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a b s t r a c t

The generation and behavior of ultrasonic standing waves was modeled using the light cut method for
transparent fluid. The oscillations of the fluid surface in initial moment of switching on ultrasound and
appearance of standing wave channel were observed. The effect of continuous fluid depth decrease
and increase on the behavior of ultrasonic standing wave channel was studied. The ultrasonic standing
wave channel floated in the liquid between of the crucible bottom and fluid surface and discretely chan-
ged its height by half ultrasonic wavelength with the decrease or increase of the liquid level. This channel
had the behavior of a ‘‘quasi solid state’’ and damped of convection.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Dopant inhomogeneity is common in single crystals grown by
various crystallization methods [1,2]. One type of inhomogeneity
is growth striations, which considerably impair electrophysical
properties of semiconductor single crystals and are especially
undesirable for nanocrystals growth on substrates. The growth
striations appear in crystals during the growth process as a result
of temperature fluctuations at the interface, brought about by con-
vection currents in the melt. This inhomogeneity was investigated
in detail in InSb single crystals [3,4]. It should be noted that the
external fields, such as gravitational, magnetic, and ultrasonic
fields can influence the growth process and control the striations.

Various research groups have studied the crystallization under
zero gravity [5–8]. On the other hand, the growth process in a cen-
trifuge with increased gravity was investigated [9]. A modified ver-
tical Bridgman method with the baffle in the melt also makes it
possible to damp the natural convection in the melt during growth
and results in homogeneous distribution of components [10].

It has been shown by many investigators that magnetic fields
can suppress natural convection in the melts [11–16]. However,
these methods are very complex and expensive for industrial
applications.

The ultrasound can also be used to eliminate the growth stria-
tions in semiconductor single crystals [17,18]. The first application
of vibrations at frequencies of 50 and 100 Hz introduced into the
melt showed that it can serve as a unique tool to learn about the

distribution of impurities during crystal growth [19]. Detailed
investigations of the effect of ultrasonic vibrations with a fre-
quency of 10 kHz and power from 30 to 150 W on the growth mor-
phology in InSb and InxGa1�xSb single crystals were conducted by
Hayakawa et al. [20–23].. The introduction of ultrasonic vibrations
into the melt through the bottom of a carbon crucible during the
growth process changed the crystal diameter, the width of the fa-
cet region and appearance of large voids with an increase of the
output power to 150 W. On the other hand, a certain periodicity
of the component distribution was found during the crystal growth
in water and Seignette’s salt in ultrasound at a frequency of
51.5 MHz [24].

Our group has been investigating the influence of ultrasonic
waves introduced into melts at frequencies from 0.15 to 10 MHz
on the growth process of semiconductor single crystals for over
30 years. We studied the growth process of GaAs, InSb, GaxIn1�xSb
and BixSb1�x solid solution single crystals and the influence of
ultrasonic field on striations [18,25–27]. We showed that the ultra-
sound can dampen convection due to formation of standing waves,
and therefore, the component inhomogeneity in grown single crys-
tals decreases. These conditions were confirmed in model experi-
ments with transparent fluids [28,29].

Application of a high frequency ultrasound can generate a
standing wave channel in the melt between the solid–liquid inter-
face and the waveguide. It is known that the distance between the
emitter and reflector must be multiple of half of the wavelength for
generation of the standing waves. It is difficult to ensure the con-
stant melt depth during the crystal growth process. Additionally,
the crystal growth by Czochralski method characterizes the
decrease of the melt depth. Ordinarily a mass of pulled crystal in
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Czochralski growth constitutes from 10% to 60% of a mass melt.
Therefore, the melt depth can decrease from a one mm to next dec-
ade’s mm. However, the results of ultrasonic effect on the compo-
nent inhomogeneity in pulled crystals indicate that standing waves
kept permanently during the growth process [27]. A model exper-
iment with evaporating acetone showed that the standing wave
channel did not disappear after the fluid decrease by 4 mm [29].
However, our previous experiments did not illustrate the standing
wave behavior during a continuous decrease of the fluid level all
the way to the crucible bottom. Additionally, detail the study of
standing wave influence on the fluids creates possibilities for fun-
damental investigations in another field of science and nanotech-
nological applications.

