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The basic growth mode of a thin epitaxial cuprate film ( (200 A) on a given substrate depends sensi-

tively on the balance between various thermodynamic and kinetic factors related to the high-T, phase
formation and the surface microstructure at the growth front of the deposited film. Under the standard
optimized growth conditions for high-quality epitaxial films, the deposition of a YBa&Cu307 q film on an
atomically smooth (110) SrTi03 substrate, for example, is characterized by a strong damping in the
reAection high-energy electron diffraction (RHEED) oscillation suggesting a predominant island growth
mode. %'e have demonstrated that with an atomic oxygen and the technique of RHEED-controlled
growth interruption it is possible to minimize surface roughness and to fabricate unit-cell smooth
YBa2Cu307 q films over a large area (-0.5 cmX1 cm). The results of this study suggest that two-

dimensional layer growth can be induced by the combined use of atomic oxygen and growth conditions,
such as low deposition rate, low oxygen partial pressure ( (2 mTorr), that produce low supersaturation
at the growth front.

I. INTRODUCTION

A better understanding of the basic processes and
mechanisms in the epitaxial deposition of high-T, cu-
prate films, especially during the initial stages of the film

growth, is important for the study of superconductivity
in ultrathin cuprate films. For example, in order to make
a definitive statement about the superconducting proper-
ties of a nominally one-unit-cell (uc)-thick cuprate layer
(such as in single-layer or multilayer superlattice
configurations), one should be quite sure that the rough-
ness at the layer surface or interface does not exceed one
uc in magnitude over a large area. Otherwise, the ob-
served transport and magnetic properties may reflect
mostly those of much thicker films with the effects due to
granularity and percolation. Furthermore, the capability
of growing epitaxial films with atomic smoothness is ob-
viously crucial in the synthesis of new layered supercon-
ductors via atomic-scale layer-by-layer materials en-
gineering.

In recent years, significant progress has been made in
understanding the growth kinetics and mechanisms in the
growth of epitaxial cuprate films. ' One remaining un-
solved problem is the origin of the observed intensity os-
cillations in reflection high-energy electron diffraction
(RHEED) during the process of film deposition. Based
on their RHEED results, Terashima et al. ' claimed suc-
cess in achieving uc-by-uc layer growth of YBa2Cu307
(YBCO) epitaxial films on (100) SrTi03 substrates. On
the other hand, Chandrasekhar et a1. interpreted their
RHEED oscillations data as arising from changing sur-
face step densities and suggested that the basic film
growth mode is that of island growth instead of the cyclic
layer uc-by-layer growth. The discrepancy between these
two different view points on growth modes may stem
from the difference in the interpretation of the RHEED
data, but it is also possible that it is due to some subtle
difference in sample fabrication conditions which may de-

pend on the film deposition system used. Ideally, to gain
more insight into these issues, a complete systematic
study of the effects of various film preparation conditions
on the growth mode is needed. However, in view of the
vast growth parameter space, one should not expect a
unique set of growth conditions for a specific growth
mode in the epitaxy of cuprates.

In this work, we do not intend to settle these contro-
versial issues, rather we will concentrate in manipulating
a few selected growth parameters to explore the feasibili-
ty of uc scale layer-by-layer epitaxy in cuprates, using the
technique of RHEED-controlled laser-molecular beam
epitaxy (MBE). In particular, we emphasize the use of
atomic oxygen for promoting the growth of large area uc
smooth epitaxial cuprate films.

II. EXPERIMENTAL DESCRIPTION

The basic film deposition apparatus used in this work is
a computer-controlled laser-MBE system (Fig. 1)
equipped with a differentially pumped in situ RHEED
system and an atomic oxygen source. A similar laser-
MBE system using ozone or other oxidants has been em-
ployed by Kawai and Gupta in their work on growing
various epitaxial cuprate films.

