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Oxygen Te

Material content (7-2) (K) Hole concentrations p
YBCO 6.95 91 0.160
YBCO 6.9 90 0.148
YBCO 6.85 86 0.134
YBCO 6.7 63 0.098
YBCO 6.6 54.5 0.090
YBCO 6.5 36.4 0.074

CaYBCO 6.95 60 0.218
CaYBCO 6.88 68.5 0.207
CaYBCO 6.85 78.5 0.188
CaYBCO 6.76 735 0.121
CaYBCO 6.74 68 0.111
CaYBCO 6.5 48.5 0.088
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. Oxygen Te  A(5K) X A E..(K) T (K)
Materia content (7-?) (K) nm »
YBCO 6.95 91 145 87.3+0.9 99.2+1.7
YBCO 6.9 90 150 86.4+0.9 08.2+1.7
YBCO 6.85 86 160 82.5+0.8 93.7+1.6
YBCO 6.7 63 170 60.4+0.6 68.6+1.1
YBCO 6.6 545 190 52.3+0.5 59.4+1.0
YBCO 6.5 36.4 265 0.96+0.01 2.41+0.03 34.9+0.3 39.6+0.6
CaYBCO 6.95 60 210 57.6+0.6 65.4+1.1
CaYBCO 6.88 68.5 165 65.7+0.6 74.6+1.2
CaYBCO 6.85 78.5 155 75.3+x0.7 85.6+1.4
CaYBCO 6.76 73.5 170 70.5+0.7 80.1+1.3
CaYBCO 6.74 68 200 65.2+0.6 74.1+1.2
CaYBCO 6.5 48.5 250 46.5+0.4 52.8+0.8
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. Oxygen Te  A(5K) y B E,.(0) T,,(K
Material content (7-?) (K) nm v 2(F)
YBCO 6.95 91 145 116.4+0.9 098.3+1.2
YBCO 6.9 90 150 115.2+0.9 97.2+1.2
YBCO 6.85 86 160 110.0+0.8 92.9+1.2
YBCO 6.7 63 170 80.6+0.6 68.0+0.8
YBCO 6.6 54.5 190 69.7+0.5 58.8+0.7
YBCO 6.5 36.4 265 1.28+0.01 3.27+0.04 46.5+0.3 39.3+0.5

CaYBCO 6.95 60 210 76.8+0.6 64.8+0.8

CaYBCO 6.88 68.5 165 87.6x0.6 74.0+0.9

CaYBCO 6.85 78.5 155 100.4+0.7 84.8+1.0

CaYBCO 6.76 73.5 170 94.0+0.7 79.4+1.0

CaYBCO 6.74 68 200 87.0+0.6 73.4+0.9

CaYBCO 6.5 48.5 250 62.0+0.4 52.3+0.6
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Dynamics of Film Growth of Perovskite-Type M aterials by Laser Ablation from RHEED
Observations
Y.S. Gou, J. Y. Leg, K. H.Wuand J. Y. Juang
Department of Electrophysics National Chiao Tung University, Hsinchu, Taiwan

Abstracts
Kinetic mechanism of thin film-growth using laser ablation from RHEED observations has been
presented to examine the details of growing processes of STO thin films as temperature increasing
smoothly. Using Langevin-like force-balanced equation for dislocation movements we can interpret
the physical implications of the experimental observations. The model shows dislocation-mediated
melting phenomena in two dimensions, and can be generalized to understand the growth mechanism of
thin films of Perovskite-Type materials at their initial stage using laser ablation technique.
Introduction
RHEED intensity oscillations were first observed for GaAs(001) homoepitaxy grown by molecular
beam epitaxy (MBE) and were interpreted as a manifestation of a two-dimensional (2D) layer-by-layer
growth [1-2]. During the past decades, RHEED has become a powerful technique for monitoring the
epitaxial growth of pulsed laser deposited (PLD) perovskite-oxide thin films[3].
For explaining the RHEED intensity oscillations during film growth related to its growth
mechanism, we have present a model that step edges dominate the scattering of the electron beam
[3]. The intimate correspondences between the RHEED intensity oscillations and the variations of
step edge density in an evolving growth surface have already been successfully justified the above
relations in the deposition of STO thin films using PLD technique [3, 4].

