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RHEED in-situ Monitored Step Edge Diffusion During Interrupted Laser

Ablation Epitaxy Growth of SrTiO3
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A series of investigations on the interrupted deposition of laser ablation strontium titanate
epitaxy growth were conducted. RHEED intensity recovery curves at various temperatures
show a near-quadratic power law dependence on annealing time. Combined with the evidence
showing the intimate correlation between the step edge density and the RHEED intensity, a
diffusion Arrhenius plot with the activation energy of 1.0 eV was obtained for the kinetics
of step edge migration.

PACS numbers: 61.14.Hg, 68.55.Jk, 81.15.Fg

I. INTRODUCTION

Since the discovery two decades ago, reflection high energy electron diffraction
(RHEED) has proved to be one of the most valuable tools for monitoring, analyzing and
even controling MBE thin film growth [1–3]. Due to the high energy and the ultra-low
angle of the glancing electron beam, which is almost in the direction perpendicular to the
depositing source materials, RHEED is well known for its capability of in-situ resolving the
surface condition at the atomic level of the topmost few layers. During the layer by layer
growth condition, the RHEED intensity was found to oscillate with a period synchronized
with the number of growing layers [2]. This feature has long been used to symbolize the
well-controlled layer growth condition.

Although the application of RHEED in epitaxy growth has been shown to be suc-
cessful, the identification of the detailed diffraction mechanism has not been conclusive. In
principle the higher intensity represents a smoother plane and the lower intensity symbol-
izes a rougher surface; there are still two theories under debate. According to a two-layer
interference picture, the topmost surface coverage can be equated to the RHEED diffraction
intensity [4]. Another diffraction mechanism attributed the RHEED intensity to the density
of step edges [5]. From the evidence currently available, neither theory can be regarded
as a complete solution for all the material conditions. For example, the step edge density
theory encountered challenges especially in the high density regime in which the RHEED
intensity even evolves proportionally to the edge density [6, 7].
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FIG. 1: A series of deposition-annealing RHEED monitoring was conducted for laser repetition rates
from 1 Hz to 5 Hz. The deposited amounts of STO were supposed to be the same for each drop with
14 ∼ 17 pulses Sudden drops of the RHEED intensity can be seen at all the laser turn-on points
after each annealing period.

II. STEP-EDGE INTERPRETATION FOR THE RHEED INTENSITY

In order to clarify the essential difference between these two pictures, an investigation
on the RHEED evolution during the interrupted laser deposition for SrTiO3 film growth
was conducted [8, 9]. The most evident result for the step edge density interpretation for the
RHEED intensity came from a series of deposition and annealing treatment, as discussed
in the following.

The as-polished STO sample was deposited by laser ablation with various repetition
rates, but with the same count of pulses during which the RHEED intensity oscillates to
show layer growth. It was noted that the RHEED intensity experienced a sudden drop each
time the laser was turned on again, after the same amount of deposition was interrupted
and the sample was annealed for the same period, as shown in Fig. 1. Since the laser count
was kept at 14 ∼ 17 pulses for each drop, the same for all repetition rates from 1Hz to
5 Hz, the amount of materials deposited or the coverage of the surface should be quite
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FIG. 2: The RHEED intensity drops in Fig. 1 were found to increase with an increased laser
repetition rate, suggesting that step edge density accounts for the RHEED diffraction instead of
topmost layer coverage, which was kept unchanged for all 5 repetition rates by having the same
total pulses.

the same. However from the RHEED intensity drop data, as shown in Fig. 2, the drop
depth was proportional to the repetition rate. Which means, as the step edge density was
increased by increasing the deposition rate, as well as the number of islands formed under
the assumption of monolayer deposition [10, 11], the RHEED intensity dropped more.

