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We showed the possibility to grow gradient crystals based on the Si-rich
Si:Ge solid solutions using segregation of the minor component (Ge). We
implemented two versions to control the Ge distribution in the length of the
Si,_ Ge, crystal grown from the melt by the Czochralski method due to the

choice of the crystal size and shape.
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1. Introduction

The Si:Ge solid solutions are a promising ma-
terial for microelectronics and optoelectronics.
The Si:Ge thin films are most widely used, while
bulk crystals are used mainly for fundamental
investigations because of the complexity of their fab-
rication and high cost [1-5].

Currently, the new field of application of bulk
Si:Ge single crystals is X-ray, gamma, and
neutron optics. Particularly, high-quality crys-
tals are used in monochromators. As a rule,
crystals of the silicon- and germanium-rich sides
of the (Si;_.Ge,) phase diagram are used to
monochromate X-rays and harder gamma and
neutron radiation, respectively. Graded crystals,
in which the component concentration varies
monotonically over the crystal length, are of
the most interest. Due to this variation, the
lattice parameter varies monotonically accord-
ing to Vegard’s law. For example, the choice
of the gradient for use of :the Si,_,Ge, crystal
to monochromate synchrotron radiation = allows
one -to.. compensate for .the = divergence . of
the incident beam thus providing the fulfillment
of the Bragg reflection condition for the same
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radiation wavelength over the whole monochroma-
tor surface, which multiply increases the radi-
ation flux at a high degree of monochromaticity
(6,7].

In this work, we report the growth of
Si,_.Ge, graded crystals from the melt by the
Czochralski method. The main goal of the inves-
tigation was to attain a constant gradient of ger-
manium from 0.7 to 1.0 at.%-cm™! over a crys-
tal length of 8 cm. The value of the gradient and
crystal sizes were determined from the parame-
ters of monochromators necessary to equip two
emission lines at the Berlin Synchrotron Radia-
tion Source (BESSY).

2. Growth of graded crystals

The Si;_,Ge, crystals were grown by the
Czochralski method using a setup with:a. resis-
tive heater equipped with an automated system
to control the crystal diameter using a weight
sensor. The growth procedure was described in
detail in [8]. The’'PC-based control program, in
addition to a PID controller which keeps the
specified profile (diameter) of the crystal, in-
cluded a set of functions which allowed us to
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vary programmably the pulling rate, the rate of
rotation of the crucible and crystal, and other
growth parameters depending on the crystal
weight or the crystallized charge fraction.

The main difficulties in growth of the crystals of
the Si:Ge solid solution from the melt are as-
sociated with the danger of the appearance of
concentration  supercooling . - at  the  crystal-
lization front. Supercooling is caused by the
segregation of the second component, which
usually leads to the suppression of the single-
crystal growth. To select the growth parame-
ters (most often it is the pulling rate for the
growth of the crystal with the specified con-
centration of components) the Tiller criterion
is usually used [9]. This criterion provides an
estimate of the highest allowed growth rate at
which no concentration supercooling is yet ob-
served. The pulling rate which was estimated
according to this criterion for the growth from
the melt with 2at.% Ge was 15mm-h~!, and
for the growth from the melt with 7at.% Ge it
was 6mm-h~!. To optimize the growth process,
we gradually decreased the pulling rate when
growing the graded crystal as the Ge concen-
tration increased so as the pulling rate was be-
low the critical rate determined from the Tiller
criterion.

There are various variants of control of the crys-
tal composition during the growth. These are a
passive control, when the components are nat-
urally redistributed ‘due to segregation, and
an active control, when the melt is replenished
by one of the components. We actively con-
trolled growth of crystals of the germanium-rich
side of the phase diagram [10]. In tkis case, we
used -melt replenishment with silicon in order
to compensate its loss in the melt during growth
since the distribution coefficient of Si in germa-
nium & > 1. Silicon was introduced into the melt
by dissolving the calibrated Sirods arranged over the
crucible perimeter. =
. Hereinafter, * we - deal with . the passive
control of the composition profile during the
growth of crystals of the silicon-rich side of the
Si:Ge phase diagram. In this case, the gradient
is controllable due to the variation in the size
and shape of the growing crystal.
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3. Growth of cylindrical crystals

The distribution of the germanium concentra-
tion Cg, during growth of the Si;_,Ge, crystals
by the Czochralski method is described well by
the expression [8]

CGe = kCO,Ge(l - g)kul, (1)
where k is the distribution coefficient of Ge in
Si, which usually depends on the concentration
of components, in this work we used for estima-
tions k= 0.32; C ge is the initial concentration
of Ge in the melt; and g is the crystallized frac-
tion of the initial melt (0< g<1). In the first
half of the crystal, the Ge concentration over the
length varies weakly and an almost constant gra-
dient is observed, while at g > 0.6, the Ge con-
centration and its gradient noticeably increase
as g increases.

