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The growth modes of Ba deposited on a Mo (110) substrate have been investigated by using reflection
high-energy electron diffraction (RHEED) and scanning electron microscopy (SEM). In this study, the
RHEED specular beam intensity oscillations apparatus is employed to confirm the surface flatness of thin Ba
layers on Mo(110) substrate. Ba grows on the Mo(110) substrate via the Stranski-Krastanov growth mode in
the temperature range between 300 and 550 °C, in which a monolayer with a (1.5%1.8) structure grows
initially, followed by the growth of Ba islands with the (111)g, plane. Between room temperature (R.T.) and
300 °C, Ba grows on the Mo(110) substrate via the Frank-van der Merwe growth mode, however only several
periods of RHEED specular beam intensity oscillations could be observed. Such results suggest that several
flat Ba layers grew on Mo(110) substrate via Frank-van der Merwe growth mode and Ba layers have much
difficulty in keeping the surface flatness on a Mo(110) substrate. In the temperature range from 300 to 550 °C,
only single oscillation was observed, suggesting that the Ba/Mo(110) system adopts the Stranski-Krastanov
growth mode at such temperatures with the (1.5%1.8) monolayer.

1. Introduction

Lots of investigations regarding the growth modes of
metal/metal systems have been carried out in the past
[1-8]. Up to date, two types of growth modes have been
confirmed such as the Frank-van der Merwe growth
mode in room temperature (R.T.) region and the
Stranski-Krastanov growth mode in high temperature
region for thin metallic films on Mo(110) or W(110)
substrates. Most research studies have dealt with
ultrathin films of face centered cubic (f.c.c.) metals on
the substrates of body centered cubic (b.c.c.) metals,
however several studies on the growth modes of metallic
b.c.c./b.c.c. systems have also been performed [9-11].
RHEED specular beam intensity oscillations have come
to be an important reliable process tool for controlling
the film thickness and the surface flatness mainly for
semiconductor materials [12-16]. Also, several reports
indicate that the RHEED specular beam intensity
oscillations were succeeded in observing the ideal
layer-by-layer growth even in case of metal/metal
with  different [17-20].
However, no study has been performed with the usage of

systems lattice  structures

the RHEED specular beam intensity oscillations to
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examine growth modes of the Ba/Mo(110) system, even
such results benefit lots of information on the surface
flatness of thin Ba films. In this paper, the detailed
information on the growth modes of Ba/Mo(110) system

is drawn as a function of substrate temperature.

2. Experimental

The RHEED experiments were performed in an
ultra-high vacuum (UHV) chamber with a base pressure
of 1x10™° Torr. A Mo single crystal with a (110) plane
whose misorientation was kept less than 0.05° was used
as a substrate. Details of the experimental procedures are
described elsewhere [21-24]. The Mo substrate was
cleaned by annealing at 700 °C under an oxygen
atmosphere of 1x10 Torr for 10 min followed by flash
annealing at 1600 °C in a vacuum of 10™'° Torr for 10 sec.
Based on this procedure, the clean Mo(110) substrate
was obtained. Ba was deposited on the clean Mo(110)
substrate by heating a Ba dispenser (SAES Getters Co.).
The pressure during deposition was 1x10 ° Torr. The
deposition rate and the film thickness were monitored by
using a quartz oscillator. In order to examine the growth

mode in detail, the Ba depositant thickness was changed
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from 0.1ML to 20ML and the substrate temperature was
to 900 °C. The
acceleration voltage of the RHEED was kept at 20kV. To
monitor the growth modes of the Ba/Mo(110) system, we
observed the RHEED patterns and the RHEED specular

beam

varied from room temperature

intensity oscillations at various substrate
temperatures. In order to observe the RHEED specular
beam intensity oscillations, a charge coupled device
(CCD) camera connected to a computer was employed.
For the aim of confirming the configuration of Ba islands,
an FE-SEM (Hitachi S-4700) was employed after

removing the sample from the UHV chamber.

Ao,
')Ba(lll) 2

Fig.1. RHEED pattern of the specimen deposited with Ba at 4
ML at R.T.

3. Results and Discussion

Fig. 1 shows a RHEED pattern of the specimen after 4
ML deposition at R.T. The incident electron
beam was parallel to the [ 1 10]y, direction. With
increasing the film thickness, the RHEED pattern so as
to Fig. 1 grew in intensity, while the RHEED pattern
originated from the (1.5x1.8) structure faded and
disappeared in case above a Ba thickness of 1.5 ML. At
the thickness with 4 ML, the Mo fundamental rods could
not be observed except 00, suggesting that the entire
surface area of Mo substrate were covered by Ba layers.
In Fig. 1, each arrows with the notations (2i)M0 and (2
1)mo indicate the actual places for Mo fundamental rods.
The streak marked as (21)33(”1) was caused by Ba(l111)
plane.

The RHEED specular beam intensity oscillations

measured along the [i 10]v, direction at R.T. are
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represented in Fig. 2(a). To observe RHEED oscillations
under the fine experimental condition, the specular beam
path was arranged to be most sensitive to surface wave
resonance by controlling mutual geometric relationships
among the specular beam, direct beam and surface wave
resonance. Resultantly, we could observe only two
periods of RHEED oscillations. In the process of the first
oscillation, the continuous change of RHEED patterns
occurred from the clean Mo(110) substrate to the
(1.5%1.8) structure via c¢(2x2), (1.6x2) structures. When
the intensity was recovered firstly, the RHEED pattern of
the (1.5%1.8) structure was most developed. In addition,
the RHEED patterns of both c¢(2x2) and (1.6%2)
structures are already shown in our previous reports
[9-11].  Such
concerning the growth mechanism of Ba films on a
Mo(110) substrate at R.T. Ba films grow by the
layer-by-layer growth mode on Mo(110) substrate at R.T.

