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Abstract

It is known that the critical temperature T, of ultrathin YBCO films is reduced to values far less than 77 K. To improve
the superconducting properties of ultrathin YBCO films, we developed a new buffer layer which allowed an increase in the
critical temperature of five-unit-cell-thick YBCO films to values above 77 K. Using atomic force microscopy (AFM) to
study the growth modes of ultrathin YBCO films deposited on a SrTiO, substrate and on a YBaCuNbO buffer layer, we
found that ultrathin YBCO films deposited on a SrTiO; substrate are formed due to 2D nucleation. The growth of ultrathin
YBCO films deposited on Y BaCuNbO buffer is governed by the step-flow mode. As a consequence of the different growth
modes, the ultrathin films deposited on a SITiO; substrate and a YBaCuNbO buffer layer have different surface
morphologies and superconductive properties. We believe that the step-flow mode makes it possible to improve the ultrathin

YBCO film structure and increase the critical temperature. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The interest in fabricating high-quality ultrathin
(less than 10 nm in thickness) superconducting
(HTSO) films is due to both their fundamental HTSC
properties and possible microwave and microelec-
tronic applications. It is known [1-5] that the critical
temperature T, of ultrathin YBa,Cu,O, (YBCO)
films is reduced to values far less than the nitrogen
boiling point 77 K (see Fig. 1a). There are severa
factors, both fundamental and technological, which
are responsible for the observed lowering of T..
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These are the transfer of mobile charge carriers
across the interface, the Kosterlitz—Thouless transi-
tion, the lattice mismatch between the substrate and
the film, the presence of imperfections at the inter-
face, and so on. To improve the superconducting
properties of ultrathin YBCO films, we developed a
new buffer layer [6], a dielectric material composed
of superconducting YBCO grains and YBa,NbO,
(YBNO) insulator grains. To fabricate such a buffer
layer, we used Nb-doped YBCO (Y BaCuNbO) com-
posed of the elements Y:Ba:Cu:Nb:O in the propor-
tions 1:2:(3 — x): x:7 with x> 0.3. This alowed an
increase in the critical temperature of a five-unit-
cell-thick YBCO film to a value above 77 K (see
Fig. 1b). The purpose of the present report is to
compare the observed variation in T, (Fig. 1) with
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Fig. 1. Resistance versus temperature for 6 nm thick YBCO films
deposited on (a) a SITiO; substrate, and (b) a YBaCuNbO buffer

layer.

the growth mode. We present the results of atomic
force microscopy (AFM) studies of ultrathin YBCO
films deposited on a SITiO, substrate and on a
Y BaCuNbO buffer layer.

2. Experimental results

All the films studied were fabricated using the
laser ablation technique; the details are given in Ref.
[6]. The average deposition rate of about 0.03 nm/s
was evaluated from optical ellipsometry data, pro-
filometer measurements, and Rutherford backscatter-
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Fig. 2. Aligned (circles) and random (triangles) backscattering
spectra of a typica ultrathin YBCO film. The solid curve is the
result of computer simulation.
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ing spectra. The ultrathin YBCO film thickness was
controlled by high depth resolution Rutherford
backscattering spectrometry. The energy spectra of
He* ions with the initial energy of 190 keV, scat-
tered to the angle of 120°, were measured by means
of a half-spherical electrostatic analyzer having the
energy resolution AE/E =5 x 103, Random and
aligned spectra for a typica YBCO ultrathin film,
together with the result of random spectrum com-
puter simulation, are given in Fig. 2. From this
simulation, we deduced the composition of the film
to be Y:BaCu=0.7:2.2:3, which is close to the
stoichiometric one, and the film thickness of 6.1 X
10'® atoms/cm?. Assuming the density to be

Fig. 3. AFM images of a 6 nm thick YBCO film deposited on a
SITiO; substrate: (A) the genera view, (B) the blow-up region of
the film among the outgrowths.
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Fig. 4. AFM images of a 30 nm thick YBCO film on a SrTiO;
substrate: (a) the genera view, (b) the blow-up top right part of
the general view.

6.35 g/cm?®, this thickness corresponds to 8.2 nm.
The minimum relative yield, or the aligned-to-ran-
dom ratio, obtained for the regions close to the
low-energy edges of the surface peaks, revealed the
medium value of 0.12, which is an evidence for an
extremely high crystalline quality of the film. Thus,
when we refer to a film as thick as 8.2 nm, we mean
that the amount of deposited YBCO corresponds to a
uniform coverage of 8.2 nm.

The sample surface structure was investigated by
AFM, using a P4-SPM-MOT device. Surface images

were obtained under ambient conditions in the con-
stant-force mode. We used a Si;N, tip of 30 nm
radius, which provided a reliable observation of even
monatomic steps. All of the films were deposited on
SITiO, (100) substrates, with the (100) axis misori-
ented by less than 10', and the substrate surface
roughness was about 1-2 nm high.

