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Scanning tunneling microscopy (STM) images of YBa,Cu;O, (YBCO) thin films show
different growth mechanisms depending on the deposition method and substrate material. We
present images of YBCO films sputter deposited onto MgO and SrTiO;, and laser

ablated onto LaAlQO; showing screw dislocation and ledge growth mechanisms. At room
temperature we observed an anomalous tunneling conductance near the edge of growth steps
which causes a large apparent step-edge height in the STM image. This effect decreases

with decreasing temperature, so that the step height approaches the expected value for one unit
cell of 1.2 nm at 76 K. This phenomenon reflects changes in either the surface tunneling

barrier or tunneling density of states upon cooling.

Scanning tunneling microscopy (STM) has been used
extensively to study the atomic structure and growth of
high-temperature superconducting (HTS) single crystals.
STM images of atomic layers as well as growth steps on the
surface of HTS single crystals have been useful for deter-
mining their growth mechanisms.’

Until recently most of the STM work has been focused
on atomic imaging of single crystals since clean, flat sur-
faces suitable for STM can be prepared. However, Hawley
et al.? and Gerber er al.’ have shown that the STM can be
used to image HTS films that have not been prepared in
any special way. This was surprising in light of past diffi-
culties encountered when attempting STM on HTS films
due to the presence of an insulating surface layer. With
improvements in thin-film processing such as in situ film
growth, the surface quality of films has improved encugh
to be suitable for STM. In addition, improvements in STM
instrumentation have greatly expanded the scanning
ranges both laterally (100 um) and vertically (5 pm).
These long scanning ranges combined with the picometer
vertical resolution of STM open up a new realm of surface
morphology studies with roughness aspect ratios (rise over
run) of <107° ,

In this letter we present STM images of YBa,Cu,0,
(YBCO) thin films that have been either sputtered or laser
ablated onto different substrates. The films tested are high-
quality c-axis oriented superconductors, yet they show
strikingly different STM morphologies. The STM images
show the growth morphology with adequate resolution for
imaging unit cell growth steps on the surfaces of the grains.
We find that at room temperature there is an anomalously
large tunneling conductance near the edge of the growth
steps which manifests itself as a large apparent height vari-
ation in the STM image. This effect decreases with decreas-
ing temperature so that the STM step height approaches
the expected value for one unit cell of 1.2 nm.

The details of the variable temperature STM apparatus
are discussed in other papers.*® The STM head, thermom-
eters, and heater are located in a thermally insulated, dry
nitrogen vapor pocket trapped in a liquid nitrogen bath.
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STM images consisted of 400 line scans per frame with 400
samples per line scan. The images were taken with a PtIr
tip at a scan rate of 1.0 lines/s. The tunneling current and
voltage were 0.5 nA and 700 mV.

The films for this letter are predominantly c-axis ori-
ented. The films were not cleaned or modified in any way
before STM imaging. The sputtered films were prepared by
off-axis reactive dc magnetron sputtering using an in situ
process fully described elsewhere.® The pertinent deposi-
tion parameters: substrate temperature 7, = 740 °C; total
pressure  (Ar+0,) Pp=32 Pa (240 mTorr) with
Pp, =13 Pa(96 mTorr). With the dc power fixed at 120
W, the deposition rate was 0.7 nm/min, a rather low value
due to the gun-substrate geometry. It took 7 h to deposit
each film to a thickness of 300 nm. The films were depos-
ited onto the {100} surfaces of MgO and SrTiO; single-
crystal substrates. The substrate preparation is known to
play a crucial role in the film morphology on MgO.” After
solvent cleaning, the MgO crystals were annealed in an
oxygen flow at 1100 °C for 12 h. The films on MgQ and
8rTiO; had a zero resistance T, of 89.0 and 89.6 K, re-
spectively, and a J, of approximately 1 10° on MgO and
4% 10° A/cm? on SrTiO; at 76 K and zero field.

The laser ablated films were prepared using a fre-
quency tripled Nd-YAG laser operating at 355 nm with a
repetition rate of 10 Hz. The films were grown at 775 °C in
27 Pa (200 mTorr) of oxygen at approximately 75 nm/
min to a thickness of 100-200 nm. After deposition, the
samples were cooled at 20 °C/min, while the chamber was
backfilled with oxygen, held for 5 min at 470 °C in 80 kPa
(600 Torr) of oxygen, and then slowly cooled to room
temperature. This procedure routinely produces films with
T, between 90 and 91 K.

The growth mechanisms of YBCO films depend on the
deposition technique and substrate material. Figure 1
shows screw dislocation growth on the surface of a sput-
tered film on MgO. Many screw dislocation spirals appear
to merge into each other. Figure 2 shows that the topog-
raphy of the sputtered YBCO on SrTiO; is quite different.
The ledge-like structure shown was observed across the
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FIG. 1. Top-view STM image of a sputtered YBCO thin film on a {100}
MgO substrate. The sample was scanned at room temperature in air.

entire surface of the film. Since the “top” of the growth
structures was never found it is not possible to determine
the growth mechanism. However, the resulting morphol-
ogy is distinct from the images of Hawley et al.? and Ger-
ber et al® of sputtered YBCO on SrTiO;, which show
screw dislocation morphologies. An STM image of the sur-
face of a laser ablated YBCO film on LaAlQ; is shown in
Fig. 3. Here growth appears to occur by ledge growth in
concentric rings <1 um in size.