The RHEED system is used for in situ monitoring of
film growth as well as film thickness. A 20 KeV electron
beam is focused to the substrate surface with an angle of
incidence of 1.5' to 2. 5 along the [100j or [110]direction
of the substrate. The incidence angle was determined
from the distance of the direct beam and the specular
reflection image spot on the phosphor screen. For the
ideal operation of RHEED during film growth, the basic
chamber background pressure (Po) should be kept below
10 Torr. With the constraint of base chamber pressure
and the necessity of satisfying the oxygen activity re-
quirement for kinetic and thermodynamic stability of the
high-T, phase, the use of a differential pump and an
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FIG. 1. Schematic diagram of the computer-controlled
laser-MBE system.

atomic oxygen source is essential. The atomic oxygen
source used in this work is a 500 W rf plasma generator
which produces a high flux of very reactive atomic oxy-
gen. The flux of atomic oxygen was estimated to be
2 —5X10' atomic oxygen cm s ' by using a mass spec-
trometer. The distance between the atomic oxygen
source and the substrate is 8 cm and the oxygen beam is
directed at an angle of 60' to the substrate surface. To as-
sure full oxidation of all ablated materials arriving at the
substrate with each laser pulse, an additional continuous

local spray of molecular oxygen is provided through a
small nozzle (5 mm diam) positioned as close as 1 cm in
front of the substrate. The combined use of atomic and
molecular oxygen results in an overall background pres-
sure in the deposition chamber which is about 10 Torr.
This pressure does not degrade the performance of the
RHEED system used in this work.

As a template for epitaxial film growth, the substrate
and its surface condition play extremely important roles
in determining the structure and surface morphology of
the deposited film, especially during the initial stages of
growth. In this work, we carefully selected high-quality
optically polished (100)-oriented SrTi03 substrates with a
miscut angle of less than 1' and an average surface
smoothness less than 8 A over an area of -1 cm X1 cm.
A typical atomic force microscope (AFM) image of one
of the substrates and its typical line scans are shown in
Figs. 2(a) and 2(b). The AFM used in this work has the
z-direction resolution of 0. 1 —0.2 nm and an x and y-scan
range of 15 pm. As shown in these figures, the surface of
the SrTi03 substrates used in this study are, indeed,
atomic-scale smooth. The smoothness can further be im-
proved by homoepitaxial deposition of SrTi03 on SrTi03.
The RHEED pattern shown in Fig. 3 is from a (100)
SrTiO, substrate after heating for 5 min in Oz (200
mTorr) at a temperature of =850'C followed by a depo-
sition of a 70 A buffer layer of SrTi03 at 750'C. The
clear, streaky RHEED pattern along with the develop-
ment of Kikuchi lines suggest that a very smooth and
well-ordered surface is formed after the deposition.

The cuprate films were deposited using a KrF (248 nm)
excimer laser with a pulse repetition rate of 2 —5 Hz and a
fluence of —1.5 —2 J/cm at the target. A well-sintered
high-density cuprate target was used for ablation. A
computer-controlled target exchanger allows any
predetermined sequence of four targets for in situ sequen-

FIG. 2. {a) AFM image (3 IMmX3 pm) for a
typical (100} SrTi03 substrate used in this
study. (b) Typical line scan of the SrTi03 sub-

0
strate with a corrugation of less than 5 A over
4.2 pm. (Both vertical and horizontal scales
are in nm. )
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FIG. 3. RHEED patterns of the (100) SrTi03 along (100) sub-
strate azimuth after homoepitaxial growth of a 18 monolayer
(ML) buffer. (T, =750'C, using atomic oxygen Po-10 Torr,
beam energy 20 KeV. )

tial film deposition. The substrate-target distance was
varied between 5 cm to 10 cm. For film homogeneity, it
was found that this distance should be 8 cm or larger.

