crystals

Article

App

lication of the Alexander-Haasen Model for Thermally

Stimulated Dislocation Generation in FZ Silicon Crystals

Andrejs Sabanskis L+@, Kaspars Dadzis 2(D, Robert Menzel 2

check for
updates

Citation: Sabanskis, A.; Dadzis, K.;
Menzel, R.; Virbulis, ]. Application of
the Alexander—-Haasen Model for
Thermally Stimulated Dislocation
Generation in FZ Silicon Crystals.
Crystals 2022, 12, 174. https://
doi.org/10.3390/ cryst12020174

Academic Editor: George Z. Voyiadjis

Received: 31 December 2021
Accepted: 19 January 2022
Published: 25 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Janis Virbulis !

Institute of Numerical Modelling, University of Latvia, Jelgavas Street 3, LV-1004 Riga, Latvia;
janis.virbulis@lu.lv

Leibniz-Institut fiir Kristallztichtung, Max-Born-5tr. 2, 12489 Berlin, Germany;
kaspars.dadzis@ikz-berlin.de (K.D.); robert.menzel@ikz-berlin.de (R.M.)

*  Correspondence: andrejs.sabanskis@lu.lv

Abstract: Numerical simulations of the transient temperature field and dislocation density dis-
tribution for a recently published silicon crystal heating experiment were carried out. Low- and
high-frequency modelling approaches for heat induction were introduced and shown to yield similar
results. The calculated temperature field was in very good agreement with the experiment. To better
explain the experimentally observed dislocation distribution, the Alexander-Haasen model was
extended with a critical stress threshold below which no dislocation multiplication occurs. The results
are compared with the experiment, and some remaining shortcomings in the model are discussed.

Keywords: computer simulation; line defects (dislocations); stresses; semiconducting silicon; floating
zone technique

1. Introduction

Dislocation-free silicon (Si) single crystals are grown with the Czochralski (CZ) and
Floating-Zone (FZ) methods. The occurrence of dislocations is detrimental to process
yield and needs to be avoided. Furthermore, in other growth processes, for solar Si in
particular, dislocation density and distribution are important quality factors influencing
many practically relevant material parameters such as the minority carrier lifetime.

In FZ and CZ processes, the initial dislocations are generated due to high temperature
gradients arising during the contact of the crystalline seed with the melt. These are
eliminated using the Dash technique—by growing a long, thin neck until dislocations
terminate at the crystal surface by the climb mechanism [1]. Recent attempts to develop
new techniques without the Dash neck, such as the modified FZ method, have shown
that in cases using large-area seeds, the dislocations always occur at high temperatures
above 1200 °C [2,3]. In this case, dislocation generation is believed to be caused primarily
by high thermal stresses. By adjusting the temperature gradients, the stress level and the
final dislocation density in the crystal can be lowered [4].

To explain various experimental observations, early mathematical models in the
literature proposed a simplified criterion—the critical resolved shear stress (CRSS) [5,6].
The elastic thermal stress field is calculated, and, if it is lower than CRSS, no dislocations
will be generated. Otherwise, the dislocation density is proportional to the excess stress,
which is the difference between the calculated stress and the CRSS. This model is only
qualitative and does not explain why dislocation-free CZ and FZ crystals can be grown
with calculated stresses exceeding the CRSS at least by an order of magnitude [7].

A quantitative model for the dislocation density proposed in [8] is known as the
Alexander-Haasen (AH) model. It describes dislocation multiplication but not generation,
and it is a local model, meaning that the multiplication rate does not depend on the
neighbouring dislocation density values. The crystal initially must have a small non-zero
dislocation density, which will increase (multiply) at different rates, depending on the stress
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level and the temperature. The AH model has been applied for Si and other semiconductor
materials [9-14] and extended to multi-slip systems as the Haasen—Alexander-Sumino
(HAS) model [15,16].

An advanced Alexander-Haasen model was used for the modelling of almost dislocation-
free CZ and FZ Si crystals of different orientations in 3D [17]. The crystals were heated (not
exceeding the melting point) and cooled down by controlling the temperature at monitoring
points located on heaters. The calculated dislocation density distribution for the (111) crystal
was in a worse agreement with the experiment than for the (100) crystal possibly due to
the neglected dislocation propagation. However, since the whole crystal was heated, it is
somewhat difficult to pinpoint at what conditions (temperature and stress) the dislocation
generation was started.

To the best of the knowledge of the authors, no macroscopic dislocation density
model (AH, HAS, or their modifications) allows to predict the generation of the first
dislocations in an initially dislocation-free crystal. This model limitation implies that
additional assumptions (e.g., non-zero initial dislocation density) have to be used for the
numerical modelling of the CZ Si crystal growth [12], FZ Si crystal growth (no literature
known), or other almost-dislocation-free setups [17]. Most existing numerical studies
consider other materials or growth processes where the dislocations are always present,
and their multiplication is well described by the AH model.

