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We demonstrate the transport of charge carriers in PrBa,Cu;0,_5 (PBCO) to be dependent both on
the applied electric field and on the temperature. In our measurements we use inert noble-metal contacts
on laser ablated and sputtered PBCO films. By applying the transmission line model we are able to
separate the contact resistance from the PBCO resistance. The average hopping distance can be found
by extending Mott’s formula to field activation, and is found to be much greater than the dimensions of
the PBCO unit cell. From the measurements in strong electric field a minimum hopping distance in the
direction of the applied field of about 14 nm is determined, which we discuss in terms of localized states
and intrinsic mixed valence of the Pr atoms in the PBCO film.

I. INTRODUCTION

The drastic depression of T, on substituting Y by Pr in
YBa,Cu,;0,_5 (YBCO) gives rise to a wide discus-
sion in the literature. In contrast to all other rare-earth
substitutions for Y (Nd, Sm, Eu, Gd, Dy, Ho, Er,
Tm, Yb, and Lu) superconductivity is quenched in
Y, ,Pr,Ba,Cu;O,_5 for x >0.55, and  pure
PrBa,Cu;O,_5 (PBCO) exhibits semiconducting
behavior. The transition from superconducting YBCO to
semiconducting PBCO is still a stumbling block for most
theories on high-T, superconductivity.? The electrical
transport mechanism of PBCO, generally described using
a concept of carrier localization, is interesting by itself.
At low temperatures carrier localization results in a
variable-range hopping (VRH) conduction mechanism, as
introduced by Mott.> In the classical Mott model the
hopping of carriers is temperature activated, yielding a
temperature-dependent resistivity. In this paper we in-
clude activation by an applied electric field in the descrip-
tion of the transport mechanism of PBCO. In this case
the resistivity is dependent on both the electrical field and
the temperature.

Resistivity measurements play a key role in the discus-
sion about the different properties of YBCO and PBCO,
as well as in the experiments on the transport mechanism
of PBCO. Measuring the extremely high resistivity of
PBCO thin films at low temperatures (typically p=1-10
QO m at T =10 K) requires a careful approach. Some au-
thors use superconducting electrodes,* thus limiting
themselves to temperatures below the critical tempera-
ture T, of their electrodes, and introducing supercon-
ducting coupling and pair-breaking effects. These effects
could be a source of errors. In our view Ohmic contacts
of noble-metal electrodes should be preferred.

The main problem in using noble-metal electrodes is
the high contact resistivity between the PBCO and the
electrode material, which is additionally strongly temper-
ature dependent. Standard four-point measurement tech-
niques, routinely used on superconducting YBCO, cannot
identify errors caused by a very high contact resistance in
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combination with a high sample resistance. Therefore, we
employ the transmission line model’ (TLM) to separate
the contact resistance from the PBCO resistance.

II. FILM PREPARATION

We used two batches of PBCO thin films. One batch
was laser ablated on Y-stabilized ZrO, substrates with a
CeO, buffer layer to improve the lattice match and thus
the quality of the PBCO film. The other batch was
sputter deposited on SrTiO; substrates. All films have a
thickness of 100 nm. Details on the deposition can be
found elsewhere.®” The isolation resistance of both types
of substrates and the CeO, layer was measured to be or-
ders of magnitude larger than the PBCO film resistance.

From x-ray diffraction measurements we conclude that
the films are c-axis oriented, with the a,b planes parallel
to the substrate. The c-axis length corresponds to fully
oxygenated films. The laser ablated films show some
structure at the surface, whereas the sputtered films are
smooth. We analyzed the surface of laser ablated and
sputtered films with an atomic force microscope (AFM).
From 2X2 um AFM scans we found a root-mean-square
surface roughness of typically 5 nm for laser ablated
films, and for sputtered films typically 2 nm.

Using a photoresist mask the largest part of the film is
removed by wet chemical etching in H;PO,:H,O solution
(1:100), leaving a bar with a length of 2685 um and a
width of 300 um in the middle of the substrate. On this
TLM bar we align a second mask defining contacts using
a lift-off step. Prior to the deposition of the contacts the
surface of the TLM bar is cleaned in situ by etching a few
nanometers in an argon plasma, thus removing possible
contaminations. The contacts are sputter deposited
without an adhesion layer. Their thickness is approxi-
mately 60 nm.

The TLM structure consists of eight contacts with
lengths of 200 um, leaving seven stretches of PBCO with
lengths of 5, 10, 20, 50, 100, 200, and 500 um, respective-
ly. The sample is glued to a sample holder with an isola-
tion resistance better than 1 TQ. Contacts between the
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film and the sample holder are made by wire bonding.

