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The surface morphology of buffer layer yttrium-stabilized zirconia (YSZ) of YBa2Cu3O7−𝜎 (YBCO) high temper-
ature superconducting films relies on a series of controllable experimental parameters. In this work, we focus on
the influence of pulsed laser frequency and target crystalline type on surface morphology of YSZ films deposited
by pulsed laser deposition (PLD) on rolling assisted biaxially textured substrate tapes. Usually two kinds of
particles are observed in the YSZ layer: randomly distributed ones on the whole film and self-assembled ones
along grain boundaries. SEM images are used to prove that particles can be partly removed when choosing dense
targets of single crystalline. Lower frequency of pulsed laser also contributes to a smoother film surface. TEM
images are used to view the crystalline structure of thin film. Thus we can obtain a basic understanding of how
to prepare a particle-free YSZ buffer layer for YBCO in optimized conditions using PLD. The YBCO layer with
nice structure and critical current density of around 5MA/cm2 can be reached on smooth YSZ samples.

PACS: 68.55.J−, 68.55.Ln, 68.37.Hk DOI: 10.1088/0256-307X/32/11/116802

YBCO is widely used as a high temperature su-
perconducting material in scientific research. In the
process of preparing high quality YBCO thin films,
the buffer layer is significant. The most typical
buffer layers are CeO2

[1] and yttrium-stabilized zir-
conia (YSZ),[2] due to their chemical and thermal sta-
bility to prevent atomic diffusion and due to their
suitable lattice constants for epitaxial growth. Fur-
thermore, there exists a large number of methods to
prepare YSZ layers: for example, laser chemical va-
por deposition,[3] magnetron sputtering,[4] ion-beam-
assisted deposition[5] and pulsed laser deposition.[6]

Among them, pulsed laser deposition stands out for
its numerous advantages, such as good adherence of
stoichiometry to target material.[7] However, one neg-
ative point for this technology is that outgrowths
and precipitates become more and more during high-
temperature deposition, leading to bad quality of thin
films.[8]

Precipitates presenting on the surface of a YSZ
layer are detrimental to the upper superconducting
YBCO layer. For one thing, precipitates may pro-
mote exchange of Ni and O atoms between the buffer
layer and the substrate by providing a short-cut dif-
fusion passage. Such contamination in composition of
YBCO films may limit critical current passing through
the superconducting layer. Moreover, the formation
of NiO2 would also have a bad influence on the inner
stress of the film,[9] and degrade mechanical proper-
ties. For another thing, the coarse surface of films

could probably result in the appearance of high-angle
grain boundaries, which may lower 𝐽c of the upper
YBCO layer.[10] Thus suitable experimental parame-
ters must be found to improve morphology of the YSZ
buffer layer.

In this Letter, we study the effect of different phys-
ical parameters on morphology of the YSZ layer dur-
ing pulsed laser deposition. It is hopeful to find key
parameters and to realize how these parameters could
influence the size and distribution of surface particles.
After optimizing the deposition condition for the YSZ
buffer layer, we obtain a high-quality YBCO film with
better microstructure and larger current density.

The Ni-5 at% (NiW) rolling assisted biaxially tex-
tured substrate (RABiTS) tapes made by GMBH
(Germany) were used as the substrate in experiment.
The tapes were 10 mm in width and 70µm in thick-
ness, with the rms surface roughness less than 10 nm
within region 100µm×100µm. This kind of tape had
highly ⟨100⟩ cubic texture. The full widths at half
maximum (FWHMs) of 𝜔-scan and 𝜑-scan were 6∘

and 7∘, respectively. Firstly, CeO2 was grown as the
seed layer on the RABiTS NiW substrate tape by us-
ing PLD, details of which would be seen in Ref. [11].
YSZ and YBCO thin films were then deposited on
the superior-quality CeO2/NiW layer by PLD, respec-
tively. Two kinds of YSZ targets of similar stoichiom-
etry ratio while different degrees of crystallinity were
used in our experiments.