To better understand the origins of dislocation generation, an experiment by Rost et al. [18]
related to the modified FZ process [2,3] was carried out. An as-grown FZ Si single crystal
was heated by a high-frequency (HF) coil in a controlled manner up to different temperatures,
depending on the position. No mechanical surface treatment was applied to avoid dislocation
generation induced by surface defects. The time-dependent temperature of the crystal was
measured, and a clearly defined initial dislocation generation at about 995 °C was observed in
later dislocation measurements. Thus, a set of experimental data is available for the validation
of the mathematical models for temperature and dislocation density.

In the present study, the experiment [18] was analysed numerically using a new
implementation of the AH model with the goal of validating the applicability for dislocation
dynamics in FZ Si. A simplified volume distribution of the electromagnetic (EM) field
from calculated surface values using the HF approach was introduced since the crystal
diameter is comparable to the EM skin depth. The AH model, supplemented with a
critical stress threshold, which imitates the effect of dislocation generation, was applied to
describe the dislocation density dynamics. The results were compared with the experiment.
Such temperature and dislocation density simulations for an as-grown Si crystal have not
been published in the literature up to now. New solvers for the temperature, stress, and
dislocation density are developed using open-source finite element library deal.II [19]
and are freely available to all interested researchers as a new open-source solver package
MACPLAS [20].

2. Description of Experiment

The experimental setup and obtained results are described in [18]; therefore, only a
brief summary relevant for the numerical modelling is given in this section.

An as-grown (100) FZ Si single crystal with a diameter of 20 mm and a length of
480 mm was heated by an HF (f = 2.715MHz) inductor to increasing temperatures and
shifted stepwise to different heating (i.e., crystal) positions. Temperature steps of about
20K in the range of 700-1180°C were applied; thus, the melting point of Si at Tp =
1687 K = 1414 °C was not exceeded. The temperature was monitored by a pyrometer
with an integrated infrared camera (Advanced Energy, IMPAC ISR 6-T1 Advanced), which
measures the average temperature in a circular probe region; see Figure 1.
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Figure 1. Infrared image 3 min before the end of heating. The superimposed horizontal white line
shows the vertical position of the inductor mid-plane, while the vertical one denotes the location for
the vertical temperature distribution T(z). The main temperature reading of 1180.0 °C is for a circular
region (5.7 mm in diameter) below the inductor.

Since a ratio pyrometer (also known as two-color pyrometer) is used to measure the
temperature, the obtained values are reliable because the temperature dependence of the
emissivity ¢(T) is taken into account automatically. A limitation, however, exists for the
global temperature field because a constant emissivity is employed outside the probe region.
This effect can be analysed by assuming eT# = const from which the following estimation

is derived: ”

Timeas = Treal l:S(Treal)] ’ 1

Eref

where ¢,¢ denotes the emissivity at the probe region; Tneas—measured temperature at
an arbitrary position; and T,.,—the actual temperature at this position. By using ¢(T)
from [21], one obtains from Equation (1) that pyrometer measurements of low temperatures
25mm from the probe point below the inductor overestimate the real temperature by up to
50°C.

The crystal was shifted downwards relative to the inductor in 10 mm or 20 mm steps
with a velocity V = 5mm/min, following by prolonged stops to allow the temperature to
reach the steady-state. In addition to the heating position change, the HF inductor power
was increased over time to reach higher temperatures as depicted in Figure 2. The time
t = 0 corresponds to the beginning of the stepwise heating, i.e., after the preheating.

A peculiar effect to note in Figure 2 is that both the measured temperature and the
inductor power drop as the crystal starts to move. This effect is especially pronounced
at high temperatures (above 1000 °C), when the temperature drop can reach 100 K. While
the complete explanation is beyond the scope of the present article, a possible reason
could be that the hot crystal at the heating position is replaced by a cooler region from
above and, as a result of changed electrical conductivity and skin depth, the inductor-
crystal impedance changes as well, leading to a reduction in induced power. It cannot be
excluded that the power fluctuations are caused by the power control algorithm of the
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HF generator. From now on, it will be assumed that the temperature is affected by the
prescribed time-dependent inductor power (in experiment) or current (in simulation).

Finally, after reaching the maximum temperature at ¢t = 215 min, the inductor power
was turned off. The crystal cool-down to room temperature was not analysed in the
experiment.
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Figure 2. Time dependence of experimental parameters—measured crystal temperature (average
over the circular region in Figure 1), heating (crystal) position, and HF inductor power. Highlighted
areas show time intervals at which the crystal is stationary.