III. RESULTS AND DISCUSSION

The RHEED pattern and the intensity of the specular
beam were constantly monitored during the entire pro-
cess of film deposition in order to measure the film thick-

ness in situ, as well as for controlling the uc scale layer-
by-layer growth. It is, therefore, important to describe
how the RHEED pattern, especially its temporal depen-
dence, is expected to vary with the evolution of surface
structure and morphology at the growth front of the de-
posited film. In the literature, there are many examples
of using RHEED information for achieving the epitaxy
of semiconductors and more recently, for high-T, super-
conductors ' ' Various models ' have been pro-
posed to understand RHEED data, especially the
RHEED oscillations in terms of the time evolution of the
step density and/or the terrace areas on the film surface.
On the other hand, it is well established that experimen-
tal factors such as the RHEED diffraction condition and
film deposition parameters can significantly affect the
RHEED signal. Without getting involved in these de-
tails, we have adopted what is shown in Fig. 4 as a gen-
eral guide for understanding the RHEED data and for in
situ monitoring and controlling our film growth process.
In Fig. 4, a schematic description of the temporal evolu-
tion of the RHEED patterns for various basic modes of
thin-film growth is given.

Figure 4(a) shows layer-by-layer growth (Frank —van
der Merwe mode). Strictly speaking, layer-by-layer
growth is a self-terminating cyclic deposition process:
i.e., the growth of a second atomic layer will not be ini-

Basic Growth Modes of Epitaxial Thin Films
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tiated until the first layer is fully covered. The RHEED
specular beam intensity should oscillate periodically in
time without significant damping in its magnitude. After
the deposition stops, the RHEED intensity should fully
recover.

Figure 4(b) shows island growth (Volmer-Weber mode).
Under certain experimental growth conditions (low sub-
strate temperature T„high particle flux, and high back-
ground pressure Po), a high supersaturation at the sub-
strate may be produced. This situation favors island
growth. The step density varies nonperiodically and mul-
tiple diffuse scattering from various steps may dominate
the RHEED electron-scattering process which leads to a
sharp drop in RHEED intensity and no oscillations in the
reflected beam. Furthermore, electron transmission
through three-dimensional (3D) island surface features
will give rise to spotty RHEED patterns.

Figure 4(c) shows layer-by-layer plus island growth
(Stranski-Krastanov mode). Under certain thermo-
dynamic and kinetic conditions, strain-driven pseu-
domorphic growth will prevail in the initial deposition of
a few atomic layers. However, this situation can be al-
tered if the particle flux is too high or the surface mobili-
ty is no longer high enough to support two-dimensional
(2D) growth. In this case, very few RHEED oscillations
should be observed and no significant recovery is to be
expected.

Figure 4(d) shows the step-flow growth mode. If the
substrate surface terrace length Iz- is much smaller than
the surface di6'usion length lD, surface steps on the sub-
strate surface represent energetically favorable sites for
nucleation. The step density, after the initial film

growth, will reach a steady state, giving rise a constant
RHEED intensity as a function of time. Strong recovery
should be observed when the deposition is terminated.

In reality, true layer-by-layer growth is di5cult to
achieve. Using standard growth conditions, for example,
200 mTorr 02 T, =750'C, for making high-quality epi-
taxial cuprate films, one usually produces epitaxial films
characterized by dislocation-mediated spiral growth and
a very rough surface. ' ' In this study we adopt the so-
called growth-interruption technique for growing uc
smooth cuprate film over a large area. The validity and
relevance of this approach for the epitaxy in cuprates can
be tested by studying the surface morphology using AFM
and/or (scanning tunneling microscope) STM, and by
checking the consistency of various film thickness mea-
surements using the method of counting RHEED oscilla-
tions and other techniques, such as small-angle x-ray
diS'raction (XRD) and cross sectional TEM. In this spir-
it, the results of RHEED and AFM measurements on
various thin epitaxial cuprate films grown on the (100)
SrTi03 substrates are presented in the following sections.
The effect of using atomic oxygen during the film growth
on the surface morphology of the deposited films is em-
phasized.

