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Abstract: This paper reports the relationship between oxygen concentration and dislocation
multiplication in silicon crystals during directional solidification using numerical analysis. Based
on the Alexander–Haasen–Sumino model, this analysis involved oxygen diffusion from the bulk to
dislocation cores during crystal growth and annealing processes in a furnace. The results showed
that the dislocation density mainly increased during cooling process, rather than crystal growth,
when the effect of oxygen diffusion to dislocation cores was ignored. On the contrary, the dislocation
density increased during both crystal growth and cooling processes when the effect of interstitial
oxygen diffusion was considered. At a dislocation density larger than 1.0 × 105 cm−2, the interstitial
oxygen concentration in bulk decreased due to the diffusion process, if interstitial oxygen atoms were
between dislocations, whereas the concentration at dislocation cores increases.

Keywords: directional solidification method; crystal growth from the melt; semiconducting
silicon; defects

1. Introduction

Dislocation is one of the most harmful defects in silicon crystals, causing current leakage in
photovoltaic cells and large scale integrated circuits [1]. M’Hamdi et al. reported that the dislocation
density increased during the cooling process, rather than during crystal growth [2]. The effect of
interstitial oxygen on dislocation multiplication was not discussed. Imai et al. [3] reported that oxygen
concentration affected the dislocation velocity as a function of shear stress in silicon crystals. The crack
was introduced into silicon crystals grown by the floating zone, Czochralski (CZ)-grown, and magnetic
field-applied CZ methods. They also reported the measured dislocation velocity under applied stress
at elevated temperature having different oxygen concentrations.

Sekander et al. [4–6] reported the effect of unlocking stress that originated from the interstitial
oxygen on the strength of silicon crystals. Furthermore, Cochard et al. [7] discussed the effect
of unlocking stress using the Alexander–Haasen–Sumino (HAS) model [8,9]. By using the HAS
model, Gao et al. [10,11] carried out numerical calculations of the dislocation multiplication.
Fukushima et al. [12] also used the numerical model to discuss how the dislocation density
decreased during annealing process when the interstitial oxygen concentration in a crystal increased.
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The reduction can be explained by considering the unlocking stress caused by interstitial oxygen
atoms [7] by taking into account a homogeneous distribution of oxygen diffusion in a crystal. It has
been reported that dislocation velocity decreased as a function of oxygen concentration in silicon
crystals by experiment [3]. The grown crystal has an inhomogeneous distribution of oxygen in the
crystal. Consequently, unlocking stress will be inhomogeneous, due to inhomogeneous distribution of
oxygen. Furthermore, a number of dislocations, which act as a sink in the grown crystals, distribute
inhomogeneously. There have been no reports which include inhomogeneous distributions of both
oxygen and dislocations.

In this study, we focus on the relationship between oxygen concentration and dislocation
multiplication in silicon crystals. We studied the effects of interstitial oxygen on the dislocation
multiplication in silicon crystals having inhomogeneous distribution of oxygen concentrations during
both crystal growth and cooling processes using numerical analysis. We also took into account oxygen
diffusion. The model included the effect of the dislocation density which was equivalent to the distance
between dislocations when the diffusion of interstitial oxygen atoms was considered.

2. Calculation Model

We applied the viscoelastic model [8] for stress analysis using a two-dimensional axisymmetric
model [13,14]. A three-dimensional analysis was carried out to calculate the dislocation density
in silicon crystals using the numerical method reported elsewhere [13,14]. We took into account
the activated mechanics of slip systems in different growth directions, immobilization of mobile
dislocations, and the jog formation between different slip systems. The silicon crystals have
12 slip directions. The resolved shear stress in each slip direction can be calculated by the tensor
transformation technique using stress components obtained from a three-dimensional analysis of the
stress. Equation (1) represents the plastic deformation rate in a specific slip system α. Nm and b stand
for the mobile dislocation density and the Burgers vector, respectively.

dεc (α)

dt
= N(α)

m v(α)b. (1)

Equation (2) shows the mobile dislocation velocity in the slip direction α,

v(α) = v0

τ
(α)
e f f

τ0

m

exp
(
− U

kbT

)
, (2)

where v0 = 5000 ms−1, τ0 = 1 MPa, m = 1, and U = 2.2 eV. An increasing rate of mobile dislocation
density can be written by Equation (3),

dN(α)
m

dt
= KN(α)

m v(α)τ(α)
e f f − 2rC N(α)

m N(α)
m v(α), (3)

where K, rC, τe f f , are the increase rate of mobile dislocation density, interaction distance between
dislocations, and effective stress that is a function of interstitial oxygen concentration, respectively.
Details of the calculation method were reported previously [12].

