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The field-effect mobility, Hall coefficient, and conductivity as functions of the oxygen concentration
and temperature are reported for YBa,Cu;0q, 5 films on the insulating side of the insulator-to-metal
transition. The temperature dependence of the conductivity and Hall coefficient indicate that for small &
the excess oxygen introduces acceptor states at about 30 meV above the valence-band edge. The field
effect reveals a space-charge layer in which carriers are depleted at the air-YBa,Cu;0¢. 5 interface. The
size of the field effect is limited by localized states at the interface.

One of the common characteristics of the high-T,
copper oxide superconductors is the existence of an anti-
ferromagnetic semiconducting phase near the supercon-
ducting one.! In contrast to other copper oxides,
YBa,Cu;04 5 can be easily doped in oxygen, converting
it chemically from one phase to the other.? Since the pri-
mary role of doping is to increase the charge concentra-
tion, it has been suggested® that charge carriers might be
induced by an external electric field rather than by dop-
ing to drive the material across the phase boundary. The
feasibility of this approach is determined by the density
of states in the band gap of the semiconductor. If the
density of states is too high, the external electric field re-
quired to shift the Fermi level will be inaccessible.

In order to characterize the bulk and surface localized
states in semiconducting YBa,Cu;O¢ and those intro-
duced by adding oxygen, we have measured the conduc-
tivity, Hall coefficient, and field-effect mobility as func-
tions of temperature and oxygen content in thin films of
YBa,Cu;04,5. We find that for small § the material
behaves like a somewhat compensated p-type semicon-
ductor with a depletion region near the air-YBa,Cu;0¢ 5
interface. Although we find evidence for a high density
of localized interface states on some films, this density
varies greatly with the structure of the interface. Thus,
interfaces may exist for which the electric-field-driven
transformation to the superconducting phase is possible.

Two YBa,Cu;0q, 5 films were grown on LaAlO; sub-
strates using the in situ off-axis rf magnetron sputtering
method. A detailed description of the growth method
was reported elsewhere.* As grown, the films displayed a
sharp superconducting transition at 88 K. Samples 1-3
were cut from one film, and samples 4 and 5 originated
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from the other. To vary the oxygen concentration the
films were then annealed in Ar containing a low partial
pressure of oxygen.

Field-effect experiments were made using the method
of Fiory et al.’ at temperatures from 4 to 300 K with ap-
plied gate voltages between —1 and +1 kV. Repetitive
Br etching>® consistently produced the same field effect
on these air-YBa,Cu;O¢, 5 interfaces. Hall bars were
subsequently lithographically patterned, and the Hall
effect was measured at fields from —0.65 to +0.65 T,
over which range the Hall voltage was found to be linear
with applied magnetic field.

In the top half if Fig. 1 we present the conductance as
a function of temperature for all of the films studied. The
conductance of samples 25 can be fitted by the sum of
two contributions: The component that is dominant
at high T is thermally activated, that 1is, g
=gq.exp(—E, /kT) where E,, is the activation energy and
k is the Boltzmann constant. The best fit to the experi-
mental results yields E,=20+3, 40%6, 40%+6, and
140115 meV for samples 2-5, respectively. The second
component behaves like that which arises from variable
range hopping between localized states near the Fermi
energy and is given by g =g exp(—(T,/T)"). The best
fit gives n =1 although lower-temperature data are re-
quired to rule out other exponents. Sample 1 has a very
weak temperature dependence, indicating that it is close
to the crossover from strong localization to nearly metal-
lic conductance. The gradual decrease of E, as the car-
rier density is decreased from sample 2 to 4 is typical of
doped semiconductors near the insulator-to-metal transi-
tion.! The abrupt increase of E, (for sample 5) signals
the elimination of the shallow impurities.
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FIG. 1. Conductance per square per layer, and field-effect
mobility as functions of the temperature for YBa,Cu3;O¢4s.
Solid lines are least-squares fits to the sum of a simply activated
component and a variable-range-hopping component.

