dient from z = Dy to z = o yields F
= —0.14 nN (attractive) as the force acting
between tip and sample when the PL is
closest to the surface.

tip-sample
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Atomic-Scale Images of the Growth Surface of
Ca,_,Sr,CuO, Thin Films

Kazumasa Koguchi, Takuya Matsumoto, Tomoji Kawai*

The surface microstructure of c-axis (Ca,Sr)CuQ, thin films, grown by laser molecular
beam epitaxy on SrTiO4001) substrates, was studied by ultrahigh-vacuum scanning

tunneling microscopy (STM). Images were obtained for codeposited Ca,

Sr,CuO, thin

=X X

films, which show a layered-type growth mode. The surfaces consist of atomically flat
terraces separated by steps that are one unit cell high.-A pronounced dependence of the |
growth mechanism on the Sr/Ca ratio of the films was observed. Atomic resolution STM
images of the CuO,, sheets in the ab plane show a square lattice with an in-plane spacing
of 4 angstroms; the lattice contains different concentrations of point defects, depending

on the polarity of the sample-tip bias.

Since the parent compound of the cuprate
superconductors, (Ca,Sr)CuQO,, was first
synthesized by Siegrist et al. (1), this mate-
rial has been studied intensively. The prin-
cipal reason for this interest is that this

Institute of Scientific and Industrial Research, Osaka Uni-
versity, Mihogaoka, Ibaraki, Osaka 567, Japan. -

*To whom correspondence should be addressed.

compound has the simplest oxygen defect
type perovskite structure comprising the
CuO, sheets that are considered essential
for high-T, superconductivity (T, is the
superconducting transition temperature).
STM has been shown to be a powerful
technique for imaging high-T_ cuprates on
an atomic scale (2-12). Because of the
simple structure of the parent compound,
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STM offers the opportunity to directly
probe the CuO, sheets without the inter-
ference of intermediate oxide layers. For
the purpose of the STM studies, thin film
specimens are especially attractive because
they provide a well-defined surface that
can be preserved from vacuum-type
growth conditions (13). It is also of inter-
est to study the layer-by-layer growth
mechanism as reflected in systematic
changes in the surface structure.

In this report, we describe thin films of
(Ca,Sr)CuO, deposited on SrTiO;(001)
substrates and studied by ultrahigh-vacu-
um (UHV) STM. We used a combined
system for laser molecular beam epitaxy
(laser MBE) with reflection high-energy
electron diffraction (RHEED) and UHV
STM. Film surfaces of codeposited
Ca,_,Sr,CuO, films with different Sr/Ca
ratios were prepared, as well as surfaces
containing an extra monolayer of CuO.
The STM images of c-axis—oriented code-
posited (Ca,Sr)CuQ, films show atomical-
ly flat and well-defined terraces. The im-
ages provide information about the atomic
layer epitaxy of (Ca,Sr)CuO, films. These
atomic-scale images show square lattices
with periods that correspond to the a-axis
lattice constant.

The (Ca,Sr)CuO, thin films were pre-
pared by laser MBE (14) with an ArF
excimer laser operating at 193 nm and a
repetition rate of 2 to 5 Hz. Targets for
the ablation were sintered disks of
Cal_XerCuOy (x = 0.30, 0.55, 0.70),
CuO, and metallic Sr. The ablated species
were deposited on 0.01% Nb-doped St-
TiO,(001) single crystal substrates heated
to 500°C. During deposition, NO, gas was
directed onto the substrate as an oxidizing
agent for the growth of the parent com-
pound. The background pressure during
growth was 1.0 X 1077 torr. Before the
deposition, the substrate was heated to
600°C under NO, gas flow at 1.0 X 107>
torr for 30 min. Then the substrate tem-
perature was reduced to 500°C, and a
monolayer of SrO was deposited to stabi-
lize the initial stages of growth (15, 16).
The deposition of a single monolayer of
SrO was inferred from the observation of a
single RHEED intensity oscillation. Dur-
ing and after the deposition of the film, we
repeatedly annealed the sample by inter-
rupting the deposition for about 10 to 20
min to enhance surface migration. After
the deposition of several layers of (Ca,Sr)
CuO,, the sample was cooled in NO, gas
flow. Then gas flow was stopped, and the
sample was transferred into the UHV
STM chamber with a base pressure of less
than 107!° torr. To obtain information
about the surface microstructure during
atomic layer-by-layer growth, in some ex-
periments we deposited a monolayer of

7



CuO on the surface of Cag oSty 3,CuO,
under conditions identical to those de-
scribed above.

