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1. Introduction

An important application of silicon crystals is their
use for power electronic devices. Certain vertically struc-
tured power electronic devices need silicon wafers with an
electrical resistivity in the lower limit of 1-5 m{2 cm. This
relatively low resistivity is required in order to minimize
the switching losses and thus to increase the efficiency of
the electronic devices [1]. According to Fig. 1 an elec-
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Fig. 1. Carrier concentration versus electrical resistiv-
ity in silicon doped with boron, phosphorus and arsenic.
The curves were calculated according to the semi stan-
dard SEMI MF723-0307 [2].

trical resistivity of less than 5 m{) cm corresponds to a
carrier concentration exceeding 1 x 10'% em =3, i.e. a dop-
ing concentration higher than 1 x 10'° atoms/cm?. Such
heavily doped silicon crystals can only be grown by the
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Czochralski (CZ) technique because these high doping
levels cannot be achieved by the floating zone method.
Heavy doping of silicon in CZ is commonly realized by
adding boron, phosphorus, or arsenic to the silicon melt
by special sophisticated techniques, e.g. [3-5] which are
differing considerably from the doping techniques used
for standard or shallow doping levels in CZ growth of
silicon. The typical resistivity ranges which are feasible
today are 0.5-20 m{2 cm for boron, 1-2 m{) cm for phos-
phorus, and 2-10 mQ cm for arsenic [6].

It is well known in the literature that the probabil-
ity of the occurrence of dislocations and grain bound-
aries (called “structure loss” by CZ growers) is strongly
increased in CZ growth by high doping concentrations
[6-15]. One major origin for the increased occurrence of
structure loss is considered to be a morphological insta-
bility of the solid-liquid interface [16]. This phenomenon
which is illustrated by the example in Fig. 2 can be caused
by the so-called constitutional supercooling. It originates
from the strong enrichment of the dopant concentration
in front of the solid-liquid interface (due to segregation)
and the resulting reduction of the liquidus temperature
by several degrees (shown quantitatively below).

The goal of this paper is to present a systematic study
of the phenomenon of constitutional supercooling, i.e.
morphological instability of the interface in CZ growth of
heavily doped silicon. The study will be based on theo-
retical models and experimental data considering various
material properties of the different doping elements and
pulling parameters. Based on the results, conclusions
will be drawn for stability limits for the CZ growth of
dislocation-free heavily doped silicon crystals in depen-
dence of the doping species and their concentration.

2. Constitutional supercooling

2.1. Phenomenological description

The segregation coefficient k is defined by the ratio of
the concentration of the solute in the crystal Cg to its
concentration in the melt Cr, (see Fig. 3):
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Fig. 2. Etched longitudinal section of a silicon crystal
heavily doped with As (1 x 10" at./cm ™) grown in a
laboratory setup by the floating zone method [17].
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For all relevant dopants of Si (e.g. B, P, and As) k is
smaller than unity (k¥ < 1). This means that the dopant
concentration Cg which is incorporated into the crystal
is smaller compared to the concentration C7, in the melt.
In this case the solute is rejected from the growing in-
terface and an enrichment of the solute in the melt will
take place during crystal growth as shown by the pile
up of the solute concentration Cp(x) in Fig. 4a. A so-
-called solute boundary layer is formed with a thickness
0 according to the phase diagram (Fig. 3). This locally
depending solute concentration Cf,(z) results in a locally
depending liquidus temperature T7(z) which is plotted
in Fig. 4b versus the distance x from the interface in
the same scaling of x as the plot C(x) above (Fig. 4a).
Additionally two possible temperature profiles T'(z) and
T"(x) are shown in Fig. 4b which may be given by two
different designs of the hot zone or the heating conditions
in a certain CZ growth setup.
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Fig. 3. Liquidus and solidus temperatures versus con-

centration of a dopant in the solid (C's) and in the lig-
uid (CL). Tw = melting point of pure silicon (Cs =
Cr, = 0). m = slope of liquidus line T, (Cr). k= Cs/CL
is the definition of the segregation coefficient.
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Fig. 4. (a) Concentration Cp(z) of a dopant in the

melt versus distance x from the growth interface. Cro =
concentration in the melt at the interface (x = 0). § is
the width of the boundary layer. (b) Liquidus temper-
ature T.(x) corresponding to the concentration profile
Cr(z) plotted in (a) versus distance x from the growth
interface, plotted in the same scaling as in (a). The tem-
perature profiles 7"(z) and T"(z) are two cases which
are discussed in the text. The shaded area marks the
region where the melt is “constitutionally supercooled”
in front of the growth interface reaching up to position
x* in the case of temperature profile 7" (z).