The measurements were carried out in a standard flow
cryostat. To determine the resistance between two neigh-
boring contacts on the TLM bar, we measure the current
I as a function of the applied voltage V. From the IV
data the differential resistance is calculated numerically
using nine consecutive points.

For the measurements we apply a Keithley Source
Measure Unit (SMU). The accuracy of its voltage source
is 100 uV, its current meter has a maximum resolution of
5 fA. Three-axial wiring is used from the SMU to the cry-
ostat. A driven guard surrounds the sensitive wire down
to the sample holder to prevent leakage currents. The
whole insert, including the sample holder, is surrounded
by a grounded shield to reduce noise.

Testing the setup without a sample showed that the
minimum current is determined by the equipment and
not by the leakage resistance of the insert. There is no
measurable leakage current from the insert to ground.
With the present equipment, resistances up to 1 TQ can
be measured.

III. TRANSMISSION LINE MODEL

The transmission line model was introduced by Berger
to study the quality and reliability of planar contacts to
monolithic circuits.’ In this model only one-dimensional
(1D) current flow was accounted for. The model was ex-
tended later by Pimbly,° allowing the current to flow per-
pendicularly to the contact. For our geometry, with a
very thin PBCO film, we use the model as presented by
Berger. In the TLM three subsystems are considered:
the sheet, the contact, and an interface layer. The contact
is assumed to be an equipotential plane. The differential
resistance at zero bias voltage R =93V /31 as a function of
the contact spacing L is given by

R 2R,L,

=5 £
R(L)= WL+ W cotth , (1)

where ¢ represents the contact length, W the contact
width, R, the sheet resistance, and L, the transfer length
(see Fig. 1). The transfer length is the length over which
90% of the current is injected into the film. For ¢ >>L,
the “‘coth” factor equals 1. Plotting R versus L we deter-
mine R, from the slope, and L, from the intercept at
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FIG. 1. Layout of the TLM test structure.
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L =0 using a least-squares fit. Applying very thin films,
we assume the current to be constant over the thickness
of the film. The PBCO resistivity ppgco can then be re-
lated to the sheet resistance R; as

Preco=R,d , )

with d the film thickness. The contact resistivity p. is
defined by

p.=R,L}. (3)

The value for L, can be used as a reliability parameter:
when L, approaches the contact length, the contact resis-
tance dominates the measurement, and the obtained sheet
resistance is likely to be prone to errors.

Strictly speaking, the model is only valid for Ohmic
contacts. Our contacts on PBCO could be non-Ohmic,
e.g., Schottky-barrier-like.!® However, plotting R
=9V /Al versus the PBCO length L also for nonzero
electric field, we were able to show a linear dependence
for L > L,(0), L,(0) being the zero-field transfer length.
The maximum relative error in the slope of the fitted
function at T =11 K was 13% at E =2 kV/m, compared
to 4% in zero field.

IV. CONTACT AND PBCO RESISTIVITY
IN ZERO ELECTRIC FIELD

In this section we discuss the contact and the PBCO
resistivity in zero electric field. The resistance was deter-
mined by taking the derivative from the IV plots at ¥ =0
V. Using the TLM we separated the contact resistance
from the film resistance. The contact resistivity for gold
and silver contacts on laser ablated and sputtered films
are presented in Fig. 2. The contact resistivity of silver
contacts can be lowered by annealing [15 min in 200
mbar oxygen at 400°C (Ref. 11)]. For gold contacts we
did not see an improvement in the contact resistivity by
annealing.

Sputtered films generally show a higher contact resis-
tivity than laser ablated films. For gold contacts the TLM
could not be applied at temperatures below 7 =80 K,
since the transfer length increased above the contact
length. Gold and silver contacts could be used on laser
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FIG. 2. The contact resistivity p, of gold, silver, and an-
nealed silver contacts on laser ablated films, and of gold and an-
nealed silver contacts on sputtered films.
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ablated films, where the gold contacts showed the lowest
contact resistivity. The lower contact resistivity on laser
ablated films may be due to the rougher surface of these
films: AFM measurements revealed a root-mean-square
surface roughness of 5 nm, compared to 2 nm for sput-
tered films.

In Fig. 3 we present the PBCO resistivity in zero elec-
tric field, E =0 V/m. The rougher surface of the laser
ablated films indicates some degree of disorder inside the
film, explaining that the laser ablated films have a higher
resistivity compared to the sputtered films. Despite the
fact that the annealing conditions are identical to the
cooling down conditions after deposition of the PBCO
film, annealing increased the absolute value of the resis-
tance. The temperature dependence of the PBCO resis-
tivity is the same for laser ablated and sputtered films:
the transport processes in both laser ablated and sput-
tered films are equivalent.

