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Electrical properties of Bi,Sr,CuO, thin films prepared by the RF magnetron sputtering method have
been investigated. By varying the Bi content in the film, the resistance of Bi,Sr,CuO, changed over a
wide range. Samples with low resistance showed superconductivity with a zero-resistance critical tem-
perature of about 5 K, and the temperature dependence of the resistance above the superconducting
transition temperature was metallic. On the other hand, samples with high resistance did not show su-
perconducting transition and the temperature dependence of the resistance was semiconductorlike. The
critical value of the normal resistance per Cu-O sheet for the appearance of the superconductivity was
found to be very close to the quantum resistance (4 /4e2). In the case of superconductive films, the
power law of current-voltage characteristics (¥ < I%) was observed and the temperature dependence of
the exponent a showed the universal jump, which suggested the dissipation at the superconducting tran-
sition due to the Kosterlitz-Thouless (KT) transition. The temperatrure dependence of the resistance
also supported the KT transition. The fluctuation effect above the mean-field BCS transition tempera-
ture was interpreted by the 2D Aslamazov-Larkin theory. In the case of insulating films, their behavior
was examined by several mechanisms. The Anderson localization could be responsible for the Ro-T
characteristics of the sample of which sheet resistance was just above the critical resistance in the low-
temperature region. The intriguing possibility of the KT transition of charges for high-resistance sam-

ples was also discussed.

I. INTRODUCTION

We have been trying to obtain high-quality
Bi,Sr,Ca, _Cu,O, (BSCCO) films by block-by-block
sputtering.! 3 In the case of 2223 phase, we could obtain
as-grown films with very smooth surface morphology and
a zero-resistance critical temperature T, of 102 K,*
which is the highest value of T, ., of as-grown 2223
phase films to our knowledge. In this process of raising
T, ,ero» We found that it was very important to adjust the
Bi content for the deposition of high-quality films. The
electrical properties were seriously affected by the subtle
control of the Bi content. In particular, the electrical
properties of 2201 phase (BSCO) films changed from su-
perconductor to insulator.

This behavior of BSCO films is similar to the
superconductor-insulator transition observed in films of
other materials. Such transition has been reported in a
variety of systems (granular films,®® homogeneous ul-
trathin films,'°" !¢ high-T, films,'’~!° Josephson-junction
arrays®®) and the critical resistance is a universal value,
approximately k /(4e?), independent of the material and
the microscopic details.

Cuprate superconductors such as YBa,Cu;0, (YBCO)
and BSCCO are anisotropic materials and two-
dimensional (2D) characteristics have been observed.
The Kosterlitz-Thouless (KT)-type behavior reflects the
2D aspect of the sample. The appearance of the resis-
tance just above the zero resistance critical temperature
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T, ,ero have been explained by the KT transition theory.?!
In metallic superconductors, this behavior was observed
for various systems including ultrathin films,?? granular
films,?>?* and Josephson-junction arrays.?>?® After the
discovery of oxide superconductors, the KT transition
theory was also applied to the explanation of their prop-
erties?’ "% and some works were for single crystals,
which may reflect the 2D characteristics of these materi-
als.

The excess conductivity also reflects the dimensionali-
ty. Many works have been carried out and 2D
behavior,*! ~*® 3D behavior,* and 2D-3D crossover’® 32
have been reported. Though BSCO is also a member of
such cuprate superconductors, its critical temperature T,
is rather low and its properties have been investigated
less than other members with higher T,.

In this paper we report the superconductor-insulator
transition of BSCO films by the subtle control of the Bi
content. We continue with a discussion of the electrical
properties of the obtained films. In particular, their two-
dimensional properties will be highlighted.

