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The local investigations with 4 µm spatial resolution using EBIV-signal registration of YBCO microstripes
were made with low-temperature scanning microscopy technique. These investigations coupled with microwave
measurements of YBCO films (near-field microscopy) and structural investigations (X-ray diffractometry, SEM)
gave the correlation between half-widths of temperature dependence of third harmonic power maximum WTH ,
EBIV-signal curve WEBIV and average microcrystallite size. In order to explain such dependence diphasic medium
model considering non-linear voltage-current characteristic of superconductor was proposed. Calculations allow us
to conclude, that triple increase of microcristallite size results in hundredfold reduction of non-linearity coefficient
of YBCO films and microwave devices based on these films.
PACS: 74.25.Nf, 74.70.Ad, 74.72.Bk

1. Introduction

2. Samples. Experimental methods
Epitaxial YBa2 Cu3 O7−x films of d = 0.7−0.9 µm thickness were fabricated from targets of (1 : 2 : 3) and (2 : 3 : 5)
stoichiometric compositions with magnetron sputtering
technique. The films were grown on LaAlO3 substrates
in Ar/O2 gases mixture under 40 Pa pressure and at
750◦ C substrate temperature [3]. A set of 10 films of
similar technological growth parameters, thicknesses and
most structure perfection (surface morphology, X-ray reflex
widths) was chosen. The temperature of superconducting
transition was in 86−92 K range and transition width —
0.2−3.6 K.
We used the following paratmeters as criteria for
structural perfection: c-axis parameter, lattice deformation
along c-axis, ε = (c−c 0 )/c = δc/c, where c 0 = 11.66 Å —
lattice constant of bulk YBa2 Cu3 O7 monocrystal and microdeformation (dispersion of ε) δε = {h(δc/c)2 i}1/2 . The
coherent scattering area (average microcrystallite size) a [4]
was defined along c-axis with the help of X-ray reflex
half-width w θ−2θ dependence on Bragg’s angle in θ−2θ
scanning mode:

To begin with, according to recent data high temperature
oxide superconductors (HTSC) can be regarded as some
kind of semiconductor with especial type of energy-band
structure [1,2]. Also the techniques based on affecting
the electrophysical parameters of semiconductor devices
such as EBIC and EBIV-techniques are far-famed. For
example, these procedures allow one to determine widths of
p−n-junctions, various kinds of relaxation time parameters
of structures and devices based on Si or AIIIBIV group
materials. Also it’s available to determine spatial fluctuations
of the locally available open circuit voltage Voc with significant consequences for the overall conversion efficiency of
different photovoltaic devices. In particular, EBIV-method
possesses useful advantage, i. e. it enables to visualize spatial
distribution map of sample inhomogeneities by means of
induced voltage mode.
Investigations to be given in the present paper deal with
YBa2 Cu3 O7−x structural quality affecting the non-linear
microwave (MW) features and electrophysical parameters of
the films and devices based on these films as consequence.
The correlation between average microcrystallite size and
half-widths of the third harmonic signal maximum and
EBIV-signal is determined. In order to understand experimental results the diphasic model considering nonlinear
current–voltage characteristic of superconductor was suggested. Calculations let us conclude, that triple increase of
microcristallite size results in hundredfold reduction of nonlinearity coefficient of YBCO films and microwave devices
based on these films. In a little while the necessity of
EBIV-technique application in MW investigations of HTSC
will be shown.

¶


w θ−2θ = w 2ε + w 2a = (2 · δε · tg θb )2 +

λCu
2 · a · cos θb

2
.
(1)

For this reason diffraction curves were registered by
Rigaku (D max — B/RC) diffractometer with a special
collimation scheme which reduces initial beam widening
(λCu = 1.54183 Å).
Two independent experimental techniques were used to
search correlations between structural and electrophysical
parameters: 1) near-field MW (microwave) technique with
spatial resolution as large as 50 µm; 2) the technique
based on EBIV-signal registration for investigation of YBCO
microstripes with 4 µm spatial resolution. Investigations
of electrophysical parameters and non-linear response were
made with foregoing microscopy methods.
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Figure 1. a) Scheme of near-field MW technique: 1 — LaAlO3
substrate, 2 — YBa2 Cu3 O7−x film, 3 — teflon protective film,
4 — near-field MW probe, 5 — coaxial cable, 6 — incident MW
signal, 7 — reflected MW signal. b) EBIV technique scheme:
1 — LaAlO3 substrate, 2 — Ag contact, 3 — superconducting
YBa2 Cu3 O7−x stripe, 4 — electron probe. I–IV — four-contact
configuration for parasite contact resistance compensation.