The Hall coefficient also displays a behavior typical of
doped semiconductors. Hall charge-carrier densities are
plotted as a function of temperature in Fig. 2. The Hall
coefficient is always positive, indicating that the charge
carriers are holes. The most conducting sample (1)
displays an almost constant charge density, indicating
once again that this film is nearly metallic. For samples 3
and 4 the mobile hole density, like the conductivity, is
thermally activated. The activation energy is E, =30%5
meV, which is close to the activation energy (40 meV) of
the conductance for these two samples, showing that the
primary temperature dependence of the conductivity
comes from the T dependence of the hole density.

The defects or impurity states that determine the posi-
tion of the Fermi energy once the shallow acceptors are
removed partially compensate the acceptors. Whereas
the activation energy in an uncompensated doped semi-
conductor is half the binding energy of the hole to the
impurity, it is equal to the binding energy in the compen-
sated case.” Thus, the 30-meV activation energy provides
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FIG. 2. Charge-carrier (hole) density extracted from Hall-
effect experiments on YBa,Cu;0¢ 5 Vs temperature.

a measurement of the binding energy of the hole to the
oxygen acceptor in YBa,Cu;0q4,s. This agrees within the
reported errors with the value 34 meV found! for the
binding energy of the oxygen acceptor in La,CuO, .
For samples 3 and 4 there is no evidence in Fig. 2 for
saturation of the carrier density up to room temperature.
Thus we can only place a lower bound of ~10' ¢cm ™3 on
the carrier densities. It is clear, however, by comparing
the behavior of sample 1 with that of samples 3 and 4
that the transition from strong localization to nearly me-
tallic behavior occurs near 10 cm 3, approximately 1%
of the copper atom concentration. Superconductivity is
seen® only above ~2% of holes within the CuO, planes.
The Hall mobility, shown in Fig. 3, is nearly indepen-
dent of doping and has magnitude ugy~2 cm?/V sec.
This is quite close to the value ~3 cm?/V sec found for
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FIG. 3. Hall mobility vs temperature for YBa,Cu;O¢ 5.
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La, ,Sr,Cu0O,,,. Using the free-electron mass one finds
from these mobilities that the scattering time at room
temperature is comparable to that in the highest-T, su-
perconductors. The decrease of the mobility as T de-
creases is probably caused by the transition from simply
activated conductance to variable range hopping.'

In the field-effect experiment the applied voltage in-
duces a charge per unit area 8Q near the surface of the
sample. As a result, the conductance per square of the
film changes to 8G. The field-effect mobility is given by
upg=dG /dQ. For all our measurements 8G is found to
be proportional to 8Q. The field-effect mobility is plotted
versus 1/T in the lower half of Fig. 1. It is seen that ppg
has roughly the same temperature dependence as the con-
ductance.

Comparing samples 3 and 4 we find that, whereas their
conductances and Hall coefficients are nearly the same,
their field-effect mobilities differ appreciably. Using scan-
ning electron microscopy we detected inclusions of the
a-axis YBa,Cu;Og4,5 phase on the surface of the film
from which samples 1-3 were taken. Inclusions of the
a-axis oriented phase have been observed in the past,” and
are known to increase with the thickness of the film; the
samples that show the a-axis phase are from the thicker
of the two films. The nearly identical conductivities and
Hall coefficients of samples 3 and 4 show that grain boun-
daries do not have a significant influence on the transport
properties. The lower values of g for sample 3 there-
fore suggest that, for samples 1-3 most of the added
charge is localized in surface states and that the a axis
has a higher density of surface states than the ¢ axis.

The high density of surface states fixes the position of
the Fermi energy E in the band gap at the surface. We
show next that the similarity of the temperature depen-
dences of upg and the conductance is consistent with the
assumption that the charge carriers are depleted near the
semiconductor surface.

In general, the conductance of the film is given by

G=[otxdx= [ "o(x)dx +old—w), (1

where W is the width of the space-charge region, in
which the conductivity depends on the charge density
and thereby on position x, d is the film thickness, and o is
the conductivity in the interior of the film. In depletion
G is dominated by the second term, and the change in G
results from the change in W. In addition, W is simply
related to the charge added per unit area to the bulk of
the semiconductor Qp by dW/dQp=[e(N,—Np)]™ ',
where N, and N, are the densities of acceptors and com-
pensating donors, respectively. Consequently, the field
effect mobility is given by

ppe=dG /dQ=—0(dQp /dQ)[e(N ,—Np)]~ ', )

