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Transport properties of Nd1.2Ba1.8Cu3OZ ultrathin films by field-effect doping
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We report a study on the transport properties of ultrathin Nd1.2Ba1.8Cu3Oz (NdBCO) films by using field
effect devices. Very high quality NdBCO films, having thickness ranging between 5 and 130 nm, have been
prepared using diode high oxygen pressure sputtering. The temperature dependence of the resistivity has been
studied as a function of the number of layers and of doping induced by field effect. An insulatingsuperconducting transition is observed in these films when the thickness is increased above 9 unit cells (u.c.).
Below 9 u.c. the resistivity follows a 2D Mott variable range hopping temperature dependence and the
localization length, estimated from a fit, is found to increase when holes are injected in the sample by field
effect. A similar trend is observed when the number of layers in the film increases as a result of the changes of
doping. The analysis suggests that hole density plays a major role in the transport properties of NdBCO
ultrathin films.
DOI: 10.1103/PhysRevB.70.214528
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I. INTRODUCTION

Superconducting-insulator (S-I) transition in the high
critical temperature superconductors (HTS) family is one of
the most interesting issues in condensed matter physics.1
There are different ways to induce a S-I transition in an
optimally doped superconducting compound. For example, it
is possible to change the composition by cation substitution
or by modifying the oxygen concentration. The change in
composition alters the holes doping, but inexorably modifies
the structure and introduces chemical disorder in the system.
The temperature versus holes doping phase diagram
seems to be a general feature of the HTS, suggesting that
density of carriers in the CuO2 planes plays a major role in
the electronic properties of these materials.2 However, there
is no agreement on this subject, since other parameters may
affect both the normal and the superconducting state properties of HTS. For example, a correlation between the critical
temperature and the Cu–O–Cu buckling angle have been
found in polycrystalline 共La1−xCax兲共Ba1.75−xLa0.25+x兲Cu3Oy
samples having different doping levels.3 Furthermore, the effect of external uniaxial pressure on the critical temperature
of several HTS compounds4 suggests that crystalline structure deformations may have a major role in determining the
electronic properties of these materials. Some theoretical
papers5 have shown that a relevant role on the properties of
the CuO2 planes is played by the ratio between the Madelung
potentials at the apical oxygen (above the CuO2 plane) and
the one at the planar oxygen (in the CuO2 plane). This ratio
can be modified not only by hole doping, but also by changes
in the structure and by cation substitution. Consequently,
studies on the role of chemical doping on the transport properties of HTS cannot discriminate between the effects associated with modification of holes distribution in CuO2 planes
and the structural ones. In this perspective, the use of the
electric field effect to modify the density of carriers in a thin
layer of an HTS film seems extremely attractive. Field effect
devices (FED) made of metal transition oxides and HTS thin
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films can be used to modify the number of carriers in a layer
of thickness equal to the Thomas–Fermi screening length TF
(of the order of one unit cell). This can be done without
introducing chemical disorder or modifying the structure.
Considerable field effect modulation of the magnetoresistance was demonstrated in La0.9Ca0.1MnO3 films,6 while
modifications of the critical temperature of superconducting
samples was achieved in field effect experiments on optimally doped Nd1Ba2Cu3O7−␦ (Ref. 7) and overdoped
Y0.7Ca0.3Ba2Cu3Oy (Ref. 8) films.
Recently the authors have demonstrated that a strong
modulation of the conductivity can be induced by field effect
in insulating Nd1.2Ba1.8Cu3Oz (NdBCO) thin films.9 An apparent insulating-superconducting transition has been observed in one of the eight unit cells (u.c.) device tested. In
this paper we present a detailed study of the transport properties of the Nd1.2Ba1.8Cu3Oz (NdBCO) thin films as a function of field effect doping. The analysis of these results provides experimental evidence that underdoped NdBCO films,
having doping close to the I-S transition, behave as 2D Mott
variable range hopping insulators and the localization of the
carriers, associated to the change of hole density, determines
and consequently modifies the transport properties.
II. DEVICE PREPARATION AND CHARACTERIZATION