II. SAMPLE PREPARATION

We have prepared BSCCO and BSCO thin films of
high quality in situ by the multitarget RF magnetron
sputtering method,! ~* and also confirmed this method to
be applicable to the preparation of BSCCO/BSCO super-
lattices.” Two targets of 3 in diameter were used for the
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FIG. 1. X-ray-diffraction pattern of a BSCO film prepared at
input power 2 of 10 W.

deposition of BSCO films. The compositions of targets 1
and 2 were Bi,(Sr,,Cu, O, (single-phase calsined
powder) and Bi (5N, metal), respectively. Target 2 (Bi)
was used in order to make the adjustment of the composi-
tion in the film easy. This target is essential for the depo-
sition of high-quality BSCO films because the properties
of the BSCO films are very sensitive to the Bi content, as
will be mentioned later. The Bi content in the film was
controlled by the input power to target 2. The films were
grown on MgO(100) substrates at the substrate tempera-
ture of 760°C. The substrate was fastened to the sub-
strate table which rotated at 24 rpm, and run periodically
just along the circumference which joins the center of the
targets. The sputtering gas was a mixture of argon and
oxygen (Ar:0,=4:1) and the total pressure was 1.0 Pa.
The input powers to targets 1 and 2, which we denote by
input power 1 and input power 2 hereafter, were 42 and
8-14 W, respectively. The deposition time was 2 h,
which corresponds to the thickness of 730 A. After the
deposition, air was introduced into the chamber to at-
mospheric pressure, and the substrate was cooled. In or-
der to determine the deposition rate and the optimum
sputtering conditions, BSCCO films were prepared by the
alternate deposition of Bi-Sr-Cu-O blocks and Ca-Cu-O
blocks, which was reported previously. In this case, tar-
get 3 (Ca; (Cu, (O,, sintered) was used for the deposition
of the Ca-Cu-O block, and targets 1 and 2 for the
Bi-Sr-Cu-O block.

The obtained BSCO films were of good crystallinity
and well oriented, and had very smooth surface morphol-
ogy. Figure 1 shows the x-ray-diffraction pattern of the
BSCO film prepared at input power 2 of 10 W. The film
was a single phase and showed a well-defined c-axis orien-
tation. Other films prepared in the range of input power
2 mentioned above showed almost the same patterns.
The lattice constant ¢ was 24.60 A and its deviation was
within 0.1%.

III. RESISTANCE MEASUREMENTS

We need precise measurements of the resistance for the
discussion below. Therefore, we first considered the
method of the resistance measurement. Here we compare
two kinds of four-probe methods. Method 1 was carried
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out using the electrode arrangement shown in Fig. 2: two
line electrodes carrying the current and two small elec-
trodes for voltage measurement. Electrical contacts were
made with silver paste covering the edge of the film. This
arrangement is close to the definition of the sheet resis-
tance. This method may include some errors because the
current flow lines are not completely parallel near both
current electrodes. However, these errors will be small
and the obtained resistivity will be fairly precise because
the voltage electrodes are very small. In this method, the
resistance of the sample R, is obtained readily from the
relationship between the measuring current and the volt-
age drop. R; can be translated to the sheet resistance per
Cu-O plane R by

w
L b
where R, is the resistance of a Cu-O plane, W the width
of the sample, L the length of the sample and n the num-
ber of the Cu-O planes in the sample.

Method 2 was the van der Pauw technique,> which is
of great practical importance and gives a 3D resistivity of
a flat sample of arbitrary shape. Four separate small con-
tacts were placed at the corners of the sample. In this
method, the 3D resistivity of the sample p; is obtained.
The resistance of the sample measured by method 1 is ex-
pressed using p; by

w
Ro=R,~=Rsn (1)

L
Rs=pPsyyam @

where d is the distance between two adjacent Cu-O
planes. Substituting Eq. (2) into Eq. (1), p; can be
translated to R by

RD:%PZ, . (3)

In order to compare these two methods, measurements
were carried out using two pieces divided from the same
sample. One piece was measured by method 1 and the
other by method 2. R values obtained for some samples
by methods 1 and 2 are compared in Table I. As seen in
the table, values obtained by the two methods showed a
little difference, however, the ratios of the two values

Voltage electrodes

Current electrodes

X

L ~

FIG. 2. Electrode arrangement for the measurement of the
resistance by method 1. Usually X=5 mm, Y=3 mm, and
Z=0.3 mm.
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TABLE 1. Comparison of the sheet resistance values ob-
tained by methods 1 and 2 for three samples. Ry, and Rp, are
the sheet resistances measured by method 1 and method 2, re-
spectively.

Sample No. Ry, [Q] R, [Q] R, /R,
1 2228 2889 1.296
4980 6270 1.269
3 5680 7361 1.296

were almost the same for all the samples. Therefore,
clear relationship was recognized between the two
methods. Hereafter we use the Ry value measured by
method 2 as the sheet resistance.