In this report, a continuous annealing scheme by increasing temperature instead of fixed temperature
annealing was studied in order to investigate the initial-stage growth mechanism of homoepitaxial STO
films. It is anticipated that the current study will provide an exact knowledge of the growth mechanism of
perovskite thin films using laser ablation technique with various annealing schemes at somewhat proper
temperature. Based on the characteristic features observed in the experiment, which show a great
consistency with the prediction by the dislocation-mediated melting in two dimensions [5, 6], a model of
growth kinetics related to the Brownian movements of the dislocation in the system will be proposed in
terms of Langevin-like force-balanced equation. The physical implications of the essential effects
relevant to the model construction will be discussed. Especially, the significance of the damping force,
elastic force and thermal creep force of the dislocation in the system during growth will be indicated.

Experiment
The detailed experimental processes can be seen in our previous work [7]. In what follows only
some important facts related to the model construction are mentioned. A KrF excimer laser with pulse
duration of 30 ns, operated primarily at a repetition rate of 1 Hz, was used to deposit four samples under
essentially the same conditions. The target was a single crystalline disk of STO. The films were deposited
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at ambient temperature with an oxygen partial pressure of 5x10™ Torr. Each film contains presumably the
same amount of deposited material delivered by 500 laser pulses with which the growing film can
maintain the state of low-supersaturation. The films were then subjected to in-situ continuous annealing
at different heating rates by adjusting the current applied to the heating resistive block. The heating rate
used in the present study ranges from 20°C /min to 35°C /min.

During the whole process, the intensity of the RHEED specular beam was closely monitored
following the setups described in detail previously [7]. Briefly, a 20 keV electron beam was directed
along the [100] direction of STO substrate with a grazing angle of 0.7°. With a de Broglie wavelength of
about 0.86 A, the grazing electron beam is dlightly off-Bragg conditions and the RHEED intensity is
expected to be most sensitive to the step edges on the surface [1].

Figure 1(a) shows the RHEED intensity as a function of the elapsed time for the four different
continuous annealing schemes. Curves (1) to (3) are the results of RHEED intensity evolution
obtained by heating the films with fixed temperature increasing rate. The heating rates were
35C/min, 25°C/min, and 20°C /min, respectively. On the other hand, curve (4) obtained heating the
film at 25°C/min before it reached 400°C . The sample was kept at 400°C for about 60 seconds and
then followed by arate of 15°C/min toward the end of the process. As is evident from the results, all
the four annealing schemes display qualitatively the same manner. The precipitous drop of RHEED
intensity at the commencement of deposition is indicative of sudden increase in step-edges density
on the growing surface [4]. While the retention of very low intensity (the diffraction spots almost
faded out) without any noticeable oscillating behavior implies that there is essentially no island
coalescence until certain threshold temperature. This is better visualized by re-scaling the time axis
with temperature. As shown in Fig. 1(b), with such re-scaling, all the four curves exhibit essentially
the same behavior.

In all cases, when temperature approaches 660°C, there are two distinct phases observed.
Namely, the steep rise of RHEED intensity is manifested by sudden appearances of the diffraction spots
and the phenomena seem to be independent of heating rate. Within the context of the step edge model [3],
the current results suggest a drastic change in film surface morphology occurred at 660°C .

For the kinetic approach, the differential properties of RHEED intensity, dI/dT, are derived from
the above curves, as shown in Fig. 2. It can be observed that the curves for di/dT are unchanged before
660°C, then there is a resonance-like peak occurred, where the maximum is located at temperature,
around 690°C. After 720°C, the behaviors of dI/dT are either rising steadily or maintaining constant.

Discussion

In the light of statistical physics scenario, we have to ask a question about what kind of active
object plays a role of independent Brownian particle in the growing system. In fact we will take
dislocation “as the object of the Brownian particle”. The reasons are given as follows; First, nearly all
crystals in nature grown at low supersaturation, which is mentioned previoudy as the state in our
experiment, will contain dislocations, as otherwise they could not have grown [8]. Second, the
experimental observations show closely the dislocation-mediated melting phenomenon in two

dimensions [5, 6]. Therefore it may be better described the growing process as a system of
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thermal-activated motion of dislocations as temperature increasing in our work. The model based on the
disocation of Brownian-movements, which is closely analogous to superconducting flux-creep in
individual pinning problem [9], will be formulated. Based on the experimental observations and the
model assumptions, we get the following physical scenario. On the one hand, when the temperature
below 660 °C the state of the system is in the solid phase, which can also be described as the pinning
dtatic state of the dislocations. On the other hand, when the temperature higher than Ty, which is defined
as Kosterlitz-Thouless temperature, the solid is melting, Langevin-like force balance equation will be
applied to get the dynamic evolution of the system in thermal equilibrium.