Field effect devices were fabricated fully “in situ” following the design sketched in Fig. 1(a). A NdBCO film is grown
on a 10⫻ 10⫻ 0.5 mm3 SrTiO3 (1 0 0) (STO) substrate on
which 15 nm thin Au contacts, a 150 nm Al2O3 insulating
film, and the Au gate electrode are sequentially deposited “in
situ” using suitable stencil-steel masks.
The Al2O3 film is deposited by dc magnetron reactive
sputtering using a pure aluminum target in a mixture of Ar
(flux of 50 sccm) and O2 (4 sccm) gas. The deposition conditions have been adjusted in order to have stoichiometric or
oxygen rich films according to Ref. 10. As shown in Fig.
1(b), the sputtering voltage has a characteristic dependence
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FIG. 1. (a) Sketch of the field
effect device used in this work. (b)
Typical sputtering voltage versus
oxygen flux calibration performed
at 100 mA of sputtering current
before the deposition of the Al2O3
dielectric film; in the inset the absolute pressure versus oxygen flux
is also shown.

on the oxygen flux: when the Al-target surface layer becomes
completely oxidized, a sudden voltage drop occurs corresponding to the switching to a sputtering regime characterized by a negligible deposition rate. In order to have a useful
rate and to grow oxygen rich Al2O3 film, the maximum oxygen flux before the sudden voltage drop occurs is chosen.
With a sputtering current of 100 mA and a total pressure of
10 Pa, a growth rate of about 0.04 nm· s−1 is typically obtained. The breakdown field of our Al2O3 films is in the
range of 7 ⫻ 106 V / cm. The resistivity across the Al2O3
layer is larger than 104 ⍀ · m up to a field of 4 ⫻ 106 V / cm.
The Nd1.2Ba1.8Cu3Oz films were grown by high oxygen
pressure diode sputtering from a single target at 230 Pa using
a mixture of 95% of oxygen and 5% argon as sputtering gas,
a target to substrate distance of 15 mm, and a deposition
temperature, referred to here as the heater temperature, of
1120 K. The composition was measured by EDX (energy
dispersive x-ray) analyses. X-ray diffraction measurements,
performed by a conventional three circles CuK␣ diffractometer, show that the NdBCO samples are untwinned and
tetragonal up to 70 unit cells. The very high quality of the
structure of these films is clearly confirmed by the full width
at half maximum (FWHM) of the rocking curves measured
on symmetric as well as asymmetric reflections: this width is
0.03° on the (001) peak and lower than 0.10° on (005) and
(308) peaks. Reflectivity oscillations, merging with Pendellösung fringes present around the (001) reflection (Fig. 2), are
observed for films having thickness even larger than 80 nm,
demonstrating very smooth surfaces and structural coherence
extended along the whole thickness. The number of unit cells
can be consequently measured by x-ray diffraction with a
precision of one unit cell (u.c.). The surface of
Nd1.2Ba1.8Cu3Oz thin films is composed by a two levels terrace structure, with steps typically 0.4 nm high. The root
mean square roughness, measured on 5 ⫻ 5 m2 area, is below 1 nm for 100 nm thick films and 0.4 nm for 10 nm thin
films.11
Gold layers are grown by a thermal Joule effect evaporator source. The contacts are 50 m wide and 20 nm thin, the
distance between the current pads [IDS in Fig. 1(a)] is about
200 m, and the drain to source channel length [VDS in Fig.
1(a)] is 25 m9. Resistivity was measured as a function of
temperature, at different gate voltages, using a four-probe
technique, where a constant current (between 1 to 10 A) is
injected between the current pads and the drain-source voltage drop is acquired. Only in the case of 4 u.c. films the
measurements have been performed with a two-probes tech-

nique, by applying a voltage difference between drain and
source and measuring the current with a Keitley 487 picoammeter. In order to assure that the properties of the NdBCO
films were not modified by the deposition of other layers on
their surfaces, the resistivities of twin samples were also
measured as a function of the temperature using a standard
Van der Pauw method.
The average number of carriers of our films was evaluated
by Seebeck effect measurements. The well established
correlation12 between the room temperature value, S290, and
the number of holes per CuO2 planes, p pl, provides a rapid
method for the determination of the carriers density as a
function of the thickness. All cuprates, both in form of polycrystalline, epitaxial films and crystals, obey to this
relationship.12 Deviations are observed in the case of
Y1Ba2Cu3O7−␦ due to substantial contribution provided by
the Cu(1)O oxygen chains. In our films, instead, long chains
are evidently destroyed by the Nd/Ba substitution, since
these films are tetragonal; therefore the relationship between
S290 and p pl gives a reliable estimation of the hole density.
III. EXPERIMENTAL RESULTS

