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Scannin g tunnelin g microscop y of epitaxia l YBa2Cu3O72x film s prepared
by therma l plasm a flas h evaporatio n method

Kei Hayasaki, Yuzuru Takamura,a) Norio Yamaguchi,b) Kazuo Terashima, and Toyonobu
Yoshida
Department of Metallurgy and Materials Science, Graduate School of Engineering, The University of
Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113, Japan

~Received 12 August 1996; accepted for publication 24 October 1996!

The surface morphology of epitaxial YBa2Cu3O72x films prepared by thermal plasma flash
evaporation was extensively investigated by scanning tunneling microscopy. Under epitaxial film
growth conditionswith thedeposition rateup to 0.42mm/min, two-dimensional nucleus growth and
spiral growth wereobserved. Themain deposition species in thisprocesswas found to be thecluster
ranging from 0.3 to 9 nm and the size of the cluster influenced the growth mode strongly.
Theoretical analysis based on the two-dimensional critical radius revealed that smaller clusters
became weakly bonded nuclei resulting in spiral growth and larger clusters became stable nuclei
resulting in two-dimensional nucleus growth, which we named two-dimensional cluster nucleus
growth. The clusters generated in the plasma boundary layer undoubtedly involve sufficient energy
necessary for crystallization and show quite different characteristics from those of the clusters
generated in vacuum by adiabatic expansion process. Hence, this process must be named ‘‘hot
cluster epitaxy.’’ © 1997 American Institute of Physics. @S0021-8979~97!04203-5#

I. INTRODUCTION

The discovery of high Tc ~superconducting transition
temperature! superconductors such as YBa2Cu3O72x (Tc
5 92 K!,1 Bi2Sr2Ca2Cu3O10 ~105 K!,2 Tl2Ba2Ca2Cu3O10

~120 K!3 has resulted in the development of many novel
processes for the preparation of their high-quality thin films.
In particular, YBa2Cu3O72x ~YBCO! filmswith ahigh criti-
cal current density (Jc) of more than 10

6 A/cm2 at 77 K have
been successfully obtained by various methods such as
sputtering,4 laser ablation,5 thermal coevaporation,6 and
chemical vapor deposition ~CVD!.7

The plasma flash evaporation method developed by our
group8–11 is apromising method for the preparation of epi-
taxial YBCO films. It has some interesting characteristics
such ashigh rate ~300 nm/s! and largearea ~737 cm2) depo-
sition under high flux of atomic oxygen ~1019 atoms/
cm2 s!.12 This process is inferred to be characterized by clus-
ter deposition under high flux of atomic oxygen.13

Nanometer-scale clusters are formed in the boundary layer
under the high supersaturation caused by quenching from
5000 to 1000 K ~Fig. 1!. The cluster size can be controlled
between 0.3 and 9 nm by controlling the quenching rate and
concentration of vapor phase species.12 Clusters have a
larger sticking probability than atoms and can easily be at-
tached to acrystal surface.12 Thismay beoneof the reasons
for such a high deposition rate. Very recently, a scanning
tunneling microscopy ~STM! study relating to the growth
feature of YBCO films in this process has been reported by
Tsujino et al.14 However, the cluster deposition has not been
explained clearly.

In thisarticle, theYBCO filmsdeposited on SrTiO3~100!
by thermal plasma flash evaporation method were exten-
sively investigated by STM. Lateral growth mechanism of
the epitaxial films from clusters wil l be discussed.

II. EXPERIMENT

The plasma flash evaporation apparatus for depositing
YBCO films has been described elsewhere.12 The substrate
temperature was measured using a thermocouple 1 mm be-
low the substrate. The experimental conditions are listed in
Table I.