Here, we will depict the salient features of forces acted on the didocation within crystal in a
small island. Firgt, the thermal creeping force, F(T), of the dislocation resulted from the increasing
temperature is assumed to be analogous to the flux-creep theory in superconducting problems as
suggested by Anderson and Kim [9]. Moreover, F(T) can be replaced by F(t) because of the constant
temperature rising rate. Second, an elastic force, which is due to plastic deformation with the existence of
the dislocation within the crystal, is assumed to obey the Hook’s law. The density of the dislocations is so
dilute that the pinning can be visualized as an individual one and each dislocation is assumed to be
independent. In this situation, the elastic constant will be taken as constant and independent of
temperature. And last, the viscousity force, v, is assumed in the irreversible process.

In the pinning stetic state, when F(t) < F, where F, is the threshold pinning force of the
dislocation pinning, the system is static. When F(t) > F, the thermal force exceeds the pinning forceas T
> Tgt, Where Tgr is the K-T transition temperature from solid to fluid phase in two-dimensional
problems [5]. Then the Langevin force-balanced equation can be utilized to describe the dynamic
evolution of the dislocation in the latter case.

md2r/dt2=- v - kr +yt-Fy (@)

wherer is the ensemble average displacement of the dislocation, v is the velocity, mis an effective mass
of a dislocation, B is the damping coefficient, k is the elastic constant, y is a constant and yt - F4 is
described as the external force originated from the thermal creep effect of the dislocation and F4 is the
temperature independent dynamic frictional force arising from the atomic roughness surface. Finally, the
inertial term is arisen from the condition that temperature rising time is much faster than any
characteristic times of the forces acted on the dislocation in the equation (1), which will be justified in
our model below.

The dotted line shown in curve (1) of Fig. 3 isthe preliminary fit to the experimental data using
Eq. (1) with p=0.8, m=24, k=0.007, y=0.3, F4=460, and threshold pinning force of Fs=500. Note that the
relaxation time due to the viscousity m/p is about 30 sec, and the elastic relaxation time is about 280 sec,
the relaxation due to the creeping is about 80 sec. All these characteristic times are much larger than the
dt (~3.0 sec) in equation (1). Except for small deviation with curve (1) due to the rounding before the
onset of dislocation motion, the curve is in satisfactory agreement with the experimental curves shown in
Fig. 3. Whatsoever, it isindicative that, in the dynamical regime of STO homoepitaxy, the damping and
kinetic friction are playing prominent roles in determining the coalescence process of growing islands.

The physical picture of the growing processes in terms of the model can be given as follows.
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When the annealing temperature T begins to increase from the room temperature, the thermal activated
force to push the Brownian-like dislocation in the direction along the pressure gradient decreasing will
become larger and larger and is possibly to pull the dislocation away from the initial fixed position with
the therma activation. Here the center-of-mass displacement “r” of the dislocation is assumed
proportional to 1/L where L is the step edge length per unit area. As can be seen, if the step edge length
becomes shorter due to the effect of island growth, the dislocation will move a corresponding longer
distance. It means that the inverse of the length of step edge, 1/L, is analogous to the displacement of the
didocation. Therefore, the larger displacement of the dislocation will have the higher step-edge density
and thus the higher probability of the attachment of the mobile adatom to island edge or/and vacancy in
the front of growing surface to make the coal escence effect.

Moreover, there are some interesting behaviors of such Brownian motion are worthy
discussing. The relations between the force acted on the Brownian-like dislocation and temperature are
shown in Fig.4. In the figure, it shows that although the thermal-activation force and pinning force are
much larger compared to the elastic force and damping force, but the small elastic and damping force
dominate the microstructure in the system of thin film. It clearly predicts such small values of k and P to
determine the thin film growth models. And the relations between the dislocation’s acceleration and
temperature are also shown in Fig 5. It shows that the larger elastic constant will cause the faster
variation of deceleration. In Figs. 4 and 5, another feature is worthy nothing that the elastic and damping
force are competed with each other during redistribution of surface coverage. At the melting stage,
dislocations begin moving and the damping force is dominated, but elastic force gradually become
important while the displacement of the Brownian-like dislocation is large enough toward the high
temperature end. When the elastic force is equal to the damping force, we found that di/dT reaches the
maximum at Tg.