In Fig. 3 the resistivity versus temperature of NdBCO
films, having thickness ranging between 4 and 116 unit cells,
is shown. It is clear that a superconducting-insulator transi-

FIG. 2. Low angle  − 2 diffraction spectra measured on 8, 14,
29, 38, 60 and 78 u.c NdBCO films. Each scan has been displaced
by a fixed offset for clarity.
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FIG. 3. Temperature dependence of the resistivity in NdBCO
films characterized by different thickness as indicated in the figure.
In the inset the data are shown as sheet resistance versus temperature, showing that the superconducting-insulating transition appears
at values of R䊐 lower than RQ.

tion takes place when the thickness is reduced below 9 unit
cells. All the samples below this thickness exhibit insulating
共d / dT ⬍ 0兲 temperature dependence of the resistivity and no
superconductivity down to 4.2 K. The thickness dependence
of the resistivity can be associated to the effect of strain
induced by the different structure of the SrTiO3 substrate and
of the Nd1.2Ba1.8Cu3Oz film. An analysis of the correlations
between structure and transport properties of NdBCO is beyond the scope of this paper and will be reported elsewhere.
We wish only to mention that thin Nd1.2Ba1.8Cu3Oz films
(thickness lower than 70 u.c.) are tetragonal and almost perfectly in plane matched with the SrTiO3 substrate. Consequently our films are strained, since bulk Nd1.2Ba1.8Cu3Oz
samples are orthorhombic with a = 0.387共0兲 nm and b
= 0.391共0兲 nm.13 As shown in Fig. 3, the 8–9 u.c. samples
are at boundary between the insulating and the superconducting behavior, therefore small changes in the average thickness or in the oxygen content can significantly affect the
conductivity. The number of carriers of 8 u.c. films, determined from the Seebeck coefficient, is about 0.05 holes per
CuO2 plane, in agreement with the I-S transition expected by
the phenomenological phase diagram of cuprates. We note
that the superconducting-insulating transition appears at values of the sheet resistance R䊐 lower than the universal value
RQ = h / 4e2 = 6.48 k⍀, as shown in the inset of Fig. 3.
Hole doping by field effect is demonstrated in Fig. 4,
where the resistance versus temperature of 4 and 8 unit cells
films is plotted for several gate voltages. Applying a negative

FIG. 5. Temperature dependence of the resistivity in an 8 u.c.
FED as a function of the gate voltage applied through the SrTiO3
substrate used as dielectric. In the inset the relative change of the
channel resistance obtained with the gate voltage applied through
the SrTiO3 (Vg = −500 V, open diamonds; Vg = + 500 V, filled diamonds) and through the Al2O3 layer for comparison (at ⫺30 and
⫺60 V) are shown.

voltage to the gate, a decrease of the resistivity was observed
for all devices, demonstrating that mobile carriers are holes,
as expected. In this geometry, a gate voltage of 10 V corresponds to an electric field of about 0.7⫻ 106 V / cm. The corresponding injected surface carrier density is estimated to be
in the range of 4 ⫻ 1012 cm−2. The number of holes per CuO2
plane is p pl = 0.05 in an 8 u.c. film; consequently, with the
hypothesis that holes are injected in the first unit cell and
completely transferred to the CuO2 planes by field effect, a
change from p pl = 0.05 to p pl = 0.06 is expected applying
a gate voltage of about ⫺30 V 兵p pl共Vg = −30 V兲 = p pl共Vg
= 0兲 + ⌬ns / 2 ⫻ areaCuO2 = 0.05+ 关1.2⫻ 1013 cm−2 / 2 ⫻ 共0.3905
⫻ 10−7 cm兲2兴其. Field effect modulation of the conductivity is
also obtained by applying the field through the 0.5 mm thick
SrTiO3 substrate used as dielectric. The very high dielectric
constant of the STO makes it possible to observe effects even
if the applied electric field is very low due to the large substrate thickness. In Fig. 5 the temperature dependence of the
resistivity in an 8 u.c. film is shown in function of the gate
voltage. Note that much larger gate voltages are in this case
necessary to observe any effect. Here the charges are injected
primarily in the first layer of the deposited film at the interface with the substrate. The effect for positive and negative
voltages again demonstrates that for injecting holes a decrease of the resistivity is clearly observed at temperatures
lower than 50 K. Moreover, the percentage change of the
resistivity (inset of Fig. 5) is similar for both field polarities.
FIG. 4. Temperature dependence of the resistivity in 4 and 8
u.c. FED measured for different
values of the gate voltage: (a) 4
u.c. FED at Vg = 0 V (open
squares), Vg = + 10 V (filled diamond), Vg = −10 V (open circles),
Vg = −30 V (open diamonds); (b)
8 u.c. FED at Vg = 0 V (open
squares), Vg = −20 V (filled diamond), Vg = −30 V (open circles),
Vg = −60 V (closed squares).