3. Numerical Model
3.1. Heat Transfer
3.1.1. Temperature Field

The transient temperature equation is solved in the crystal:

0
pcpai: =V - (MT)VT) +4, )

where p is the density; c,—specific heat capacity; A(T)—temperature-dependent thermal
conductivity; and §—volumetric heat source. While 3D simulations are possible, a 2D
(axisymmetric) model was employed in the present work to save computational resources.
Another two reasons that justify the use of a 2D model is that (i) anisotropic material prop-
erties (elastic constants) have a weak influence on the results [13] and (ii) no clear deviation
from axial symmetry in characterisation results was observed in the experiment [18].

The global heat transfer was not considered in the present study since only the tem-
perature field in the crystal was of interest. Heat transfer between the crystal and parts of
the FZ furnace is described by the following boundary condition, which was applied at the
crystal side surface:

q = ospe(T* — T ) + h(T — Tgas) — GEm, ©)

where g is the heat flux density; osg = 5.67 x 1078 W/m?/K* is the Stefan-Boltzmann
constant; e—emissivity; T,y,,—ambient temperature; h—heat transfer coefficient; Tgas—
reference gas temperature; and ggyi—surface heat sources. Three terms on the right-hand
side of Equation (3) describe the effect of thermal radiation, convective gas cooling, and
inductive heating, respectively.

The parameters T,pyp, Tgas and h mainly affect the T(z) profile at low-temperature
regions, while the maximum temperature was determined by the inductor current (ggm
term). Of particular importance are the convective heat losses, since for h = 0 the crystal
temperature 30 mm below the inductor was ca. 40 K higher than in the experiment.
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The view factors were not considered for the thermal radiation calculation; instead, the
effect of the surroundings is described by a single parameter Ty.,;,. While this simplification
was imprecise near the inductor, the corresponding view factors are likely to be small due
to a small inductor height of 5mm and a rather wide 3 mm gap between the crystal and
the inductor (see Figure 9 of ref. [18]); therefore, no significant influence on the calculated
temperature distribution was expected.

3.1.2. Heat Induction

Two different modes for numerical modelling of the heat induction are distinguished:
HF and LF. In the HF (surface) mode, the induced power was applied as a temperature
boundary condition at the crystal surface, Equation (3), and the volumetric heat source 4 in
Equation (2) was set to zero. In the LF (volumetric) mode, the induced power was excluded
from the boundary condition (3), and the spatially varying volumetric heat source §(r, z)
was applied.

The HF EM field was calculated in 3D as described in [22]. The actual 3D inductor
shape was used, and the results were azimuthally averaged and used in 2D temperature
simulations as follows [21]:

g = 2 72, 4)
o

where iy = 48 x 1077 H/m is the vacuum permeability; i—surface current density; f—

inductor current frequency; and c—electrical conductivity of the crystal. Asiis proportional

to the inductor current I, only one HF simulation with I = 1 A was needed to apply the

time-dependent heating. For convenience, the crystal was not moved in the simulations,

and the inductor was shifted instead (i.e., the distribution ggpm(z)).

The electrical conductivity of Si has a strong temperature dependence o = ¢(T) [23],
which considerably affects the EM skin depth 6 = 1//7tugfo. The values of § at 700 °C
and 1300 °C were 7.3 mm and 2.0 mm, respectively, which are comparable to the crystal
radius (10 mm). Hence, the volumetric heat source should be considered for more precise
results.

In principle, the LF EM field needs to be calculated at each time step to account for the
spatially and temporally changing skin depth. In the present work, however, a simplified
description of the LF EM field was employed, which saves computational resources yet
captures the correct physics. The volume current density j was approximated with

jop(-3), o

therefore, the volumetric heat source can be expressed as

i2
q’:{f:aexp(—?), (6)

where x is the distance from the crystal surface, and the coefficient a is to be determined.
The surface power density applied in the HF mode is [21]

L
ad

=1l jdx = —; 7
e = fim [ e =7 ?

0

hence, a reasonable approximation for a is
__ 2qur

an = ®)

Strictly speaking, the skin depth was larger than the crystal radius far from the
inductor where the crystal temperature was below 600 °C. However, this model limitation
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can be neglected in simulations since, at such large distances from the inductor, gyF is
practically vanishing.

It is relatively straightforward to derive an analytical expression for the temperature
difference between HF and LF modes in 1D (see Appendix A). The value at the crystal
surface is given by the equation

AT ~ —— )

which predicts that for ggr = 1 MW /m? (typical value at 1300 °C for radial temperature
gradient of 40 K/mm), the maximum temperature in the LF mode is by ca. 45K lower,
compared to the HF mode. As will be demonstrated in Section 4.1, a difference of about 20 K
was obtained in the 2D calculations, which took into account the axisymmetric geometry,
non-homogeneous gyr(z) distribution, and temperature-dependent material properties. It
was concluded that Equation (9) provides a reasonable estimation of AT and that the skin
effect is important enough to be included in the simulations.

