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ABSTRACT

We have proposed and investigated a new technique for growing thin uniform layers onto a large semiconductor
substrates. The method uses the system of hexagonally arranged round local sources filled with liquid growth substance.
The growth substance evaporates on very close substrate, which is removed from the discrete source by about 1 mm. In
these conditions vapor pressure of the residual gases is reduced by two orders of magnitude. It is found that to obtain
uniform thickness layers by the proposed technique it is strongly necessary that the distance between the discrete source
and the substrate will be greater than the critical thickness /.. It is shown that this parameters /. increases with the
increasing of radius of local sources and the distance between the local sources. For example, to achieve uniformity of
better than 97% the critical thickness must be equal to /.- = 1.2 mm for a hexagonal arranged system of round local sources
with the radius of » = 0.75 mm and the distance between the sources of # = 0.5 mm.

Keywords: thermal recrystallization, discrete source, semiconductors, thin layers.

1. INTRODUCTION

One of the main tendencies in modern
semiconductor technology is development of growth
methods to produce thin layers and heterostructures on
large substrates [1, 2]. Molecular-beam epitaxy is the most
suitable technique to fabricate such structures [3]. Despite
of the high quality of the structures, there are some
drawbacks which make this method not suitable for mass
production [4]. These lacks are small transfer coefficients
of growth substances and active impurities, high-vacuum
requirements and obtaining difficulties of uniform
thickness layers on large substrates. Therefore, it is
important to development growth methods, which will be
free of these disadvantages. These methods are ion-beam
crystallization [5-7], ion-beam sputtering [8] laser beam
crystallization [9, 10] and zone sublimation regrowth [11,
12].

In the mentioned method of zone sublimation
regrowth are used sublimating solid-state source and
substrate, which are separated by a thin vacuum gap.
Besides, the following conditions must be met:

{l << D,

I<< A )

where D is the diameter of sublimating source and
substrate, A is the mean free path of atoms in vacuum gap.
The satisfaction of the conditions (1) reduces the partial
pressure of residual gases in a thin vacuum gap. This
partial pressure is much lower than the pressure in the
growth chamber [13]. Under the conditions of the zone
sublimation regrowth, the transfer coefficients of growth
substances and active impurities tend to unity. These
advantages appear better for large substrates. The main
disadvantage of the zone sublimation regrowth is inability
to heat sublimating source above the melting temperature.

This fact limits the upper temperature limit of using the
zone sublimation regrowth. For sources having very low
sublimating vapor pressure, the deposition rate is very low
as well. So for these materials, including 14 elements from
the periodic table, the method of zone sublimation
regrowth does not apply [14]. Among these 14 elements
germanium is the most important for development of
semiconductor devices.

The aim of this paper is to development of zone
thermal recrystallization technique using a germanium
discrete source for producing uniform thickness layers on
large  substrates. Note that the zone thermal
recrystallization is the one of variation of the classical
zone sublimations regrowth.

2. THEORY

The horizontal arrangement of the solid-state
source for the method of zone sublimation regrowth is not
required. Rotation the system source-substrate at an angle
o maintains flatness sublimation and condensation
surfaces and in this case the condition (1) is satisfied. The
horizontal position of the system source-substrate is
critical for a liquid phase source. Therefore the allowable
deviation critical angle of o, for the source of diameter D
> 100 mm and a vacuum zone /=0.1 mm should not
exceed a few minutes of arc. Otherwise, there is a
conglutination of the liquid source and the substrate. This
occurs even in the absence of mechanical vibrations and
capillary effects. This conglutination is the result of the
transformation of a flat vacuum gap into a wedge gap as it
is shown on Figure-1. Increasing the diameter of the plates
reduces the critical angle 0. The following notations are
used in the Figure-1. The line ab is a solid source surface
rotated at an angle @, the line a’b is the horizontal
arrangement of the surface of the source after its transition
into liquid phase, / ' is a new thickness of the vacuum gap,
which can be variable in general; [’ is a variable thickness
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of the vacuum gap after the source is divided into 5
isolated areas. It should be noted that /”" > I’
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Figure-1. Continuum source-substrate system.