atomically smooth over a large area and that the lattice
mismatch between the substrate and deposited film is as
small as possible. The homoepitaxial growth of a SrTi03
film on (100) SrTiO& is a good example to illustrate this
point. Figure 5 shows a time scan of the intensity of the
specular beam in the RHEED pattern during homoepit-
axial film deposition of SrTi03 on (100) SrTi03 substrate
at T, =750'C using atomic oxygen as the primary oxi-
dant at Po-2X10 Torr. As seen from Fig. 5, the os-
cillations are strong and well defined. Even after the 18th
period, the RHEED oscillations are only slightly
damped. After the film growth is terminated, a strong
recovery of the RHEED intensity is always observed. It
should be mentioned that to ensure an atomically smooth
surface of the deposited film, it is best to stop film growth
when the RHEED intensity is at the peak (as shown in
Fig. 5), when the film coverage of the topmost layer is
presumably complete. Also, as shown in the Fig. 5, the
intensity after deposition is higher than the starting
value, suggesting that the surface smoothness has been
improved as a result of the homoepitaxy. The RHEED
patterns after the SrTi03 deposition are sharp and
streaky and the development of Kikuchi lines, for exam-
ple, as shown in Fig. 3, clearly demonstrates that the sur-
face imperfections on the substrate have been "repaired. "
It was found that the preparation of an atomically
smooth (100) SrTi03 substrate surface is crucial in deter-
mining the quality and growth mode of the high-T, cu-
prate films to be deposited. In short, the results present-
ed above suggest that the homoepitaxy of SrTi03 on
SrTi03 can probably be described by a layer-by-layer
growth mode.

B. Heteroeintaxial growth of high-T, cnprates on SrTiO&
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When a film-substrate lattice mismatch does exist as in
the cases of heteroepitaxial growth of high-T, cuprates
on SrTi03, the true layer-by-layer growth is not possible
but can be approximated by judiciously selecting a set of
growth parameters and using the in situ RHEED-
controlled growth technique along with the use of a high
flux of atomic oxygen.

A. Homoeyitaxial growth of SrTiO3 on SrTiO3

To achieve layer-by-layer epitaxial film growth [Fig.
4(a)j, it is of the utmost importance that the substrate is

FIG. 5. RHEED specular beam intensity oscillations for
homoepitaxial growth of SrTi03 on {100)SrTi03 substrate taken
along the (100) substrate azimuth. (T, =750 C, beam energy 20
KeV. )
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The most important growth parameters for growing
high-quality cuprate films are found to be the oxygen par-
tial pressure, oxygen potency, substrate temperature ( T, ),
and growth rate. In general, the substrate temperature
should be high enough to ensure adequate atomistic sur-
face mobility at the film growth front and also, more im-

portantly, to satisfy the thermodynamic and kinetic re-
quirements for the high-T, phase stability under the ex-

perimental oxygen ambient condition. However, the sub-
strate temperature should be low enough to prevent inter-
layer diffusion and film-substrate interaction from occur-
ring. In the case of YBCO on (100) SrTi03, too low a
substrate temperature ( T, =710'C, Po = 5 mTorr, for ex-

ample), results in very rough mixed e- and a-axis-oriented
YBCO films as reported previously. In this case, the
basic growth mode is probably dominated by the process
of island growth and coalescence [as schematically de-

picted in Fig. 4(c)].
With a similar substrate temperature, another cuprate

system can exhibit a very different growth behavior. A
typical time scan of the specular RHEED beam intensity
for a La, s5Sro»Cu04 (LSCO) film deposition at

T, =730'C, using the optimized combination of molecu-
lar and atomic oxygen at Po-2X10 Torr, is shown in