3.1.3. Equation Coupling

The numerical implementation of the heat transfer model is based on the open-source
finite element library deal.II [19], which has been applied in the past for the modelling of
transient temperature, stress, and point-defect fields [24]. The HF EM field was calculated
beforehand using inductor current I = 1 A. During the simulations (each time step), the in-
duced heat sources were scaled by 1% and updated according to the temperature-dependent
skin depth. Since both the temperature equation (2) and the boundary condition (3) contain
non-linearities, Newton’s method was applied. A direct solver was used for the system of
linear equations. The developed temperature solver is available in the open-source library
MACPLAS [20].

3.2. Dislocation Density Dynamics
3.2.1. Constitutive Equations

The Alexander—-Haasen model [8] describes the time evolution of the dislocation

density N, and plastic strain components efj:

dN,
Ttm - KUTelfme, (10)
dej; bvaS 1
a ﬁ ijs (11)
v = korgfexp<—kQT>, (12)

where v is the dislocation velocity; T is the effective stress; b is the magnitude of Burgers
vector; k = 8.617 x 10~° eV /K is the Boltzmann constant; and Q is the activation energy
(Peierls potential). J» = S;;S;;/2 is the second invariant of the stress deviator S;; = 0;; —
Sijok /3. K, 1, p, and ko are further material constants.

From a physical point of view, the multiplication law (10) together with the Orowan
equation extended to a multiaxial stress state (11), assuming the crystal is isotropic [12],
describe stress relaxation through plastic deformations and an increase in the disloca-
tion density.

Using the Macaulay bracket notation (x) = max(x, 0) > 0, the effective stress Tof can
be expressed as

Tett = (/T2 = DV/Now = Tarit ) (13)

where D is the strain-hardening factor. An additional term—7tjv—was introduced, which
is the critical stress for multiplication of dislocations. 7 is analogous to the drag stress 13,
which has been applied in the literature to describe the influence of impurity concentra-
tion [11,12]. In a sense, the new term incorporates a threshold for the dislocation generation
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into the AH model since dNy,/dt = 0 for \/J; < Dv/Ny + Terit. It is demonstrated in
Section 4.2 that non-zero 7 is needed to improve agreement with the experiment.

Non-zero initial dislocation density Ny was assumed in this study since dislocation
generation is not included in the AH model, only multiplication. Models that include the
generation of the first dislocations have not been published in the literature to the best of
the knowledge of the authors. The value of Ny has a weak influence on the results as long as
it is sufficiently low [12]. Typically, values of Ny of at least two orders of magnitude smaller
than the final dislocation density are recommended. Zero initial values of the plastic strain
were used.

3.2.2. Plastic Stress

The isotropic stress model was selected since it is known from the literature [13] that
the anisotropy of Si only slightly changes the results. The axisymmetric stress components
were calculated according to the following equation:

UY}’ (P X X 0 err - 8;1,;. - 8(;7,

o | _|x ¢ x O e=—el—¢ (14)
Tpp X x ¢ O Epp — sgtp — sfM, ’

Orz 0 0 0 G €rz — €5,

where the quantities ¢ = E(1 —v)/((1+v)(1—-2v)), x = Ev/((1+v)(1 —2v)), and
G = E/(2(1+v)) (shear modulus) are functions of the Poisson’s ratio v and Young’s
modulus E; e‘gj is the plastic strain obtained by integrating Equation (11); ¢;; is the total

strain; and eiT]. is the thermal strain given by

T
el = / 6ijae(T) dT = &(T) - (T — Tref) b, (15)
T

ref

where (51-]- is the Kronecker delta; « is the differential thermal expansion coefficient; and & is
the averaged thermal expansion coefficient, which is defined as

T

o
&(T) = TTrefT/ adT. (16)
ref

Purely elastic stress is calculated by Equation (14) if all plastic strain components
are zero.

3.2.3. Equation Coupling

The equations for the dislocation density and stress components were solved in
a sequential manner. This approach restricts the maximum allowed time step, but it
is already limited by a relatively fast crystal velocity in the heat transfer simulations.
Adaptive time-stepping is employed, which automatically reduces the time step during
rapid dislocation multiplication. Additionally, to improve numerical accuracy, a linearized
version of Equation (10) assuming constant stress was integrated analytically in a similar
manner as in ref. [10]. The stress field was calculated via the finite element method using
the same mesh and element order as for the temperature field. A direct solver was used for
the system of linear equations. The developed stress and dislocation density solvers are
available in the open-source library MACPLAS [20].