Constitutional supercooling occurs in the case of tem-
perature profile T”(x) because the actual melt tem-
perature T"(z) is smaller than the liquidus tempera-
ture T (x). The region where the melt is constitutionally
supercooled is marked by the shaded area in Fig. 4b. It
reaches from the interface until position z*. This range
extends a bit more than the extension of the boundary
layer («* > §). In this situation the interface is morpho-
logically unstable because any fluctuation forms a pro-
tuberance of the interface which grows into the super-
cooled melt region. This growth again increases the so-
lute concentration in the melt by segregation and hence
lowers the liquidus temperature 7,.. This effect ampli-
fies again the growth of the protuberance. It can be
theoretically shown that a number of such projections
will be formed in a close packed array separated by dis-
tances which are determined by the local transport con-
ditions [18]. The regions between the projections become
progressively richer in solute and will finally be included
in the crystal. This can be observed in the experiments
by a breakdown of the regular interface (compare Fig. 2).
It is typically accompanied by the formation of various
crystal defects which cause for example the “structure
loss” in CZ growth of silicon.

Constitutional supercooling can be avoided if hot zone
and heating conditions are selected to result in a tem-
perature profile like 7"(z) in Fig. 4b or any profile with
T(z) > T'(x), i.e. with a larger temperature gradient G ..
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These conditions will be discussed in the following sec-
tions in detail for the CZ growth of silicon heavily doped
with B, P, and As.

2.2. Mathematical models for a constitutional
stability limat

The theoretical description of constitutional supercool-
ing goes back to the pioneering works of Tiller et al. [19]
for purely diffusive species transport in the melt and of
Hurle [20] for convective mixing in the melt. According
to their theory the ratio of the actual temperature gradi-
ent in the melt G, to the growth velocity V must exceed
a critical value which is a function of the segregation co-
efficient k, the slope m of the liquidus temperature 7. (),
the solute concentration Cp, in the melt and the diffusion
coefficient D of the solute in the melt.

2.2.1. Purely diffusive species transport
in the melt—Tiller’s formula
For the case of purely diffusive species transport in the
melt the stability criterion is defined in Eq. (2) according
to Tiller et al. [19]:
Gy | (L= R)(-m)Cy )
14 kD
The temperature gradient GG, in the melt in front of the
interface can be related to the temperature gradient Gg
in the crystal at the interface by the conservation law of
the heat fluxes at the interface
AsGs = AGL + Vip. (3)
As, Ar are the thermal conductivities of solid (crystal)
and liquid (melt), L — the latent heat (heat of crystal-
lization), p — the density of the melt.
The slope m = AT, /ACy, in Fig. 2 can be estimated
according to Thurmond and Kowalchik [21] for diluted
alloys (like doping concentrations) by

T2 Km?
m— It g 06w 10727 {m] . (4)
L atoms

Th, is the melting point temperature of the pure material
(here Si), R — the gas constant and L — the heat of crys-
tallization. According to Hurle [20] this estimation of the
slope m by Eq. (2) has proven to be accurate enough for
all dopants in the case of a rough, non-facetted interface,
i.e. all crystal orientations except the (111).

By introducing Egs. (1) and (3) into Eq. (2) a stability
criterion can be defined which relates the ratio of the ax-
ial temperature gradient in the solid Gg and the growth
rate V to the doping level in the melt C. For simplicity
it is assumed that V is equal to the pulling speed in Cz
crystal growth, although the actual growth rate can be
slightly higher than the pulling speed.

