take into account the finite length of the
one-dimensional channel and the finite
temperature (2). The stability and repro-
ducibility of the single channel is qualita-
tively different from the higher order con-
ductance channels, most likely because of
the increased disorder and fluctuations that
can occur as the number of atoms making
up the channel increases.

What is the size of the QPC junctions
studied here? Comparison of the experimen-
tal behavior with the model of Tekman and
Ciraci (2) shows that the width of the single
conductance channel is less than A (0.52
nm for Au). Wider channels correspond to
higher order channels. The Tekman and
Ciraci model also suggests that the length of
the QPC junctions measured here is less
than Ag; if the constriction were longer, the
higher order conductance plateaus would be
much more distinct than are observed ex-
perimentally [see figure 2 of (2)]. We there-
fore conclude that for the single quantized
channel, which corresponds to the high-
conductance state of the QPC switch, the
width is less than A and the length is prob-
ably also less than \;.. Because the electronic
diameter of a metallic atom is 0.611\, the
single-channel constriction probably corre-
sponds to a single atom.

The application of the QPC for use as an
analog signal switch is demonstrated in Fig.
4C. A sine-wave voltage with no dc compo-
nent is applied to V| and the current is
monitored at V1 while a 0.24-nm ramp
(not shown) is applied to V, (see Fig. 1A).
This analog switch is functionally analogous
to the field effect transistor (FET) switch
shown in Fig. 1B, where the gate voltage is
used to modulate the drain-source channel
between high- and low-conductance states.
The width of the conductance channel of
the FET is controlled by an electric field,
whereas the width of the conductance chan-
nel of the QPC is controlled by mechanical
displacement of atoms in the junction. The
QPC switch functions more precisely as an
electromechanical relay. The interesting fea-
tures are that on-off switching is accom-
plished by displacing the electrodes by only 2
A and that the contact region is extremely
small, perhaps only one atom in size.

Eigler et al. have shown that the motion
of a single atom of Xe between a tungsten
tip and a nickel surface can cause the tun-
neling conductance between the electrodes
to change by a factor of between one and
seven (I). The maximum high-conduc-
tance state corresponded to a resistance of
220 kilohms, and the device could only
operate at very low temperatures because of
the mobility of Xe. By comparison, the
QPC switch demonstrated here has a con-
ductance ratio of about 20 and a high-
conductance state with an impedance of 13
kilohms. Another important distinction is

that the Xe switch is a two-terminal device
that is toggled by applying a current pulse
between the electrodes. In contrast, the
QPC switch is a three-terminal device with
an independent control input. An impor-
tant disadvantage of a two-terminal device
is the impossibility of power gain, that is, a
large current is required to switch a smaller
current. The QPC switch displays power
gain and can be used to make an oscillator
(by feeding the output signal back into the
control input) or to drive a series of other
QPC switches. Finally, QPC behavior has
been observed at room temperature (8, 9).
The angstrom size of the QPC conductance
channel suggests that the QPC may be use-
ful in exploring the physical and engineer-
ing issues surrounding atomic-scale electron
devices.
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Ferroelectric Field Effecf in Epitaxial Thin Film
Oxide SrCuO,/Pb(Zr, 5,Tip 45)05
Heterostructures

C. H. Ahn,* J.-M. Triscone, N. Archibald, M. Decroux,
R. H. Hammond, T. H. Geballe, &. Fischer, M. R. Beasley

A ferroelectric field effect in epitaxial thin film SrCuO,/Pb(Zr, ;. Tiy 45)O5 heterostructures
was observed. A 3.5 percent change in the resistance of a 40 angstrom SrCuO,, layer (a
parent high-temperature superconducting compound) was measured when the polar-
ization field of the Pb(Zr, 5,Ti, 46)O5 layer was reversed by the application of a pulse of
small voltage (<5 volts). This effect, both reversible and nonvolatile, is attributed to the
electric field-induced charge at the jnterface of SrCuO, and Pb(Zr, o, Tij 46)O05. This
completely epitaxial thin film approach shows the possibility of making nonvolatile, low-
voltage ferroelectric field effect devices for both applications and fundamental studies of
field-induced doping in novel compounds like SrCuO,,.