In summary, the kinetics of surface morphology evolution of pulsed laser deposited STO films
were investigated by monitoring the RHEED intensity variations during the continuous
temperature-increasing annealing scheme. An abrupt increase of the RHEED intensity was observed
around 660°C , which corresponds to the K-T transition temperature in each annealing process. Moreover,
within the context of step -edge model all the results were interpreted how to decrease surface step-edge
density induced by Brownian-like dislocation dynamics in thermal equilibrium with various temperature
ranges. By analogizing the temperature derivative of the RHEED intensity to the effective velocity of
Brownian-like dislocation movements, the experimental results are satisfactorily described by a
Langevin-type force-balanced equation, which stems from the idea of the flux-creep theory in the
superconductivity. Finally, the present results provide a definite way of identifying an optimum
temperature range for controlling the epitaxial growth kinetics and hence of the resultant epitaxial films

for various Perovskite-Type materials using PLD technique.
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Figure Captions

Figure 1: (a) The RHEED intensity as a function of time with heating rate of (1) 35°C/min (2) 25°C/min,
(3) 20°C/min, and (4) 25°C /min for T<400°C and 15°C/minfor T>400°C . (b) Same as (), except that the

x-axis has been rescaled to temperature.

Figure 2: The temperature derivative of the RHEED intensity curves shown in Fig. 1(b). The dotted curve
isthefit to the model discussed in the text.

Figure 3: By changing the k values of Eq. 1, the calculation of the model show the dlightly different

character after the peak. The temperature of the resonance-like of curve (3) is denoted as Tg.
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Figure 4: The origin of the forces in the model, which uses the same parameters setting of curve (3) in
figure 3. The temperature of the resonance-like is denoted as Ty, (a) Thermal-activation force (b) Pinning

force (c) Elastic force (d) Damping force.

Fig. 5: The model calculation which shows the relation between the dislocation’s acceleration and

temperature.
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A series of reflection-high-energy-electron-diffraction-monitored annealings with different heating rates have been conducted
on Strontium Titanate films deposited by laser ablation at room temperature. All the films exhibited a steep RHEED intensity
rise above 660°C during annealing with increasing temperature. The peak temperatures of the intensity derivatives were found
to shift at different heating rates, suggesting an activated surface state transition. A Kissinger type plot of the peak

temperatures showed an effective activation energy of 4eV.
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The oscillation of reflection high-energy electron diffrac-
tion (RHEED) intensity has long been used to monitor the
layer by layer growth during molecular beam epitaxy.” The
oscillating intensity quantifies the extent of completion of a
nucleation-growth-coalescence growth cycle. The RHEED
oscillation can also be regarded as a rate competition
between the adsorption of source materials and the diffusion
of adatoms. The reflected electron intensity increases as the
rate of deposition and cluster nucleation is smaller than that
of the island growth and diffusion. It is therefore of great
importance to obtain gquantitative information on the kinetics
of the surface diffusion and the nucleation for understanding
correlation between the layer-by-layer growth mechanism
and the RHEED intensity oscillation.

The RHEED specular electron beam intensity was found
intimately related to the surface edge defects of epitaxial
films.>¥ The activated kinetics of the defect evolution and
surface diffusion particularly the activation energy calcu-
lation can be made from the RHEED intensity.*¥ In ref. 4,
comparisons of RHEED oscillation curves of fixed deposi-
tion temperatures were made to decide a series of transition
temperatures from the layer-by-layer growth mode to the
step flow mode. The Arrhenius plot was then made with the
transition temperature and the diffusion lengths defined by a
series of deposition rates. In ref. 5 the RHEED-monitored
anneal recovery of interrupted deposition was used to
deduce an exponential characteristic time for the diffusion
Arrhenius plot. Besides these two methods, we conducted a
series of RHEED-monitored constant temperature annealing
of strontium titanate epitaxial films to investigate the
diffusion kinetics.>® By considering the connection between
the film surface edge defect density and the RHEED
intensity, we found a quadratic power law dependence of
the RHEED intensity with respect to anneal time. A
diffusive activation energy of the order of 1eV was obtained
from the Arrhenius plot.”

The interrupted deposition experiment of constant tem-
perature annealing provided good epitaxial films. On the
other hand, low-temperature deposition might reveal other
useful information for films with an extremely high defect
density or near the amorphous state. A series of room
temperature deposition of strontium titanate were conduct-
ed.® A KrF excimer laser with a pulse duration of 30 ns and
1 Hz repetition rate was used to deposit four samples under

similar conditions. The target was a single-crystal disk of
STO 15cm away from the deposited substrate. The
deposition energy density was 2J/em® All films were
grown onto as-polished STO(100) substrates attached to a
resistive heating stage. The films were deposited at ambient
temperature with an oxygen partial pressure of 5 x 10~
Torr. Each film contains the same amount of source material
delivered by 500 laser pulses. The films were then subjected
to in-situ continuous annealing at different heating rates. A
20KeV electron beamn was directed along the [100] direction
of the STO substrate with a grazing angle of 0.7°. With a de
Broglie wavelength of approximately 0.86A and a latice
constant of 3.79 A, the grazing electron beam is under
slightly off-Bragg conditons and the RHEED intensity is
expected to be more sensitive to the step edges on the
surface.!

