over 20 samples were studied and the results ateate has been achieved. The insets to Figs.ghd Zb) are
highly reproducible. A typical set of results is shown in Fig. w-scan rocking curves on PZJ02, LNSMO(002, and
1(b), where the LNSMO films deposited at 300 mTorr wereLAO(002 reflections, and¢ scans on PZ{@®01) and
in situ annealed at X 10 % and 10 Torr, respectively. It is LAO(101) reflections, respectively. These curves further
seen that the LNSMO films show almost the same electricatuggest that the heterostructure has good crystallinity and
transport behavior. Apparently the oxygen content of the asepitaxial properties. Note that the off-specular lineé+ 26)
deposited films has not been changed duringithsitu an-  scan shown in Fig. (®) was recorded by setting th2 angle
nealing process. This is also reflected by the XRD data foat one of the four peak positions corresponding to the
films that have undergone a different annealing process. FA&rAO(101) ¢ scan shown in the inset to Fig(l, and they
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FIG. 2. XRD specular(@ and off-speculab) linear scans from a PZT/ El 0.0 —0— PYPZT/LNSMO(100 mTorr)
LNSMO/LAO(00]) heterostructure with the LNSMO layer deposited at 25 g ’
mTorr of O, ambient. The profile ifb) was measured with theé angle at £-0.5
94.6° and they angle at 45°. The insets i@ and(b) show w-scan rocking A
curves on the PZD02, LNSMO(002), and LAQ002) reflections, andp H-1.0
scans on the PZT01) and LAQ(10)) reflections, respectively. 10° 10% 10° 10° 10° 10"

Number of cycles

angle at 45° due to the pseudocubic structure of the LAQ , _ _
FIG. 4. (a) Typical P—E hysteresis loops for the PZT film on the LNSMO

SUbSt_rateS' . deposited at 60 mTorr of Lambient. The data were taken at the maximum
Figure 3 shows XRD specular linear scans of the PZTkyiving voltages of 2, 4, 6, 8 and 10 ) Field dependence of the, and
LNSMO heterostructures with the LNSMO grown at 100 E. of the PZT films on LNSMO deposited at various oxygen pressycgs.
and 60 mTorr, respectively. Although the epitaxial growth of Fatigue properties of the Pt/PZT/LNSMO capacitors, tested with peak volt-
. age of =6 V at 25 kHz.
PZT was performed at a higher oxygen pressure and the?
heterostructures were cooled under an oxygen pressure of 1

atm, the oxygen contents in the LNSMO layers remain fixed, .
yg y as shown by the PZ002 and LNSMQO002) peak positions.

For comparison, in the inset to Fig. 3, LNSN?2) reflec-
tions from the LNSMO films shown in Fig.(& are also

400 F7 ] presented. The tunability and stability of the oxygen content
= £ LNSMO 26 60 80 120 mTorr g in the channel layer is also demonstrated by €l mea-
= 300 F & =3 surements of the LNSMO in the heterostructures, where the
= § f LNSMO layers were deposited at 100, 60, and 25 mTorr,
'c% 2 respectively. The inset to Fig(d) shows that thd, and the
= 200 - pzri02) i overall resistivity of the LNSMO channels in the heterostruc-
46.0 46.5 47.0
'z 20(Deg.) tures are almost the same as those recorded for the LNSMO
,g 100 | ), —— PZTILNSMO(E0 mTor) 4 single layer films deposite_d at similgr oXxygen pressures.
— } PZT/LNSMO(100 mTorr) ~ LNSMO(002) Ferroelectric hysteresis and switching fatigue have also
X, been measured for the PZT/LNSMO heterostructures. The
0 e e T 3 LNSMO layers were grown at various deposition oxygen
44 4 46 47 48 pressures. Figure(d shows some typical polarization ver-
26(Deg.) sus electrical-field P—E) loops recorded for a PtY/PZT/

LNSMO capacitor with the LNSMO film grown at 60
FIG. 3. XRD specular linear scans from the PZT/LNSMO/L®0D het-  mTorr. The five loops represent the maximum driving volt-

erostructures. The PZT layer was deposited at 250 mTorr and the LNSM%geS of 2 4. 6.8 and 10 V. The |00pS are quite square and

layer was deposited at oxygen ambient of 100 or 60 mTorr, respectively. . L. .
The inset shows XRD linear scans around the LNSDI) peak positions  Symmetrical. The remnant polarizatioR,{ is almost satu-

of the LNSMO films grown at various oxygen pressures. rated & 4 V with P,=35 uC/cn? and coercivityE,=34
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kV/cm. Figure 4b) shows theP, andE. measured from the PZT/LNSMO heterostructures exhibit excellent structural
PZT films on LNSMO layers deposited at 100 and 25 mTorr.and electrical properties. A large, =35 uC/cn? and a low

The two PZT films have comparabl and the film on the E. =34 kV/cm at low driving voltage 4 V are obtained.
LNSMO layer grown at 25 mTorr shows a higheg. This  No apparent loss of polarization for bipolar switching up to
may simply be ascribed to the effect due to lower conductiv-10'° cycles has been observed. Our results strongly suggest
ity of the LNSMO electrode. To further characterize thethat the manganates are desirable materials for fabrication of
ferroelectric properties of the PZT films, polarization switch-fatigue-free all-perovskite FeFET.

ing fatigue tests were performed and the results are shown in

Fig. 4(c). Although Pt was used as the top electrodes, the &\ CKNOWLEDGMENTS
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