214528-3

PHYSICAL REVIEW B 70, 214528 (2004)

SALLUZZO et al.

Since the dielectric constant of the SrTiO3 is a function of
the field and of the temperature, these data can be only qualitatively analyzed.
IV. ANALYSIS OF THE EXPERIMENTAL RESULTS

The variable range hopping (VRH) model is commonly
used to describe the transport mechanism in strongly
electron-correlated insulating materials.14,15 In this scenario,
conduction of carriers takes place by hopping between lattice
sites, where they are localized within a given localization
length d.14 In the original derivation by Mott, the conduction
mechanism was described as a phonon assisted tunneling
hopping. In the case of electron-correlated material the transport mechanism has a different origin, nevertheless the Mott
derivation of the conductivity is still valid if the Coulomb
interaction between the carriers is not taken into account.
Efros–Shklovlskii (E-S) showed that in some systems the
Coulomb repulsion could not be neglected at low temperature and in this case the density of states becomes gapped at
the Fermi surface16 (while in the Mott theory it is considered
constant). A crossover from a Mott regime to an E-S regime
is expected at low temperature in this case. It can be shown
that, for both Mott and E-S models, a simple analytical expression for the temperature dependence of the resistivity can
be derived:17

共T兲 = 1

冉 冊 冋冉 冊 册
T
T0

2␣

exp

T0
T

␣

.

共1兲

Here ␣ = 21 , 31 , or 41 in the case of E-S, 2D or 3D Mott
models, respectively, and T0 is a characteristic temperature
that assumes different functional expressions depending on
the model. In spite of its simplicity, the analytical expression
for the resistivity (1) is astonishingly general. Similar equations are obtained including in the calculation multiple hopping processes.18 Moreover Eq. (1) remains valid when the
conduction is associated with hopping of polarons.19
In the Mott theory the characteristic temperature T0
depends on the localization length d and on the density of
states at the Fermi energy gE f . For a 2D system T0
2
20 using a percolation ap= ␤ / 共g2D
E f · kB · d 兲. Levin et al.,
proach, have demonstrated that ␤ = 14. This value is in good
agreement with numerical simulation.21
In the E-S model the characteristic temperature T0 depends on the localization length and it is not a function of the
density of states at Fermi level, but of the dielectric susceptibility  of the material. Again for the 2D system it can be
shown that T0 = 6.2 e2 / 共kBd兲 in the E-S theory.
The comparison between the different models (Mott 2D,
Mott 3D, and E-S) and the experimental results for an 8 u.c.
film (data taken at zero gate voltage) is shown in Fig. 6. It is
clear that the Mott 2D law reproduces the experimental results with good accuracy in a large temperature range. This
result is valid also for the other 8 u.c. insulating NdBCO
films. Consequently the Mott 2D model gives the best agreement with the experimental results.
In Fig. 7 the experimental data on the resistivity of an 8
u.c. FED, plotted now in log-scale at different gate voltages,

FIG. 6. Comparison between the experimental resistivity data on
an 8 u.c. film (at zero gate voltage, black filled circles) and the fit
obtained with different theoretical models: Mott 2D (gray continuous line), Mott 3D (dot line), E-S (dashed line). In the inset the data
are plotted as resistivity in function of 1 / T on a log-log scale.