IV. RESULTS AND DISCUSSION

A. Bi content and I-V characteristics

Electrical properties of the BSCO films are very sensi-
tive to the Bi content. Figure 3 shows the dependence of
current-voltage (I-V) characteristics on input power 2.
Such variation was also observed when Bi,O; was used as
target 2, instead of Bi metal, and the Bi content increased
with increasing input power 2. The Bi content for sam-
ples in Fig. 3 was not measured, however, it can be in-
ferred from the results obtained using the Bi,O; target,
and estimated to be 1.8 to 2.1 (assuming that the Sr con-
tent is 2.0) for samples 4 to G. At low Bi content the
sheet resistance was very high and increased as the tem-
perature decreased like semiconductors. R decreased
with increasing Bi content and the I-V curve changed
from semiconductorlike one to metallic one. At around
the optimum content the I-V curve showed supercon-

ducting transition and zero-resistance temperature T,,.,,
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FIG. 3. Temperature dependence of the sheet resistance of
Bi,Sr,CuO, and its variation with the Bi content. The Bi con-
tent increases with increasing input power to the Bi target ( 4:8
W,B:9W,C:9.3W,D:10W, E:10W, F:10.2 W, and G:11 W).

INOUE, MATSUSHITA, HAYAKAWA, AND OHBAYASHI 51

above the liquid-He temperature. Further increase in the
Bi content raised Ry again and the zero resistance was
not observed above 4.2 K. Previously,? we reported that
T,,eo and the Bi mean valence of the 2223 phase changed
with Bi content. Clear correlation between T, and the
Bi mean valence was observed and the data for 2223 and
2212 phase films and the 2212/2201 superlattices could
be plotted on an identical curve. These results suggest
that the Bi-O layer works as a hole-providing layer to the
Cu-O plane and determines the superconducting proper-
ties. Therefore we consider that the variation of the I-V
curves of BSCO films in Fig. 3 also reflects the change in
the hole density in the Cu-O plane with the Bi content.
Here we notice that there is a critical sheet resistance
R, which divide the samples into two groups: samples
which show the superconducting transition onset and
those which do not show the onset. This critical value is
defined as the sheet resistance just above the supercon-
ducting transition temperature where the slope of the
R-T curve is 0. Figure 4 shows the sheet resistance
dependence of d(InR)/dT at 10 K, and R, is estimated
at 7—9X 10° Q. In order to evaluate R, more precisely,
we take the effect of the degraded layers just above the
substrate into account. The electrical properties of such
layers are not good because of the lattice mismatch be-
tween the substrate and the film, the interactive diffusion
at the BSCO/MgO interface, etc. This degraded part in-
cludes 2-3 unit cells, which is inferred from the number
of buffer layers (2201 phase) necessary for the growth of
high-quality films of the 2223 phase. Namely 4-6 Cu-O
layers make a less contribution to the electric conduction
and should be excluded in the calculation. This means
that the sheet resistance reported here should be lower
than the measured value by about 8%. Therefore, the
critical resistance is estimated at 711 kQ. This value is
quite close to the quantum resistance Ry =h / (4e%)=6.5
kQ. Such transition from superconductor to semicon-
ductor (or insulator) near R, has also been reported in

0.10

-0.10 .
10° 10 10° 10°
Sheet resistance Ro[Q]

FIG. 4. Dependence of d(InR)/dT on the sheet resistance
R at 10 K. Samples with positive value of d(InRy)/dT, i.e.,
positive slope in Rg— T characteristics at 10 K, showed the on-
set of superconducting transition above 4.2 K.
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various systems of metals and oxide superconductors.®™%°

In particular, similar behavior of the sheet resistance per
Cu-O layer was also observed for Nd,_,Ce,CuO, thin
films.!®!® Thus the characteristics shown in Fig. 3 are
considered to represent universal properties and suggest
that the Cu-O plane plays an important role in electric
conduction in BSCO.