4. Results and Discussion
4.1. Heat Transfer and Elastic Stress

First, the temperature field was calculated to validate the heat transfer model. The fol-
lowing physical properties of solid Si were used: p = 2329 kg/m®and ¢, = 1000] /kg/K [21];
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the temperature-dependent electrical conductivity o(T), thermal conductivity A(T), and

emissivity ¢(T) are:

o o(T)=100-10**#7-22/T (in S /m) [23];

o A(T) =22(4495 — 7.222 T/ Ty + 3.728(T/Tp)?) (in W/m/K) [21];

. oT)= { 0.46 - 1.39, T < 0.593 Ty
046- (196 —096T/Ty), T > 0.593Ty

The parameters for the convective cooling of crystal surface # = 10W/m?/K and
Tgas = 300K in the temperature boundary condition (3) were selected based on authors’
previous experience in the global heat transfer modelling during FZ Si crystal growth [25].
The same temperature value was used as the effective ambient temperature for thermal
radiation: T, = 300K. Despite a much larger crystal diameter of 102 mm in ref. [25],
the value of I used in the present work is justified based on two considerations: (i) the
experiment took place in an inert gas atmosphere under similar conditions as the real
FZ process, reaching comparably high temperatures; (ii) the crystal temperature 30 mm
below the inductor was ca. 40 K higher than in the experiment when using # = 0, while for
h = 10W/m? /K this discrepancy was practically eliminated.

A structured quadrilateral mesh capturing both the start- and end-cone shapes and
consisting of about 15,000 cells was created using Gmsh [26]. The element size in the vertical
direction was 0.5 mm. A non-uniform size distribution was applied for 15 cells in the
radial direction with the minimum element size at the crystal surface of 0.3 mm. Second-
order finite elements (nine-node quadrilaterals) were used, resulting in the total number of
degrees of freedom for temperature of 61,000. The same discretization was used also for
stress and dislocation density simulations (Section 4.2). A maximum time step of 1s was
imposed. The time step cannot be much larger due to highly localized EM power sources
(profile full width at half maximum of about 4 mm) and a relatively fast crystal movement
velocity (5 mm/min). The influence of the mesh size, finite element order, and the time
step on the temperature field was checked by comparing the time-dependent maximum
crystal temperature and the temperature at four probe points between simulations with
different numerical settings and was found out to be very weak (below 0.5 K).

The inductor current I was changed over time (Figure 3) in a similar manner as the
experimentally applied power (Figure 2). Multiple iterations of manual I(t) adjustments
were done for both the LF and HF modes to improve the agreement with the experimentally
measured T(f) at chosen time instants. A higher current was required for the LF simulation
due to a lower temperature at the crystal as explained in Section 3.1.2. For simplicity, the
temperature integration over the measurement area was not done in simulations—the
value at a single probe point corresponding to the measured temperature was used instead.
This approach for a non-homogeneous temperature field could be justified by the vertical
temperature profile T(z) which in the measurement area was close to linear.

(dimensionless) [21].
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Figure 3. Comparison of time-dependent temperature with experimental measurements. T(¢) for
the HF simulation is not depicted as it practically overlaps with the LF result. Also shown is the
maximum crystal temperature Trmax and inductor current I. Highlighted areas show time intervals at
which the crystal is stationary.

As demonstrated in Figure 3, the simulations predicted the experiment very well with
deviations less than 15K. The observed temperature dropped as the crystal started to move
(see Figure 2), which could only be obtained if the inductor current was reduced in the
simulation. It is possible that the effective inductor current was indeed decreasing in the
experiment due to the power control algorithm of the HF generator. However, additional
experiments with current measurements would be required to validate this assumption.

Numerical simulations provide additional results that cannot be easily monitored in
experiment—in particular, the area of maximum crystal temperature Tyax is hidden by the
inductor. Figure 3 shows that Tiyax is considerably higher (up to 100-120K at the end of
heating) than the measured temperature and exhibits the same drops as the crystal starts to
move.

After the inductor power has been switched off, the crystal temperature drops (not
shown fully in Figure 3) due to heat losses by thermal radiation and convection. This drop
is so rapid that the maximum crystal temperature was below 500 °C in just 2 min.

Since the exact inductor position zg (or distance between the measurement area and
the inductor) is not easy to determine in the infrared images from the experiment—see
Figure 1—it was done with the help of simulations—a symmetric T (z — z¢) distribution was
obtained at t = 125 min, allowing to shift the experimental temperature profile vertically
and obtain that the centre of the measurement area was 5.05 mm below the inductor (zg
corresponds to the horizontal line in Figure 1).

As shown in Figure 4, vertical temperature distributions for both the HF and LF
simulations are in a good agreement with the experiment. As expected, the maximum
crystal temperature in the HF mode was consistently higher than in the LF mode with the
difference at the end of heating reaching ca. 20 K. The non-symmetry of the temperature
field with respect to the inductor was primarily caused by different crystal lengths above
and below the inductor at different times, not by transient effects.
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[ 38 min . ]
1200 . Calculation, LF E
. 65 min Experiment b
1100 :_ —— 83 min
[ — 125 min

212 min

Temperature, °C

VRN N

z- 29, mm

Figure 4. Comparison of vertical temperature distribution at different times with experimental
measurements. Black vertical lines show the lower and the upper boundary of the measurement
region. T(z — zg) distribution at f = 125min was symmetric with respect to the inductor, which
allowed to obtain more precise measurement point coordinates.