The effective stress, which is necessary for dislocation multiplication, can be written by
Equation (4) [6,7],

τe f f = τ − τi − τb − τO, (4)

where τ, τi, τb, and τO are the resolved shear stress, short-range stress, long-range stress, and unlocking
stress, respectively. τi, τb, and τO are expressed by Equations (5)–(7), respectively.

τ
(α)
i = µb

√
∑ aαβN(β)

t , (5)
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τ
(α)
b = µb ∑ Aαβ

√
N(β)

m , (6)

τ
(α)
O = f (T)C(α)

O , (7)

where Aαβ and aαβ are constants determined by the distance between different slip systems. µ is
Young’s modulus. Equation (7) contains the following function [6,7],

f (T) = 9.44 × 10−22 exp
(

0.29 eV
kbT

)
. (8)

We also considered the effect of interstitial oxygen diffusion to dislocation cores on the dislocation
motion using the diffusion model. Figure 1a,b show the distributions of interstitial oxygen atoms
between two dislocations having high (a) and low (b) concentrations, respectively. R is the radius of
the diffusion area of the interstitial oxygen and rcore is the radii of the dislocation core. R was set to the
values shown in Equations (9) and (10) by considering the distance between dislocations, d,

R = 4× 10−5 m, d > 2R, (9)

R =
d
2
=

1
2
√

Nt
, d ≤ 2R, (10)

where d is defined as
d =

1√
Nt

, (11)

where Nt denotes total dislocation density.
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Figure 1. Diffusion model of interstitial oxygen into dislocation cores. The distributions of interstitial
oxygen between two dislocations having high (a) and low (b) concentrations, respectively.

The Equation (12) was used to calculate the diffusion of the interstitial oxygen,

∂Co

∂t
= Do∇

(
∇Co +

Co

kbT
∇E
)

, (12)

where Do is the diffusion constant of the oxygen and E is the interaction energy between oxygen and
dislocation, respectively. rcore was set in Equation (13), where b is the Burgers vector,

rcore = 5b. (13)



Crystals 2018, 8, 244 4 of 9

We used the reported diffusion constant in the calculation [7],

DO = 0.13× 104 exp
(

0.94 eV
kbT

)
m2/s. (14)

The boundary condition of the interstitial oxygen concentration at the interface between
dislocation cores and bulk silicon was calculated using Equation (15), which is the reported equilibrium
concentration of the interstitial oxygen in silicon crystals [15,16],

Co(rcore, t) = 2.899× 1021 exp
(
−1.038 eV

kbT

)
atoms/cm3. (15)

We calculated the interstitial oxygen concentration inside the dislocation cores by time integration
of the incoming flux of the interstitial oxygen to the dislocation cores.

The crystal growth system based on directional solidification is the same as that reported
elsewhere [17–19]. Figure 2a shows the furnace structure [20]. The furnace contained the melt
(1), the crystal (2), a quartz crucible (3, 4), pedestals (5, 6), heat shields (7–11), and four heaters (12–15).
We carried out transient global modeling that includes conductive and radiative heat transfer in an
entire furnace during the crystal growth and cooling processes of silicon crystals. Crucible was moved
down to grow the Si crystal. Figure 2b shows the history of crucible position and heater power during
the solidification process and the cooling process. We used the top heater (12) and the side heater (13).
The heater power ratio of the top heater and the side heater was 1:3. Details of our calculation are
reported elsewhere [17–19,21].
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Figure 2. The structure of the furnace: the melt (1), the crystal (2), a quartz crucible (3, 4), pedestals
(5, 6), heat shields (7–11), and four heaters (12–15) (a), and the history of crucible position and heater
power during the solidification process and the cooling process (b).

