
excursions characterizing the boundary ho- 
rizon (21) may be explained otherwise; a 
rapid and abundant input of fossilized light 
carbon into the atmospheric and oceanic 
circulation systems (1 ,  4) is possible. 
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Ferroelectric Field Effect Transistor Based on 
Epitaxial Perovski te Heterostructures 

S. Mathews, R. Ramesh, T. Venkatesan, J. Benedetto 

Ferroelectric field effect devices offer the possibility of nonvolatile active memory ele- 
ments. Doped rare-earth manganates, which are usually associated with colossal mag- 
netoresistive properties, have been used as the semiconductor channel material of a 
prototypical epitaxial field effect device. The carrier concentration of the semiconductor 
channel can be "tuned" by varying the manganate stochiometry. A device with 
Lao,,Cao,3Mn03 as the semiconductor and PbZro,,Tio,,03 as the ferroelectric gate ex- 
hibited a modulation in channel conductance of at least a factor of 3 and a retention loss 
of 3 percent after 45 minutes without power. 

T h e  remanent polarization of ferroelectric 
thin f ~ l m s  offers the ~ossibilitv of nonvola- . 
tile memory elements (1 ). For example, the 
ferroelectric field effect transistor (FET) (2)  
permits a nondestructive memory readout 
because the device can be interroeated bv " 

reading the conductance of the semicon- 
ductor channel. Unlike ferroelectric caoac- 
itive memory elements, the act of reading 
does not affect the state of the device. 

Recently, doped rare-earth manganates 
such as LalpxCaxMnO, (LCMO) have 
stirred considerable excitement due to the 
observation of very large magnetoresistance 
in these materials (3). These manganates 
show a "metal-semiconductor" transition as 
a function of temperature. A measurable, 
although anomalous, field effect has been 
seen in these semiconducting colossal mag- 
netoresistance (CMR) manganate materials 
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(4). These materials are perovskites and are 
closely lattice-matched to the common pe- 
rovskite ferroelectrics; thus, they present an 
interesting opportunity to create field effect 
devices that may potentially be both elec- 
trically and magnetically tuned. 

Although ferroelectric FETs have been 
studied since the 1950s. (5), an acceptable 
nonvolatile, nondestructive read memory 
with adequate retention and write-erase 
speed has yet to be demonstrated (2),  main- 
ly because the interface between the pe- 
rovskite ferroelectric and a semiconductor 
such as silicon is quite difficult to control. 
Any imperfections at  the interface, such as 
the formation of undesirable phases or elec- 
tronic trapping states, will seriously degrade 
the performance of the device. The  use of 
an epitaxial perovskite heterostructure has 
therefore been proposed as a way of improv- 
ing the interface quality. 

The  carrier concentration of the LCMO 
semiconductor varies widely with both the 
Ca:Mn ratio and oxygen stochiometry, and 
so the semiconductor channel can be 
"tuned" to the ferroelectric gate. The  ferro- 
electric induces a charge per unit area in  
the semiconductor equal to the spontane- 
ous polarization of the ferroelectric. In order 
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to achieve large values of modulation, the 
number of carriers in the semiconductor 
should not be large with respect to the 
amount of available charge induced by the 
ferroelectric (6). For a given channel mod- 
ulation and a fixed carrier mobility, the 
spontaneous polarization of the ferroelectric 
determines the carrier concentration and 
therefore the conductivity range of the 
semiconductor to be used. A high "off- 
state" resistance and a low "on-state" resis- 
tance therefore become competing factors. 
Varying the channel carrier concentration 
allows one to strike an appropriate balance 
betweenhese two competing performance 
characteristics. 

Several researchers have recentlv revort- , . 
ed on the fabrication and testing of all 
perovskite ferroelectric field effect devices. 
In 1994, Watanabe reported on a device in 
which La2-,SrXCuO4 was used as the semi- 
conductor channel (7) ,  which showed a 
maximum modulation of 9.5%. With a low- 
er modulation (+%), this device exhibited 
retention at room temperature over periods 
of several days. In 1995, Ahn  et  al. reported 
on a device in which SrCuOz was used as a 
semiconductor" (6) with -3.5% modula- 
tion. Retention on this device was mea- 
sured only to 10 min, at which point no  
change in channel resistance was observed. 
Some researchers, in particular Ogale et al. 
(4), have questioned whether the observed 
change in the transport properties of the 
oxide semiconductor is a field effect or oc- 
curs by some other mechanism. W e  note 
that neither Watanabe nor Ahn directly 
observed accumulation-depletion behavior 
indicative of a field effect in the devices. 