Since we grow real crystals, it is more conve-
nient to present g in their cylindrical part as

g= Mcr/MO = WPchZL/Mm (2)
where M) is the weight of the initial charge, M.,
and p., are the weight and density of the crys-
tal, and R and L are the radius and length of
the crystal, respectively. One can see from ex-
pressions (1) and (2) that at the constant weight

CGe ,at. %
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Figure 1. Distribution of Ge in the length of two
Si;-Ge, crystals of diameters 33 and 38 mm, which
were grown from the melt at the same initial charge
and Ge concentration of 7at.%. The Ge concentra-
tion was determined from the shift of position of the
optical phonon (TO) in the IR transmission spectra
near the fundamental adsorption edge [11].




Figure 2. Si;-:Ge single crystal of diameter
40 mm and monochromators for the synchrotron ra-
diation based on the graded crystal. The size of
monochromators is 30x30 mm.

of the initial charge, it is necessary to grow the
crystal with a larger diameter to form a larger
concentration gradient. In this case, the crystal
will be shorter. Figure 1 shows the distribution
of Ge in the length of two crystals of different di-
ameters grown from the melt with identical ini-
tial parameters (charge 360 g, 7 at.% Ge). For
practical reasons, in order to increase the Ge
gradient in the crystal, it is more convenient to
decrease the initial charge rather than increase
the crystal diameter which can also be restricted
by crucible sizes.

Such an approach was successfully used to
fabricate monochromators 30 X.30 X .10 mm
in size with the highest Ge gradient of
1.4at.%-cm~! [12] in growing Si,_. Ge, crystals
from the melt with an initial Ge content of 7 at. %
(Fig.2). The grown crystals were 38 to 40 mm in
diameter. To fabricate the monochromator, we
used a part of the crystal between gmin ~ 0.65
and gmex = 0.85. However, to obtain a constant
gradient over the larger length of the crystal,
it is already insufficient to vary its size (length
and/or diameter) only.

4, Growth of crystals
with variable cross section

Let us assume .that our goal is ‘to. grow.:a
crystal with a constant gradient B of doping im-
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purity or the second component over its length.
Tor Si;_,Ge,, this means that

BCGe
oL

= B, (3a) or Cge = BL+kCoge (3Db)

Let us find now the shape of the crystal as
the dependence R(L). - Equating the right-hand
sides of expressions (1) and (3b), we can find the
relationship between ¢ and L,

B 1/(1-k)
g=1- (kco,GeL“) - @

At the same time, we can obtain from expression
(2) that

dg mp
-2 = I p?
2 - T ), )
where R(L) is the length dependence of the ra-
dius for the crystal of an arbitrary shape. Now,
from expressions (4) and (5), we can find the
final equation

2~k

=
L+1> .

(6)
It is noteworthy that Eq.(6) is correct for each
impurity with k# 1.

Figure 3 shows the graded Si;_;Ge, crystal
grown in order to attain the linear Ge distri-
bution in the crystal length. The required gra-
dient of Ge B=~0.8at.%-cm~! should be re-
tained over a length of 8cm. The distribu-
tion profile was calculated from Eq. (6) for the fol-
lowing parameters: B =0.8at.%-cm™!, the ini-
tial charge M, =215g, the initial Ge concen-
tration in the melt Coge="7at.%, k =0.32, and
pee = 2.33g-em™". Here, we did not take into ac-
count that the crystal density changes as the Ge
concentration in the crystal increases. The cal-
culated curve is given for the range 0.2 < g <0.9;
the crystal was grown to g = 0.89.