3. Results

Figure 3 show the calculated temperature and oxygen concentration distributions at the end of the
solidification. The periphery of the crystal has large oxygen concentration, except at the top, because
of the oxygen evaporation to gas phase.

Figure 4 shows the schematic of a grown silicon crystal having a height of 80 mm and a diameter
of 90 mm. The position Q in Figure 4 is the point at which the temperature, oxygen concentration,
and dislocation density of a crystal were monitored as a function of time. The maximum dislocation
density was measured at this point.
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Figure 4. Schematic of a grown silicon crystal having a height of 80 mm and a diameter of 90 mm with
monitoring point Q.

Figure 5a–d show the calculated distributions of dislocations in a crystal 282, 314, 466, and 720 min
after the initiation of solidification, respectively. The average temperature throughout the crystal was
1627, 1600, 1500, and 1300 K, respectively. The effect of oxygen concentration on the dislocation density
was considered in this case. Dislocation density increased as a function of time and became constant
after 466 min, due to the small dislocation velocity at low temperature of the crystal during cooling
process. Concerning stress distribution, the calculated data shows that the area with high dislocation
has large residual stress [19].

Figure 6a,b show the time-dependent temperature, dislocation density, and oxygen concentrations
at point Q during the crystal growth and cooling processes. The result shows that the dislocation
density increased during crystal growth and then remained constant at 1300 K in the case without
considering the oxygen diffusion, shown by a dashed line, whereas the density became constant at
1500 K in the case with the oxygen diffusion. M’Hamdi reported that the density mainly increased
during crystal cooling process [2], whereas the density increase occurred during both crystal growth
and cooling processes by considering oxygen diffusion to dislocation cores. The oxygen concentration
in dislocation cores increased remarkably at 1500 K, due to the oxygen diffusion from the bulk to
dislocation cores at elevated temperature.
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Figure 7a–c show the distributions of dislocation density, oxygen concentrations at the dislocation
core, and interstitial oxygen concentration in the bulk at the bottom of the crystal at the end of cooling
process, respectively. The area having a high dislocation density had a high concentration of oxygen at
the dislocation core and low concentration in the bulk area.Crystals 2018, 8, x FOR PEER REVIEW    7 of 9 
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4. Discussion

Figure 6a shows the relationship between temperature and dislocation density as a function of
time at point Q. Increase in the dislocation densities during crystal growth was smaller than that
during cooling process without the effect of oxygen on dislocation locking, as shown by a dashed line.
On the contrary, the increase of the density ceased due to the locking process by oxygen that diffused
from the bulk during crystal growth. Then, a half part of total dislocation density was introduced
during the crystal growth process. Figure 6b shows the relationship between oxygen concentration in
dislocation cores and temperature as a function of time. The result shows that the concentration in the
cores remarkably increased at 1500 K. Then, the increase of dislocation density stopped, as shown in
Figure 6a. This is related to the remarkable increase of τ

(α)
O , consequently, the effective stress τe f f shown

in Equation (4) decreases. Then, the increase of the dislocation density stopped. The concentration of
the oxygen in the cores becomes in the order of 1.0 × 1021 atoms/cm3, which is consistent with the
results of formation of SiO2 in the cores [3]. The temperature at 1550 K is determined by equilibrium
concentration of the interstitial oxygen at the surface of dislocation cores. Then, the temperature
decreases when the concentration of the interstitial oxygen concentration decreases.

Figure 7a,b show the distributions of the dislocation density and oxygen concentration in the
dislocation cores at the bottom of the grown crystal, respectively. The results show that the area
having a high dislocation density has a high oxygen concentration in the core because of the small
distance between dislocations. Then, the gradient of oxygen concentration toward dislocation core
became large, when the dislocation density was large. Subsequently, the flux of the interstitial oxygen
concentration increased. Finally, the concentration at the core became large.
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Figure 7a,c show the distributions of the dislocation density and interstitial oxygen concentration
in the bulk area, respectively. These results indicate that the area having a high dislocation density
presented low oxygen concentration in the bulk. The decrease of oxygen concentration in the bulk was
due to the boundary condition of the edge of diffusion area as shown in Figure 1. When the distance d
decreased, the oxygen in the bulk diffused to the two adjacent dislocations. Then, the concentration in
bulk decreased. All of the data are numerically predicted results, then, we should check them with
experimental data to confirm our calculation.