Gs A (l—K)(=m) . _ Lp
V ~ As kD C“L/\S' (5)

Results for the stability limit for CZ growth of silicon
are shown in Fig. 5. In this figure the critical temperature
gradient G calculated from Eq. (5) for boron, phospho-
rus, and arsenic in the purely diffusive case is shown as
dashed lines in dependence of the doping concentration
Cy, in the melt for a pulling speed V' = 1 mm/min.
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Fig. 5. Critical axial temperature gradient Gs in the
crystal versus solute concentration C, in the melt for
a pulling speed V = 1 mm/min for B, P, and As.
The dashed lines were calculated after Eq. (5) for the
purely diffusive case. The solid lines were calculated
after Eq. (9) for the case with melt convection assum-
ing a rotation rate of the crystal of w = 10 rpm. The
symbols highlight the critical temperature gradients for
the case with melt convection and a solute concentration
Cr, = 1x10% atoms/cm™? at the beginning of the body
growth and the corresponding values at a solidified frac-
tion g of 80%. The error bars are due to the uncertainty
of the material properties, especially for the diffusion co-
efficient D used for the calculation of the temperature
gradient G's.

TABLE I

Material properties of silicon used to calculate the crit-
ical temperature gradient G5 after Eq. (5) and Eq. (9).

Kinematic viscosity v 3x 107" m?/s
Thermal expansion 3 1.4x 1074 Kt
Melting point T}, 1683 K

Thermal conductivity (solid) As |18.9 W/(m K)

Thermal conductivity (liquid) A |60.0 W/(m K)
Latent heat L 1.8 x 10° J/kg
Density p 2520 kg/m?

The material properties of silicon and the physical
properties of the dopants are compiled in Table I and
Table II. For the calculations the D values given in the
third raw were used which are within the published range.
It is obvious that the smaller the segregation coefficient
k the higher must the temperature gradient Gg in the
crystal be to avoid constitutional supercooling. For a
concentration Cr, = 1x10%° atoms/cm ™3 in the melt and
a pulling speed V' = 1 mm/min the temperature gradient
Gg in the crystal must exceed 45 K/cm for boron (kg =
0.8; Dp = 2.4 x 10~* em~2/5), 69 K/cm for phosphorus

TABLE II

Segregation coefficient k£ and diffusion coefficient D of B, P,
and As in silicon after [6, 22]. In the third raw the D values
used in the present calculations are given.

Dopant Boron Phosphorus Arsenic
k 0.8 0.35 0.3
D [m?/s] 1.2-24x 1078 | 2.0-5.1 x 107% | 1.9-3.3 x 1078
Dea1 [m?/s] 2.4 x 1078 3.0 x 1078 2.7 x 1078
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(kp = 0.35; Dp = 3.0 x 107* ¢cm™2/s) and 79 K/cm for
arsenic (kas = 0.3; Dags = 2.7 x 107% cm~2/s). Thereby,
it must be taken into account that the values of the dif-
fusion coefficients D reported for the various doping el-
ements in literature can vary strongly depending of the
doping element [6, 22|, for example in case of phospho-
rus between 2.0-5.1x 10~* cm ™2/ sec (see Table II). This
results in an error of the calculation of the critical tem-
perature gradient GGg. For simplicity, an average error
of +/-10% independent on the doping element was as-
sumed to plot the error bars in Fig. 5.

2.2.2. With convective species transport in the melt—
Hurle’s formula
In Czochralski crystal growth the transport conditions

in the melt are typically dominated by convective melt
flow [23]. In order to take into account convective so-
lute transport in the melt Hurle modified Eq. (3) by im-
plementing an effective segregation coefficient k.g, see
Eq. (6):

G 1—k)(—m)C

Gr _UWmCy, (©)
In a simple approximation the effective segregation coeffi-
cient ke can be estimated according to Burton et al. [24]:

k
F+ (1—k)exp(_Vo/D)’ @

0 is a free parameter which can be estimated by a bound-
ary layer thickness (compare Fig. 4a). The melt—crystal
interface of a rotating Czochralski crystal can be approx-
imated by a rotating disk in contact with a liquid. The
boundary layer thickness § of such a rotating disk is given
according to Cochran [25] by