where dQp /dQ is the fraction of added charge that ion-
izes shallow impurities; the balance is trapped in surface
states and localized states in the depletion region. From
Eqg. (2) one predicts that the ratio o /ugg is independent
of temperature. As seen in Fig. 4, o /ug is, indeed, con-
stant between ~ 100 and 300 K for all but the most resis-
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FIG. 4. Ratio of the conductivity to the field-effect mobility
as a function of the temperature for YBa,Cu;O¢,5 The solid
lines for samples 1-4 represent a constant. The curve for sam-
ple 5 is the best fit of the data to o/ugg < T. Note that the
values for samples 1-3 are high because the high density of in-
terface states make ppg small.

tive sample.

Note that o /ugg is nearly the same for samples 1-3,
consistent with the idea that all of these, which come
from the same film with g-axis inclusions, have the same
high density of surface states, which gives a large value of
dQ /dQp. For this sample we estimate that the surface
density of states is ~10'-10'5/cm?eV, which is very
high.

From the data for sample 4 in Fig. 4 one finds
(N4—Np)=dQp/dQ X10%° cm 3. As discussed above,
the density of holes that can be ionized from acceptors
N 4 — Ny is larger than 10'° cm ™3 for sample 4. Thus the
fraction of charge added to the bulk of the semiconductor
is larger than L. The same observation can be made
directly by noting that ugg for sample 4 (Fig. 1) is about
ten times smaller than the Hall mobility (Fig. 3) at ~300
K. This means that for sample 4 the surface states do not
overwhelmingly dominate the field effect as they do for
samples 1-3.

The decrease of o /ugg at low T for samples 1-4 may
result from conduction in the surface states or the space-
charge region when the conductivity mechanism changes
to hopping. Because the latter mechanism depends ex-
ponentially on the density of states at the Fermi energy,
and because the density of states may vary nonmonotoni-
cally in the space-charge region, the contribution from
the latter region is difficult to estimate.

The field effect for sample 5 has a rather stronger tem-
perature dependence than that of the other films. This is
consistent with the idea that all shallow acceptors are el-
iminated in this sample, and that the screening of exter-
nal fields is, therefore, different. The temperature depen-
dence seen in Fig. 4 may be understood!® by assuming
that the field is screened by a high density of localized
states in the band gap in which the band bending is small.
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A simple argument leads then to o /ugg~7T. The data
for sample 5 are in reasonable agreement with this pre-
diction as seen in Fig. 4.

In summary, we have shown that the temperature and
doping dependence of the conductance and Hall
coefficient are consistent with a model in which
YBa,Cu;0q., s is a doped semiconductor with some com-
pensation. In fact, the properties of this material are re-
markably similar to those of La,_,Sr,CuO,4,,. In par-
ticular, the Hall coefficient provides a good measure of
the free carrier density, a property that appears to hold
well into the superconducting phase. The activation en-
ergy of the hole density shows that the binding energy of
the hole to the oxygen acceptor is ~30 meV in
YBa,Cu;0q 5, close to the value found for La,CuO,,,.
We note that this is a measurement of the binding energy
in single crystals of YBa,Cu;O¢ 5.

Chen et al.'! showed that the small binding energy in
La,CuO,4,, comes about because of coupling of the
charge carriers to optical phonons. The screening of the
Coulomb field by the static dielectric constant, which is
€£~30 in La,CuO,, reduces the binding energy from the
value ~0.5 eV it would have if screening were only by

the electronic contribution (~35) to the dielectric con-
stant. From the small value of the binding energy we find
in YBa,Cu;04. 5 we infer that coupling of the holes to
the optical phonons is important in this material as well.

From the field-effect measurements we conclude that
there is a depletion region at the air-YBa,Cu30¢ 5 inter-
face and that the density of states at this interface is rela-
tively high. However, there is now much evidence that
the density of states depends on detail on the structure of
the interface. In addition to the dependence on surface
orientation reported here, it is possible to achieve a lower
density of states and a concomitantly higher field-effect
mobility at the interface of YBa,Cu;O4 and SrTiO;."
Thus, there is reason to believe that much higher field
effects can be realized. Alternatively, higher field effects
can be achieved using thinner and larger-dielectric-
constant gate insulators.!3 1
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