Al l the films used in this study showed c-axis orienta-
tion, in-plane orientation, and a sharp superconducting tran-
sition at a temperature Tc above 87 K with a narrow transi-
tion width of 1 K. The surface morphology of YBCO films
was investigated by STM ~Nanoscope II , Digital Instru-
ments!. Al l STM measurements were carried out in the
constant-current mode at room temperature in air. Etched
Pt–Ir scanning tips were employed. The tunneling current
and the bias voltage were 0.2 nA and 800 mV, respectively.

III. RESULTS

The cluster size measured by the microtrench method
was estimated to be 0.3–9 nm12 on the average. In order to
measure thecluster sizedirectly, weobserved clustersdepos-
ited on highly oriented pyrolytic graphite ~HOPG! substrates
by STM. Fig. 2 shows a schematic diagram of the cluster
trapping apparatus, which is the same as that used for the
measurement of atomic oxygen flux.12 Fig. 3~a! shows alat-
tice image of a HOPG substrate exposed to oxygen plasma
without powder feeding for a very short time ~0.02 s! which
indicates that the HOPG substrate was not damaged by the
oxygen plasma in such a short period. Fig. 3~b! shows an
STM image of YBCO clusters trapped in the same period,
the diameter and height of which are 6 and 0.7 nm, respec-
tively. This image reconfirms that the deposition species in
this process is the cluster.
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We performed the STM measurement of YBCO films
deposited on SrTiO3~100! substrates at various substrate
temperatures (Tsub), feeding rates (R), and distancebetween
the torch exit and the substrate (L) as listed in Table I. The
films with R 5 60 mg/min (Tsub 5 700 to 660 °C! and
R5150 mg/min (Tsub5 695 to 670 °C! show spiral growth
originated from the edges of the screw dislocations at the
substrate surfaces and the vertical step height is equal to one
unit cell ~1.2 nm!. Thismorphology is frequently reported in
other methods such as sputtering15,16 and CVD.17 Therefore,
the spiral growth mechanism is considered to be a general
one regardless of the film deposition method. In the case of
R560 mg/min, the terracewidths l decrease from 130 to 65
nm with decreasing Tsub from 700 to 660 °C. In the case of
R5150 mg/min, the terrace widths decrease from 110 to 55
nmwith decreasing Tsub from 695 to 670 °C. STM imagesof
the surfaces are shown in Figs. 4~a!–4~e!. The cases ~a!–~d!
clearly show spiral growth. On the other hand, in the case of
R5200 mg/min ~Fig. 4~e!!, the spiral growth feature is not
observed and is irregular in shape, but still regular 1.2 nm
step-height terraces are observed. These facts indicate that
this film grew with anon-spiral epitaxial growth like normal
two-dimensional nucleus growth ~2DNG!. As described
later, we call this growth mode 2D cluster nucleus growth
~2DCNG! in order to stress the difference between 2DNG
and this 2DNG mechanism.

FIG. 1. The concept of cluster deposition in the plasma flash evaporation
process.

FIG. 2. A schematic diagram of the cluster trapping apparatus.

FIG. 3. ~a! A lattice image of a HOPG substrate exposed to oxygen plasma
without powder feeding. ~b! An STM image of clusters on a HOPG sub-
strate.

TABLE I. Experimental conditions.

rf power 50 kW
Pressure 200 Torr
Plasma O2 gas 47 standard liter per minute ~SLM!
Carrier Ar gas 2.4 SLM
Feeding rate (R) 60–200 mg/min
Torch-substrate distance (L) 260–310 mm
Substrate temperature (Tsub) 660–700 °C
Deposition time 0.5–2 min
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IV. DISCUSSION

A. Terrac e widt h dependenc e on substrate
temperature

According to the BCF theory,18 the terrace width (l) in
spiral growth is given by

l'20rc5
20ga

kBT ln
p

p0

, ~1!

where rc , g, a, kB , Tsub, p and p0 are the critical
nucleus radius, the surface energy per unit cell, the lattice
constant, Boltzmann constant, the substrate temperature, the
actual vapor pressure and the equilibrium vapor pressure,
respectively.