§ = 1.6DY/3p1/6,=1/2 (8)
with kinematic viscosity of the melt v and rotation rate
of the disk (= crystal) w. Using Egs. (1), (3), and (6)—(8)
one can derive an expression similar to Eq. (5) for the ra-
tio of the temperature gradient Gg in the crystal versus
the pulling speed V' in dependence on the doping level in
the melt Cf, for the case including convective melt flow

G AL (1 —=k)(—m L

73 = ﬁ%cheﬁ + )\*Z (9)
Assuming a typical value of the crystal rotation w =
10 rpm and a pulling speed V' = 1 mm/min the crit-
ical temperature gradient in the crystal Gg calculated
according to Eq. (9) in dependence of the doping con-
centration in the melt C, is shown in Fig. 5 by the solid
lines for B, P, and As. It is obvious that under consider-
ation of a melt flow Gg is reduced compared to the case
without melt flow and must exceed for an initial dop-
ing concentration O = 1 x 102° cm ™3 only 44 K/cm for
boron (98% of pure diffusive case), 51 K/cm for phospho-
rus (75%) and 54 K/cm for arsenic (68%) as shown by
the symbols in Fig. 5. This phenomenon is well known
that the smaller the segregation coefficient k, the more
sensitive the solute transport depends on convection.

keff =

3. Phenomena and parameters affecting
constitutional supercooling during CZ growth of
heavily doped silicon crystals

3.1. Enrichment of dopants in the melt
due to segregation

During pulling of the crystal the solute (dopant) will
be rejected into the melt as all relevant dopants have
k < 1. Therefore, an increase of the solute concentra-
tion in the melt will take place with increasing process
time. Assuming that the system is conservative, i.e. no
solute is lost or added during growth and assuming to-
tal mixing by convection, the solute concentration in the
crystal respectively in the melt can typically be described
by Scheil’s equation [26] in dependence of the solidified
fraction g:

Cr = Co(1—g)* . (10)

We assume that at the beginning of the growth of
the cylindrical crystal body the solute concentration in
the melt is Cp = 1 x 10?° em™3. The growth of the
whole cylindrical crystal body shall correspond to a so-
lidified fraction g of 80%. This means that the concen-
tration of the solute C7, in the melt would increase from
Co =1x10% cm™3 to 1.4 x 102 cm—3 for boron, to
2.9 x 10%° ¢cm ™3 for phosphorus and to 3.1 x 10%° em™3
for arsenic at a solidified fraction ¢ = 0.8. As it is shown
by the symbols in Fig. 5, this would theoretically require
an increase of the critical temperature gradient Gg in
the crystal from 44 K/cm at the start of the cylindrical
body to 45 K/cm at the end of the body for boron, from
51 K/em to 72 K/cm for phosphorus and from 54 K/cm
to 83 K/cm for arsenic. Alternatively, the pulling veloc-
ity V has to be lowered from V = 1 mm/min down to
0.97 mm/min, 0.72 mm/min, and 0.67 mm/min for B,
P, and As respectively, while keeping the critical tem-
perature gradient Gg in the crystal constant from the
beginning (¢ = 0) to the end (g = 0.8) of the cylindrical
body.

Thereby, it must be stated that for boron these theo-
retical changes of either the temperature gradient or the
pulling speed due to the segregation effect are negligible
within the limits of error. Furthermore, the theoretically
determined changes for P and As do not correspond to
the real situation of CZ growth, because both solutes
(P and As) are evaporating quantitatively from the sili-
con melt during growth. The evaporation rate depends
on the argon pressure inside the puller [27]. Therefore,
the evaporation of the volatile P and As can compen-
sate the above segregation effect. This phenomenon can
be used to control the homogeneity of the doping distri-
bution by properly adjusting the argon pressure, respec-
tively, the argon flow along the free melt surface during
CZ pulling [28]. This effect of evaporation can be taken
into account in the Scheil equation (Eq. (10)) by an ad-
ditional parameter ke, [27]:

Cp = Co(1 — g)FHher, (11)
Several models to estimate ke, can be found in literature
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e.g. [11, 27, 29-31] and thus to calculate the criterion for
constitutional supercooling taking into account segrega-
tion and evaporation.