V. FIELD ACTIVATION

The distinction between the 2D and 3D Mott variable-
range hopping model is difficult to make on the basis of
the available data. To be able to make this distinction
clearly, VRH should occur over more decades of temper-
atures. Unfortunately, this is not the case in our data on
PBCO. The probiem of differentiating between 2D and
3D behavior was addressed earlier by Fisher et al.!> We
checked our data with the 2D and 3D Mott models, and
found the different formulas to fit almost equally well.
The standard deviations on the slope of the Inp versus
T~ (2D), and In p versus T~ '/* (3D) plots were 4%
and 5%, respectively.

The semilogarithmic plot of ppgcg at E =0 V/m versus
T '3 (Fig. 3) shows a linear dependence for T <100 K,
indicating temperature-activated variable-range hopping
between localized states.!® In the classical Mott deriva-
tion® the hop of a carrier between an initial state and a
final state is promoted only by its thermal energy kzT
(with kg Boltzmann’s constant). The electric field can be
incorporated in the description of hopping conductivity
in different ways. We shall briefly review the proposals
found in the literature, and finally present a model that
can be used to determine the average hopping distance in
the field direction.
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FIG. 3. The PBCO resistivity pppco for laser ablated and
sputtered films in zero electric field.

van ANCUM, VERHOEVEN, BLANK, AND ROGALLA 52

In the literature on hopping conduction in an electric
field, two electric-field regimes are considered separately.
The weak-field regime, with e, Er <<kz7T, and the
strong-field regime, where eg,Er >>ky T, with e the unit
of charge, €, the relative dielectric constant, r the (aver-
age) hopping distance, and E the applied electric field.

Shklovskii!* assumes nearest-neighbor hopping within
an energy bandwidth eg,Er, and arrives at p
<exp(E ~'/?) in strong electric fields. The model only
applies for strong fields, as it neglects temperature activa-
tion. In the Apsley and Hughes model!® the total
temperature- and field-dependent conductivity follows by
integrating the energy-dependent mobility over the ener-
gy. The resistivity is proportional to exp(—E?) in weak
fields, and to exp(E ~!/%) in strong fields. The hopping
distance in real space is not addressed by Apsley and
Hughes. Pollak and Riess'® use percolation theory in a
mean-field approximation to obtain the conductivity. The
localized states are occupied by a time-dependent nonin-
teger average occupation number of charge carriers. As
the charge carriers effectively do not move, the average
hopping distance cannot be assessed. Pollak and Riess
find p xexp(—E) in weak fields, and p <exp(E ~!/3) in
strong fields. Rentzsch, Schlimak, and Berger!” apply the
model by Pollak and Riess to hopping conductivity in
ZnSe films.

As is clear from the above, all models show a
p <exp(E ~173) dependence for strong electric fields. For
weak fields, the different models are not conclusive. In
this paper we introduce a model for both weak and
strong fields, enabling us to obtain the average hopping
distance in the direction of the applied field as a function
of the temperature and the electric field. In the limit for
strong fields our model yields p < exp(E ~!/?), consistent
with the literature.

In an applied electric field the electron gains an energy
eg, Er,, with r, the average hopping distance in the x
direction, and E the applied electric field in the x direc-
tion. This energy gain can be accounted for in two
different ways: first, as effectively decreasing the energy
of the final localized state, and second, as an addition to
the thermal energy kT available to the electron. In the
second description temperature and field activation are
interchangeable. We include the electric field in the Mott
formula as a second activation mechanism, by adding a
term eg, Er, to kgT:

kyT, 1/3
kgT+ee Er (T,E)

peecol T, E)=py exp 4)

The average hopping distance in the x direction 7, is a
function of the applied electric field and the temperature.
We can find r, as a function of the applied field for vari-
ous temperatures by measuring the resistivity of the
PBCO film as a function of temperature and field, and
fitting these values to Eq. (4).

Figure 4 presents the measured data on the PBCO
resistivity: pppco versus the applied electric field for
different temperatures. For temperatures above 100 K
temperature activation is dominant, and no field effect
can be seen. In this temperature regime nearest-neighbor
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FIG. 4. The PBCO resistivity pppco Vs the applied electric
field E for different temperatures.

hopping is likely to be the main transport process. Below
T =100 K a field dependence is obvious. To obtain infor-
mation on the average hopping distance we fitted a line
through the zero-field points (Fig. 3), yielding p, and T,.
If we use for €, the static dielectric constant g4,~25,'®
Eq. (4) can be solved, and the average hopping distance in
the x direction as a function of the applied field and the
temperature can be determined. The results for r, (T, E)
are plotted in Fig. 5.