B. Superconducting film

Low-resistance samples showed superconducting tran-
sition and T,,.,, was observed above 5 K. The tempera-
ture dependence of the sheet resistance of such supercon-
ducting film (sample F in Fig. 3) is shown in Fig. 5. Here
we consider this superconducting transition. The appear-
ance of the resistance in two-dimensional superconduct-
ing systems have been explained by the Kosterlitz-
Thouless (KT) transition theory. We try to apply this
theory to our BSCO films. In the KT transition theory,
vortices and antivortices are bound in pairs in the low-
temperature region, however, as the temperature in-
creases the vortex-antivortex pairs start to dissociate and
the resistance appears because of the vortex motion in the
current. The temperature dependence of this resistance
R is expressed as

172
] , 4)

where T is the temperature, R, the normal resistance, T,,
the mean-field BCS transition temperature, T the KT
transition temperature, and a and b are constants of or-
der unity. In Fig. 6 we show a plot of In(R5/R,) vs
(T, —T)/(T—Txr)]'/? for the transition temperature
region. This plot gave a straight line when Txr=5.5 K
and T,,=7.3 K. Constants a and b are 4.8 and 3.9, re-
spectively, which are of order unity. These fitted values
are reasonable and therefore Fig. 6 suggests the possibili-
ty of the KT transition.

Other evidences for the KT transition are the power
law>* in the voltage-current (V-I) characteristics, i.e.,
V«<I% and the universal jump®> of the exponent
a=1+7Kp at Tgr, where Ky is the renormalized

T, —T
T —Tyr

=aexpi—2|b
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FIG. 5. Temperature dependence of the sheet resistance for a
superconducting BSCO film (sample F in Fig. 3).
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FIG. 6. Temperature dependence of the sheet resistance in
In(Rg/R,) vs [(T,,—T)/(T — Txr)]'”? plot for the same sam-
ple as in Fig. 5 (sample F) with Tgxr=5.5K and T,,=7.3 K.

stiffness constant. Figure 7 shows the V-I characteristics
of the superconducting BSCO film on a log-log plot
around T,,.,. Strong nonlinearity was observed below
T.,ero and it became weaker as the temperature increased.
At 7.29 K, the dependence was linear. In the small
current limit, a straight line was obtained at each temper-
ature. Thus the power law V < I* was confirmed. In the
KT transition theory, the exponent a of the power law
decreases with increasing temperature and jumps from 3
to 1 at Tgr, or wKg jumps from 2 to O at Tgxy. The tem-
perature dependence of mKy of our superconducting
BSCO film is shown in Fig. 8. A jump can be observed
and Tgr obtained from this figure is 5.6 K, which is near-
ly equal to the value obtained from Fig. 6. Thus, the ap-
pearance of the resistance above T, can be attributed

10? T
10'f
= 100} T
) 7.29K
)]
«
= 6.56K
o
> 107}
6.10K
5.76K
103 5.63|
102 - .
%167 10" 10° 10’

Current [A]

FIG. 7. V-I curves for the superconducting BSCO film on a
log-log plot at various temperatures around T,,-
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FIG. 8. Temperature dependence of the renormalized

stiffness constant for the superconducting BSCO film. A
straight line is drawn to fit the data below Tkt and the intersec-
tion of this line and wK =0 determines T,.

to the KT transition.
T, corresponds to the critical temperature below
which Cooper pairs are formed, however, Cooper pairs
also appear by fluctuation even above T,,, which causes
the decrease in the resistance. Such effect of the fluctua-
tion have been explained by the Aslamazov-Larkin (AL)
theory®®®’ and the Maki-Thompson (MT) theory.’®>
We calculated the Ry-T characteristics using AL and
MT terms and compared them with the measured curve.
Consequently we found that the 2D AL term produced
the most favorable result. The sheet resistance R is ex-
pressed as
1 62 —1 1

RatD=173758 " Ten' ’

(5)
where e is the electric charge of an electron, 4 and B are
constants, and t=(T—T,)/T,. Figure 9 shows the
R-T characteristic in the temperature region of the su-
perconducting transition together with the theoretical
curves for the KT transition and the fluctuation above
T,,. Characteristic temperatures used for the calculation
are Tgr=5.5Kand T,,=7.3 K.

From the above discussion, we can divide the Ro-T
characteristics of the superconducting BSCO film into
four regions. In region 1 (T <Tkr), vortex-antivortex
pairs are formed and the film shows zero resistance. In
region 2 (about Txy), unpaired vortices start to appear
and the film shows finite resistance. In region 3 (about
T.,), the two-dimensional fluctuation of superconductivi-
ty reduces the resistance, and in region 4 (T >>T,)), the
normal resistance with linear temperature dependence is
observed.