If we divide the liquid layer into N isolated areas,
then the overall distortion of the thickness of the vacuum
gap [" appear as a set of N separate distortions less than N
times. In this case, the minimum distance [",;, is more
than /',;, and conglutination will not occur. As a result, a
continuous source of vapor is transformed into discrete
one, which can be in the liquid phase. This effect is the
basis of the proposed method called the zone thermal
recrystallization from a discrete source.

Figure-1 shows the ideal variant of the discrete
source. A real discrete source is divided into local
evaporators by mechanical barriers. Each local evaporator
is filled with liquid germanium. Cross-section of the real
discrete source is shown in Figure-2a. The local sources
are arranged hexagonally as it one can see in Figure-2b,
where 2r is the diameter of the local sources, % is the
minimal distance between the neighboring local sources,
Ty and T, are temperature of the evaporator and the
substrate respectively, d is the thickness of the deposited
layer.

D
substrate M
PR R 7%,
vacuum zone 2r h TJ -t T
I v vzn
evaporator T, ‘

Figure-2. Discrete source-substrate system.

The filling factor y is one of the important
characteristics. The filling factor is the ratio of the area of
all local sources to the area of the wafer where the
evaporators are located. The value of y indicates how
many times the flow of the evaporating material is
weakened if the discrete source is used instead of a

where p,=x, pl.2 =x2 +L2(n2 —nm+m2)—2xL\/ n* —nm+m* -cos(arctg(

The position of i-th local source in the hexagonal
configuration is characterized by three coordinates n, m
and z. Here 7 is the serial number of the hexagon, z - serial
number of the side of a hexagon, m is the serial number of

continuous one. For example, the fill factor for circular

evaporators arranged in a hexagonal is defined as
2 .

=—=— . Figure-3 shows the layout of the local

\/3(21’ + h)

sources.

Figure-3. The circular sources are located in a
hexagonal configuration.

Obviously, the use of a discrete source generally
should lead to the formation of a non-uniform layer
thickness on the substrate d(x) as it can see in Figure-2. To
describe this non-uniformity we use the formula from [15].
Deposition probability w for a molecule evaporated from a
circular local source to a point of the substrate, is defined
as

) P p?
=12+ p?) + 4722

1
w(p) =51 @)

where p is the distance from the centre of the projection of
the local source on the substrate to the point on the
substrate. The layer thickness depends on the
technological and geometrical parameters and is described
by the equation:

[
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the source located on the side of the hexagon. For a better
understanding one can see Figure-3. The value k& is
determined by the diameter D of the discrete source. For
the discrete source illustrated in Figure 3 k is equal to 3.
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The central local source described by the first separate
term in equation (3). The dependence of the layer
thickness on temperature-time mode determined by the
factor ve,t, where v, - the rate of evaporation from the
surface of each local sources, ¢ is the time of evaporation.
In the derivation of equation (3) it is assumed the
additivity of molecular flows from the local sources. It
does not take into account the surface diffusion and the
atoms multipath from the source and substrate. These
factors can lead to a weakening of the modulation of
thickness deposited layer d(x,¢). The position of the point,
in which is calculated d, is given by polar coordinates x
and ¢. To determine the non-uniformity of the grown layer
is sufficient to consider the direction, which is given by
formula ¢ = /6 + gn/3 (¢ =0, 1, 2, ...), for example Ox in
Figure-3. Indeed, this non-uniform layer thickness is
determined by two variables dmin and dmax. The parameter
dmax 1s measured on the substrate against the center of the
local source, which is shown by the red circle in Figure-3.
The value dmin is also measured on the substrate against
the point, which is detected by the yellow square in
Figure-3. Therefore, the extremes of the function d(x, ¢)
lie on the axes ¢ = /6 + qn/3 (¢ =0, 1,2, ..).