An AFM image of a 6 nm thick YBCO film
deposited on a SITiO, substrate is illustrated in Fig.
3a. One can see that the film is not entirely smooth
but contains islands or outgrowths of about 10-40
nm high and 130—400 nm in diameter. The out-
growths occupy about 4% of the film surface, with
the average distance between them of about 1 pum.
The film is seen to be rather smooth among the
outgrowths, which is illustrated by a magnified re-
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Fig. 5. An AFM image of a 30 nm thick YBaCuNbO buffer layer

on a SITiO; substrate: (a) some specific features in the buffer
surface morphology, (b) the line-scan profile along the AB line.
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gion in Fig. 3b. Note that the film grains are asym-
metric and elongated. The largest grains are 200 nm
long, and the largest peak-to-valley surface is 4 nm
high. There are 2D nuclei well-defined on the grain
surface. These features suggest 2D nucleation and a
layer-by-layer (Frank—van der Merwe) growth mode.
In contrast to this, the image of a 30 nm thick YBCO
film reveds a 3D idland formation, as is seen in Fig.
4. Againgt the relatively flat background, there are
islands resembling a stretched barrel, with heights of
about 5-40 nm and lateral dimensions within the
range 100—150 nm. This is a layer-by-layer growth
followed by island growth (the Stranski—Krastanov
mode). These observations of YBCO films deposited

on SITiO, substrates are in good agreement with the
results of Ref. [7].

The buffer layer we used is a dielectric; its resis-
tivity at room temperature as high as 6.1 X 10° ()
cm corresponds to a resistance value of about 108 ()
for a 30 nm thick buffer layer. The buffer layer
represents a mixture of two phases: superconducting
YBCO and insulating Y BNO, approximately in equal
proportions [6]. The X-ray diffraction patterns of a
100 nm thick YBaCuNbO buffer layer indicate an
orthorhombic structure of c-oriented YBCO grains
and a cubic structure of YBNO grains with the [100]
direction norma to the film surface and a lattice
constant a= 0.84 nm. The crystal lattice parameter ¢

a)

i ;,,_

-~ 800nm—

Line scan profile of CD

Line scan profile of AB

b)

a 58 iea 158 288 258

388 nM

8 58 i88 158 288 258 388nM

Fig. 6. Surface morphology of the YBNO insulator phase: (2) AFM images of the plateau, (b) the line-scan profiles along the plateau.
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of YBCO grains in the buffer layer increased to
1.174 + 0.004 nm, which resulted either from the
crystal tension or the oxygen loss in the YBCO
grains. The YBCO and YBNO grain size obtained
from X-ray diffraction data is as large as 30 nm,
which alows us to suggest that a 100 nm thick
YBCO film is free from crystal tension and that the
large value of the parameter c indicates a lower
oxygen content. This result correlates with Raman
scattering spectrometric data, which also supports a
reduction in the oxygen content in the YBCO phase
of an YBaCuNbO buffer layer [6]. According to Ref.
[8], the value ¢ =1.174 nm corresponds to oxygen
deficit of about 0.47. It is very close to the or-
thorhombic—tetragonal transition point, and the criti-
cal temperature for this YBCO composition is lower
than T, = 50 K. In addition, X-ray diffraction shows
an asymmetric line for the YBCO phase, suggesting
a nonuniform oxygen distribution throughout the
YBCO phase. Thus, we can assume that the YBCO
phase in the buffer layer is superconducting, with the
critical temperature far lower than 77 K.

Fig. 5 shows an AFM image of a 30 nm thick
YBaCuNbO buffer layer deposited on a SrTiO; sub-
strate. The surface morphology is seen to have some
specific features; the YBCO phase produced in the
idand growth mode (the c-axis is norma to the
substrate plane), some amount of YBCO looking like
a crest (we believe this to be the YBCO phase with
the c-axis oriented in the substrate plane), and a very
smooth plateau of about 12 nm high. The plateau
roughness is illustrated by the line-scan profile along
the AB line, with three steps of about 0.8 nm high at
a distance of 50 nm. The value of the step height is
close to the lattice constant of the YBNO insulator
phase, ¢ = 0.84 nm; thus, we can assume that this
plateau is an YBNO insulator phase and the steps
indicate the step-flow mode [9]. Fig. 6 shows a more
detailed image of this plateau. There are 2D rectan-
gular nuclel with a very flat top on the plateau
surface. Indeed, the top roughness is 1-2 nm high
over a distance of about 60 nm (see line-scan profile
along the CD line). The outlines of the plateau
reproduce the contours of these rectangular nuclei
indicating that the plateau has resulted from the
coalescence of 2D nuclei. The line-scan profile along
the AB line on the plateau shows growth steps of 0.8
nm high. The presence of 2D nuclei and the growth

steps on the same YBNO plateau indicate a competi-
tion between 2D nucleation and localized step propa-
gation (the birth and spread mode) [9]. It should be
noted that both YBCO idands and the insulator
YBNO plateau coexist side by side. At the phase
boundary, one can see a few YBCO islands which
were formed on the insulator plateau. We believe
that these YBCO nuclei are of principal importance
since they may serve as nucleation sites for a new
YBCO molecular layer during the deposition.

