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Abstract The growth processes of improved methods for MBE, LPE and u - PD methods are
discussed taking the oxide materials, especially those of Bi-Sr-Ca-Cu family, LINbO; and K;Li,
NbsO;s family as examples. It is suggested that the crystal growth far from equilibrium includ-
ing composition homogeneity has been achieved to satisfy in understanding and controlling the
atomic interfaces.
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1. Introduction have considerable interest in the miniatur-
ization and high efficiency of the devices [1-
Among the electronic and/or electrooptic 3]. Without doubt, the eminent progresses in

materials, the films and micro single crystals the field of superlattice structured multi-
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layer epitaxy led to realization of new devic-
es concepts, like quantum wells, quantum
wires or dots for the optoelectronics, thin
film waveguides for the nonlinear optics or
superconductor films, for example.

Recently, significant success was obtained
in the development of blue - green light - emit-
ting hetero - diodes such as (Zn, Cd)Se using
molecular beam epitaxy (MBE) technique
[4,5]. Also, the production of very high
quality LiNbO; films using liquid phase
epitaxial (LPE) technique that film growth
can be achieved at a much lower tempera-
ture than melting point [6] has been report-
ed not long ago [7]. Moreover, it should not
be forgotten that the conventional bulk
growth technologies are still characterized
by greatest material losses during crystal
machining and wafer preparation that re-
quire new unconventional steps toward “in
situ” shape tailoring during the growth proc-
ess. In priority, the modern nonlinear optics
needs crystals which are accommodated to
the diameter and processing length of the
laser beam to be modulated most efficiently
[8]. Finally, it has been shown that the de-
fect density (dislocations, multi-domains,
cracks, chemical inhomogeneities) decreases
rapidly with reduction of the crystal of the
crystal diameter up to micro-dimensions
and increasing crystallization velocity [9].

In this paper, the improved crystal growth
methods of oxide film and micro single crys-
tals are focused with special consideration of
the consequences of an incongruent melt on
compositidnal homogeneity. The first proce-

dure employed to control the surface atomic

layer during the growth was MBE growth
method. Also, films of higher crystalline
quality was grown using a new LPE tech-
nique. Next, special attention was concen-
trated to investigate the growth of micro
single crystals by the micro-pulling down
( 1 -PD) method.

2. Bi-Sr-Ca-Cu-O thin fims grown by
MBE method

Molecular beam epitaxy (MBE) with in
situ observation by reflection high-energy
electron diffraction (RHEED) is a key tech-
nology for controlled layered growth on the
atomic scale in manufacturing of thin films.
Thin film superconducting devices and by
the prospect of artificial layering of these
materials has led to renewed interest for
MBE growth to develop techniques ever
since the discovery of the high superconduc-
ting copper oxides in 1986. In the first at-
tempts at MBE [10] growth of oxide films
of Cu, Dy and Ba with the aim of preparing
the high T. phase Dy,Ba,CusO;,. The oxy-
gen flux at the substrate was controlled by
leak valve and impinged on the substrate
from a tube source. However, the films were
insulating as-grown. Subsequent furnace
annealing in flowing oxygen led to supercon-
ducting behavior.

Oxidation studies for MBE {11-13] have
been investigated using more reactive form
of oxygen, such as distilled ozone(Q;), nitric
dioxide gas (NO,) and plasma -excited oxy-

gen. However, it is not yet clear whether
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oxide films of similar quality can be pre-
pared. Oxide film epitaxy is clearly a com-
plex growth process requiring precise con-
trol of oxygen beam flux background reac-
tivity of impinging oxygen species. This field
is still in 1ts fancy and requires a careful ap-
proach of growth conditions on oxide film
stoichiometry and perfection. To overcome
these problems for our approach, the combi-
nation of radical oxygen source and MBE is
used for the growth of Bi-oxide supercon-
ducting films.