III. DIFFUSION KINETICS EXTRACTED FROM RHEED INTENSITY

The step edge model can provide not only a geometric measure of the surface mor-
phology but also kinetic information, such as diffusion characteristics. In our investigation
on the in-situ RHEED monitoring the interrupted deposition recovery, we found that, at
least for a smoother surface, the deposition-interrupted time-annealing curves possess ob-
servable temperature dependent features. As shown in Fig. 3, for the near-peak-interrupted
oscillating RHEED intensity, the annealing data in the insets showed a clear temperature
dependence, as enlarged in Fig. 4. The most intriguing fact to be noted is the monotonic
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FIG. 3: Time evolution of the RHEED intensity from 500C to 740C. Layer growth can be confirmed
from the oscillation for all curves. The insets show recovery from near-peak positions of oscillations.

FIG. 4: Enlarged time curves of the RHEED intensity dring the annealing after the interrupted
depositions in Fig. 3. The curvatures show a monotonic increasing dependence on temperature.
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FIG. 5: Double logarithmic plot of RHEED intensity v.s annealing time for various temperature.
Except for the first few seconds, all curves display a clear linearity with a slope of 2 ± 0.2 during
most of the annealing time.

trend of the curvatures. Double-logarithmic plots were checked for these curves, as shown
in Fig. 5. From the apparent linearity observed in these curves, one immediately realized
that there is a power law embedded in the time annealing RHEED intensity. Although in
earlier papers the temporal behavior of the annealing recovery curves were analyzed using
exponential functions with corresponding time constants [12], we noticed that a power law,
especially a quadratic power time dependence as fitted in Fig. 6, can provide straightforward
kinetic information for the interpretation of RHEED intensity.

In an early RHEED intensity analysis done for GaAs, Neave et al. [13] developed a
method for deciding the diffusion properties from the Einstein relation:

〈x2〉 = 2Dt , (1)

where 〈x2〉 represents the mean square displacement of adatom diffusion with the hopping
time t, and D is the diffusion coefficient. The displacement was determined by the step
separation of the epitaxy film. Diffusion time was calculated from the deposition rate. Also
the activation energy was obtained from the Arrhenius plot, by taking the temperature
thresholds of layer growth to step flow transition for various deposition rates. In such a
kinetic study, the RHEED intensity provided a qualitative criterion to determine another
quantity, namely the temperature thresholds of different growth mechanisms.

For our film deposition research, however, the time evolution of the annealed RHEED
intensity was found to show a quantitative dependence relation on temperature. If the com-
plete condensation assumption is made, the RHEED intensity would be directly propor-
tional to the migration velocity of the step edges [11]. Based on this scenario, we drew the
Arrhenius plot for the RHEED intensity. The result was obtained with an activation energy
of 1.0 eV, which corresponds to the order of the activation energy of atomistic diffusion
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FIG. 6: RHEED intensity square vs. annealing time for various temperatures. The inset shows
perfect linear fittings for the curves. A monotonic dependence can be clearly seen.
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FIG. 7: Diffusion Arrhenius plot of ln (∆I2/t) vs. 1/T . An activation energy of 1.0 eV can be
obtained. Combined with the step migration assumption, this energy level strongly suggests that
certain atomistic barrier-crossing mechanisms can be revealed directly from RHEED monitoring.

of the crystal surface, as shown in Fig. 7. Although, due to the undefined proportionality
factor between the step edge density and the RHEED intensity, the diffusion coefficients
of corresponding temperatures can not be explicitly obtained, the activation energy of the
order of the atomistic barriers suggests that, under well-controlled diffraction conditions
and a proper film environment, the RHEED intensity can provide useful information for ki-
netic analysis. Starting from the diffusion characteristics directly provided by the RHEED



716 RHEED IN-SITU MONITORED STEP EDGE DIFFUSION . . . VOL. 42

intensity, we are constructing a model of the dynamics for the step edge migration, the
result is expected to be published in the near future.

In summary, following the step edge model, we conducted a series of in-situ RHEED
intensity investigations on the interrupted deposition of STO epitaxy film. The RHEED
intensity can provide kinetic information for the step edge diffusion, for which an activation
energy of 1.0 eV was obtained from the diffusion Arrhenius plot, with the diffusion length
assumed to be proportional to the RHEED intensity.
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