For the case of multicomponent systems, the definition
p/p0 is somewhat ambiguous. However, approximation ln
p/p0; ln J/J0 may not be so bad in this case, where J and
J0 are the feeding rate and the critical feeding rate at which
film growth occurs, respectively. Using Eq. ~1! and the value
of l measured by STM, wecan estimateg. Froml 5 80 nm
(R560 mg/min! and l 5 55 nm (R5150 mg/min! at
Tsub5700 °C, the value of g is derived to be 1.6 J/m2. This
value is equal to that estimated by mechanical
measurements.19,20

In addition, Eqs. ~2!–~4! can be applied to the adsorbed
particles, such as atoms, molecules and clusters:

Jo5
ns0
ts

, ~2!

ns05n0 expS 2
Ws

kBTsub
D , ~3!

1

ts
5n expS 2

Ws8

kBTsub
D , ~4!

where ns0 , n0 , ts , n, Ws and Ws8 are concentration on a
surface, concentration at a step, mean lifetimeof an adsorbed
particle, frequency of vibration, the evaporation energy from
the kinks to the surface, and the evaporation energy from the
surface to the vapor phase, respectively.

From Eqs. ~1!–~4!, we obtain

1

lTsub
5

kB
20ga

ln
J

nn0
1
Ws1Ws8

20ga

1

Tsub
. ~5!

From the STM measurements, linear dependences of
1/lTsub on 1/Tsubwould be derived as shown in Fig. 5. This
means that the terrace width dependence on the substrate
temperature can be explained using Eq. ~5! on the assump-
tion that thevariation of ln Jo is negligiblecompared with the
variation of 1/Tsub. The sum of the evaporation energy from
the kinks to the crystal surfaceand the re-evaporation energy
from the crystal surface, Ws1Ws8 , corresponds to the slope
of the linear plots of 1/lTsub versus 1/Tsub. The values at
R560 and 150 mg/min are estimated to be 1.8310219 and
3.1310219 J, respectively, for a50.38 nm and g51.6
J/m2.19,20Ws1Ws8 for R 5 200 mg/min is 1.7 times larger
than that for R 5 60 mg/min. The difference of these values
may be caused by that of absorbed species, probably caused
by thedifference in the cluster sizes. Increasing the sizes, the
clusters can be absorbed to the substrate surface more
strongly. Therefore, the value of Ws1Ws8 becomes greater.
This result supports the idea that deposition from clusters is
more effective in depositions than that from atoms and small
clusters, especially at high substrate temperatures.

B. Latera l growt h mechanis m from clusters

Here, we discuss amechanism by the comparison of the
two-dimensional critical radius (r 2D* ) derived from the ter-
race width and the two-dimensional cluster size (r 2D) esti-
mated from the three-dimensional cluster size (r 3D).

FIG. 4. STM imagesof YBCO filmsgrown on SrTiO3~100! (L 5 310mm!.
~a! R560 mg/min, Tsub 5 700 °C, ~b! R5150 mg/min, Tsub 5 695 °C, ~c!
R560 mg/min, Tsub5 670 °C, ~d! R5150 mg/min, Tsub5 670 °C, and ~e!
R5200 mg/min, Tsub 5 670 °C.

FIG. 5. Plots of 1/lTsub vs 1/Tsub. l and Tsub represent terrace width and
substrate temperature.
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First, we assume that a cylindrical 2D cluster with astep
height of 1.2 nm is rearranged on the crystal surface from a
3D cluster as shown in Fig. 6. According to the cluster size
measurement,12 the 3D cluster sizes (r 3D) generated in
plasma at L5310 mm are 1, 1.6, 2 and 3 nm at the feeding
ratesR560, 150, 200 and 350 mg/min, respectively. In these
cases, the rearranged 2D cluster radiuses (r 2D) at each feed-
ing rate are estimated to be 0.4, 0.8, 1.1 and 1.9 nm, respec-
tively. The values of r 2D are plotted in Fig. 7. On the other
hand, the 2D critical radius (r 2D* ) derived from Eq. ~1! are 4
and 2.75 nm at R560 and 150 mg/min, respectively. Under
the assumption of a linear dependence of p to R and using

the two values of r 2D* , the dependence of r 2D* on R can be
drawn asshown in Fig. 7. Theclustershaving r 2D larger than
r 2D* are considered to be stable on the surface. On the other
hand, the clusters with r 2D!r 2D* should be evaporated onto
the surface.