Fig. 6. Typically, as many as 30 strong and only slightly
damped RHEED oscillations can be recorded before film

deposition has to be interrupted to give the surface time
for recovery and self-smoothing. The corresponding
RHEED pattern of a 2000 A-thick film growth with the
atomic oxygen-enhanced growth-interruption technique,
as shown in Fig. 7(b) is sharp and streaky, indicating a
rather smooth film surface. The film surface shows large
terraces with typical step heights of -6.5 and —13 A, as
measured by AFM [Fig. 7(a)]. The film is smooth on a
unit-cell scale over the measured area of 2 pmX2 pm.
The thickness values of various measurements (counting
oscillations and small-angle x-ray data) are consistent
with each other within -5%. A detailed account of the
growth process in this cuprate system will be presented
elsewhere.

On the other hand, to sustain the RHEED oscillations

0.8

FIG. 7. (a) AFM image (2 pmX2 pm) of a -2000 A-thick
LSCO film. (b) RHEED patterns along the (100) azimuth of a
2000 A-thick LSCO film at T, =730'C. Beam energy 20 KeV.

without severe damping in the intensity and oscillation
amplitude is much more difficult to achieve in the YBCO
(100) SrTi03 system. A time scan of the RHEED pattern
recorded during a typical deposition of a three-unit-cell-
thick YBCO film on a (100) SrTi03 substrate at
T, =740'C is shown in Fig. 8. All other growth condi-
tions were optimized, including using atomic oxygen and
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FIG. 6. RHEED specular beam intensity oscillations [along
(100) azimuth] during a sequence of heteroepitaxial growth of
La& 85Sro»Cu04 on (100) SrTi03 substrate. Beam energy 20
KeV, T, =730 C using a combination of molecular and atomic
oxygen at Po -2X 10 Torr.
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FIG. 8. Typical RHEED intensity oscillations during the ini-

tial growth of 3 uc YBCO on a 5-uc-thick PBCO bu6er using a
(100) SrTi03 substrate.
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Growth of unit-cell smooth films:
using RHYMED-controlled
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FIG. 9. Schematic diagram for the basic
process of self-studying and self-substrate epi-
taxial growth. (Corresponding RHEED inten-
sity oscillations are shown in Fig. 10.)
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a smooth (100) SrTiOi substrate with a five-uc-thick
PrBazCu30(7 —s) (PBCO) buffer layer. In spite of all these
efforts, the RHEED oscillation amplitude is damped
severely after only two to three periods, suggesting an is-
land growth or step-fiow mode.

In the following, RHEED data and AFM results on
the YBCO films grown on SrTi03 will be used to em-
phasize that a combined use of atomic oxygen as the pri-
mary oxidant and the technique of growth interruption
can indeed effectively achieve unit-cell smooth high-T,
YBCO epitaxial films over large areas ( -0.5 cmX 1 cm).
The basic technique of using growth interruption for
better epitaxy in semiconductors and for high-T, cu-
prates' has already been reported. The strong RHEED
intensity recovery after the termination of the YBCO film
deposition (Fig. 8) indicates that there is a strong surface
smoothing at the film surface and that the freshly grown
epitaxial YBCO film is ready for more epitaxial growth
-20 s after deposition is interrupted.

The basic idea of using atomic oxygen as an oxidant is
to assure that the constrain on ambient chamber pressure
imposed by the RHEED operation requirement does not
jeopardize the stability of the high-T, YBCO phase. It is
suggested in the literature, that a higher potency of the
oxidant can lower the required substrate temperature and
oxygen partial pressure for phase stability. ' ' As a re-
sult of using atomic oxygen, the supersaturation is re-
duced and the two-dimensional layer-by-layer growth is
favored over the island growth process.

Figure 9 shows schematically the basic process of self-
smoothing and self-substrate epitaxial film growth using
the growth-interruption approach described earlier.
Steps 1 —9 represent three film deposition cycles which
stop only at a time corresponding to a local maximum of
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FIG. 10. A time scan of the specular RHEED beam intensity
during deposition of a YBCO film on (100) SrTi03 with a PBCO
buffer using the growth-interruption technique. Growth rate
was changed after deposition of the first three layers.