From the above results, oxygen concentrations at dislocation cores were in the order of
1021 atoms/cm3, and those in the bulk were affected by dislocation density in the level larger than the
order of 1.0 × 104 atoms/cm3.

5. Conclusions

This paper reports the relationship between oxygen concentration and dislocation multiplication
in silicon crystals during a directional solidification method using numerical analysis. The analysis
was based on the HAS model, and involved oxygen diffusion from the bulk to dislocation cores during
the crystal growth, and the annealing process in a furnace. When the dislocation density was larger
than 1.0 × 105 cm−2, interstitial oxygen concentration in bulk decreased, due to the diffusion process
of interstitial oxygen atoms between dislocations.

Author Contributions: Conceptualization, K.K. and H.H.; Methodology, M.I. and Y.M.; Software, T.I. and S.N.;
Writing-Original Draft Preparation, K.K.

Acknowledgments: This work was partly supported by the New Energy and Industrial Technology Development
Organization (NEDO) under the Ministry of Economy, Trade and Industry and Grant-in-Aid for Scientific Research
(B) 16H03859 from the Japanese Ministry of Education, Science, Sports and Culture.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sumino, K. Deformation behavior of silicon. Metall. Mater. Trans. A 1999, 30, 1465–1479. [CrossRef]
2. M’Hamdi, M.; Meese, E.A.; Ovrelid, E.J.; Laux, H. Modelling of dislocation multiplication and associated

minority carrier lifetime reduction during directional crystallization of silicon ingots. In Proceedings of
the 20th European Photovoltaic Solar Energy Conference and Exhibition, Barcelona, Spain, 6–10 June 2005;
pp. 1236–1239.

3. Imai, M.; Sumino, K. In situ X-ray topographic study of the dislocation mobility in high-purity and
impurity-doped silicon crystals. Philos. Mag. A 1983, 47, 599–621. [CrossRef]

4. Senkader, S.; Jurkschat, K.; Gambaro, D.; Falster, R.J.; Wilshaw, P.R. On the locking of dislocations by oxygen
in silicon. Philos. Mag. A 2001, 81, 759–775. [CrossRef]

5. Senkader, S.; Giannattasio, A.; Falster, R.J.; Wilshaw, P.R. On the dislocation-oxygen interactions in
Czochralski-grown Si: Oxygen diffusion and binding at low temperatures. J. Phys. Condens. Matter.
2002, 14, 13141. [CrossRef]

6. Senkader, S.; Giannattasio, A.; Flaster, R.J.; Wilshaw, P.R. Dislocation Locking in Silicon by Oxygen and
Oxygen Transport at Low Temperatures. Solid State Phenom. 2004, 95–96, 43–52. [CrossRef]

7. Cochard, J.; Yonenaga, I.; Gouttebroze, S.; M’Hamdi, M.; Zhang, Z.L. Constitutive modeling of intrinsic and
oxygen-contaminated silicon monocrystals in easy glide. J. Appl. Phys. 2010, 108, 103524. [CrossRef]

8. Alexander, H.; Haasen, P. Dislocations and Plastic Flow in the Diamond Structure. Solid State Phys. 1969, 22,
27–158.

9. Suezawa, M.; Sumino, K.; Yonenaga, I. Dislocation Dynamics in the Plastic Deformation of Silicon Crystals.
II. Theoretical analysis of experimental results. Phys. Status Solidi A 1979, 51, 217–226. [CrossRef]

10. Gao, B.; Kakimoto, K. Relationship between the locations of activated dislocations and the cooling flux
direction in monocrystalline-like silicon grown in the [001] and [111] directions. J. Appl. Phys. 2013, 46,
1771–1780. [CrossRef]