C. Insulating film

We discuss the electrical properties of high-resistance
films here. The resistance of these films increased with
decreasing temperature and was considered to enter into
the insulating state near 0 K. There are various conduc-
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FIG. 9. Temperature dependence of the sheet resistance of
the same sample as shown in Fig. 5 (sample F) in the tempera-
ture range of the superconducting transition (solid line) together
with the fittings for the KT transition (broken line) and the fluc-
tuation above T, (dotted line).

tion mechanisms for semiconducting and insulating ma-
terials. First, we think of the energy band model where
the conductivity o shows the exp(—E,/kpT) depen-
dence, i.e., logo is proportional to 1/7. However,
straight lines were not obtained in the temperature
dependence of the sheet conductance G in logGy vs
1/T plot for samples 4, B, C, and D, which showed semi-
conducting behavior in the low-temperature region. Fig-
ure 10(a) shows the result for sample B as an example.
Therefore we can rule out this mechanism.

The transition from superconductor to insulator is
often attributed to some kind of localization. Next, we
consider the variable range hopping model. In this mod-
el, a localized electron hops to the next site where the
hopping probability is maximum, and the dimensionality
appears in the temperature dependence of o which is ex-

N W HhO
=

0.8
0.6

Sheet Conductance [10°S]

0.3

N W Ao

1

Sheet Conductance [10°S]

N

1 1 1 1 L 1
0 0.1 0203040506 0708
Tnen) [K~\/1n.|)]

FIG. 10. Temperature dependence of the sheet conductance
(a) in logGy vs 1/T plot and (b) in logGg vs T~ /"1 plot for
sample B.
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pressed as
o=ogexp(— AT VD) (6)

where n is the dimensionality. The temperature depen-
dence of the sheet conductance of samples 4 to D in the
logGy vs T~V *D plot did not give straight lines for
n =1 and 2. Curves for n =3 seemed most likely, howev-
er, they were not sufficient to suggest this mechanism.
The result for sample B is shown in Fig. 10(b) as an exam-
ple.

The quantum interference effect in disordered potential
structure causes the Anderson localization.®°~% In two-
dimensional system, o in the weak-localization regime
can be expressed as

o=0yto,pInT , (7

where p is the power of T in the temperature dependence
of the relaxation time (7« T'"?). Figure 11 shows the G
vs InT plot for samples 4 to D. Among these samples,
sample D shows InT dependence of G, which suggests
the possibility of the Anderson localization in the low-
temperature region. However, samples 4, B, and C do
not show the InT dependence. Therefore, the Anderson
localization mechanism is ruled out for these samples,
and they are considered to be in the stronger localization
regime, though the mechanism is not clear as discussed
above.

Here we consider another possibility of the insulating
behavior. Fazio et al. presented charge-vortex duality in
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FIG. 11. Temperature dependence of the sheet conductance
in G vs logT plot for samples A, B, C, and D. The inset shows
another plot with magnified coordinates for sample D.
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the KT transition in Josephson-junction arrays®® and the
competition between the charge and the vortex unbind-
ing.** We have confirmed the KT transition for vortices
in our BSCO films above. Here we examine the possibili-
ty of the KT transition of charges in this system. The
correlation length £ in the KT transition shows the fol-
lowing temperature dependence:

Exexp(b'/V T/Tixr—1), ®)

where b’ is a constant of order unity and Ty is the KT
transition temperature of charges. G is proportional to
the density of the charged particle, and it is proportional
to £72. Thus G just above Ty can be expressed as

Go=Goexp(—2b'/V T /Tir—1), ©)

where G, is a constant.

Figure 12 shows the temperature dependence of G in
the logG vs (T /Ty —1)" 12 plot for sample A below
10 K. The plot gave almost a straight line. A little devi-
ation from the straight line between 4.5 and 6 K can be
attributed to the fluctuation of the heating rate in the
measurement of the R-T characteristics. Since the fitted
value of Ty is very small and T >> Tk, the exponent in
Eq. 9) is —2b'/V'T/Tyr—1=~—2b"\/Tis /V'T.
Thus b’ and Tgr are hard to be determined independent-
ly. We obtained Tgr assuming the value of b’ to be a
number of order unity. The fitted value of Tx1is 0.11 K
for b'=6 and 0.23 K for b'=4. On the other hand, for
samples B, C, and D, the logGg vs (T /Tt —1)" /2 plot
showed a slightly-curved line not to give a straight line
even between 10 and 4.2 K, while we cannot deny the
possibility of (T /Tt —1)"1/? dependence of o below
4.2 K now.