Let us now consider the formation of an YBCO
film on a buffer layer. We have analyzed five YBCO
samples grown on YBaCuNbO. Fig. 7 shows a typi-
ca AFM image of a 4 nm thick YBCO film on an
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Fig. 7. An AFM image of a 4 nm thick YBCO film on an

Y BaCuNbO buffer layer: (a) a 3D image, (b) the line-scan profile
along the AB line.
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Y BaCuNbO buffer. Two regions can be easily distin-
guished in the film surface morphology: that of
islands and of a plateau. The island region looks like
the buffer YBCO phase. There are growth steps of
about 1.2 nm high on the plateau. This step value is
close to the YBCO lattice constant in the c-axis,
suggesting that the plateau has been formed from the
YBCO phase. Fig. 8 shows AFM images of a 6 nm
thick YBCO film on an YBaCuNbO buffer layer.
The general view shows that the plateau region
occupies most of the film surface, and contains voids
where the film is not formed. There are growth steps
of about 1.2 nm high on the plateau, and their size is
close to the YBCO lattice constant. This is an evi-

dence that the plateau has resulted from the YBCO
phase. Fig. 9 illustrates AFM images of a 12 nm
thick YBCO film on an YBaCuNbO buffer layer.
The general view of the film shows that most of the
film is occupied by a plateau region. One can see
that in the magnified plateau image the voids have
grown smaller in size, compared to the 6 nm thick
YBCO film. There is a nhumber of growth steps as
high as 1.2 nm, pointing to the fact that the plateau
represents the YBCO phase.

We can suggest from the results presented in Figs.
7-9 the following mechanism of the ultrathin YBCO
film growth on YBaCuNbO. The buffer film is
formed by the YBCO islands and the YBNO plateau.

Fig. 8. AFM images of a6 nm thick YBCO film on YBaCuNbO buffer: (a) the general view, (b) the magnified image of the plateau, (c) the

line-scan profile along the AB line.
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Fig. 9. AFM images of a 12 nm thick YBCO film on YBaCuNbO buffer: (a) the general view, (b) the magnified image of the plateau, (c)

the line-scan profile along the AB line.

The sputtered YBCO material is deposited on the
buffer and covers both the YBCO islands and the
YBNO plateau, so that the barrel-shaped YBCO
nuclel can be visible on the surface. The YBCO
growth in the a—b plane is more favorable on the
YBNO plateau than on the YBCO idands. The
YBNO plateau is very flat with a few YBCO nuclei

on its surface. They serve as the nucleation sites for
anew YBCO molecular layer which spreads over the
plateau viathe localized step propagation. The YBCO
idlands of the buffer layer cannot provide favorable
conditions for film spread in the a—b plane, which
may result in the formation of voids in the YBCO
film. As the amount of the deposited YBCO in-
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creases, the growing film propagates, the voids grow
smaller, and the film looks like foam covering the
islands.

It should be mentioned, however, that a consider-
able mismatch between the lattice constants of YBCO
and YBNO is of importance. The misfit between
substrate and HTSC layer is known to have a dra
matic effect on the surface nucleation and growth
modes: the misfit reduces the step-flow regime
(layer-by-layer growth) and enhances the 2D nucle-
ation (isand formation) [9]. The strain produced by
the misfit may be partialy or completely relaxed by
the formation of misfit dislocations, microcracks,
etc. It is surprising that a film growing on the YBNO
plateau manifests a high superconductive property
(T.) in spite of the considerable misfit between the
YBCO and YBNO lattices. We believe thisis due to
the fact that a new film nucleates and starts growing
from the YBCO nuclei on the YBNO plateau with
no mismatch in the lattice constants. The film growth
occurs via the localized step propagation. It seems
likely that the lattice mismatch between the ultrathin
YBCO film and the YBNO plateau for the film
nucleation described and for reasonably short inter-
step distances (30—50 nm) is of no importance. It
will be a subject of further investigation.

3. Conclusions

We have used AFM to study the growth modes of
ultrathin YBCO films deposited on a SITiO; sub-
strate and on a Y BaCuNbO buffer layer. The investi-
gation has shown that ultrathin YBCO films on
SITiO; substrates are formed due to 2D nucleation,
as was observed in Ref. [7]. The growth mechanism

of an ultrathin YBCO film deposited on a YBa
CuNbO buffer layer is governed by the step-flow
mode. As a consequence of the different growth
modes, an ultrathin film on a SITiO; substrate and
YBaCuNbO buffer have different surface morpholo-
gies and superconductive properties (T,). We believe
that the step-flow mode makes it possible to improve
the ultrathin YBCO film structure and increase the
critical temperature.
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