Film deposition was performed by a Lambda
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Physik LPX 220 KrF excimer laser (wavelength 𝜆 =
248 nm, pulse duration 𝜏 = 20 ns). The laser fo-
cused on the ZrO2 (Y2O3 8%) target with an inci-
dent angle of 45∘. The target was rotated at a speed
of 20 rpm during the ablation to maintain the uni-
formity of the film.[12] At the beginning, base pres-
sure for PLD chamber was 1 × 10−6 Torr. Then the
chamber was filled with a certain amount of oxygen.
During YSZ preparation, temperature of the substrate
was kept around 800∘C. Pulsed laser frequency was al-
tered from 40 Hz to 120 Hz. Moreover, oxygen partial
pressure varied from 1 mTorr to 50 mTorr. Then a
YBCO layer was deposited on YSZ when O2 partial
pressure was 200 mTorr, laser frequency was 160Hz
and temperature was 1000∘C. The structure charac-
terization was carried out by x-ray diffraction (D8
Discover with GADDS, Bruker Advanced X-ray So-
lutions, Inc.). A high-resolution scanning electron mi-
croscope (HRSEM, FEI Sirion 200) and an atom force
microscope (AFM, Nanoscope III, DI, Santa Barbara,
USA) were used to observe the surface morphology.
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Fig. 1. Four kinds of defects usually seen in the YSZ
surface.

Fig. 2. XRD pattern of samples deposited at lasers of (a)
40Hz, (b) 80Hz, and (c) 120Hz.

Normally, there are four kinds of obvious defects
on the surface of the YSZ film: droplet-like parti-
cles, needle-like outgrowth, circular holes and particles
stacking along grain boundaries,[13] as can be seen in
Fig. 1. Among them, needle-like outgrowth and cir-

cular holes can be removed by optimizing deposition
condition, while droplet-like particles and boundary-
grown particles can hardly be eliminated. In this
work, we focus on how parameter changes would affect
density and diffusion of these particles on the surface
of the YSZ film..

YSZ films were prepared at 40 Hz, 80Hz and
120 Hz, respectively, to study the dependence of sur-
face morphology on laser frequency. The x-ray diffrac-
tion curves are shown in Fig. 2. All three samples have
sharp peaks at about 35∘, indicating YSZ (002).[14]

The intensity of YSZ (002) peak increases with higher
laser frequency. It is assumed that this may reveal the
change of film thickness. No other evident peaks are
observed in all studied XRD spectrums. Thus these
samples have the good structure and 𝑐-axis orienta-
tion.

Grain boundaries can be observed clearly on the
surface of the YSZ thin film, and it is evident in Fig. 3
that particles prefer to grow on the grain boundaries
under lower laser frequency. With frequency of 40Hz,
few droplet-like particles are on the surface and par-
ticles along boundaries are more loosely aligned. Op-
positely, with higher frequency of 120Hz, the surface
becomes much worse with increasing the number of
particles, both on the boundaries and inside grains.
In particular, particles randomly distributed increase
at a faster rate than others, thus they are more sensi-
tive to the change of laser frequency.

5 mm 5 mm

5 mm 1 mm
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Fig. 3. SEM images of the YSZ film deposited at laser of
(a) 40Hz, (b) 80Hz, (c) 120Hz. (d) A magnified photo
corresponding to (a).

It should be noted that the frequency of pulsed
laser can affect deposition rate on the film surface.[15]

When particles arrive at the substrate, they may need
time to migrate to suitable positions where the poten-
tial energy is lowest. When the frequency is elevated,
time duration between two pulses becomes shorter,
thus particles are unable to move to the most stable
position on the substrate before the next patch of par-
ticles arrive. Thus particles can be very near to each
other, and clusters and droplets can be much larger.
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Unavoidably, more defects appear and the surface be-
comes rougher. On the contrary, when the appropri-
ate laser frequency is adopted, atoms and ions tend to
have enough time to move to the most stable places
to nucleate and to form complete crystal structure.
Thus the film’s homogeneity and integrity would be
improved.