W e  report an  all-perovskite ferroelectric 
field effect device made of a CMR material 
that shows at least 300% modulation with 
retention at least on the order of several 
hours. Our capacitance versus voltage data 
are consistent with the formation of accu- 
mulation and depletion regions in the oxide 
semiconductor. Thin films were grown on 
(001)-oriented, single-crystal LaA10, sub- 
strates by pulsed laser deposition (8, 9). For 
a poling voltage of 7 V, our ferroelectric 
hysteresis loops (Fig. 1)  were relatively 
"square," and the remnant polarization val- 
ues, 35 to 40 &/cm2, were quite high (10). 

To  test the electrical moverties of the 
L .  

device, we ran a trickle current of 1.0 to 
1000 u,A from drain to source and intermit- 
tentld applied a voltage source to the ferro- 
electric gate (Fig. 2).  After the gate voltage 
was removed, the voltage drop across the 
channel (V,,) was measured. The source- 
drain voltage was measured 2 to 3 s after the 
gate voltage was turned off to allow any 
switching. transients to die down. All mea- - 
surements were performed at room temper- 
ature. Figure 3 shows a hysteresis loop ob- 

tained by measuring the channel resistance 
of a device as a function of the poling 
voltage. As described above, the gate is 
actually floating when the channel resis- 
tance R is measured. This device showed 
channel modulation of auproximatelv 3 . - 
[(Rmax - R,,,)/R,,,] As FETs, these devic- 
es show relatively low modulation and high 

-8  -6 -4 -2 0 2 4 6 8 
Poling voltage (V) 

Fig. 1. Ferroelectric hysteresis loops for a 
La,xSrxCoO,/LCMO/PTT/Pt stack. These loops 
from one sample are characteristic of those ob- 
served for all samples in this study. PTT, lead 
ziconate titanate. 

Fig. 2. Schematic diagram of an all-perovskite 
ferroelectric FET and measurement circuit. 

Poling voltage (V) 

Fig. 3. Channel resistance hysteresis loop for an 
all-perovsk~te ferroelectric FET. Channel resis- 
tance is measured with the gate floating. Note that 
the counterclockwise direction of the loop indi- 
cates ferroelectric switching, 

on-state resistance, but the onloff ratio is 
comparable to that of dynamic random ac- 
cess memory (DRAM) (5), and the channel 
resistance is not prohibitively high for such 
applications. 

In order to verify that the channel mod- 
ulation observed in Fig. 3 can plausibly be 
attributed to a field effect, we consider the 
following argument. The LCMO channel is 
a p-type material, so the majority of carriers 
in the channel are holes. The application of 
a positive voltage to the gate polarizes the 
ferroelectric such that the electric dipole 
moments point down, into the semiconduc- 
tor. This rearrangement effectivelv causes " 
the buildup of a positive charge on the 
bottom side of the ferroelectric that will 
tend to be compensated by negative carriers 
in the channel, thereby depleting the chan- 
nel of positive holes. We  therefore would 
expect the channel resistance to increase 

positive depleted 
+ + + + + + + + + + + + +  in channel 

+ + + + + + + + + + + +  .................. 
LCMO 

resistance 

negative accumulate 
in channel .................. 

+ - + + + * + + + + + +  

resistance 

Fig. 4. Schematic diagram of a simplified model 
for the field effect in a p-type ferroelectric FET. 

88 - -6 -4 -2 0 2 4 6 

Bias voltage (V) 

Fig. 5. Capacitance-voltage curves for a Pt/ 
PZT/LCMO capacitor. Note the decrease in ca- 
pacitance under positive bias, consistent with 
the formation of a depletion region in the semi- 
conductor. Also note the direction of the arrows, 
indicating ferroelectric switching, rather than 
charge injection. 
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when the ferroelectric is poled positive (Fig. 
4A)  and to decrease when it is poled neg- 
ative (Fig. 4B). The device clearly behaves 
(Fig. 3 )  as one would expect if the channel 
modulation was the result of a field effect. 

We  measured no  change in channel 
resistance after shorting the top and bot- 
tom electrodes through a 1-megohm - - 
resistor. We  measured only a 3% change 
in the channel resistance after waiting 45 
min at room temperature. Capacitance 
verses bias voltage curves for a PZT/ 
LCMO capacitor (PZT, lead zirconate ti- 
tanate) grown under the same conditions 
as the FET devices (Fig. 5 )  show ferroelec- 
tric switching rather than charge injec- 
tion. The  higher capacitance a t  negative 
bias voltage, as compared to positive bias 
voltaee. is consistent with the formation - ,  

of a depletion layer in a p-type semicon- 
ductor. These observations indicate that 
the channel modulation is in fact caused 
by a field effect and not "charge-up" or 
charge injection. 