The elementary stages in MBE are de-
scribed in Fig. 1, in this experiment. Absor-
bed atoms or molecules are incorporated at

the position where they arrived. They dif-

Metal elements

Re- evaporatxon Oxygen source

Substrate surface

Surface diffusion

Step growth on surface

(rough surface)

Diffusion along step

Kink growth on surface

(smooth surface)

Fig. 1. Elementary stages in oxide MBE
growth.,

fuse until entering the steps which are most-
ly originated from 2-dimensional (2D) nu-
clei or a misoriented substrate. The entering
atoms move along the step to find a kink
having a smooth surface. Thin films are
grown using RHEED patterns compiled dur-
ing and after the growth of Bi-oxide super-
conductor. The RHEED picture with the po-
sitions at which the intensity variation result
in the growth by 2D layer growth was mea-
sured. During growth the phase of the
RHEED pictures differed among the ob-
served points. These data of the RHEED
patterns suggest a rough-and-flat transi-
tion by nucleation and surface diffusion dur-
ing the growth process.

The MBE method used is described in Ref.
14. Knudsen-cells (K-cells) were used to
provide the molecular beams of Bi, Sr, Ca
and Cu. The cell material was PBN (pyro-
lytic boron nitride). The evaporation rates
from each cell were measured with a quartz
crystal thickness monitor at the substrate
position. This monitor was kept away from
the substrate (MgO or SrTiO;) during
growth process. The base pressure was 1 x
107* Torr. Oxidation was provided by a flux
density of activated oxygen from an rf-ex-
cited discharge (coil type generator) intro-
ducing oxygen through a leak valve. Corre-
sponding to the oxygen flow rate, the pres-
sure of the system ranged from 1 x 10°%
Torr to 1x107* Torr. Figure 2a shows a
schematic diagram of this radical beam
source, radio-frequency (13.56 MHz) plas-
ma was used to activate oxygen.

Figure 2b shows the X-ray diffraction
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Fig. 2. Schematic diagrams of the oxygen
radical beam source (a), and the X -ray dif-

fraction pattern of Cu-O film (b).

pattern of Cu-O film prepared by the radi-
cal conditions having 2 sccm oxygen flow
rate and 150 W rf power. Evaporation rate
of Cu was 0.6A/s, substrate temperature
was 700°C. It can be seen that Cu oxide was
well formed the mentioned conditions. The
number of activated oxygen species changed
as the rf power and oxygen flow rate. Fur-
ther, the synthesis of Bi-oxide superconduc-
tors was achieved by coevaporated or shut-

ter-controlled growth of each metal ele-

ments (Bi, Sr, Ca and Cu) during the flow
of radical oxygen at the substrate tempera-
ture of 700°C. In this way a Bi-oxide lay-
ered structure (the growth is controlled on
the atomic scale) was prepared on a basal-
plane MgO or SrTiO; substrate. The ob-
tained results of oxidation and superconduc-
tivity need to consider in detail. The detailed
correlation between oxidation and parame-
ters for radical system or superconductivity

will be reported in future.

3. LINbO; films grown by LPE method

LiNbO; films with high crystalline quality
have been attempted from a solid - liquid co-
existing melt using a new liquid phase
epitaxial (LPE) technique described in Ref.
[15]. The films were grown on LiNbO; or
LiTaQ; substrates using a vertical dipping
without substrate rotation. The melt was
cooled below 925C and held more than 12
hours at this temperature. Although this led
to the crucible wall being covered with solid
LiNbO,; generated by nucleation, the melt
surface was in a completely uniform liquid
phase. At this time, the liquid phase was in a
saturated state at this temperature (forma-
tion of a solid-liquid coexisting melt), the
substrate was dipped in the melt.

Figure 3 shows the difference of nuclea-
tion energies between conventional method
and solid-liquid coexisting melt method.
When film growth is performed by a conven-
tional method from a uniform liquid phase

melt, the substrate is the first solid phase
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Fig. 3. Schemes of nucleation energies be-

tween conventional method (a), and solid-

hquid coexisting melt method (b).

which contacts the liquid phase. Nucleation
(film growth) occurs abruptly only at the
substrate surface, because it is the lowest
nucleation energy point in the system (Fig.
3a). On the other hand, when the film is
grown from a solid-liquid coexisting melt,
the liquid phase is already in contact with a
solid phase (of the crucible wall) which is
the same material as the substrate. In this
case, the substrate is not the first such solid
phase in the melt, and film growth can start
smoothly under the same conditions as the
coexisting solid phase (Fig. 3b). Therefore,
with this technique, the reproducibility of

film properties such as film thickness can be
better than with the conventional technique.