In the case of all the incoming clusters with the size
r 2D,r 2D* , the growth mode is expected to be almost the
same as the case of the growth from the atoms causing the
spiral growth. While increasing the feeding rate or decreas-
ing the substrate temperature, the r 2D* decreases. In addition,
increasing the feeding rate causes the increase of the r 3D and
then r 2D , subsequently increasing the actual number of the
2D clusters larger than r 2D* . These operations increase the
stable 2D clusters which can become the nuclei of the 2D
nuclei growth, resulting in 2D cluster nucleus growth
~2DCNG! ~as the case of R5200 mg/min, Fig. 4~e!!.

Finally, we clarify the characteristics of clusters in the
plasma flash evaporation process. A typical cluster deposi-
tion process developed so far is the ionized cluster beam
~ICB! method.21 The clusters are generated in vacuum by
adiabatic expansion process. In this process, ionized clusters
are said to break up into individual atoms on the crystal
surface after collision and the atoms diffuse on the surface
with the migration energy derived from the incident energy
resulted from biasvoltage. Thisenergy transformation is said
to enable low-temperature deposition. For example, Er–Ba–
Cu–O thin film deposited at a substrate temperature of
550 °C showed c-axis orientation.22 However, the clusters
often cause damage to film surface because of their high
translation energy of larger than 10 eV/cluster.

On the other hand, in the plasma flash evaporation pro-
cess, thermal energy is supplied to the cluster from thermal
plasma, so thecluster is called a‘‘hot cluster,’’ to distinguish
it from conventional ‘‘cold’ ’ clusters mentioned above. By
quenching from 5000 to 1000 K in a boundary layer, the
clusters are kept as thermally activated states without high
translation energy such as in the ICB process. These features
are expected to enable epitaxial growth with less surface
damage. So, hot clusters seem to be preferable in epitaxial
growth. Actually, a 1-mm-thick non-spiral growth,
monolayer-smooth epitaxial film of YBCO with a full width
at half maximum ~FWHM! less than 0.14° of the x-ray rock-
ing curve of the ~005! peak was successfully deposited at the
rate of 16 nm/s.23 The valueof FWHM is oneof the smallest
values for YBCO films reported so far.24,25 These facts re-
confirm the advantages of hot cluster deposition, especially
2D cluster nucleus growth ~2DCNG!, overcoming other con-
ventional deposition methods.

Moreover, in our process, it is possible to control the
cluster size and feeding rate independently and supply an
adequate number of clusters of appropriate size for this epi-
taxial growth by controlling the feeding rate, distance be-
tween plasma torch and substrate, and substrate temperature.
Therefore, this process must be named ‘‘hot cluster epi-
taxy.’’

V. CONCLUSIONS

Scanning tunneling microscopy has revealed that spiral
growth and two-dimensional cluster nucleus growth occur

FIG. 6. Schematic description of the behavior of a cluster.

FIG. 7. The comparison of 2D cluster radius and 2D critical radius.
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under epitaxial film growth conditions in the plasma flash
evaporation process. The growth mode is explained by a
comparison between the two-dimensional critical radius
(r 2D* ) derived from the terrace width and the two-
dimensional cluster size (r 2D) estimated from the three-
dimensional cluster size. It is thought that clusters generated
in a thermal plasma boundary layer have the activation en-
ergy necessary for crystallization and then this process must
be called hot cluster epitaxy.
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