RHEED intensity and restart when the RHEED intensi-
ty has recovered to about its starting value. The time
scan of the RHEED intensity in Fig. 10 shows three such
growth cycles of YBCO filin deposition on (100) SrTiO&
substrate: a three-uc-thick layer was deposited during
the first and the third cycles, while a two-uc-thick layer
was grown in the second cycle, a situation depicted
schematically in Fig. 9. The growth rate was changed (by
using a different layer repetition rate) after deposition of
the first three uc. Time periods of the RHEED oscilla-
tions were measured to be inversely proportional to the
growth rate. The observed recovery of the specular
RHEED beam intensity after film growth is interrupted,
may be due to an increase in the mean terrace width of
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a function of time for a YBCO
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RHEED intensity difference
(base line minus signal) vs time
in a semilog plot.
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the film surface. Therefore, there is a reduction in the
surface step density by migration of the surface adatoms
to the flat terrace edges. With this model, a simple
analysis of the time dependence of the RHEED intensity
recovery after each interrupted growth cycle suggests
that the surface smoothing at the growth front can be de-
scribed by a surface diffusion constant D, -(l )D/r,
where ~= 12 s is the recovery time of the RHEED specu-
lar beam as estimated from Fig. 11 (inset} and lD —1000
A, which yields D, -10 ' cm /s. This is consistent with
the estimated value of the surface diffusion coeScient
D, —10 ' cm /s inferred from the crossover from the
screw-dislocation-mediated growth to the step-low

growth mode [Fig. 4(d}] for the YBazCu307 —s
(1000—1500 A thick) films grown on vicinal (100) SrTi03
substrates. '

Figure 12 shows two AFM micrographs and line scans
for a ten-unit-cell YBCO epitaxial film deposited on a
(100) SrTi03 substrate with the atomic oxygen enhanced
growth-interruption technique at a background pressure
of Pp 10 Torr.

Critical temperature T, (R =0}of this 120 A-thick film

was measured to be 72 K with a metallic normal-state
behavior. This film shows, over a scan area of 8 pmX8
JMm [Fig. 12(a)], very little surface roughness and the cor-
responding line scan [Fig. 12(c}]reveals an average sur-

(a)

FIG. 12. (a) AFM micro-
graph (8 pm X 8 pm) of a 120 A-
thick YBCO epitaxial film de-

posited on (100) SrTi03 using
the atomic oxygen enhanced
growth-interruption technique.
Average surface roughness over
the entire area is in the order of
one uc (12 A). (b) Enlarged area
(1 pmX1 pm), and (c) a typical
line scan. Representative height
difference of the surface steps is
-7 A. (All scales are in nm. )
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face roughness of —one unit cell (12 A). Figure 12(b)
shows an enlarged area (1 pm X 1 pm) of this film. Over
large areas, almost atomically smooth terraces with ran-
domly distributed steps of, typically, 5—7 A in height can
be seen. Scanning over the entire sample (0.5 cm X 1 cm
in size) results essentially in the same AFM image as
those shown in Figs. 12(a)—12(c). With the assumption
that there is no global gradient in film thickness, our
AFM results imply that uc smooth film surface over this
area can be achieved. For thicker YBCO films ( -20 unit
cells) however, we only observe well-pronounced
RHEED oscillations up to a total film thickness of
-14-16 uc deposition. The AFM picture of this 200-A-
thick film shows a substantial surface roughening and
randomly distributed island with multiple unit-cell step
heights. Multiple nucleation sites together with a sub-
stantial increase in the interface width suggest a cross-
over from 2D nucleation to 3D film growth (Fig. 13).