One can see from the comparison of the cal-
culated profile and the shape of the grown crys-
tal that they coincide well in the middle part
of the crystal. This fact is also confirmed by
Fig.4 which presents the experimental Ge dis-
tribution in the crystal length. In the middle

R(L)=

MyB ( B
7per(1—k) Co,ce \kCo,Ge
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Calculated profile of the crystal

Figure 3. Graded crystal Siy_,Ge, and the cal-
culated profile for attaining the gradient
~0.8at.%-cm™! (see explanation in text). The hor-
izontal straight line corresponds to the beginning of the
experimental curve of the Ge distribution in the
length of the crystal in Fig.4.

part of the crystal, the Ge distribution in the
length is practically linear. The deviation from
the linear distribution in the end of the crystal is
caused by the fact that the crystal diameter ex-
ceeds the calculated one which is 24.4 mm. This
was done. specially since the crystal diameter
should provide the fabrication of the monochro-
mator 20mm wide. The deviation at the initial
stage is also almost inevitable under the con-
dition of obtaining the specified gradient in a
length of 80 mm.
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Figure 4. Distribution of Ge in the length of the
Si;-zGe; crystal shown in Fig.3. The crystal was
grown from the melt with an initial Ge concentration
of 7 at.%.

The growth of the crystals with the speci-
fied shape of the surface is possible only under
the automated control of the diameter during
growth. As was mentioned above, the mainte-
nance of the specified crystal shape was per-
formed using the automated system with the
weight sensor. The main principles of operation of
this system were formulated previously [13]. To
grow the crystals with a decreasing diameter,
we used a program ifor the final stage of
crystal growth by the Czochralski method (the
program. of ‘the inverse comne), which provides
smoothness of the crystal profile via a gradual
decrease in the absolute value of the convergence
angle from the highest to the lowest value [ 14].
This exactly corresponds to the growth condi-
tions of the Si;_; Ge, crystals with a constant Ge
gradient (see the calculated profile of the crys-
tal in Fig.3). The program of a decrease in the
crystal radius was switched on when the crystal
became cylindrical at ¢ ~0.3.

The growth of the narrowing crystal by the
Czochralski method is associated with difficul-
ties caused by instability of a meniscus since its
height is larger than that during widening of the
crystal and during growth of the cylindrical part
[15]. In this case, the meniscus is subjected to
both capillary (mechanical) and thermal insta-
bility. The meniscus can break during growth
due to the mechanical instability. The thermal
instability complicates the control of the growth




using the weight sensor. Therefore, the control-
ling parameters were chosen so as (o avoid
large jumps of power providing its decrease dur-
ing growth.

5. Conclusions

The method of growth of the Si;_,Ge, graded
crystals presented in this work allowed us to ex-
tend the field of application of the Si:Ge solid
solutions. The existence of the lattice parame-
ter gradient which is caused by the variation in
the Ge concentration over the crystal length in-
creases the efficiency of monochromators of syn-
chrotron radiation due to the compensation of
convergence of the X-ray beam. Since the distance
between the radiation source and monochroma-
tor can be different depending on the design of
the radiation line, the gradient should be opti-
mized for each concrete case. Specifically, for a
distance of 20m, the gradient ~1.2at.%-cm™
is optimal [6].

We showed that the gradient can be controlled
via the selection of the size and shape of the
growing crystal. For example, the growth of a
crystal with a diameter decreasing according to a
specified law provides a constant gradient
over a substantial length. However, it should be
noted that the larger the required gradient,
the shorter is the length over which it is ob-
tained. Thus, the gradient ~ 0.8 at.%-cm™* was
obtained over a length of 8 cm. The highest gra-
dient 1.4 at.% Ge-cm™' with retention of crys-
tal quality was obtained over a length of 30 mm.

When using silicon monochromators, the
(111) and (220) reflections are most often used.
This means that the growth direction of the
Si,,Ge, crystals should be chosen so that crys-
tallographic planes {111} or {110} are parallel
to the crystal axis. For (220) monochromators,
the crystals were grown in the (111) and (100)
directions. For the (111) monochromators, pos-
sible directions of the crystal growth are (110)
and (112). However, in the growth in the (110)
direction, researchers failed to obtain the neces-
sary crystal quality because of dislocation inter-
growth from the seed [ 16]. In the growth in the
(112) direction, we succeeded to obtain the crys-
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tal quality satisfying the requirements for the
fabrication of monochromators.

The (220) and (111) monochromators fabri-
cated from the Si;_;Ge, graded crystals were
used to equip a KMS-2 radiation line at the
Berlin Synchrotron Radiation Source. Due to
the use of the Si;_;Ge, graded crystals, the
spectral reflectance of monochromators was in-
creased by a factor of 6 as compared with
the monochromators from pure Si with retention of
the magnitude of the integral reflection.
The spectral resolution of the monochroma-
tor AA/A=2-10"* for the (111) refiection and
AM X =10"* for the (220) reflection in the spec-
tral range from 3.5 to 15keV [7].
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