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We have observed the growth mode transition from two-dimensi¢2B) layer-by-layer to
step-flow in the earliest stage growth of heteroepitaxial SriRh@d films on TiO,-terminated 001)

SrTiO; substrates byn situ high pressure reflective high energy electron diffracti@hEED) and
atomic-force microscopy. There is no RHEED intensity recovery after each laser pulse in the first
oscillation when the growth mode is 2D layer-by-layer. On the other hand, it is getting more
pronounced in the second oscillation, and finally reaches a dynamic steady state in which the growth
mode is completely changed into the step-flow mode. The origin of the growth mode transition can
be attributed to a change in the mobility of adatoms and switching the surface termination layer
from the substrate to the film. SrRy@in films with an atomically smooth surface grown by atomic
layer control can be used in oxide multilayered heterostructure device200@ American Institute

of Physics. [DOI: 10.1063/1.1389837

Epitaxial multilayered heterostructures based on perovSrTiO; substrate with a lattice mismatch of only 0.64%.
skite oxides have a great potential for future electronic deMoreover, epitaxial single-crystal SrRy@hin films can be
vice applications such as spin-polarized tunnel junctich. coherently grown on miscut SrTiOsubstrate$° In this
In such a tunnel junction, the junction magnetoresistancatudy, we have investigated the initial stage nucleation and
(JMR) is determined by the difference in the density of stateggrowth of the heteroepitaxial SrRyQhin films by in situ
for tunneling. Highly spin-polarized magnetic oxides, half- high pressure reflective high energy electron diffraction
metallic oxides, are expected to exhibit large, almost infinitea RHEED) and atomic force microscopfAFM).!

JMR in the Julliere modélIn reality, it has been shown that Epitaxial SrRu@ thin films were grown on
there is a strong temperature dependence of the JMR in tHEO,-terminated(001) SrTiO; substrates by PLD using a
doped manganite system, i.e., premature loss below the CirF excimer lasefA=248 nnm with an energy density of 2.5
rie temperaturé. This result is important for technological
applications and depends on the quality of the junctions: uni-
formity and quality of barrier layer, interface sharpness, anc oo} (5

surface magnetization. For the study of its physical origin, Start 230 (d)

. . . . 2 Intensity recovery
the sharp interface and defect-free barrier layer in the trilay ;50| \4 ~300 : o
ered tunnel junction are required and must be controlled o Sa00 %0
an atomic scale. 200} o

(e
Intensity recovery
=39.60

Significant progress has been made in studying grovvtl,\
mechanisms of homoepitaxial oxide thin films such a,m 1sob

Intensity (a.u.)
s o ow

6

%

100 Tl.me(sec)
01626730
SrTiO;, using molecular-beam epitax{MBE),® laser 2 Time (s¢e.) Tine sec)
MBE,>” and pulsed-laser depositidPLD).? In all papers, £ .1 n WWWMWM |
the surface mobility of adatoms during deposition plays ars Wm'm g m W{W
important role in determining the growth modes. In this 1 E 3232
study, we will focus on the heteroepitaxy of SrRufims g0 \ ® Sis0 M
grown on single-terminated SrTiGubstrates and the appli- S = 'g“") \
cability of the oxide multilayered heterostructures. Tlﬁ?ez(%ei(.)) k 5‘; End
Among many perovskite oxides, the itinerant metallic 0 o 20 30 10 s s0 70 w0
ferromagnetic oxide SrRuds an ideal system to study het- Time (sec.)

eroepitaxial thin film growth. Not only is it chemically FIG. 1. Overall RHEED intensity variations during the heteroepitaxial

stable, makingex situ scanning probe microscop{sPM) growth of the SrRu@film on the TiO-terminated(001) SrTiO; substrate.
measurements possible, it is also structurally similar to thénsets show the RHEED intensity recovery after the growth is interrupted at
the bottom region of the first oscillatiofb), at the top region of the first
oscillation (c), at the bottom region of the second oscillati@, in the
dElectronic mail: eom@engr.wisc.edu steady state regiofe), and finally stoppedf).
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FIG. 2. (Color) AFM images and RHEED patterns of the as-grown films obtained after interrupting the growth at each stage, as marked in Fig. 1.