For local investigation of non-linear MW response nearfield non-linear MW technique was used. Under incident
irratiation (ω = 472 MHz, see Fig. 1, a) higher harmonics
are generated due to non-linear properties of HTSC films.
All these harmonics are registered with inductive type
probe; and then we were able to extract third harmonic
signal (signal on 3ω = 1.4 GHz frequency) using band-pass
filter circuit. For additional details see Ref. [5].
The second procedure based on electron beam induced
voltage registration (low-temperature scanning microscopy)
is shown in Fig. 1, b. Originally, this technique was created
and developed for conventional superconductor investigations [6] and also to study critical temperature spatial
distribution in HTSC films [7]. Electron beam heats some
local area of SC microstripe, as consequence, such heating
results in local resistanse changes and the voltage magnitude
registered. This electron beam induced voltage, EBIV-signal,
∂ρ(r,T, j)
of local
is proportional to temperature derivative
∂T
resistance of given the stripe area ρ. Signal maximum is
in temperature axis point where highest steepness of ρ(T )
dependence exists. This point can be interpreted as a critical
temperature of local superconducting transition, Tc . The
Физика и техника полупроводников, 2007, том 41, вып. 5

523

half-width of the curve maximum corresponds to the width
of superconducting transition 1Tc . Electron beam scanning,
we were able to determine spatial distributions of Tc and
1Tc (Tc and 1Tc -mapping) with 4 µm spatial resolution and
with 0.1 K temperature precision. Measurements of EBIVsignals were carried out with CamScan Series 4-88 DV 100
electron microscope provided nitrogen cooling system,
thermo-controller ITC 4 and intrachamber preamplifier
were used to decrease noise intensity. Temperature could
vary within the range from 77 to 300 K with 0.1 K step
(i. e. with corresponding precision). Bias voltage changed
from 0.2 to 0.7 V at 2−7 mA current variations. These
regimes provided the ability of EBIV-signal magnitude
measurements (that is to say, such experimental conditions
allowed one to get steady and reasonable signal values)
and didn’t bring any distorts in signal value. To increase
signal-noise ratio synchronously-selective method was used
at 20 kHz frequency. Beam current was about 10−8 A at
15 kV accelerating voltage.
Fig. 2 represents simple general scheme of all signals
and parameters used in the present paper: temperature
dependences of MW signal power at third harmonic
frequency, EBIV-signal curve, temperature dependence of
specific resistance ρ(T ) and critical current j c (T ). As
is well known, the temperature dependence of third
harmonic (TH) power demonstrates its peak nearby the
critical temperature [8,9], and non-linear response arises
at temperatures below current percolation threshold temperature — Tpr . Under such temperatures, a half of
film bulk is enough to be superconductive for specific
resistance ρ(T ) becoming zero; in this situation contact
technique (EBIV) is useless. At the same time local
EBIV-signal measurement is possible in temperature region
where resistance is nonzero, i. e. at temperatures above Tpr .

Figure 2. Temperature dependences of third harmonic power
P 3ω (T ), microstripe resistance ρ(T ) normalized to normal phase
resistance (at T = 300 K) and temperature dependence of effective
critical current j c (T ) for YBa2 Cu3 O7−x film. The inset represents
temperature dependence of EBIV-signal curve (for different film).
The figure shows also percolation temperature — Tpr and critical
temperature of SC transition Tc in EBIV technique.
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Thus, signal registration regions of both techniques being
situated in different temperature ranges, their combination
can give complementary information about superconducting
properties nearby transition temperature to normal state
(nearby the percolation threshold). Also the higher resolution of LTSEM allows one to relate MW properties with
the structure of superconductors more thoroughly.

3. Experimental results: correlation
of SC and structural parameters.
Theoretical model and calculation
results
Fig. 3 shows the half-width dependence of TH (solid
circles) and EBIV (solid squares) signals on average
microcrystallite size. It can be easily seen that half-width
of the signals obtained by two independent techniques
increases as the crystallite size reduces.
The TH signal half-widths were determined as follows. Temperature dependencies of the signal at third
harmonic frequency were recorded from an area as large
as 50 × 1000 µm2 — the area of MW probe. Then the
half-width of the signal for each sample was measured
and the dependence of P 3ω function half-width on average
microcrystallite size WTH (a) was built up (Fig. 3, a, solid
circles). Since lateral resolution of non-linear near-field MW
microscopy is as large as 50 × 1000 µm2 , this technique is
an integral method over a large assembly of crystallites in SC
films. On account of low resolution of near-field microscopy
low-temperature scanning microscopy (LTSEM) was used
for investigation of non-linear peak widening mechanism
in vicinity of Tc and to receive detailed information about
microstructure affecting MW properties.
In LTSEM case the half-width determination procedure
was more complicated, since temperature dependencies of
integral resistance and resistances of local areas can differ
frequently. This procedure allows to obtain a Tc -maps [10]
and plot distribution functions of film fragments on critical
temperature — F(Tc ), while using the possibility of local
EBIV-signal registration can give temperature dependence
of local resistance ρi (T ) obtained from EBIV-signal curve
of fragment f (Tci , T ). If one describes Tc non-uniformity
with the help of distribution functions, it’s important to
make a proposition of statistical independence of fragments
and crystallites on critical temperature based on inequality
(effective medium approach): ξ  a  r  L, where
ξ — coherence length (2−10 Å); a — average crystallite
size (0.2−0.8 µm); r — average fragment size (4−5 µm);
L — microstripe dimension (100−600 µm). Further, in
order to avoid faults an additional procedure of experimental
results treatment was used, since temperature dependencies
of integral resistance and resistances of local areas can differ.
Namely, convolution procedure for F(Tc ) and f (Tci , T )
functions was produced. Firstly, the curve of local specific
resistance of fragments ρi (Tci , T ) must be found by means