results include following features
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Fig.2. (a) RHEED specular beam intensity oscillations at R.T.
During the first oscillation, RHEED patterns of the c(2x2),
(1.6x2) and (1.5%1.8) structures appeared. (b) RHEED specular
beam intensity oscillation at 400°C.
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It is interesting that the Ba layers favor the hexagonal
structure on  Mo(110) the first

monolayer with (1.5x1.8) structure, even the Ba bulk

substrate except

keeps the b.c.c. structure under standard condition. A
high pressure X-ray diffraction studies on Ba indicate
that Ba bulk crystals favor the hexagonal close packed
structure above ca. 6x10° Pa [25]. The formation of Ba
films on a Mo(110) substrate is match for such
pressure-induced phase changes. However, the surface of
the (111)g, layer could not keep the surface flatness and
the surface roughness easily occurred in the thickness
range above 2ML, such interpretation could be done
based on the experimental verification of only two
periods of RHEED specular beam intensity oscillations
at R.T. The atomic arrangement of the (1.5%1.8) structure
is different from that of the (111)g, layer, and the
(1.5x1.8) structure acts as the buffer-layer of the
Ba-Mo(110) interface for the smooth epitaxial growth of
the (111)g, layers. Resultantly, the (111)p, plane can keep
the following epitaxial orientation relationships thanks to
the existence of the (1.5%1.8) buffer layer; [ 1
10]ga//[001]po, (111)p2//(110) .

In many cases of the semiconductor/semiconductor
systems at R.T., the experiments of RHEED specular
beam intensity oscillations indicate that it is possible to
form several tenth flat layers by layer-by-layer growth.
In case of metal/metal systems, however, no more than
several periods of the RHEED specular beam intensity
oscillations can be observed, which indicates that
metal/metal systems have a strong tendency to lose the
surface flatness when the film thickness is greater than
several monolayers at R.T. Dentel et al. described that
the change of RHEED
oscillations in case the deposition rate is decreased is

specular beam intensity
similar to the change observed while temperature is

increased. Such valuable explanation deduce a
conclusion that the surface diffusion length is increased
either by decreasing the deposition rate or by increasing
the temperature. So, the formation of several tenth flat
layers of metals on metal substrates needs higher
deposition rates or lower substrate temperatures.
Moreover, based on the comparison with Nd layers on
Mo(110) substrate [24], Ba may have longer surface
diffusion length than that of Nd at the same temperature,
so it seems to be difficult to form so flat surface with Ba

layers at R.T. On the other hand, the experimental result

Growth Modes of Ba on Mo(110) Substrate

of the RHEED specular beam intensity oscillations at
400°C is indicated in Fig. 2 (b). Only single period of
oscillation was observed in the temperature range from
300 to 550 °C, suggesting that the completion of the first
monoatomic layer with the (1.5x1.8) structure occurred
during single oscillation via the appearance of the c(2x2)
and (1.6x2) structures. Such result supports the island
growth on a monolayer for Ba/Mo(110) system in

relatively high temperature region.

Fig. 3.
4 ML at 400 °C.

RHEED pattern of the specimen deposited with Ba at

Fig. 3 shows a RHEED pattern of a 4ML-thick Ba film
deposited at the substrate temperature of 400 °C. In
contrast to the RHEED pattern in Fig. 1 which was
obtained at R.T., the fundamental Mo rods, the streaks
due to both the (1.5%1.8) and (111)g,, and the multiple
scattering spots are visible at the same time. Such
RHEED pattern is maintained as the deposition thickness
increases at relatively high temperature region. The
RHEED that

three-dimensional Ba islands grow after the completion

result of this observation suggests
of the first (1.5x1.8) monolayer. Especially, the intensity
of transmitted spots through Ba islands is very high. So,
the occurrence of the sufficient surface diffusion of Ba
adatoms effectively contributed to the island formations.
Because of the existence of both twin Ba crystals and Ba
crystals with the symmetric atomic arrangements along
the [001]y, axis, the coordination of diffracted spots is
symmetric with respect to the [111]y, axis. Two sets of
the spots 000, 111, 222, 002, 11 i, 113, and 220 are
inversely indicated on the RHEED pattern in Fig. 3. Each

hexagons connected by straight lines and by dotted lines
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indicate each sets of diffracted spots due to both twin Ba
crystals and Ba crystals with the symmetric atomic
arrangements along the [001]y, axis. The spots clearly
indicate that the crystal structure of Ba islands on the
Mo(110) substrate never adopts the b.c.c., but f.c.c.
structure. Fig. 4 shows a SEM image of the specimen
with a 4ML-thick Ba film at 400 °C. The diameter of the
islands is ca. 200 nm. In this study, observed Ba islands
showed the round-like configuration, not similar to Pb
and Nd islands with the hexagonal shapes [1, 24],
however RHEED results suggests that Ba islands are
expected to favor triangle or hexagonal faceted shapes.

l um

Fig. 4. SEM image of the specimen with a 4ML-thick Ba film
at 400 °C.

4. Conclusion

The growth modes of Ba deposited on a Mo(110)
substrate at various substrate temperatures have been
investigated in this study. At R.T., Ba grows on a
Mo(110) substrate in accordance with the Frank-van der
Merwe growth mode, however thin Ba layers possess a
strong tendency to lose the surface flatness on Mo(110)
substrate. In the temperature range between 300 and
550 °C, Ba grows on a Mo(110) substrate in accordance
with the Stranski-Krastanov growth mode. The Ba
islands kept their diameter with ca. 200 nm in this study.
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