3.2. Crystal orientation

Usually the [100] and [111] orientation are used in
CZ growth of heavily doped silicon crystals. In case
of the [111]-orientation a central facet can form which
exhibits a higher doping concentration than the non-
-facetted periphery which grows with an atomically rough
interface [32]. The higher doping of the central region for
the growth with the facetted {111} interface is explained
by the higher effective segregation coefficient kg, [33].
For P, kg is up to 0.43 (kK = 0.3) and for As is 0.41
(k = 0.35) [33]. Unfortunately no value of k¢, for B was
found in literature. By replacing k by kgac in Eq. (9) the
critical temperature gradient Gs can be estimated for a
facetted interface. In case of phosphorus the critical tem-
perature gradient Gg becomes theoretically 49 K/cm for
the facetted interface instead of 51 K/cm for the rough
interface and in case of arsenic Gg is 51 K/cm for the
facetted interface instead of 54 K/cm for the non-facetted
one. These changes are within the error limits of the
model assumptions. Therefore, it can be concluded that
the presence of a facetted interface in case of pulling a
[111]-oriented crystal has a negligible influence on the
stability limit for constitutional supercooling.

3.8. Pulling rate and variations thereof

During a typical Czochralski growth run of silicon the
pull rate V differs significantly during the different pro-
cess steps. This is illustrated by Fig. 6 where the pulling
rate V and the crystal diameter are displayed during a
typical CZ growth run of a silicon crystal with a diameter
of 100 mm of the cylindrical body [34]. At the beginning
the pull rate V' is increased up to several mm /min during
the necking procedure called after Dash [35]. Then, V is
reduced to enlarge the crystal diameter during growth of
the starting cone. During shoulder growth, i.e. the tran-
sition from the starting cone to the cylindrical crystal
body, V is increased again to counteract an uncontrolled
increase of the crystal diameter. In the present case the
pull rate jumps from 0.5 mm/min during growth of the
middle part of the shoulder to around 1.7 mm/min at
the end of the shoulder. During growth of the cylindrical
crystal body V is on average around 1.2 mm/min and its
variations are relatively small, nevertheless with V' as pa-
rameter for controlling and achieving a CZ crystal with
a constant diameter. The crystal diameter is decreased
at the end (“end cone”) by a slight increase of the pull
rate compared to the value during body growth, before
the crystal is finally detached from the melt.

As the critical temperature gradient Gg in the crystal
is nearly proportional to the pull rate V' (according to
Eq. (9)), Gs must be expected to vary also significantly
during the different process phases of a typical CZ growth
run as shown in Fig. 6. This is illustrated by Fig. 7 where
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Fig. 6. Pull rate V' (left ordinate) and crystal diameter
(right ordinate) as detected by the control system versus
process time for CZ pulling of a silicon crystal with a
diameter of 100 mm in the cylindrical part (body) [35].
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Fig. 7. Pullrate V versus critical temperature gradient

G5 in the crystal computed after Eq. (9) for a rotation
rate of the crystal w = 10 rpm and a solute concentra-
tion in the melt C, = 1 x 10%° at./cm™® for B (dotted
line), P (dashed line), and As (solid line). The grey area
marks typical pulling rates which are used to grow sil-
icon crystals with diameters of 100-200 mm (compare
Fig. 6). The error bars are due to the uncertainty of
the material properties, especially for the diffusion co-
efficient D used for the calculation of the temperature
gradient Gs.

the relationship between the pulling rate V' and the crit-
ical temperature gradient Gg in the crystal is plotted for
B, P, and As. The curves were computed by Eq. (9) for an
initial doping concentration of 1 x 10?° cm~3 in the melt.
If one assumes a pull speed V of the cylindrical body of
around 1 mm /min, then the required critical temperature
gradient Gg in the crystal is at least 100% higher dur-
ing the Dash necking (Vieck > 2 mm/min) than during
growth of the crystal body. The growth of the starting
cone and the transition from the starting cone to the
cylindrical body seem to be also very critical with re-
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spect to constitutional supercooling. The high values of
the pull rate V' which are used during this process phase
are corresponding to large values of the critical temper-
ature gradient Gg, which should be at least 70% higher
than for the growth of the body in the given case. Fi-
nally, it can be assumed that the pulling of the end cone
is critical, too. The solute has enriched in the remain-
ing shallow (poorly mixed) melt and the pulling speed is
increased to decrease the crystal diameter. However, no
quantitative data neither for the pulling speed nor for the
actual temperature gradient in the crystal are available
for the region of the end cone. Therefore, the growth of
the end cone cannot be considered in the further discus-
sion.