Two kinds of commercial targets are used in our
experiments. Target 1 is a polycrystalline target with
the density of 4.96 g/cm3. Target 2 is a single-crystal
one of 4.9 g/cm3. Before the experiment, two targets
were pre-ablated for 20 min to remove several super-
natant layers. Two samples were prepared under the
same condition: O2 partial pressure of 10 mTorr, sub-
strate temperature of 900∘C, laser frequency of 120Hz
and laser energy of 280 mJ.

From XRD examination results, we can find that
there is only one obvious peak which corresponds to
the (002) peak of YSZ. This means that these sam-
ples all have the same 𝑐-axis-oriented structure. The
intensity of peaks changes with different targets, re-
vealing that film thickness and lattice constants may
not be the same. Also, a small CeO2 (002) peak is
also observed in the diagrams, which reflects the sub-
strate structure. Obviously, the YSZ films inherit the
structure of the lower CeO2 layer. It is mentioned
that tiny YSZ(111) peaks can also be seen as well,
which may be related to particles and micro cracks on
film surfaces. However, their intensity are quite small
compared with other peaks.

Fig. 4. XRD pattern of samples deposited by (a) target 1
(polycrystalline target) and (b) target 2 (single-crystalline
target).

On the SEM microscopy images, we can observe
very clearly that there are two kinds of particles on
both samples. Some grow along grain boundaries and
stack with each other, and others are dispersed ran-
domly on the whole surface. Compared with another
sample, films deposited by using single-crystal tar-
gets have less and smaller micro cracks and droplets.
The surface is much more homogeneous. We can ex-
plain such difference from the aspect of target con-
stitution and structure. A single-crystalline target is

much more compact and has a higher proportion of
single-crystal structure. When it is ablated, particles
tend to leave the target surface as a unit containing
intact single-crystal substances. As a result, these
particles can be deposited on the substrate to form
a dense film with less precipitates and visible clusters.
Even formed, these precipitates are more likely to hold
closely to each other and thus cluster size can be very
small.

5 mm 5 mm

1 mm 1 mm

(a) (b)
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Fig. 5. SEM images of the YSZ film deposited by (a)
target 1 (polycrystalline target), (b) target 2 (single-
crystalline target), and (c) and (d) are magnified photos
corresponding to (a) and (b), respectively.

On the contrary, the polycrystalline target is looser
with particles of larger grain size. Usually a larger size
plume can be formed when the polycrystalline target
is ablated by the laser beam. At the same time, these
ablated particles could react with atoms and ions in
ambient gas and form larger clusters. Thus when they
arrive at the substrate, more particles would deposit
at the grain boundaries and even attract many other
larger ones to locate at the same place or nearby. To
those landing inside the grains, sizes of droplets and
clusters are much larger as well. More particles in a
larger plume can also lead to high density dispersion
of particles on the film surface. Thus the deposited
film is much worse compared with the ones previously
mentioned.

As mentioned before, the purpose of obtaining a
smooth YSZ layer is to lay the foundation for a high
quality YBCO superconducting layer. Here one YSZ
sample (Fig. 5(a)) under an optimized deposition con-
dition (40 Hz laser frequency and single-crystal tar-
get) and one YSZ sample (Fig. 5(b)) under the normal
condition (80 Hz and polycrystalline target) are cho-
sen as the substrates to further deposit YBCO. The
YBCO layer is prepared by using the following exper-
iment parameters: O2 partial pressure of 200 mTorr,
substrate temperature of 1050∘C, laser frequency of
160 Hz and laser energy of 300mJ. Figure 6 is the
AFM images of the YSZ samples (Figs. 6(a) and 6(b))
and the YBCO samples (Figs. 6(c) and 6(d)) corre-
sponding to the samples shown in Figs. 6(a) and 6(b).
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Large precipitates and grain boundaries can be seen
in the YSZ sample (Figs. 6(b)). Obviously, the YBCO
sample (Figs. 6(c)) deposited on the nice YSZ sur-
face has much less particles than the YBCO sample
(Figs. 6(d)). Thus we can conclude that the smooth
surface of the YSZ layer is beneficial for the improve-
ment of surface quality of the upper YBCO layer.
Then quality of the sample shown Figs. 6(c) is charac-
terized by TEM, SEM, XRD and the standard four-
pole 𝐼–𝑉 measurement.