On the other hand, a 10 uc YBCO film deposited
without the aid of atomic oxygen is not stable under the
ambient pressure of Po-2 mTorr 02. The background
pressure Po has to be increased to -8 m Torr in order to
get a stable film. Films prepared under this background
pressure are insulating and show an increased surface
roughness [Figs. 14(a) and 14(b)]. By comparing Figs. 12
and 14, it is evident that YBCO films prepared without
the aid of atomic oxygen contain more island growth
features with a typical step height of one unit cell (12 A)
than similar thick YBCO films prepared with the use of
atomic oxygen. It should be pointed out that a cuprate
film (such as YBCO) deposited on a SrTi03 substrate can
be strained and relatively dislocation free during its ini-
tial stage of epitaxy. Beyond the so-called critical thick-
ness h„the strain at the interface is relaxed through the
introduction of misfit dislocations resulting in a rough
film surface. A rough estimate' of h, for an epitaxial

FIG. 14. (a) AFM micrograph (1.4 pm X1.4 pm) of a 120
A-thick YBCO film deposited without the aid of atomic oxygen
at Pa=8 mTorr 02. (b) Surface step height difference is 12 A
indicated by arrows. (All scales are in nm. )
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~ Terashima et al.
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FIG. 13. AFM picture (1.5 pmX1. 5 pm) of a 200 A-thick
YBCO film grown with the atomic oxygen enhanced growth-
interruption technique. Film shows a starting island growth
mode along with the development of multiple nucleation sites.

0

Step height between two adjacent terraces is 12 A.

FIG. 15. T, as a function of film thickness in units of unit

cells, for YBCO epitaxial films deposited in (100) SrTi03 sub-

strates with a six-uc-thick PBCO buffer layer (Cl). For a given

film thickness, the higher T, value represents the midpoint of
the resistive transition. The lower T, value is the R =0 transi-
tion temperature. For comparison, results by Terashima et al.
(Ref. 1) are also shown in the figure (~ ).
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YBCO film on (100) SrTiOs suggests h, -83 A (—
seven-uc thick for c-axis-oriented films) which is in
reasonably good agreement with the values of h, inferred
experimentally from measurements such as STM surface
imaging' (h, —8-16 uc), and inclined direction channel-

ing (h, (11uc). The results of this study, indeed, show
that the surface roughness of films with thickness larger
than 200 A ( —17-uc thick) are characteristically rougher
(surface roughness -50 A corresponding to four uc) than
their thinner counterparts. The role of atomic oxygen is
probably to lower the oxygen partial pressure and the
substrate temperature required for stabilizing the high-T,
YBCO phase during epitaxial deposition and enhanced
surface oxidation.

The epitaxial YBCO thin films deposited on the (100)
SrTi03 substrate with a 6-uc PBCO buffer layer all exhib-
it a metallic normal-state behavior, and a systematic vari-
ation of T, as a function of the YBCO film thickness (Fig.
15). The variation of T, with the number of unit cells
resembles that obtained by Terashima et al. ' using reac-
tive e-beam vapor deposition MBE and ozone as oxidant.

In summary, the growth mode of epitaxial cuprate
films on a given substrate [such as atomically fiat and

smooth (100) SrTiO&] depends very much on the details
of the competition between various thermodynamic and
kinetic factors. In terms of surface energy, although c-
axis-oriented two-dimensional growth is the thermo-
dynamically preferred growth mode of YBa2Cu307
kinetically it is a rather inefficient process. However, one
can manipulate the growth parameters to make sure that
the atomistic surface mobility is high enough to support
such a growth mode. The results of this study indicate
that the use of an atomic oxygen ambient condition and
the technique of surface self-smoothing helps to promote
c-axis-oriented 2D growth of large area uc smooth super-
conducting YBCO films. The combined use of a relative-

ly high substrate temperature T„and low deposition flux

rate is consistent with the need for a low supersaturation
at the substrate surface in order to favor two-dimensional
layer growth.
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