Figure 3. Half-width of third harmonic signal peak (solid circles)
WTH and EBIV-signal half-width WEBIV (solid squares) dependence
on average microcrystallite size a for YBa2 Cu3 O7−x . Solid and
dash lines are approximation of W (a) based on effective medium
model for non-linear responce and EBIV-signal, respectively.

of EBIV-signal:
ZT
ρi (Tci , T ) =
0

f (Tci , T )W
dT,
j · 1T · 32

(2)

where j(r, T ) — local current density, 3 — characteristic
temperature field size, W — microstripe width, 1T —
temperature of local heating. Then specific resistance of
effective medium for two-dimensional case hρi(T ) [10–12]
must be determined at MW probe scale:
n
X
hρi(T ) − ρi (Tci , T )
i=1

hρi(T ) + ρi (Tci , T )

F(Tci ) = 0.

(3)

Further one can find restored function S EBIV (T ) at MW
probe scale:
S EBIV (T ) =

I s ∂hρi(T )
·
1T,
W
∂T

(4)

where I s — current strength at 50 µm scale. As a result we
have restored temperature dependence of local EBIV-signal
at MW probe scale (50 µm) — S EBIV (T ). These S EBIV (T )
half-widths are marked in Fig. 3 as WEBIV (a) (solid squares).
For interpretation of experimental result shown in Fig. 3
let’s briefly formulate the phenomenological model of
diphasic superconductor: superconducting film consists of
the first phase in the form of cylindrical superconducting
crystallites (grains) placed into the second medium called
matrix (the second phase). To put it in another way,
the first phase models superconducting properties of microcrystallite, while another one describes the presence of
intergranular space in SC films.
Model E( j, T ) dependence of these media considered
to be current-voltage characteristic of a single anhysteretic
josephson junction [13] due to its typical features presented
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in all models of resistive state. Besides, such a currentvoltage characteristic describes main MW and transport
properties of superconductors in vicinity of Tc and gives the
relation of current with electric field in wide temperature
range. The relations between electric field strengths E1 , E2
and critical current densities of first medium j1 and the
sicond one j2 are:
q
j1
E1 (j1 , T ) = ρn1 sign( j 1 ) j 2i − j 2c1 (T ) ,
j1

(5)

q
j2
E2 (j1 , T ) = ρn1 sign( j 1 ) j 2i − j 2c1 (T ) ,
j1

(6)

where j c1 (T ) and j c2 (T ); ρn1 and ρn2 — critical current densities and specific resistances of these phases,
respectively. Here superconductivity parameters, j c , ρn , are
accepted as different in different phases ( j c1 is proposed to
be larger than j c2 and ρn1 < ρn2 ).
So, we use additional theses of our phenomenological
model in the following mathematical form (Maxwell–Garnett approach):
2σ2
E2 ,
(7)
E1 =
σ1 + σ2
where σ1 and σ2 are conductivities of the first and
the second phases, respectively. Using effective model
approximation:
p

hρi − ρ2 ( j 2 , T )
hρi − ρ1 ( j 1 , T )
+ (1 − p)
= 0,
hρi + ρ1 ( j 1 , T )
hρi + ρ2 ( j 2 , T )

(8)

where hρi = hEi/h ji — effective specific resistance,
ρ1 = E1 ( j 1 , T )/ j 1 , ρ2 = E2 ( j 2 , T )/ j 2 — effective specific
resistances of the first and the second phases, and taking into account that h ji = p · j 1 + (1 − p) j 2 [14] and
hEi = p · E1 ( j 1 , T ) + (1 − p)E2 ( j 2 , T ), we can get approximation of experimental curves (see Fig. 3, solid and dash
lines).

4. Conclusion
The local investigations using EBIV-signal registration
of YBCO microstripes with 4 µm spatial resolution were
made with low-temperature scanning microscopy (LTSEM)
technique. These investigations coupled with microwave
measurements of YBCO films (near-field microscopy)
and structural investigations (X-ray diffractometry, SEM)
gave the correlation between half-widths of temperature
dependence of third harmonic power maximum WTH ,
EBIV-signal curve WEBIV and average microcrystallite size.
In order to explain such dependence a diphasic medium
model considering non-linear current-voltage characteristic
of superconductor was proposed. Calculations allow to
conclude, that triple increase of microcristallite size results
in hundredfold reduction of non-linearity coefficient of
YBCO films and microwave devices based on these films.
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