4. Discussion

In this chapter an attempt is undertaken to discuss
the limitations of CZ growth of heavily doped silicon
crystals with respect to constitutional supercooling under
“industry-like” conditions. The problem of such a consid-
eration is the fact that temperature distribution in a CZ
puller and therefore in the crystal is depending strongly
on the actual hot-zone design and process parameters
which are usually confidential in industrial production.
However, there are some reports [36-42] and also refer-
ences therein where the temperature distribution in the
crystal for different puller geometries and process con-
ditions have been analyzed. Furthermore, studies exist
about modeling of the heat transfer in CZ pulling of sil-
icon crystals. These published experimental and numer-
ical results are used in the following in order to estimate
the range of the typical temperature gradient in the crys-
tal G during the different process phases and for different
crystal diameters. These ranges of temperature gradients
will be compared to the critical temperature gradients G g
which are needed to avoid constitutional supercooling.

Table III shows the results of such a quantitative com-
parison. Column 1 denotes the different CZ process
phases according to Fig. 6. Column 2 contains the real-
istic pulling rates V in the three different process phases
which were used to calculate by Eq. (9) the correspond-
ing critical temperature gradients Gs which are needed
to avoid constitutional supercooling for a B, P and As
concentration in the melt Cy, = 1 x 10** ecm ™3 (columns
4, 5 and 6 in Table IIT). The actual temperature gradi-
ents G which are given in column 3 were estimated from
published experimental and simulation data as follows.

The temperature gradient G in the crystal during the
seeding and necking phase is in the order of 50-100 K /cm
according to direct measurements performed in a CZ
puller for growing silicon crystals with 300 mm diameter
[42] and according to experiments [36, 40] with smaller
crystal diameters. For the growth of the cylindrical body
G is typically decreased with increasing crystal diame-
ter regardless of the doping level and the actual hot-zone
design. The reported values of G are in the range of 20—
60 K/cm for crystals with 100 mm and 200 mm diameter

TABLE III

Available data in literature about pulling rates V (column
2) and temperature gradients G (column 3) used for certain
CZ process phases: necking, starting cone and shoulder,
and body growth of silicon crystals with diameters of 100
200 mm. The last three columns denoted by B, P, and As
contain the critical temperature gradients Gg calculated
after Eq. (9) using the values of V from column 2 for a
solute concentration Cr, = 1 x 10%° at./cm?’.

1 2 3
Process phase|V [mm/min]|G [K/cm]

B | P [ As
Gs [K/cm]

necking > 2 50-100 | 88 | 106 | 112
shoulder 0.5-1.5 25-80 |22-60|25-78| 26-82
body 0.8-1.2 20-60 |35-53|40-62| 43-65

at pulling rates V' of around 1 mm/min [39, 40, 43]. The
temperature gradient can also vary along the length of
the cylindrical body as reported e.g. in [40]. For the
transition from the starting cone to the cylindrical body
it is concluded from very few experimental data [39, 40]
that G is about 10-50% higher than in the subsequent
cylindrical body phase. More precise data could only be
obtained by fully time-dependent simulations which are
still very challenging [23].

In the criterion of constitutional supercooling (accord-
ing to Fig. 4b and Eq. (3)) the actual temperature gra-
dient G has to be taken in a crystal position very close
to the growth interface. Measured temperature gradi-
ents represent usually values which are either averaged
over the whole crystal length or which are determined at
a certain distance away from the solid-liquid interface.
However, it is known from numerical simulations that
the temperature gradient can be e.g. 20% to 30% higher
directly at the interface than at a distance of a few cen-
timeters away from the phase boundary [38, 43]. This
means that the actual G values are most likely higher
than the G values given in Table III.