The present study focuses on the mechanism of appearing and
behavior of ultrasonic standing waves in the fluids and melts for
Czochralski crystal growth process in the conditions for the perma-
nent change of the distance along standing wave direction.

2. Experimental

2.1. Method

Phenomena of the generation and behavior of ultrasonic stand-
ing waves for the Czochralski growth was modeled using the light
cut method with transparent fluids. It is known that favorable con-
ditions for the growth of single crystals are determined by the stea-
dy-state convection. Moreover, we established earlier that
ultrasonic standing waves appear in the melts only at steady-state
convection [28,29]. Therefore, we selected a transparent liquid,
geometry, and temperature conditions to match the Rayleigh num-
ber to that of the semiconductor melts of interest.

The Rayleigh number for insulated walls of the crucible Raw is
defined as [30]:

Raw ¼ ga2DTrh
4
=vmd; ð1Þ

where g is the gravitational acceleration, a is the volumetric ther-
mal expansion coefficient, DTr is the radial temperature difference
in the fluid, h is the height of the fluid, d is the diameter of the
crucible, v is the thermal diffusivity and m is the kinematic
viscosity.

The properties and experimental parameters of liquids and
melts are given in Table 1. Distilled water had the maximal Raw

at the given experimental parameters and closer to the conditions
of non-stationary convection, which occurs during the growth of
large crystals. Water is closest to the kinematic viscosity melts
and the density to buoyant tracer particles. This may reveal some
features of the standing waves which are difficult to be estimated
in other transparent liquids. Therefore, distilled water was used as
model fluid. Water was contained in an ebonite crucible with 30-
mm inner diameter, 40-mm outer diameter, 30-mm height, with
two glass windows for light beam and flow observation (Fig. 1).
A foam plastic disk with 16-mm diameter and 10-mm thickness
floating on water surface served as a dummy crystal. A needle with

plastic tube was used for decant the distilled water from the
crucible into a glass, which was attached below the crucible. Due
to this, the depth water decreased slowly and created the illusion
of the melt decrease during pulling of a crystal.

2.2. Ultrasound parameters and materials

Ultrasound at a frequency 0.69 MHz was introduced into the
water from a piezotransducer through the crucible bottom and
a quartz waveguide of 10-mm diameter and 90-mm length.
The direction of ultrasonic waves was parallel to the crucible
axis. Buoyant tracer particles of textolite with the density of
1270 kg/m3 had 50-lm diameter were suspended in distilled
water.

2.3. Characterization

A CCD camera was installed such that ultrasonic standing waves
in water could be viewed and recorded on video. The influence of
the water depth decrease on standing waves behavior was ob-
served between a dummy crystal and the waveguide using digital
image processing software Ulead Video Studio 10 plus. Ultrasonic
standing waves were recorded in video clips, which can be viewed
on TV and PC in AVI (720 � 480, 29.97 fps, DV NTSC) format. The

Table 1
Properties and parameters of melts and transparent liquids.

Constants and numbers Bi–Sb In–Sb GaAs H2O H2O: C3H8O310%: 90% Acetone

Gravity, g (m/s2) 9.8 9.8 9.8 9.8 9.8 9.8
Thermal coefficient of volume expansion, a (K�1) 1.5 � 10�4 5.2 � 10�5 1.87 � 10�4 2 � 10�4 0.4745 � 10�3 1 � 10�3

Radial temperature difference in fluid, DTr (K) 4 4 9 4 4 4
Height of fluid, h (m) 0.023 0.023 0.03 0.023 0.023 0.023
Thermal diffusivity, v (m2/s) 0.85 � 10�5 1.04 � 10�5 0.7 � 10�5 0.015 � 10�5 0.103 � 10�6 9.27 � 10�5

Kinematic viscosity, m (m2/s) 13.1 � 10�6 0.34 � 10�6 0.488 � 10�6 1 � 10�6 4.39 � 10�4 9.7 � 10�9

Diameter of crucible, d (m) 0.04 0.04 0.09 0.03 0.03 0.03
Rayleigh number (Raw) 7.4 � 102 8.1 � 104 8.7 � 104 9.6 � 105 7.7 � 103 8.1 � 105

Fig. 1. Schematic representation of the light-cut technique for the observation of
ultrasonic standing waves in transparent fluids.
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