Figure 4 shows a schematic diagram of as
-grown film on substrate and the change of
X-ray rocking curve when the film was
grown at 915°C using the solid - liquid coex-
isting technique. LiNbO; films of higher crys-
talline quality (5.6 sec) than uﬁderlying
LiNbO; substrates (6.8 sec) have been suc-
cessfully grown. Also, the crystallinity of
the epitaxial films can be better than that of
the conventional LPE method because the

degree of supercooling with the coexisting

LiNbO:s film
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Fig. 4. Scheme of as-grown film on sub-
strate and the results of X-ray rocking

curve.
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solid phase is not affected by changes in the
melt composition. Furthermore, it has been
found that the composition of the film can
be controlled by changing the growth tem-
perature, and the lattice mismatch along the
¢-axis saturates above the film thickness of
20 um and decreases with increasing grow-

th temperature.

4. LiINbO,, KLN crystals grown by u-PD
method

In large size single crystals high-quality
alternative crystals have not yet been pro-
duced by conventional growth techniques. In
contrast, in micro single crystals which are
just device size with diameters below 1 mm,
high - quality crystals with low defect density
and composition homogeneity can be expect-
ed to produce by development a new growth
process, the micro pulling down (u -PD)
method [9,16].

Using the 4 -PD method, as shown in
Fig. 5, crack - free LiNbO; micro single crys-
tals have been grown with uniform diame-
ters in the 60 #m to 800 um range, indepen-
dent of melt comosition (48.6, 50 and 58 mol
%Li1,0). The downward growth of shaped
crystals from a micro-nozzle, namely u -
PD method, is characterized by a very large
axial temperature gradient below the nozzle
top (along the growing crystal) which yields
about 200 ~ 300°C/mm [9]. It is well known
from thermo - elastic dislocation theory [17]
that such high gradient is not danger if

nonlinearities and radial temperature differ-
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Fig. 5. Scheme of the u-PD method.

ences do not take place.
Very high pulling rate, v, is possible at u
-PD method that follows from the thermal

balances at the growing interface,

v=(KG,-kiG)/o - 4H

where k, and k, are the thermal conductivity
in solid (s) and liquid (1), G, and G, are the
temperature gradients, respectively, o is the
density and 4H is the heat of fusion. At G,
= 200°C/mm and near homogeneous temper-
ature within the crucible and nozzle (G, =
0), a maximum pulling rate of about 1 m/h
can be estimated for LiNbQOs; In fact, the
pulling rates between 30 and 120 mm/h
were used successfully, much faster than
that at conventional Czochralski (CZ)
growth rates (usually = 5 mm/h).

Voids, subgrain boundaries and disloca-
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tions were not found in crystals having di-
ameters of 500 ym or smaller for LiNbO,
(Fig. 6). The homogeneous axial distribution
of the chemical composition reflects an effec-
tive distribution coefficient of unity. Also,
crack - free KiLi, Nbs; Ois:0. (KLN) micro
single crystals have been successfully grown
by the u -PD method, with high growth
rates. Especially, no fractures normal to the
c¢-axis have been observed after growth, un-
like the cases of crystals grown by the top-
seeded solution growth (TSSG) and CZ
methods [18,19]. KLN crystals are of in-
creasing interest due to the excellent second
harmonic generation (SHG) characteristics
suitable for conversion from red to blue
wavelength [20]. The y -PD grown crys-
tals were applied for frequency doubling
from 790 nm to 920 nm of a Ti : sapphire
laser and (Ga, Al)As laser [21].
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Fig. 6. X-ray topographs of a u -PD crys-

tal having diameter of 500 ym.

5. Conclusions

It was not possible to obtain homogeneous
compositions with high quality from the top
to the bottom of crystals grown from incon-
gruent melt by the conventional growth
methods. Using the MBE method, qxidation
can be well formed by activated oxygen
from a radical source, therefore oxide thin
films can be controlled layered growth on
the atomic scale. Also, films of higher crys-
talline quality than substrate can be grown
by the LPE method with a solid - liquid coex-
isting melt. Crystals having a nearly homo-
geneous composition along the growth axis
with high crystalline quality can be obtained
independent of melt composition by the y -
PD method. The wide variety of the growth
process available with MBE, LPE and u -
PD methods give it an advantage over more
conventional approaches in understanding
and controlling the development of atomic

interfaces.
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