In any case it follows clearly from a comparison of
columns 3 and 4-6 in Table III that the avoidance of con-
stitutional supercooling during growth of heavily doped
silicon crystals is very challenging. The critical temper-
ature gradients Gg which are needed for a stable growth
are very close to the upper limit of the values of the tem-
perature gradients GG which are reported in the literature
for various CZ growth conditions. If one considers the dif-
ferent doping elements it is also obvious that the avoid-
ance of constitutional supercooling is more difficult for
growth of As-doped Si crystals than for P-and B-doped
ones (compare columns 4, 5 and 6 in Table III).

An increase of the crystal diameter (e.g. from 100 mm
to 200 mm) would intensify the problem because it has
to be considered that for a given hot-zone typically the
temperature gradient G decreases with increasing crys-
tal diameter [44]. Furthermore, it has to be considered
that the axial temperature gradient G varies along the
radial position. It is typically higher at the periphery
of the crystal compared to the center [43]. This means
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that a breakdown of the interface caused by constitu-
tional supercooling will preferentially begin in the core of
the crystal rather than at its periphery. This prediction
is confirmed by several experimental results [3, 7-15].

From the arguments above, it can be easily under-
stood that the growth of silicon crystals heavily doped
with P or As with 300 mm diameter would be extremely
difficult.  Although the pulling speed V is typically
only 0.5-0.6 mm/min for shallow doped crystals with
300 mm diameter during the growth of the cylindrical
body [45, 46], the temperature gradients G reported in
literature are also only in the order of 30-40 K/cm dur-
ing body growth [45]. This means that the growth of
silicon crystals with 300 mm diameter would take place
again very close to the criterion of constitutional super-
cooling for P and As (see Fig. 7). In addition, it has to
be considered that the larger mass of the melt (> 250 kg
typically used for 300 mm diameter instead of 30 kg for
100 mm [46]) would require the handling of ten times
more mass of the hazardous phosphorus and arsenic.
This is extremely challenging from a safety and secu-
rity point of view. For silicon heavily doped with B the
growth of crystals with 300 mm diameter might become
more feasible from both, the occurrence of constitutional
supercooling and the doping issues — independently of
economic considerations.

5. Conclusions and recommendations

It has been shown in the previous sections that it is
very challenging to grow silicon crystals by the CZ tech-
nique with high doping levels (> 10%° atoms/cm3) of B,
P, and As without running into the problem of constitu-
tional supercooling followed by the “loss of structure”.

From the theoretical background one can conclude that
the following measures should be considered to avoid con-
stitutional supercooling:

e optimization of the hot-zone of the puller e.g. by
introducing additional heat shields in order to es-
tablish a higher temperature gradient G;

e decrease of the pulling speed V' in order to decrease
the pile up of doping atoms in the melt in front of
the growth interface;

e increased convective melt transport in order to de-
crease the pile up of doping atoms in the melt in
front of the growth interface.

On the other hand, for economic reasons it is not desir-
able to decrease the pulling rate V. Moreover, an increase
of the temperature gradient G would result in an increase
of the thermal stress in the crystal [44]. This could lead
to the formation of crystal defects, like dislocations and
finally structure loss even without violating the criterion
for constitutional supercooling.

It is also discussed in literature that the structure loss
during CZ growth of heavily doped silicon crystals may

depend on the concentrations of oxygen and intrinsic
point defects, e.g. [6, 12, 15]. So far there are only a
few publications et al. [47-50] in which the influence of
doping on the concentration of intrinsic point defects is
studied. It is discussed that high doping concentrations
of B, P, and As can have a considerable influence on the
formation of three-dimensional crystal defects like voids,
crystal originated particles (COPs), oxygen precipitates
and the position of the oxygen induced stacking fault
(OFS) ring [47-50]. However, no clear picture exists so
far in literature especially regarding the correlation of the
occurrence of structure loss with the point defect content
of heavily doped silicon crystals.

Therefore, it will remain difficult to prove in a certain
case whether constitutional supercooling is responsible
for a “structure loss” or whether other phenomena were
limiting the dislocation-free growth of heavily doped sil-
icon crystals by the Czochralski technique.
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