Before simulations of the dislocation density dynamics, the elastic thermal stress was
calculated using the following parameter values for the Poisson’s ratio v, the temperature-
dependent Young’s modulus E(T), and the thermal expansion coefficient a(T) with Tpe =
280K in Equation (16):

e v =0.25 (dimensionless) [9];
e E(T)=170—2.771 x 107°T? (in GPa) [9];
o a(T)=3725(1—exp(—5.88 x 1073(T — 124))) + 5.548 x 107*T (in 10~¢/K) [27].

Note that while the used FZ crystal was grown with a convex crystallization interface
shape [18], the interface deflection is not relevant for the modelling of the considered
experiment since the crystal was heated without melting.

A comparison between LF and HF modes given in Figure 5 reveals a noticeable
temperature difference of £20K both on the axis and at the crystal surface. The thermal
stress, however, is almost the same with the values of ca. 10.5 MPa on the axis, a minimum
of 6 MPa at r = 6 mm, and a maximum of 28.8 MPa (LF) and 30.3 MPa (HF) at the crystal
surface. Hence, no major differences between LF and HF heat transfer models were
expected in the dislocation density simulations.

1300 p—r—r——— ———— 1
—— Temperature, LF
1275 E Temperature, HF =
1250 _ —— Stress, LF _
@ [ Stress, HF ]
s 1225 F 430 ¢
S E E =
© 1200 F {2 4
g : 1 o
E 1175 f 420 &
© ; :
1150 F q 15
< 10
1 1 5
0 2 4 6 8 10
r, mm

Figure 5. Comparison of radial distributions of temperature T and stress /], at the end of heating
(t = 215min) for LF and HF modes.
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Figure 6 shows 2D temperature and stress distributions at the end of heating. The
instantaneous temperature field (Figure 6a) differs between LF and HF modes only in the
vicinity of the inductor since in this region the majority of the Joulean power is induced.
A specially post-processed field Tmax(r,z) = maxT(r,z,t) is plotted in Figure 6b. It is
interesting to observe the effects of alternating between crystal moving and stopping.
Although the maximum crystal temperature was 1300 °C, its upper part only became
700 °C hot. Finally, Figure 6¢ depicts the thermal stress field at the end of heating, which
was the highest at the crystal surface and roughly three times weaker near the axis. Due to
the localized heating, the stress sharply drops as the distance from the inductor increases.
At the heating position at time 119 min, which corresponds to the beginning of dislocation
generation in the experiment [18] (not visible in Figure 6), the maximum crystal temperature
was about 1016 °C, and the stress /], was 25 MPa (LF mode).

4.2. Dislocation Density Dynamics

Based on the validated heat transfer model (Section 4.1), the dislocation density sim-
ulations were then carried out. Since the AH model parameters for Si are rather similar
among different authors [9,11,12,14], the parameter set from [14] was used in the present work:
b=38A,D=43N/m,p=11,1=10k =86 x 10 *m32/N"1 /s, K = 3.1 x 10~*m/N,
Q = 2.17eV, and 1t = 0, which is further referred to as the “basic” parameter set. The
Poisson’s ratio, the Young’s modulus, and the thermal expansion coefficient are the same as in
Section 4.1.

The initial dislocation density Ny has to be specified. While it is believed that in the
experiment the crystal is initially dislocation-free [18], a zero value cannot be used since
no dislocation multiplication will occur according to the AH model. Taking into account
that dislocation densities between 1 x 10* cm~2 and 2 x 10° cm ™2 were experimentally
measured [18], the value of Ny = 100 cm ™2 was selected. Although it is known that the
influence of Ny on the results is small for sufficiently low Ny [12], an additional simulation
with Ny = 1 cm~2 was carried out.

From a numerical point of view, the same mesh and finite element order as for the
temperature field was employed for the dislocation density simulations. In addition to the
maximum time step of 0.6 s, a minimum step of 0.1 s was set to improve numerical accuracy
during time intervals in which rapid dislocation multiplication occurs. The influence of
the mesh size, the finite element order, and the time step for the dislocation density field

@4gn T.°C (b) Tmax, °C (c) VJ2, MPa
| 1 1200
1000 20
800 1000
10
400 700 (0
FLF HF LF

Figure 6. Simulation results at the end of heating (f = 215 min); zoom-in at the upper part of the
crystal. (a) temperature, (b) maximum temperature during the whole simulation, (c) elastic thermal
stress. Left side: HF mode; right side: LF mode. Black horizontal lines in (b) show heating positions
at which the crystal is not moving.
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was checked in a similar manner as for the temperature field and found out to be weak
(below 4%), although some minor numerical effects were observed.