3. MATERIALS AND METHODS

Experimental verification of the possibility of
obtaining uniform thickness layers on large substrates was
carried out using germanium as a model material. The
evaporator is made of chemical pure finely porous
graphite. The system of the local sources with geometry as
it is shown in Figure-3 was drilled in the evaporator.
Graphite vapor pressure at the operating temperature of
the deposition process is not more than 10 Pa. Graphite is
essentially insoluble in germanium and quite easily
handled mechanically. After machining the graphite wafer
was hardened by the pyrolytic carbon layer. Then this
hardened wafer was thermal cleaned in a vacuum. The 100
mm standard polished silicon wafers with crystallographic
orientation (100) is used as substrates. Further purification
was achieved by sublimation etching of the substrate at the
temperature of 1150 °C in a vacuum. The drilled local
sources were loaded with germanium powder. Then the
loaded germanium powder was melted. Note that the
vapor pressure of liquid germanium during the deposition
of the layer in the temperature range 650 to 920 °C is less
than 102 Pa. In this experimental conditions the
requirements (1) is well satisfied (/R < 1073, /A= 10%),
Scanning electron microscopy were used to investigate the
thickness of the grown layers using position mark
technique [16]. The example of layer thickness measuring
is shown in Figure-4.

Figure-4. Cross-section of the non-uniformity
deposited layers.

The layer thicknesses were determined by SEM
with a precision of 25 nm. The thickness of germanium
layers were about 10 pm to reduce the measurement
errors.

4. RESULTS AND DISCUSSIONS
The non-uniformity of the deposited layer is
calculated by the formula:

5 =1- dmin /dmax (4)

E

The results of calculating the value of ¢ for the
different parameters of » and / are shown in Figure-5.
Figure-5a shows a transition from a strongly non-uniform
layer grown at / = 1 mm (curve 1) into a substantially
uniform layer deposited at / = 3 mm (curve 3). The
ordinate axis is expressed in term of the relative layer
thickness d(l). Increasing the parameter / at x = 0 leads to a
decrease in the layer thickness d;(l). Otherwise, increasing
the value of / at x=_L/2 leads to a increase in the layer
thickness d>(I). At the point / = 2.5 mm, the values of both
functions d,(l) and d>(l) are equal. Under these conditions
the non-uniformity for local sources with radius » =1 mm
is less than 0.03. In other words, the deposited layer
becomes uniform.
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Figure-5. The dependence of non-uniformity thickness
on the distance between the source and the substrate / at
different radius of the local sources 7 and the constant
distance between local sources =1 mm.

Thereby the zone thermal recrystallization from a
discrete source must satisfy the following three conditions:

I<<D,l<<A,121,, %)

where /., is determined for each type of discrete source for
a given level of non-uniformity. It should be noted that the
classical method of zone sublimation regrowth must meet
only two conditions defined in equation (1).

The experimental data reflected the crosses in
Figure 5 support the conclusions of the theory. However,
the experimental value of & is always less than the
theoretical. This can be explained by three reasons. Firstly,
in our calculating the surface shape of the liquid phase was
flat. Realistically, this surface has a convex shape.
Secondly, in the calculation we did not consider
germanium re-evaporation from the substrate. Thirdly, we
did not take into account the alignment of layer thickness
due to surface diffusion. Each of these factors decreases
the non-uniformity that was confirmed experimentally.

4. CONCLUSIONS

The new method of zone thermal recrystallization
from a discrete source to obtain uniform thin
semiconductor layers was proposed. The method uses the
system of geometrical arranged local sources filled with
liquid growth substance. The growth substance evaporates
on very close substrate, which is removed from the
discrete source by about 1 mm. In these conditions vapor
pressure of the residual gases is reduced by two orders of
magnitude. It is found that to obtain uniform thickness
layers by the proposed method it is strongly necessary that
the distance between the discrete source and the substrate
will be greater than the critical thickness /... Value of L., is
determined by the requirement for degree of deposited
layer uniformity. This parameters /., increases with the
increasing of radius of local sources and reducing surface

density of local sources. For example, to achieve
uniformity of better than 97% the critical thickness must
be equal to
l- = 1.2 mm for a hexagonal arranged system of round
local sources with the radius of » = 0.75 mm and the
distance between sources of 4= 0.5 mm.
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