are shown. While either Mott 2D or E-S models can describe
the low temperature behavior at the different doping levels,
major deviations from the E-S law are observed at high temperatures. The main effect of doping by field effect is the
change of the characteristic temperature T0 that systematically decreases raising the density of holes. The localization
lengths of this 8 u.c. FED, estimated using the T0 values
found by fitting the data with the Mott 2D and E-S models,
are plotted in the insets of Fig. 7. For the calculations we
used a density of states of 1 ⫻ 1014 states eV−1 cm−2 (Ref.
22) and  = 26.23 In both cases the localization length is of
the order of 3 or 4 in plane lattice constants, lower than the
typical values of the superconducting coherence length in
this compound (1.8 to 2.0 nm corresponding to about 5a,
with a = 0.39 nm). Even assuming a density of states of 0.5
⫻ 1014 states eV−1 cm−2, the localization length, obtained by
the Mott 2D model, remains lower than 2.5 nm.
Similar results are obtained in the case of other insulating
NdBCO films. In Fig. 8(a) we plot data of NdBCO films of
4, 8, and 10 unit cells. Data for two 8 u.c. films are shown,
and one of them exhibits an I-S transition by field effect.
From the inset one can see that the localization length increases exponentially when the thickness is larger than 8 u.c.,
approaching the limit where the VRH model is no more
valid.
A similar analysis, in function of field effect doping, was
carried out for the data regarding the 8 u.c. FED exhibiting
I-S transition. As shown in Fig. 8(b), the slope of the experimental data in the normal state decreases by applying negative voltages. The localization length is found to change from
2.0 to 2.8 nm. It is worth noting that 2.0 nm is roughly the
maximum values of d reached by the other 8 u.c. FET still
non-superconducting, (see Fig. 7) at maximum hole doping.
V. DISCUSSION

The experimental results suggest that NdBCO thin films
with thickness lower than 10 u.c. are 2D Mott-VRH insulators, and that the insulating behavior is driven by localization
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FIG. 7. Experimental data on 8 u.c. FED as a function of T−1/3 (a) and T−1/2 (b) at 0, ⫺20, ⫺30, and ⫺60 V gate voltages. In the insets
the localization lengths, obtained from a fit using MOTT 2D (a) and E-S (b) models, are shown.

of carriers. Field effect doping modifies the localization
length in a manner consistent with transport provided by
holes, i.e., d increases by increasing hole doping. The localization length is also found to be a function of film thickness,
decreasing with the number of unit cells that composes the
film. Both results can be explained supposing that the hole
density, changed by field effect or by the film thickness, is
responsible for the observed transport properties.
The localization length was found to be a function of the
Pr doping in Pr-doped compounds, like Y1−xPrxBa2Cu3O7,24
Gd1PrxBa2−xCu3O7,25 and Tl2Ba2Ca1−xPrxCu2Oy,26 where the
Pr content modifies both the Tc and the hole doping in the
optimally doped 123 and 2212 families. In these materials
the hole localization has been attributed to the Pr ions that
may affect the properties of the CuO2 planes in different
ways, i.e., by changing the Pr valence to the 4⫹ state (due to
the presence of 4f orbitals), by introducing disorder, or by
modifying the oxygen content. It turns out that Pr doping
always modifies the number of hole carriers present in the
CuO2 planes. By comparing these results with our experimental data, we arrive at the conclusion that hole doping is
the key ingredient in determining the transport properties of
strongly underdoped compounds. It is worth noting that the

values of the localization length determined in Refs. 25 and
26 for non-superconducting Pr-doped compounds is around
2.0 nm, a value very similar to that found in insulating NdBCO 8 u.c. films. In our opinion these results give strong
hints that the localization of the carriers in the CuO2 plane is
mainly associated to hole doping, that is modified, in these
different systems, by field effect, by Pr substitution, or by
strain-related effects in very thin films. Incidentally we note
that superconducting to insulating transition is observed in
samples where the carriers are localized within a distance
smaller than the coherence length. These results are consistent with the changes of the localization lengths with the
applied gate voltage in our 8 u.c. FED exhibiting the I-S
transition. Since changes in the transport properties are obtained in the same sample by applying the field, we can rule
out that the chemical or structural disorder plays any role.
The similarity between the effect of chemical doping and
field effect doping, however, must be considered with some
care, due to the intrinsic differences among the two kinds of
doping. First of all, our analysis assumed implicitly that, in
field effect doped samples, holes are injected homogeneously
along the whole thickness.This assumption is clearly invalid
if the preexisting carriers are able to screen the electric field