Table 1 gives an overview of the parameters for six dislocation density simulations A-F.
The final results—calculated dislocation density distributions for all cases—are depicted in
Figure 7, including the comparison with the experiment. The superimposed experimental
data were extracted from the dislocation distribution shown in Figure 6 of ref. [18]. Note
that (i) only qualitative measurements of the dislocation density distribution were done
(without detailed microscopic mapping), thus the extracted dislocated zone shape might
not be very accurate, and (ii) no clear dependence of the dislocation density and lifetime on
the crystallographic direction on a crystal cross section was observed in the experiment [18];
therefore, the crystallographic plane is not indicated for the experimental data shown in
Figure 7.

Table 1. Summary of considered cases.

Case Heat Induction Mode Dislocation Parameters
A LF Basic parameter set
B HF Basic parameter set
C LF Q=23eV
D LF Terit(T)
E LF Terit(T), Ng = 1em 2
F LF Tit(T), Q =2.3eV

The critical stress was assumed equal to the CRSS from the literature [6]: Tt (T) =
0.1exp(10.55 410147/ T) (in Pa). It is applied in some cases, which, as explained further in
the text, improves the agreement with the experiment. For reference, the values of 7. at
700°C, 1000 °C, and 1300 °C were 129 MPa, 11 MPa, and 2.4 MPa, respectively.

There is a number of tendencies that are common for all considered cases in the
simulation: the dislocations first appear at the crystal surface due to the highest stresses.
The effect of crystal stopping manifests itself not only at the surface but also near the
crystal axis—the local Ny, increases, compared to a moving crystal situation. While the
calculated dislocation density differs between cases, a typical value of 1 x 10° cm 2 agrees
with the experimentally measured values. Finally, high dislocation densities are created
after the inductor power has been turned off due to a rapid temperature drop, which causes
high stresses.

The first two cases in Table 1—A and B—use the same AH model parameters but
differ in the heat induction model. As visible in Figure 7, there are only slight differences in
the results—the maximum value of the dislocation density near the crystal surface is higher
for the LF case due to higher stresses. At higher positions, the central N, “blobs” increase
in size until dislocations completely penetrate the crystal cross-section.

The agreement with the experiment for cases A and B was very poor—the dislocations
appeared much earlier, and the sizes of the dislocated zones near the crystal surface and
the crystal axis were too large. To improve the situation, the AH model parameters were
adjusted; the LF heat induction mode was used in further cases since the differences,
compared to the HF mode, were rather insignificant.

To lower the dislocation density and postpone the initial dislocation appearance,
in case C, the activation energy was increased from 2.17eV to 2.3eV. The results are
closer to the experiment, but not by a significant amount—there were still too many
dislocations near the axis, and dislocations appeared too early, compared to the experiment.
A further increase in Q would be impractical due to an unrealistically high N;; (more than
4 x 10° cm~2) at the crystal surface and too-strong individual “bumps” at low heating
positions.

Instead, a different approach was used for case D by setting the temperature-dependent
critical stress Tri¢. The initial dislocation appearance was much closer to the experimentally
observed position; additionally, the boundary of the dislocated zone near the crystal surface
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Figure 7. (a) Shape of dislocated zone in experiment; (b) calculated dislocation density in the whole
crystal according to cases A—F in Table 1; (¢) zoomed-in simulation results at two positions for cases
D and F. Experimentally observed boundary of the dislocated zone is depicted in (b,c) as blue curves.
Black horizontal lines show heating positions at which the crystal is not moving.

matched the experiment, including local N;, increases at crystal stopping points. On the
other hand, two discrepancies were observed: (i) initial dislocations appeared too early,
and their pattern was discontinuous; (ii) the central crystal region was always dislocation-
free. The fact that no dislocations appeared near the axis is explained by a lower stress as
well as a lower temperature, compared to the crystal surface (see Figures 5 and 6) and a
consequently higher critical stress.

The influence of the initial dislocation density was checked for case E by using a
100-times lower value, compared to case D. The results were almost the same, except for
slightly higher (ca. by 10%) maximum N, values, which was hardly noticeable.

Finally, in case F, the critical stress was combined with the increased activation energy.
The results were qualitatively unchanged, compared to case D; however, a somewhat
undesirable increase in the dislocation density at the crystal surface known from case C
was present.

While cases D-F showed the best overall agreement with the experiment, the AH
model still failed to correctly predict the initial appearance of the dislocations, which was
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well-defined in the experiment. The reason is that as soon as the effective stress was larger
than zero, the dislocation multiplication starts. Some too-early individual N;, maxima at
stopping points could be eliminated by increasing T.t, but the qualitative behaviour will
remain the same. Another disagreement is the lack of dislocations near the crystal axis at
high positions (temperatures) due to considerably lower stresses, compared to the ones
at the crystal surface. This could be a limitation of the AH model, which is only local and
does not include propagation of dislocations.