11. Gao, B.; Kakimoto, K. Three-dimensional analysis of dislocation multiplication in single-crystal silicon under
accurate control of cooling history of temperature. J. Cryst. Growth 2014, 396, 7–13. [CrossRef]

http://dx.doi.org/10.1007/s11661-999-0084-y
http://dx.doi.org/10.1080/01418618308245248
http://dx.doi.org/10.1080/01418610108212170
http://dx.doi.org/10.1088/0953-8984/14/48/361
http://dx.doi.org/10.4028/www.scientific.net/SSP.95-96.43
http://dx.doi.org/10.1063/1.3501021
http://dx.doi.org/10.1002/pssa.2210510124
http://dx.doi.org/10.1107/S002188981302517X
http://dx.doi.org/10.1016/j.jcrysgro.2014.03.034


Crystals 2018, 8, 244 9 of 9

12. Fukushima, W.; Harada, H.; Miyamura, Y.; Imai, M.; Nakano, S.; Kakimoto, K. Effect of oxygen on dislocation
multiplication in silicon crystals. J. Cryst. Growth 2018, 486, 45–49. [CrossRef]

13. Gao, B.; Nakano, S.; Harada, H.; Miyamura, Y.; Sekiguchi, T.; Kakimoto, K. Anisotropic Thermal Stress
Simulation with Complex Crystal-Melt Interface Evolution for Seeded Growth of Monocrystalline Silicon.
Cryst. Growth Des. 2012, 12, 5708–5714. [CrossRef]

14. Gao, B.; Nakano, S.; Harada, H.; Miyamura, Y.; Kakimoto, K. Effect of Cooling Rate on the Activation of Slip
Systems in Seed Cast-Grown Monocrystalline Silicon in the [001] and [111] Directions. Cryst. Growth Des.
2013, 13, 2661–2669. [CrossRef]

15. Takano, Y.; Maki, M. Diffusion of oxygen in silicon. J. Electrochem. Soc. 1973, 120, 469–481.
16. Gosele, U.; Tan, T.Y. Oxygen diffusion and thermal donor formation in silicon. Appl. Phys. A 1982, 28, 79–92.

[CrossRef]
17. Inoue, M.; Nakano, S.; Harada, H.; Miyamura, Y.; Gao, B.; Kangawa, Y.; Kakimoto, K. Numerical Analysis

of the Dislocation Density in Multicrystalline Silicon for Solar Cells by the Vertical Bridgman Process.
Int. J. Photoenergy 2013, 2013, 706923. [CrossRef]

18. Liu, L.J.; Nakano, S.; Kakimoto, K. An analysis of temperature distribution near the melt-crystal interface in
silicon Czochralski growth with a transverse magnetic field. J. Cryst. Growth 2005, 282, 49–59. [CrossRef]

19. Nakano, S.; Gao, B.; Jiptner, K.; Harada, H.; Miyamura, Y.; Sekiguchi, T.; Fukuzawa, M.; Kakimoto, K.
Numerical analysis of the relation between dislocation density and residual strain in silicon ingots used in
solar cells. J. Cryst. Growth 2017, 474, 130–134. [CrossRef]

20. Nakano, S.; Gao, B.; Kakimoto, K. Relationship between oxygen impurity distribution in multicrystalline
solar cell silicon and the use of top and side heaters during manufacture. J. Cryst. Growth 2013, 375, 62–66.
[CrossRef]

21. Liu, L.J.; Nakano, S.; Kakimoto, K. Dynamic simulation of temperature and iron distributions in a casting
process for crystalline silicon solar cells with a global model. J. Cryst. Growth 2006, 292, 515–518. [CrossRef]

© 2018 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jcrysgro.2017.12.030
http://dx.doi.org/10.1021/cg301225w
http://dx.doi.org/10.1021/cg400428z
http://dx.doi.org/10.1007/BF00617135
http://dx.doi.org/10.1155/2013/706923
http://dx.doi.org/10.1016/j.jcrysgro.2005.05.002
http://dx.doi.org/10.1016/j.jcrysgro.2016.12.007
http://dx.doi.org/10.1016/j.jcrysgro.2013.04.001
http://dx.doi.org/10.1016/j.jcrysgro.2006.04.060
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Calculation Model 
	Results 
	Discussion 
	Conclusions 
	References