Recent developments in the physical va-
por deposition of complex oxides, notably
advances in magnetron sputtering, laser ab-
lation, and reactive molecular beam epitaxy
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(MBE), have permitted the growth of very
high quality epitaxial oxide thin film struc-
tures, as demonstrated, for example, by the
fabrication of thin film superlattices of the
copper oxide superconductors (I, 2). Al-
though in large part developed for the
growth of high transition temperature
(high-T_) superconductors, these tech-
niques have now been applied to other
oxide materials, including ferromagnetic
and ferroelectric perovskites (3, 4). These
advances offer the possibility of growing
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epitaxial heterostructures consisting of ma-
terials that have very similar crystalline
structures but possess remarkably different
electronic and magnetic properties, ranging
from insulators with high dielectric con-
stants and ferroelectric compounds to met-
als, ferromagnets, and superconductors.
Such structures are of interest from the
point of view of both fundamental and ap-
plied science (5).

We studied the field effect at the inter-
face of an all-epitaxial oxide heterostruc-
ture. To do this, we considered the inter-
face between SrCuQ,, a material related
to the high-T_ superconductors (6), and
Pb(Zry 5, Tig45)0; (PZT), a ferroelectric
compound that is a distorted perovskite.
The field effect-induced changes in con-
ductance we measured are sensitive tests
of the quality of the SrCuO,-PZT inter-
face. In principle, such a structure could
lead to a superconductor-insulator field
effect device, because SrCuO, when ap-
propriately doped (for example, with Nd)
is a high-T_ superconductor (6). We chose
SrCuQ, in its nominally undoped state to
approach and investigate the field effect
from the insulating side; all other such
studies have been carried out on materials
that were already doped well into the su-
perconducting state (7, 8). Our approach
also differs from other field effect studies
of the cuprates in that we used the built-
in, nonvolatile polarization field from a
thin film ferroelectric compound, PZT,
rather than the volatile polarization of a
high dielectric constant compound. Final-
ly, the epitaxial thin film approach used
here allowed us to use electric fields that
are an order of magnitude lower than
those used before, corresponding in our
case to switching voltages that are only a
few volts (<5 V).

Using a ferroelectric to produce a field
effect is not a new idea; it was proposed in
1956 and has intrigued researchers since
then because of the possibility of making a
device with a nonvolatile gate supply (9).
The difficulty has been in finding compat-
ible materials that form good interfaces be-
cause traps at the interface can strongly
screen and attenuate the applied electric
field. In fact, for this reason the only semi-
conducting field effect devices mass-pro-
duced today are Si-SiO, devices, which
have nearly perfect interfaces. Recently,
there have been reports of polycrystalline
ferroelectric-Si field effect transistor (FET)
structures  (10) and thick YBa,Cu,O,
(YBCO) films deposited on ferroelectric
substrates (11).

To grow the StCuO,-PZT heterostruc-
tures, we used a combination of deposition
techniques. The PZT was grown on metallic
Nb-doped SrTiO; (Nb-SrTiO;) with off-
axis radio frequency-reactive sputtering.
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This technique allows the growth of very
high quality thin films with excellent com-
position control (4, 12). X-ray analyses
demonstrated the growth of exclusively ¢
axis epitaxial grains with intense (001) and
(002) reflections; the rocking curves for the
(001) reflection had a 0.09° full width at
half maximum (FWHM). For this orienta-
tion, the two polarization states were per-
pendicular to the Nb-SrTiO; surface, and
we measured a remanent polarization on
the order of 15 to 20 wC cm™?, which
corresponds to a surface charge density of
~10'4 charges cm ™2, and a coercive field of
70 kV cm™!. Atomic force microscopy
showed that the surfaces had a rgot-mean-
square roughness of less than 3 A over an
area 0.5 pm by 0.5 wm (12).