As mentioned before, both the inductor current I(#) and the heating position z(t)
were changed in a stepwise manner. To further analyse their impact on the dislocation
distribution, additional simulations based on case F were carried out in which the stepwise
curves were replaced by linear time functions. The results shown in Figure 8 indicate
that the effect of z(t) was the strongest since almost the same results were obtained for
the linear I(t) curve (Figure 8b). If only I(t) was changed stepwise (Figure 8c), a quite
different, more homogeneous dislocation density distribution was obtained. Finally, when
both quantities were varied linearly (Figure 8d), a very smooth dislocated zone shape was
predicted with its extension from the crystal surface changing from zero approximately
at the position observed in the experiment to the maximum value at the end of heating.
Additional parameter studies with the developed model could be carried out in the future.

(b) (d)

N, cm ™2

2.5%10°
2.0%x10°
1.5 x 10°
1x10°

5% 10*

o1x10

Figure 8. Dislocation density for simulation case F with varied I(t) and z(f) curves. (a) Default (step-
wise) curves; (b) linear I(t) curve; (c) linear z(t) curve; (d) linear I(#) and z(#) curves. Experimentally
observed boundary of the dislocated zone is depicted as blue curves. Black horizontal lines show
heating positions at which the crystal was not moving.
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5. Summary and Conclusions

A new numerical model in open-source library deal.II was developed for the simu-
lation of the temperature field and the dislocation density dynamics. It is freely available
as a new open-source solver package MACPLAS [20].

A previously published FZ Si crystal heating experiment was modelled numerically
with the new model. A very good agreement with experimental measurements was
obtained for the transient temperature field generated by a high-frequency inductor. Local
temperature and stress maxima were observed at positions in which the crystal is not
moving. Very small differences between low-frequency and high-frequency heat induction
models were observed for temperature and elastic stress fields.

The Alexander-Haasen model was applied for the dislocation density dynamics. The
inclusion of a temperature-dependent critical stress with a typical value of 11 MPa at
1000 °C was shown to be adequate for a more accurate description of the experimental
results. In particular, the correct extension of the dislocated zone from the crystal surface
was predicted, and the local increase in dislocation density at stopping points was present
both in simulations and the experiment. There were no significant differences between
both heat induction models as well as between cases with stepwise and linear inductor
current curves.

The initial dislocation appearance and the fully dislocated crystal cross-section at
high temperatures were not reproduced well by the simulations. A more sophisticated
model considering, e.g., the propagation of dislocations would probably be required to
fully explain the experimentally observed dislocation distribution. However, it should
also be noted that only a single growth and heating experiment has been analysed so far.
Further experiments and simulations would be beneficial.
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Abbreviations

The following abbreviations are used in this manuscript:

AH Alexander-Haasen

CRSS  Critical resolved shear stress
Ccz Czochralski

EM Electromagnetic

FZ Floating-zone

HF High-frequency

LF Low-frequency

Appendix A. Derivation of 1D Temperature Distribution for HF and LF Heat
Induction Models

Let L > 0 be the domain size and 0 < x < L the coordinate in 1D. x = 0 corresponds
to the crystal surface.
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The steady-state temperature equation is solved assuming homogeneous material
properties. The equation for the HF case is d?T /dx? = 0, with the solution

THF(x) = TO — Gx, (Al)

where Tj is the temperature at x = 0, and G > 0 is the magnitude of the temperature
gradient.

In the LF case, the volumetric heat heat source § = 2qpp exp(—2x/6) /¢ is included in the
temperature equation: d?T /dx? = —j/A. The solution at large x should correspond to the
HEF case; therefore, the following boundary conditions at x = L were applied: T(L) = Ty — GL
and dT/dx (L) = —G. The first integration leads to

dT - qHF 2x
a = T exp 7 +cq, (AZ)
where the constant ¢c; = —G was determined from the second boundary condition and the

fact that exp(—2L/J) ~ 0. The second integration gives

o (5(]1_11: 2x
T = W eXp 7 Gx + C2, (A3)
where the constant c; = Ty was determined from the first boundary condition. The final
result is 5 )
— Ty Gx — 2qHF i
Tip(x) = Ty — Gx 51 exp( 3 ), (A4)

which tends to the HF solution as J approaches zero. The difference between the HF and
LF solutions is

2A 6

According to Equation (3), the necessary EM power to maintain the temperature
distribution (A1) is given by

AT() = Tip(x) ~ Tir() = B exp (- 25). (A5)

qur ~ ospeTy + AG, (A6)

where the ambient temperature and convective cooling are neglected as they are rather weak.
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