The oresent results demonstrate that a 
markedly improved, nonvolatile ferroelec- 
tric field effect device can be constructed of 
perovskite hete?ostructures with a magne- 
toresistive maneanate as the channel semi- " 

conductor. The enhanced interface charac- 
teristics associated with the ferroelectric- 
manganate interface allows for the fabrica- 
tion of field effect devices with channel- 
resistance modulation of at least a factor of 
3 and retention on the order of hours. 
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Melting Temperature and Partial Melt 
Chemistry of H,O-Saturated Mantle Peridotite 

to 11 Gigapascals 
Tatsuhiko Kawamoto and John R. Holloway* 

The H,O-saturated solidus of a model mantle composition (Kilborne Hole peridotite 
nodule, KLB-1) was determined to be just above 1000°C from 5 to 11 gigapascals. Given 
reasonable H,O abundances in Earth's mantle, an H,O-rich fluid could exist only in a 
region defined by the wet solidus and thermal stability limits of hydrous minerals, at 
depths between 90 and 330 kilometers. The experimental partial melts monotonously 
became more mafic with increasing pressure from andesitic composition at 1 gigapascal 
to more mafic than the starting peridotite at 10 gigapascals. Because the chemistry of 
the experimental partial melts is similar to that of kimberlites, it is suggested that 
kimberlites may be derived by low-temperature melting of an H,O-rich mantle at depths 
of 150 to 300 kilometers. 

H20 lowers melting temperatures of man- 
tle peridotites and also affects the chemistry 
of their partial melts (1 ,  2). Earlier experi- 
ments demonstrated that partial melting of 
H20-saturated peridotite produces andesitic 
or dacitic melts at 1 GPa, in contrast to 
basaltic melts in dry peridotite (2). There- 
fore, it was surprising that partial melting of 
H20-saturated peridotites at pressures 
greater than 5 GPa produced ultramafic 
melts (3, 4). Two ultramafic magma types 
are known on Earth: komatiites and kim- 
berlites. Komatiites are believed to repre- 
sent high-temperature melts in the early 
Earth. However, recent experiments (3,  4 )  
led to suggestions that komatiites could be 
produced by wet peridotite melting (3-5), 
and hence they could shed light on the 
degassing history of Earth's mantle (6). 
Kimberlites contain diamonds and perido- 
tite nodules that are the only samples from 
the mantle's deepest depths (-150 to 200 
km). Understanding the origin of these ul- 
tramafic magmas would provide important 
clues to the evolution of Earth's mantle. 

In an  effort to understand the effect of 
H,O on the generation of ultramafic mag- 
mas, we undertook a precise determination 
of solidus temperatures and partial melt 
chemistry in an H20-saturated peridotite. 
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The starting material was a mixture of an  
Mg-free KLB-1 peridotite gel and brucite, 
resulting in molar ratios of 89 for Mg/ 
(Mg + Fe) x 100 (Mg#) and 1.46 for 
(Mg + Fe)/Si, with an  H 2 0  content of 
13.7% (by weight). The chemistry of KLB-1 
peridotite is similar to that of pyrolite man- 
tle (7). The ground starting material was 
put in a thick-walled Ag capsule with a few 
pieces of folded Ag foil (0.05 mm thick) 
(Fig. 1A). The foil was used to extract 
partial melts by capillary action (8). This 
sample assembly was placed inside a box- 
shaped graphite furnace. We used Ag to 
minimize Fe loss to the capsule and maxi- 
mize thermal conductivity. The tempera- 
ture was monitored by an S-type thermo- 
couple placed at the top of the sample 
assembly, and the thermal gradient along 
the sample (0.5 mm long) was estimated to 
be 4 0 ° C  (9). We heated samples to tem- 
peratures from 950" to 1 100°C at pressures 
from 5 to 11 GPa (Table 1) .  

We determined the solidus temperature 
bv observing the dendritic texture of 

D 

quenched partial melts associated with the 
Ag foils (Fig. 1B) and the increase in the 
Mg# of olivine crystals with increasing tem- 
perature (Table 1). Because Fe is parti- 
tioned into the melt relative to coexisting 
olivine. an  increase of Me# in the olivine is - 
an indicator of partial melting. In some 
experimental products, we did not observe 
any dendritic texture, although the Mg# of 
olivine had higher values than those of 
lower temperature runs. In those cases, we 
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