5 mm0 mm 10 mm0 mm

10 mm0 mm10 mm0 mm

(a) (b)

(c) (d)

Fig. 6. AFM images of optimized surface (a) and nor-
mal surface (b) of the YSZ samples. (c) and (d) Surface
morphology images of YBCO layers deposited on (a) and
(b), respectively. The data of rms roughness 𝑅q of (a),
(b), (c) and (d) are 1.21 nm, 4.2 nm, 31.4 nm and 42.7 nm,
respectively.
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Fig. 7. (a) TEM images of the NiW/CeO2/YSZ/YBCO
multilayer structure in our representative sample. (b)
TEM images of the YSZ/YBCO layer interface and crys-
talline structure.

The layer structure can be viewed clearly
from the following cross-sectional TEM image
(Fig. 7.(a)). There are five layers from bottom to top:
NiW/CeO2/YSZ/YBCO/silver. The uppermost sil-
ver coating is a covering layer to keep the tape from
air contamination. They are not of definite ordered
structure. NiW is textured metal template. The inter-
mediate triple layers CeO2/YSZ/YBCO all have the
tendency to grow along 𝑐-axis vertical to the surface,

and upper layers may inherit the 𝑐-axis texture archi-
tecture of lower layer. The boundary of these layers
can be seen clearly. Some of the layers’ thickness are
marked in Fig. 7.

Figure 7(b) is the magnified version of Fig. 7(a) to
see more clearly into the interface between YSZ and
YBCO. From this picture, crystal lattice can be seen
distinctly and they are arranged to each other closely
and regularly. The diameters of crystalline lattice of
YSZ and YBCO are similar and in numeric order of
about 0.1 nm. Admitting that they have slight differ-
ence in growth orientation, both films have almost the
same growth direction in 𝑐-axis vertical to the surface,
corresponding to our success in epitaxial deposition of
YBCO layer. There is no obvious interface layer like
tens of layers thick seen in the image, which may be
attributed to YSZ layer’s smooth and clear surface.

The structure of this YBCO layer can be exam-
ined by XRD 𝜃 and 𝜑 scan. Only (00𝑛) peaks can be
seen, which proves that they are all 𝑐-axis orientated.
According to our 𝜑 measurement, the in-plane texture
value is 3.41, showing that the YBCO layer has a good
preferred orientation inside the 𝑎–𝑏 plane. From the
current–voltage curve, we can see that the critical cur-
rent of the YBCO layer is about 60A, and the critical
current density is around 5MA/cm2. Also, this sam-
ple possesses nice surface morphology that may lead
to high current.
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Fig. 8. XRD curves of the YBCO samples. The upper
one is the 2𝜃 curve. The lower one is the 𝜑 scan curve and
the texture value is 3.41.
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Fig. 9. The 𝐼–𝑉 curve by the standard four-pole method
and the SEM image of the YBCO sample.

In summary, particles distributed randomly and
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assembling along grain boundaries are observed in
the surface of YSZ layers deposited by PLD. Adopt-
ing single-crystalline targets can reduce the presence
of these particles. Moreover, lower frequency of the
pulsed laser also contributes to a smooth surface.
Thus the high-quality YSZ thin film with pure 𝑐-axis
orientation and smooth surface morphology can be
prepared. Furthermore, the YBCO layer of good bi-
axial texture and high current can be achieved on the
typical YSZ sample with a smooth surface.
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