A constant-current STM image was
taken of the surface of a c-axis—oriented
Cay 1051530CuO, thin film on Sr-
TiO,(001) (Fig. 1A). Atomically flat ter-
races and steps are clearly observed. The
cross-sectional profile (Fig. 1B) shows that
the vertical step height between the ter-
races is about 3.4 A, which corresponds
well with the c-axis unit cell height of
Cay 70515 30CuO,. These results indicate a
terrace-like growth mode with vertical
growth units of one unit cell during the
codeposition of (Ca,Sr)CuQO,. The corre-
sponding RHEED pattern of this film
is shown in Fig. 1C. The direction of
the incident electron beam is parallel to
the SrTiO;[100] azimuth. The period of
the streaks is about 3.9 A, which corre-
sponds to the a-axis lattice constant of
Cay ;0515 30CuO,. The RHEED pattern is
streaky, and the electron-transmitted pat-
tern is faint. This pattern indicates that
the film has a flat surface with low step
density that corresponds well with the
STM observations.

Images were also obtained for the surface
of a Cag 7051y 3,CuO, film containing an
extra CuO monolayer (Fig. 2A). Some par-
ticles are observed on the surface, apparent-
ly consisting of CuO. The particles were
practically absent on the surface of the
Cay 70515 30Cu0, film (see Fig. 1A). An
additional terrace step height of 2.1 A was
observed, which does not correspond to the
unit cell step height (Fig. 2B). This obser-
vation suggests the formation of a molecular
CuO overlayer. In the RHEED pattern of
this film (Fig. 2C), extra streaks appeared
with an in-plane period of 2.6 A (17) in
addition to principal streaks as shown in
Fig. 1C. Although small particles were ob-
served by STM, the corresponding RHEED
pattern did not contain spots. A compari-
son between Figs. 1 and 2 suggests that the
extra streaks after CuO deposition (17) are
related to the 2.1 A extra steps on the film
surface.

The surface structures of Ca,_,Sr,CuO,
films having different Sr/Ca ratios are
shown in Fig. 3. Figure 3A is similar to
Fig. 1 and shows that the surface of
Cag 7051 30CuO, consists predominantly of
flat terraces, separated by unit cell-high
steps. With increasing Sr concentrations,
however, particles are observed on the
film surface, most of them located near the
terrace step edges. This is illustrated in
Fig. 3, B and C, for films having the
nominal compositions Cay 455ty 5sCuO,
and Cay 3051, ,0CuO,, respectively. The
mean lateral size of the particles is about
60 A by 60 A, and the mean height is
about 8 A.

72

B 200 A
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Fig. 1. (A) Constant-current image of a 880 A by
880 A region of a Cay 74Sr,.50CuUO, thin film,
taken with a sample bias of 2.0 V and a tunneling
current of 0.20 nA. (B) Cross-sectional profile
along the line indicated in (A). The difference in
vertical height between terraces is about one
unit cell height of 3.4 A. (C) A RHEED pattern of
the Cag ,,Sr, 30CUO, surface. The direction of
the incident electron beam is along the Sr-
TiO4[100] azimuth.

200 A

The presence of the particles, depend-
ing on the Sr content of the films, suggests
that the layer-by-layer growth process be-
comes progressively perturbed as the Sr
content increases. One possible explana-
tion is that the particles consist of Sr
atoms expelled from the interior of the
film because of their large ionic radius. In
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Fig. 2. (A) Constant-current image of a
Cay 70Sr 30CUO, surface containing an extra
monolayer of CuO. Small particles with a typical
lateral size of 50 A by 50 A and a vertical height
of 8 A are observed. (B) Cross-sectional profile
along the line indicated in (A). Two different step
heights of 2.1 and 3.4 A, respectively, are 6b-
served. (C) A RHEED pattern of the CuO-de-
posited Ca, ,oSr,, 5,CUO, surface. The direction
of the incident electron beam is along the
SrTiO,4[100] azimuth.