Afterward, the PZT was transferred to
an ultrahigh vacuum MBE chamber,
where the PZT surface was cleaned at
600°C for ~10 min in a flux of atomic
oxygen, which created very clean, crystal-
line, metallic YBCO surfaces (13). The
PZT surface quality was checked by reflec-
tion high-energy electron diffraction
(RHEED), and after adjustment of the
PZT temperature to 570°C, the SrCuQ,
was deposited at ~1.5 A s™! with reactive
electron beam coevaporation. The film
thicknesses were varied from 40 to 450 A,
with the stoichiometry of Cu and Sr being
controlled to within 2%, which is the
uncertainty in the Rutherford backscatter-
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Fig. 1. (A) Log scale x-ray diffraction pattern (in-
tensity versus 26) of a 450 A SrCuO,-PZT film
deposited on Nb-SrTiO,. (B) A typical ¢ scan of
the (101) reflection of SrCuO,, showing cube-on-
cube epitaxy, with SrCuO,[100] || PZT[100] ||
Nb-SrTiO4[100].
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ing spectrometry (RBS) composition anal-
ysis. The electron beam MBE system and
the growth of both a- and ¢ axis—oriented
SrCuQ, films are described elsewhere (14,
15).

In Fig. 1A, we plotted an x-ray dif-
fraction scan of a 450 A SrCuO,-2500 A
PZT-Nb-SrTiO; heterostructure. Only the
PZT(001) and SrCuO,(001) reflections
were seen (along with substrate and Cu KB
reflections), which shows that the SrCuQO,
grew with its ¢ axis perpendicular to the
Nb-SrTiO; substrate. The FWHM of the
rocking curve for the (001) peak of StCuO,
is 0.4° to 0.5°. Figure 1B is a ¢ scan (angle
around the normal to the film) of the (101)
reflections of SrCuQO,, demonstrating the
in-plane epitaxial growth of SrCuO, on
PZT, with SrCuO,[100][PZT[100][Nb-
SrTiO5[100]. We also characterized the sur-
face crystallinity of these films with in situ
low-energy electron diffraction (LEED) and
RHEED (Fig. 2, A and B). The LEED pat-
tern, taken at a beam voltage of 80 eV to
achieve greater surface sensitivity, reveals
the square symmetry of the a-b plane of
SrCuQ,, whereas the streaky RHEED pat-
tern, taken along a [100] direction, shows
that the film is smooth. When we grew
SrCu0Q, directly on SrTiO;, the LEED and
RHEED patterns were sharper and the
FWHM of the SrCuQO, rocking curve was
~0.2°, which was limited by the instrumen-

Fig. 2. (A) LEED pattern taken at 80 eV of a 40 A
SrCuO,-PZT film deposited on Nb-SrTiO,. At this
energy, the elastic mean free path of an electron in
the material is nearly minimized, resulting in great-
er surface sensitivity. (B) RHEED pattern of this
film taken at 20 keV along a [100] direction.



tal resolution (16). Two possible reasons for
these differences are that there is a larger
lattice mismatch between SrCuO, and PZT
(3%) than there is between SrCuQO, and
StrTiO; (1%) and that the in-plane reflec-
tions of PZT are broader than those of
single-crystal SrTiO;. We have also ob-
served broadened rocking curves (~1.2°)
for YBCO-PZT heterostructures (12, 17).

In addition to confirming both the bulk
and surface crystallinity of the StCuQ, film,
we examined the electronic structure at the
upper surface using in situ ultraviolet pho-
toelectron spectroscopy (UPS). An angle-
integrated spectrum of a SrCuQ, film 40 A
thick and grown on PZT with Hel radia-
tion is shown in Fig. 3. The Cu 3d peak is
clearly defined, and there is no 9-eV impu-
rity feature, which is often observed on the
surfaces of high-T_ superconductors that
have absorbed small amounts of gaseous
impurities from the vacuum chamber (13).
Also, there is some spectral weight at the
Fermi level, comparable to that measured
on clean YBCO films (18), which indicates
that the material is at least marginally
doped.