The RHEED intensities of four different heating rates are
shown in Fig. 1. Curves (1) to (3) show the results for fixed
heating rates of 35°C/min, 25°C/min and 20°/min respec-
tively. Curve (4) was obtained by heating the film at 25°C/
min before reaching 400°C and maintaining the temperature
constant for 1 min and finally heating at a rate of 15°C/min
to 760°C. The sudden drop in RHEED intensity, accom-
panying the disappearance of RHEED spots, of all curves
when the laser was turned on represents the introduction of a
large amount of beam-diffracting defects. During the room-

Laser On
re
= n
J —
£ Il Laser OFF 2
=
g .1‘—-—! _ / ArT600C
g | Laser OFf -]
AL ATEP G (3
2 ".ll Laser OFF - / mTre
=] s (. !
o oh ———f (4)
wol Laser OFf 5 457 P
|l W T !
T | T e M TG
At room [temperature
[ room.
T 15'00_ Ta000 25 000 3s0
Time (s)

Fig. 1. RHEED intensity as function of time at heating rates of (1) 35°C/
min, (2) 25°C/min, (3) 20°C/min (4) 25°C/min for T < 400°C and
15*C/min for T = 400°C.
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temperature deposition no sign of RHEED intensity increase
can be detected, implying the diffusion mechanism is
excluded at low temperature. Ex situ surface examinations
including reflective X-ray analysis were conducted on our
room temperature deposited STO films.” The results
indicated that the films were composed of a poorly crystal-
lized flat layer. From the X-ray reflectivity fitting method as
detailed in ref. 9 and the cited references therein, the density
of the deposited material is estimated at 90% that of a
perfect crystal. Therefore it can be considered a poorly
crystallized solid with almost no reflection for grazing
electron beams. All intensity curves experienced a similar
steep rise at the end period of the heating treatment
Converting the time scale to the corresponding temperature
scale (Fig. 2), we noticed that all the intensity curves start to
rise at the temperature region slightly above 650°C and
extend to the high-temperature region. The slowing down of
the intensity rise suggests the existence of peak rate
temperatures. The transition point can further be defined
by taking the derivative for all curves. The peak region of
derivatives is enlarged in Fig. 3. The peak shifting feature
resembles characteristics of a thermally activated reaction
revealed by thermal differential scanning calorimetry (DSC)
analysis.'"™ " If we take the RHEED intensity as a thermal
reaction variable just as the energy of DTA/DSC, the
Kissinger equation can be expressed as

In( = E 1b (1
n—=J)=-— s
72 RT,

where a represents the heating rate, T, represents the peak
temperature, R is the gas constant, E is the activation energy
and b is a constant. The Kissinger plot of our RHEED data is
shown in Fig. 4, where the effective activation energy is
4eV. From the peak temperature shift in the derivative
RHEED intensity, an activated reaction can thus be defined
by the Kissinger plot.

The activation energy obtained from Kissinger plot of
increasing temperature 1s close to that of the Arrhenius plot
of the constant temperature annealing in ref. 5, in which the
kink site unit-cell-removing activation energies of Ti-O and
Sr—O were estimated as 3.8 £0.3eV and 3.3+02eV,
respectively.

To summarize, we conducted a series of room-temper-
ature depositions of strontium titanate films, and annealed
these films at different heating rates. The peak temperature
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Fig. 3. Enlarged peak region of the temperature derivative of the RHEED
intensity curves shown in Fig. 2. The peak temperatures are estimated as
693, 691, 682 and 681°C for heating rates of 35°C/min, 25°C/min,
20°C/min and 15°C/min, respectively.
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Fig. 4. Kissinger plot with RHEED intensity derivative peak shift. An
effective activation energy of 4eV is obtained.

shift of the RHEED derivatives at different heating rates
suggests that the steep rise in RHEED intensity is due to an
activated mechanism from the poorly crystallized STO films.
By adopting the Kissinger method of thermal analysis, we
obtained an effective activation energy of 4eV, which is
close to the reported Kink-site-removing energy limit.
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