The Tgr values of samples B to D may be too low to
explain the data above 4.2 K. We obtained Tk tenta-
tively also for samples B to D approximating the data be-
tween 10 and 4.2 K by a straight line in the logG vs
(T/Tyxr—1)"2 plot. The Ty values for samples 4 to
D are shown in Fig. 13 as a function of the sheet conduc-

2.0 .
T, =0.1K

— 3
2 Q’%\)
8 LY
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3
3]
=]
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< ooy,
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0.8 . .

0.10 0.12 0.14 0.16

(T/TKTI - 1)-!/2

FIG. 12. Temperature dependence of the sheet conductance
in logGp vs (T/Txr —1)7 !/ plot for sample 4 with Tt =0.1
K.
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0 1 2 3 4 5 6 7
Sheet Conductance (200K) [10° S]
FIG. 13. Tk values obtained for samples 4, B, C,and D as a

function of the sheet conductance at 200 K. Open circles and
open squares are for b’=4 and b’ =6, respectively.

tance at 200 K where the sheet resistance is almost con-
stant in the R5-T characteristics (Fig. 3). Obviously Tk
decreases with increasing sheet conductance and becomes
0at 4.6X 1077 S, i.e., at the sheet resistance of 22 kQ, re-
gardless of the value of b'. The KT transition theory for
Josephson junction arrays predicts that Ty decreases
with decreasing tunneling resistance and reduces to O at
the tunneling resistance of 14 kQ,% which agrees with the
results of our system qualitatively. Thus, though these
data above 4.2 K appear not to be sufficient to give posi-
tive support to this mechanism, its possibility at very low
temperature cannot be denied now.

However, there are some questions. The first one is
whether the theory for Josephson-junction arrays can be
applied to our system or not. Second, it is necessary that
positive and negative charges are bound in pairs in the
above theory and then what is the counter charge that
forms a pair with a hole in the Cu-O plane? If there are
not such appropriate counter charges, the Wigner crys-
tal®®%” may be taken into account. The melting of the
Wigner crystal lattice can also be explained by the KT
transition of dislocation.®® However, in the case of the
electron lattice on the superfluid 4He film, the sheet den-
sity of the electrons should be about 10° cm ™2 or less.
The carrier density in the Cu-O plane of BSCO is es-
timated to be higher by several orders®®’? and it is not
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clear how such system should be treated. Therefore, we
confine ourselves here to propose only the possibility of
the KT transition of charges.

V. CONCLUSIONS

Electrical properties of BSCO thin films prepared by
the RF magnetron sputtering method were investigated.
By varying the Bi content in the film, the resistance of
BSCO changed over a wide range. Films with low resis-
tance showed superconductivity with a zero-resistance
critical temperature of about 5 K, and the temperature
dependence of the resistance above the superconducting
transition temperature was metallic. On the other hand,
films with high resistance did not show superconducting
transition and the temperature dependence of the resis-
tance was semiconductorlike. The critical value of the
normal resistance per Cu-O sheet for the appearance of
the superconductivity R, was found to be very close to
the quantum resistance (4 /4e?). In the case of supercon-
ductive films, the power law of current-voltage charac-
teristics (V' =I%) was observed and the temperature
dependence of a showed the “universal jump,” which
suggested the dissipation at the superconducting transi-
tion due to Kosterlitz-Thouless transition. The tempera-
ture dependence of the resistance also supported the KT
transition. The fluctuation effect above T, was interpret-
ed by the 2D Aslamazov-Larkin theory.

On the other hand, the R;-T characteristics of the in-
sulating films were examined by several mechanisms.
The Anderson localization could be responsible for the
R-T characteristics of the sample of which sheet resis-
tance was just above R, at the low-temperature region.
The intriguing possibility of the KT transition of charges
for high-resistance samples was also discussed. More ex-
periments and discussion from various viewpoints will be
required for the further interpretation of the behavior of
these insulating films.
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