We investigated the transport properties
of vacancy-doped Sr, CuO, (x = 0, 0.1,
0.15, 0.2, and 0.3) layers by measuring the
temperature dependence of the resistivity
using standard four-point transport mea-
surements and by measuring the Hall effect
to determine the sign of the carriers. We
found that for nominally undoped films (x
= (0, within the uncertainty of the RBS
analysis), the room temperature resistivity
was on the order of a few hundred
milliohm-centimeter. Given this finite re-
sistivity, it is likely that these films have a
small percentage of Sr vacancies. The resis-
tivity of these films increases rapidly with
decreasing temperature, although it cannot
be fit to simple exponential, semiconduct-
ing behavior. Rather, it is more consistent
with  three-dimensional, variable-range
hopping behavior {resistivity p(T)
expl(Ty/T)"]}. If we assume a reasonable
tunneling length of 10 to 50 A, we infer a
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Fig. 3. Angle-integrated He | photoemission
spectrum of a 40 A SrCuO,-PZT film deposited on
Nb-SrTiO,. The arrow indicates the Fermi energy.

density of localized states of ~2 X 10'8 to 2
X 10%° cm™ eV™! using the theory of
variable-range hopping (19). Although this
density is rather large and raises questions
about the strict validity of this analysis, it
does confirm a high density of states at the
Fermi level, consistent with the magnitude
of the resistivity and the UPS spectra. For
samples that were intentionally grown to be
Sr-deficient (ranging from 10 to 30%), the
resistivity dropped to ~5 mohmrcm and
became essentially independent of temper-
ature, with no superconducting transition
observed for these vacancy-doped films.
Understanding how vacancy doping influ-
ences the degree of disorder in these films
will allow a better understanding of the
absence of superconductivity. Finally, the
results of the Hall effect measurements
show that the addition of Sr vacancies in-
duces p-type conductivity in Sr;  CuO,,
which is consistent with simple chemical
arguments.

We plotted the resistivity of a lightly
doped 40 A SrCu0, film deposited on PZT
(2500 A thick) as a function of the PZT
polarization (Fig. 4). To polarize the PZT,
we applied 5-V, 100-ms rectangular pulses
between the SrCuO, layer and the metallic
Nb-SrTiO; substrate, which was held at 0
V. After each pulse, the resistivity of the
SrCuQ, layer was determined by current-
voltage (I-V) measurements with standard
four-point contacts. Although it is difficult
to discuss the resistivity of a film for a field
effect—induced change in. the doping pro-
file, here we define resistivity as

resistance X total cross-sectional area/
distance between the voltage leads

As can be seen on the graph, the resistivity
of the SrCuQO, changes by as much as 3.5%,
corresponding to a change in resistance of

3000 ohms as the polarization of the PZT is
reversed. In contrast to conventional field
effect experiments, this change is nonvola-
tile (that is, no voltage is required to main-
tain either resistivity state) with no notice-
able change in the resistivity for up to 10
min, which was the longest period we wait-
ed. We also observed a ~1% change on a
film of SrCuO, (450 A thick), and an
earlier experiment with a Au—-5000 APZT-
150 A DyBa,Cu;0O;, structure also displayed
a resistivity change of ~1% (17).

The ferroelectric field effect shown in
Fig. 4 also demonstrates that the Sr-defi-
cient SrCuQ, films exhibit p-type conduc-
tivity. When a —5-V pulse was applied to
the structure, negative charges were
brought into the SrCuQ, layer to screen the
positive surface charge induced on the top
PZT surface. As a result, the net hole con-
centration decreased, thereby increasing
the resistivity of the StCuQ,. Such a mea-
surement provides a convenient determina-
tion of the carrier sign in these materials.