FIG. 8. (a) Resistivity versus T−1/3 data in function of the number of unit cells for 4, 8, and 10 u.c. FED. Continuous lines guides for eyes;
(b) resistivity versus T−1/3 for 8 u.c. sample A FED exhibiting a field effect induced insulating to superconducting transition. The continuous
line is the fit obtained at ⫺30 and ⫺34 V gate voltage using the MOTT 2D models, while the dashed line is the fit at 0 gate voltage.
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FIG. 9. Comparison between the experimental data on sample B
FED and the fit obtained using Eq. (5).

within the Thomas–Fermi length, i.e., in the first unit cell for
the HTS. It is not clear if Thomas–Fermi model can be really
applied to strongly underdoped (in fact insulating) and layered HTS. However, it is important to verify if and how our
analysis presented above would be modified. If the field effect influences the properties of a surface portion of the film,
the measured resistivity is composed by the parallel contribution between the doped layer and the bulk. In this case we
can write the sample conductivity as follows:

共T兲 =

t
t
+
,
TFs共T兲 共t − TF兲 · bulk共T兲

共2兲

where t is the film thickness, and s共T兲 and bulk共T兲 are the
contributions coming from the field effect doped surface and
the bulk, respectively, whose temperature dependence is assumed to follow Eq. (4) with ␣ = 31 (2D-Mott). bulk共T兲 is
determined by fitting the data at zero gate voltage, while TF
is assumed to be 1 u.c. In Fig. 9 the comparison between the
experimental data for the 8 u.c. FED [see Fig. 4(b)] and the
fit obtained from Eq. (2) are shown. The fit is extremely
good in the full temperature range, though there is no real
improvement with respect to the simple 2D-Mott model that
still explains our data with irrelevant changes in the fitting
parameters. The localization length, plotted in the inset of
Fig. 9, is only slightly larger than the one determined from
the previous fit [Fig. 7(b)]. Consequently the main conclusions drawn by the simplified analysis are essentially confirmed.
Another related point is the intrinsic difference between
hole injection and hole depletion. Since the field penetrates
only in the first unit cell of the film, it would be simpler to
observe field effect modulation by injecting holes in the
sample (that decreases the resistivity of the surface layer).
This seems to be not the case in our samples as clearly
shown by the data in Fig. 6 for an 8 u.c. film where the field
effect seems to be of the same order of magnitude for posi-

tive or negative applied gate voltages. Moreover, data on 4
u.c. films [Fig. 4(a)], where the bulk contribution to the conductivity has a lower weight compared to the 8 u.c. FEDs,
show that hole depletion gives rise to a stronger change of
the resistivity than hole injection. This result is not completely understood, but they may be explained taking into
account that the relation between resistivity, or localization
length, and doping is not linear and it may be possible that a
injection or depletion of holes is in reality not symmetric.
Finally, it is interesting to compare our results to related
data reported in the literature. Field effect doping on YBCO
underdoped films was reported in Refs. 27 and 28, where
field effect devices were made of a 50 nm thick insulating
YBCO grown sequentially on an insulating STO used as dielectric. The whole structure is deposited on a conducting
Nb-doped STO substrate used as gate electrode. In this case
the field is applied through the STO film. An analysis of the
transport properties of YBCO insulating films was employed
in the framework of the VRH mechanisms of conduction. A
crossover between the Mott 2D and the E-S limits were reported in function of the temperature for some of their devices. We have not found a similar crossover in our samples
in function of doping and of the number of layers. We think
that there are two possible explanations for such differences.
The first one relies on the fact that our resistivity versus
temperature data are acquired with a temperature independent amount of holes injected, since the Al2O3 layer has a
temperature independent dielectric constant. This is different
from the data reported in Ref. 28, because the STO dielectric
constant is strongly temperature dependent. Second, we use
thinner films, consequently the contribution of the field effect
undoped layer is very small if compared to the case of 50 nm
thick YBCO film.
In conclusion, we studied the transport properties of
NdBCO having different numbers of unit cells and we modified the conductivity of the samples by field effect doping.
Analysis of the data in the framework of the VRH models
shows that a 2D Mott model reproduces the temperature dependence of the resistivity on insulating thin films (thickness
lower than 9 u.c.) and that the localization length d increases
both with the film thickness and by increasing the hole density using field effect. Comparison of our data with experimental results obtained on chemically Pr doped compounds
reveals that Pr doping, strain induced modification of hole
density, and field effect doping have a similar effect on the
transport properties of Mott-VRH insulating HTS compounds, providing a further indication that the carrier density
plays a major role in the properties of these compounds.
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