Fig. 3. Constant-current im-
ages of 880 A by 1690 A
regions of a (A) Ca, ,¢Srg 50
CUO,, (B) Cay 45570,55CUO,,
and (C) Cay40Srg ,0CUO,
film, respectively. The imag-
es were taken at a sample
bias voltage of 2.0 V and a
tunneling current of (A) 0.20
nA, (B)0.10nA, and (C) 0.10
nA.

related work (17) it was observed that
SrCuO, films grown by atomic layer epi-
taxy exhibit a natural tendency for Sr
deficiency. Feenstra et al. argued (17) that
the Sr vacancies are incorporated to re-
duce the interfacial stress between the
CuO, sheets and the intermediate alkaline
earth metal layers (18). In our experi-



20A
D
5A . 5A
0
% 110.7 A 0 1105A
Fig. 4. (A and C) Atomic-scale images of a Ca,, ,,5r, ;,CuO,, thin

illustrating the square lattices.

ments, a stoichiometric (Sr+Ca):Cu mix-
ture of 1:1 was supplied through the
choice of target composition. In this case,
Sr vacancy formation in the matrix of the
infinite layer compound might lead to sur-
face segregation of the expelled Sr atoms,
as suggested by the trend of Fig. 3, A
through C. This perturbed growth mech-
anism appears to have a profound impact
on the doping mechanism of the films
(19).

We have obtained atomic resolution
STM images of the (Ca,Sr)Cu0O, films.
Figure 4, A and C, show high-resolution
STM images in the ab plane of a c-axis—
oriented Cag 35514 ,0CuO, thin film on
SrTiO,(001). The STM image in Fig. 4A
was taken with a sample bias voltage of 1.0
V. The image indicates an atomic square
lattice of bright dots with randomly dis-
tributed point defects. Figure 4B shows the
surface corrugation along the line indicat-
ed in Fig. 4A. The period of the dots is
about 4.0 A, which corresponds to the
a-axis length of (Ca,Sr)Cu0O,. For this

film. (B and D) Cross-sectional profiles taken along the lines indicat-
ed in (A) and (C), respectively. The dimensions of the images are (A)
110Aby 110 A and (C) 110 A by 72 A. For (A), the sample bias was
1.0 V and the tunneling current was 0.10 nA. For (C), a sample bias
of —0.5V and a tunneling current of 0.10 nA were used. Both (A) and
(C) show square lattices with a period of 4.0 A. (E) Schematic

positive sample bias voltage, STM imaging
senses the electronic structure of empty
states. In the strongly correlated electron-
ic system of the parent compound, elec-
trons are tunneling into the Cu d'° band,
which exists above the Fermi level (20).
Thus, in this mode STM imaging appears
to detect the Cu sites of the film. The
density of the point defects varies from 7
to 14% with no apparent systematic de-
pendence on the St/Ca ratio. The surfaces
of the films with x = 0.55 and x = 0.70
contain particles presumably related to Sr
atoms expelled from the parent compound
matrix. The absence of such systematic
dependence in the high-resolution images
suggests that the point defects in
Fig. 4A do not correspond to Sr or Ca.
These defects are presumably due to Cu
defects or to Cu'™ ions in the presence of
O vacancies.

On the other hand, the STM image of
Fig. 4C, taken with a negative sample bias
voltage of —0.5 V (occupied states), also
shows a square atomic lattice with spacing
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of 4 A, similar to that in Fig. 4A. However,
there are some obvious differences. The
surface in Fig. 4A has considerable vertical
undulations with an amplitude of about 3

. The corresponding cross-sectional pro-
file (Fig. 4D) shows that lattice points can
be seen even in the dark regions of Fig. 4C.
These long-range undulations presumably
arise from differences in the surface elec-
tronic structure.

The defect density in Fig. 4C is about
2%. This value is considerably smaller than
that for the empty states. These observa-
tions suggest that the square lattice for the
occupied states has a different origin than
the empty state square lattice shown in Fig.
4A. Considering the strongly correlated
electronic structure of this material, the
oxygen 2p band is expected to contribute
strongly to STM imaging below the Fermi
level (20). However, in the ideal parent
compound lattice, the oxygen atom config-
uration in the CuQO, sheet does not corre-
fgond to a square lattice with spacing of 4.0

. Possibly, at the filled states, STM images
reflect the hybrid orbitals consisting of Cu
d® and oxygen 2p, which also have a 4 A
square lattice periodicity, as shown in Fig.
4E. Further analysis, for example, the use of
scanning tunneling spectroscopy to reflect
the density of states, is needed to reveal the
origin of the square lattices observed by
STM imaging.
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