Another series of measurements used a
periodic pulse train whose basic unit con-
sisted of three negative pulses followed by
three positive pulses (Fig. 4, inset). Addi-
tional pulses of the same polarity did not
alter the resistivity state because the PZT
polarization did not change sign. We be-
lieve that the weak changes in resistivity we
observed may be related to incomplete po-
larization of the PZT, because the StCuO,
layer with high resistivity may not form an
equipotential surface when the poling volt-
age is applied. To verify the field effect, we
performed various tests, including applying
aperiodic pulse trains and checking for stray
voltages and capacitances from the poling
and transport leads; these checks were all
consistent with a field-induced change in
the resistivity of the StCu0O,.
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Our results show that the ferroelectric
field effect can be achieved in high-quality
epitaxial heterostructures. The main advan-
tage of this integrated thin film approach is
that the electric field necessary to switch
the thin epitaxial PZT layer is only of the
order of 10° V cm ™!, which is an order of
magnitude lower than what has been used
for other field effect experiments performed
on high-T_ superconductors (7, 8). As a
result, the corresponding voltages are only a
few volts (1 V per 1000 A of PZT). Fur-
thermore, the use of the nonvolatile polar-
ization field from PZT allows us to rule out
various concerns that have been raised with
regard to field effect experiments on high-
T, materials with ordinary dielectric insu-
lators. For example, whereas such experi-
ments attest to high-quality interfaces, the
large fields that must be supplied across the
dielectric during the measurement have
caused concern about leakage current dur-
ing measurement, heating effects, and elec-
trostriction. Here, there was no voltage ap-
plied across the ferroelectric during trans-
port measurements and hence no possibility
of leakage currents through the ferroelectric
compound or spurious resistive heating ef-
fects. Also, because the PZT has the same
tetragonal crystal structure in its two polar-
ization states, it is unlikely that strain is the
source of the observed resistance change.
Finally, we note that the choice of YBCO as
the conductor in previous field effect exper-
iments has raised the possibility that the
effect is related to the motion of mobile O
ions in the CuQ chains, rather than to the
response of the hole carriers to the applied
electric field (20). In SrCuO,, all the atoms
are strongly bonded, and thus the observed
resistance changes with applied electric
field can arise only from changes in the free
charge carrier density in the material.
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Luminescence Enhancement by the Introduction
of Disorder into Poly(p-phenylene vinylene)

S. Son,* A. Dodabalapur, A. J. Lovinger, M. E. Galvin*

A method is described for increasing luminescence in poly(p-phenylene vinylene) (PPV)
light-emitting diodes. Cis linkages were engineered into the PPV chain. These linkages
interrupt conjugation and interfere with the packing of the polymer chains, which results
in the formation of amorphous PPV. Large-area electroluminescent devices were pre-
pared from this polymer. Devices made of an aluminum electrode, PPV as the luminescent
layer, and an electron-transporting layer have internal quantum efficiencies of 2 percent,
a turn-on voltage of 20 volts, and can carry current densities of 2000 milliamperes per
square centimeter. The current density is at least an order of magnitude higher than

previously obtained.

The potential for making large-area dis-
plays from easily processable polymers has
driven much of the recent research in the
area of polymeric light-emitting diodes
(LEDs). Of all the polymers evaluated for
LEDs, PPV has attracted the most interest.
It is used in devices more than any other
polymer as either the light-emitting layer
(I, 2) or the hole-transporting layer (3).
PPV is commonly prepared by the Wessling
precursor method that was developed some
30 years ago (4). We have previously shown
that this method is laden with problems (5,
6). The polyelectrolyte nature of the pre-
cursor leads to dramatic increases in viscos-
ity during polymerization, which in turn
limits yield. In addition, the polyelectrolyte
is only soluble in polar solvents such as
water or methanol, which are both poor
solvents for spinning high-quality films.
Large-area pinhole-free films necessary for
displays are difficult to obtain by this meth-
od. The fact that the tetrahydrothiophe-
nium group, used in the Wessling method,
is an excellent leaving group further com-
plicates this approach. This group is readily
substituted with methoxy (7) and hydroxy

AT&T Bell Laboratories, Murray Hill, NJ 07974, USA.
*To whom correspondence should be addressed.
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(8) groups during polymerization and di-
alysis of the precursor. The hydroxy groups
are then oxidized to-carbonyls, which limit
electroluminescence, when the precursor
is thermally converted to PPV (6). Also,
the extent of substitution can vary consid-
erably with minor changes in the handling
or storing of the precursor, resulting in
dramatic differences in polymer perfor-
mance. This extreme sensitivity to process
variables makes the Wessling route to PPV
unsatisfactory for manufacturing real de-
vices. Another problem with the PPV pro-
duced by Wessling’s method is that it is
predominately trans and, therefore, is also
highly crystalline.

Work by Yan et al. (9) indicates that
photoluminescence efficiency can be in-
creased in a polymer by separating the
polymer chains. Reasoning that amor-
phous PPV would have better chain sepa-
ration than crystalline PPV would, we de-
vised a method to synthesize PPV in a way
that would overcome most of the problems
encountered in the Wessling route. Spe-
cifically, we wanted an organic soluble
precursor to improve film quality and a
leaving group that would not undergo nu-
cleophilic substitution by hydroxyl groups
and would be eliminated to produce a