Jlcnt at a repetition rate of 2 Hz. The single Ti®rminated coveries obtained after interrupting the growth. There is al-
surface of thg001) SrTiO; substrates has been obtained in amost no intensity recovery at the bottom and top regions of
three-step treatment which was developed by Kosted.1>  the first oscillation[Figs. Xb) and 10)]. Instead, the inten-
soak in water, chemical etch with a MF buffered HF solu- ~ sity recoveries after interrupting the growth are getting more
tion, and postanneal at 950 °Crfé h under an oxygen at- pronounced from the region of the second oscillation, and
mosphere. The miscut angle of the substrate ranges frofinally reaches a steady stafgigs. 1(d), 1(e), and 1f)].
0.05° to 0.2°. The growth temperature and oxygen pressuréhese results indicate a change of the mobility of the ada-
were kept at 600 °C and 100 mTorr, respectively. toms, which can lead to a change in the growth mode.
Figure 1 shows the overall RHEED intensity variations In order to verify the growth mode transition in this ear-
during the growth of the SrRudilm on the TiO-terminated  liest stage, the surface morphologies of the as-grown films
(001) SrTiO; substrate with a miscut angle of approximately were studied by tapping mode AFM. Figure 2 shows micro-
0.2°. The insets show the RHEED intensity recovery afterstructure evolutions and RHEED patterns obtained from each
interrupting the growth. The overall RHEED intensity oscil- stage of the growth, as marked in Fig. 1. Figufe) Zhows
lated twice and then reached a steady state until the growtthe perfect TiQ-terminated surface of th®01) SrTiO; sub-
was stopped. This transient behavior of the overall RHEEDstrate. One can see clear step-terrace structures with only one
intensity represents the fact that the growth mode of theinit-cell height. The RHEED pattern shows sharp spots lying
SrRug@; film has a transition from the two-dimension@D)  on the zeroth Laue circle, indicating that the SrJi€urface
layer-by-layer to the step-flow mode. In addition to such ais atomically smooth. Figure(B) shows the surface mor-
change in the overall RHEED intensity, the different mobil- phology at the bottom region of the first oscillatigposition

ity behaviors of adatoms can be seen from the intensity reas indicated by Fig. (b)]. The AFM image shows many 2D
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islands randomly nucleated and distributed on the S§TiOages in Fig. 2 and RHEED intensity recovery data, we
substrate terraces. The RHEED pattern has additional diffuseonclude that the mobility of the adatoms deposited on the
spots, originating from the transmission of the electron beanTiO,-terminated SrTi@ substrates is significantly lower
through the small 2D islands. Figuréc? shows the surface compared to that of the steady state regime. The mobility of
morphology at the maximum of the first RHEED intensity the adatoms deposited on the SrRufdm is greatly en-
oscillation, indicated by Fig. (t). The SrRuQ@ film nearly  hanced and reaches the steady state as thg t€i@ination
covers all of substrate terraces, indicating the 2D layer-bylayer of the SrTiQ substrate is covered by the SrRufim.
layer growth mode at this initial growth. The RHEED inten- In addition to the growth mode transition at the earliest stage,
sity oscillation is in agreement with the observed surfacehe data of Fig. 1 shows another feature. The number of laser
structure changes. pulses to complete the first RHEED oscillati¢B¥ pulse$

The AFM imag€Fig. 2(d)] taken at the minimum of the differs significantly from that to complete the second
second oscillation shows a remarkable difference compareBRHEED oscillation(22 pulseg Also, this number is not con-
to Fig. 2b). It can be seen that the SrRyd@Im is com-  sistent with the number of 22 pulses per unit cell, as calcu-
pletely covered. In addition, more 2D islands start to nucledated from low angle x-ray diffraction measurements. Such a
ate at the step ledge regions where there are more favorahiiiscrepancy could be associated with desorption of Ru ada-
sites for nucleation. However, some 2D islands are still vistoms. We will discuss the details of this result elsewHére.
ible on the terraces, causing the oscillating behavior of the In conclusion, we report the observation of the growth
RHEED intensity. Note that the number of islands is muchmode transition from the 2D layer-by-layer mode to the step-
less or lower compared to the surface morphology as obHow during the earliest stage growth of the heteroepitaxial
tained at the minimum of the first oscillation. Figurée2  SrRuG, films on the TiQ-terminated001) SrTiO; substrate.
taken from the steady state region of the RHEED intensitySuch a transition during the earliest stage is a unique phe-
indicated by Fig. le) shows that the SrRuCfilm grows by ~ nomenon in heteroepitaxy. This work shows that the growth
the step-flow mode. The original step structure of the SgTiO kinetics at the earliest stage growth of heteroepitaxy can
substrate can be seen as holes at the ledges. Finally, the shave a large influence on the microstructures and interfaces
face morphology and RHEED pattern of a 56 nm thickin multilayered heterostructures. For example, SrRti@n
SrRu@, film [Fig. 2(f)] are almost identical to those of the films grown on TiQ-terminated(001) SrTiO; substrates by
treated(001) SrTiO; substrate. Due to the step-flow growth, atomic layer control have an atomically smooth surface and
the atomically smooth surface structure and single domaisingle domain structure. SrRy@Ims with a smooth surface
structure of the SrRugXilm can be obtained. Only one unit- can be used as electrode layers in spin-polarized tunnel junc-
cell high steps without step bunching imply the single termi-tions requiring a sharp interface and uniform coverage of
nated surface of the SrRy@Im. From the RHEED intensity barrier layers.
variations and the microstructure evolutions, it is clear that ) )
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