At first glance we might assume that the features in the
STM images delineate grain boundaries. However, the
films are relatively flat with surface roughness of <10 nm.
The films are about 200 nm thick, so that what appear to
be large stacks of layers are in reality small features. These
features are barely visible using high-resolution scanning
electron microscopy (SEM). It is tempting to equate the
spirals seen using STM with grains and their intersections
with grain boundaries. We have found, however, that for
films sputter deposited onto MgO and imaged by STM,
screw-dislocation spacing is less than the grain size deter-
mined on similar samples using transmission electron mi-
croscopy (TEM) or scanning electron microscopy (SEM)
of etched samples. The TEM and SEM show grain sizes
that range from 0.5 to 10 um in diameter. We conclude

FIG. 2. Top-view STM image of a sputtered YBCO thin film on a {100}
SrTiO, substrate. The sample was scanned at room temperature in air.
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FIG. 3. Top-view STM image of a laser ablated YBCO thin film on a_
{100} LaAlQ, substrate. The sample was scanned at room temperature i”
air. _

that several growth spirals exist on the surface of an aver-

age grain. It is also interesting that the grain (a and b axes)

orientation, as observed by STM, is predominantly aligned

with the MgO (100) direction except for a small percent-
age aligned with the MgO (110} direction. This is als:)

observed by TEM and SEM.

At room temperature, the height variations associated
with the growth steps as imaged by the STM are anoma-
lously large compared to the theoretical unit cell in the
c-axis direction. We believe that variations in the surface’
barrier, density of states, or similar electronic effects cause
these anomalies and that they do not represent the true
topography of the samples. Hawley et al.> presented simi-
lar STM data. They have shown by performing atomic
force microscopy (AFM), which should be unaffected by
electronic effects, that the true step height is about 1.2 nm,
as expected. =

The STM step height is temperature dependent. As the
temperature decreases from 300 K the height variation de-
creases, approaching the expected step-like profile with
edge height equal to the unit cell value. The STM step
height at 76 K is between 1 and 2 nm. Figure 4 is a STM
image of a YBCO film sputtered onto MgO taken at 100 K.
Figure 5 shows the surface profiles of a sputtered YBCO
film on MgO taken at various temperatures ranging from
300 to 76 K. Notice the change from a sawtooth pattern {o
steps separated by flat regions. The STM step heights are
plotted as a function of temperature in Fig. 6. =

The origin of this striking temperature effect is uncer-
tain. The STM images are maps of constant tunneling cor-
ductance plotted as height variations. The tunneling cou-
ductance reflects a density of unoccupied states on the filin
surface as well as tip effects. The step-height temperature
may arise from the anisotropic properties of YBCO. Resis-
tance measurements on YBCO single crystals show a semi~
conducting -behavior perpendicular to the CuO_planes
(parallel to the ¢ axis) and a metallic temperature depern-
dence within the CuO planes.® Both of these will give rise
to temperature-dependent tunneling of electrons into statcs
parallel to the ¢ axis. At a step edge there could be a
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FIG. 4. Top-view STM image of a sputtered YBCO thin film on a {100}
MgO substrate. The sample was scanned at 100 K in nitrogen gas.

difference in coupling between tip states and either the ¢
axis or the a-b plane states causing temperature-dependent
tunneling conductance. However, this mechanism would
imply spatial variations at low temperatures while the data
indicate that at low temperatures the tunneling conduc-
tance is uniform. Alternatively, the temperature-dependent
step height may be associated with an oxygen depleted or
chemically reacted surface layer. Both possibilities could
lead to semiconducting phases whose composition and
electronic properties would vary near step edges.

In summary, the STM can be used to image differences
in the morphology of as-grown, in situ YBCO films depos-
ited on various substrates by sputtering or laser ablation.
The newly developed long scanning range capabilities com-
bined with the superior vertical sensitivity make the STM
unique for this type of application. The images are useful
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FIG. 5. Typical STM height profiles as a function of temperature for the
sputtered YBCO thin film on MgO shown in Fig. 1.
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FIG. 6. STM step height vs temperature for the sputtered YBCO thin film
on MgO shown in Figs. 1 and 4.

for determining the film growth mechanisms. Screw dislo-
cations and surface roughness as seen in STM images may
contribute to flux pinning. We have not seen any correla-
tion of the critical current densities with the structures
observed by STM, although detailed studies have yet to be
done. We have observed a higher density of screw disloca-
tions, but lower critical current densities, in YBCO films
on MgO than in films on SrTiO;. We have taken STM
images of sputtered YBCO films at various temperatures.
At room temperature, the images show anomalously large
step heights, compared to the expected unit cell height of

.2 nm. However, the observed step height is temperature
dependent and decreases nearly to the expected value at 76
K. The tunneling characteristics that affect the STM image
are important for understanding the electrical properties of
the surfaces of YBCO films. Such information is needed for
development of Josephson tunneling barriers and general
electrical contact structures that would be useful for inte-
grated circuit applications.
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