The average hopping distances in both y and z direc-
tions are essentially equal to the zero-field average hop-
ping distance in the x direction, and are not affected by
the applied electric field, which acts only in the x direc-
tion. For both the 2D and 3D Mott models we calculated
the average hopping distance in the field direction with
formula (4) or its 3D equivalent. For low activation ener-
gies the average hopping distance in the x direction ex-
ceeded 100 nm, and thus also the average hopping dis-
tance in the z direction exceeds 100 nm independent of
the applied field. So, the film dimension in the z direction
(i.e., the film thickness of 100 nm) cannot accommodate
an average hop in this direction. This argument validates
the use of the 2D Mott model.

An increase in the average hopping distance in the x
direction implies an increase in the average total hopping
distance. Analysis of the data shows that (a) the average
hopping distance increases at lower temperatures, and (b)
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FIG. 5. The average hopping distance in the field direction r,

as a function of the applied electric field E for different tempera-
tures below 80 K.

the average hopping distance decreases in higher fields.
For weak fields (E <200 V/m) the obtained values for r,
are less accurate, as the temperature activation is dom-
inant in this regime. The behavior for E >200 V/m can
be understood as follows: for low activation energies the
electron has to travel (hop) a long way to find a state with
an energy that is close enough to its initial energy. On in-
creasing the activation energy by raising the temperature
or applying an electric field, the range of accessible ener-
gies broadens. More states near the initial state become
available to the electron, and the average hopping dis-
tance decreases. At low temperatures and in weak fields
the small current is carried by a few hops over a long dis-
tance. At higher temperatures, and equivalently in higher
fields, more current is carried by more hops over a short-
er distance.

In high fields the average hopping distance in the x
direction tends towards a constant minimum value of ap-
proximately 14 nm. We interpret this minimum hopping
distance as nearest-neighbor hopping between localized
states. The obtained value of 14 nm is comparable to the
estimate in the literature for the nearest-neighbor dis-
tance x N = 10 nm, obtained by fitting the IV curves of a
junction with a PBCO barrier. 4

Another way to explain the field-dependent resistivity
would be dissipation in the PBCO film. This would (local-
ly) increase the temperature, and hence lower the resis-
tance. However, the dissipated power in the PBCO thin
film is of the order of 40 nW/fLmz. On the basis of the
literature on field-effect devices!® we estimate a maximum
temperature rise of 3 mK. Therefore heating cannot ex-
plain the observed field dependencies.

VI. CONCLUSION

For thin PBCO films we have demonstrated the resis-
tivity to be dependent on both the external applied elec-
tric field and the temperature. We obtained an average
hopping distance in the field direction as a function of
temperature and field by adding the energy gain due to
the applied electric field, e€,Er,, to the thermal energy
kg T in the classical Mott formula. For low activation,
i.e., low temperatures and weak fields, the hopping dis-
tance is much greater than the dimensions of the PBCO
unit cell. By increasing the activation, the average hop-
ping distance in the field direction decreases to approxi-
mately 14 nm. The decreasing hopping distance complies
with the Mott picture for variable-range hopping.

In our measurements we have used noble-metal elec-
trodes. In order to measure the resistivity of PBCO thin
films, we employed the transmission line model to elimi-
nate the influence of the contact resistance. The contact
resistivity strongly depends on the surface morphology of
the film. Laser ablated films have a higher rms surface
roughness, and show a lower contact resistivity compared
to smoother sputtered films. The higher surface rough-
ness of the laser ablated films, indicating more disorder in
the film, is also reflected in the higher resistivity of laser
ablated PBCO films.

The origin of the localization in PBCO, and the role of
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the Pr atom in the localization, have been, and are still
under discussion. ">2® We note that the nearest-neighbor
distances are one to two orders of magnitude greater than
the dimensions of the PBCO unit cell (0.3878<0.3928
X 1.171 nm in the a, b, and ¢ directions®). If we assume
intrinsic localized states, this leads us to the conclusion
that not all Pr atoms serve as hosts to a localized state.
Only an estimated 3% of the Pr atoms provide a local-
ized state. This argument agrees with a mixed valence
state of the Pr atoms, where most Pr atoms are in the 3%
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valence state, and only a few Pr atoms in the 4" valence
state, having a localized hole in their vicinity.
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FIG. 1. Layout of the TLM test structure.




