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Abstract
We have improved the well-known Czochralski single crystal silicon growth method by using two argon gas flows. 
One flow is the main one (15–20 nl/min) and is directed from top to bottom along the growing single crystal. This flow 
entrains reaction products of melt and quartz crucible (mainly SiO), removes them from the growth chamber through 
a port in the bottom of the chamber and provides for the growth of dislocation-free single crystals from large weight 
charge. Similar processes are well known and have been generally used since the 1970s world over. The second ad-
ditional gas flow (1.5–2 nl/min) is directed at a 45 arc deg angle to the melt surface in the form of jets emitted from 
circularly arranged nozzles. This second gas flow initiates the formation of a turbulent melt flow region which separates 
the crystallization front from oxygen-rich convective flows and accelerates carbon evaporation from the melt. It has 
been confirmed that oxygen evaporated from the melt (in the form of SiO) acts as transport agent for nonvolatile car-
bon. Commercial process implementation has shown that carbon content in as-grown single crystals can be reduced to 
below the carbon content in the charge. Single crystals grown with two argon gas flows have also proven to have highly 
macro- and micro-homogeneous oxygen distributions, with much greater lengths of single crystal portions in which the 
oxygen concentration is constant and below the preset limit. Carbon contents of 5–10 times lower than carbon content 
in the charge can be achieved with low argon gas consumption per one growth process (15–20 nl/min vs 50–80 nl/
min for conventional processes). The use of an additional argon gas flow with a 10 times lower flowrate than that of 
the main flow does not distort the pattern of main (axial) flow circumvention around single crystal surface, does not 
hamper the “dislocation-free growth” of crystals and does not increase the density of microdefects. This suggests that 
the new method does not change temperature gradients and does not produce thermal shocks that may generate thermal 
stresses in single crystals.
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1. Introduction

Structural perfection of single crystal silicon (absence of 
grain boundaries, dislocations and associations of vacan-
cies or interstitial atoms and their low bulk distribution 
density) and homogeneous distribution of doping impuri-
ties and background impurities are the main quality para-
meters of single crystals that determine their applicability 
for microelectronics, high-power electronics and solar en-
gineering. Homogeneity of doping impurity distributions 
is typically assessed from the difference of the electrical 
resistivity from the preset one at distances of within se-
veral fractions of a micrometer or within several decades 
of centimeters along or across single crystals. The distri-
butions of background impurities (oxygen and carbon) 
are usually evaluated based on changes in background 
impurity concentrations as determined by IR absorption 
methods. Optically active oxygen and carbon concentra-
tions are characterized from the most intense absorpti-
on bands at 1106 and ~607 cm-1, respectively [ASTM F 
1188, F 1391].

Until recently the semiconductor industry was comple-
tely satisfied with Czochralski grown silicon single crys-
tals (Cz-Si) having dislocation densities of less than 10 
cm-2, a radial doping impurity distribution inhomogeneity 
of 7–15% and an oxygen content (NO) of within (5–9) × 
1017 cm-3. However the development of submicron in-
tegrated circuits (IC) and the transition to nanoscale IC 
technologies impose rapidly growing requirements to 
the quality of dislocation-free silicon single crystals. For 
example the radial scatter of electrical resistivity should 
be within ±5% and the oxygen concentration should vary 
along the crystal length within (8 ± 1) × 1017 cm-3 or 
(7 ± 0.5) × 1017 cm-3. The carbon concentration NC should 
be within (0.5–1.0) × 1016 cm-3 and the concentration of 
metallic impurities (iron) should not exceed 1 × 1010 cm-3. 
The distribution and density of point microdefects depend 
largely on the distribution and concentration of impurities 
and the intensity of their mutual interactions during the 
growth and subsequent heat treatment of single crystals. 
The sizes and distribution density of the microdefects 
should be limited to 0.06–0.07 µm and 0.12–0.13 cm-2, 
respectively [1, 2].

The above requirements are imposed by IC processes, 
e.g. gettering, high-resolution lithography, synthesis of a 
continuous gate oxide layer with good dielectric proper-
ties etc. [2, 3–11].

The continuous improvement of the Czochralski growth 
technique over the last 50 years has had several milestones 
toward axial and radial inhomogeneity elimination:

– various options of melt feeding with solid and liquid 
phases (the double-crucible and floating crucible me-
thods [12–15]);

– regular stirring of established flows in the melt (short-
time crucible rotation interruptions [16–18]);

– intentional deformation of the capillary column under 
the melt [5, 19];

– control of convective flows in the melt with program-
mable crystal and crucible rotation speed [20–25].

Since recently large diameter single crystals (200+ mm) 
have been grown with the application of magnetic fields 
for suppressing free convection and altering mass trans-
port mechanisms in the melt. Oxygen concentrations 
achieved using this approach may vary over a wide range, 
from (4–5) × 1017 to (9–18) × 1017 cm-3 [26–30].

The major objective of all the abovementioned approa-
ches is to reduce the inhomogeneity of doping impurity 
distributions, the most recent methods further aiming at 
an improvement of the axial oxygen distribution in sin-
gle crystals [31–34]. However simultaneous achievement 
of high axial and radial homogeneity of doping impurity 
and oxygen distributions proved to be a complex task and 
therefore not all of these methods have been implemented 
commercially. Furthermore single crystal growth techni-
ques incorporating the abovementioned methods could 
not improve the distribution and concentration of carbon 
in single crystals. Carbon concentration was successfully 
reduced by increasing the inert gas flow circumventing 
the growing crystal and more intense inert gas removal 
from the growth chamber.

The aim of this work is to analyze the possibility of 
establishing convective flows in silicon melt aiming at 
achieving a homogeneous bulk distribution of doping im-
purity (oxygen) and reducing the carbon content.

2. Experimental

In the investigation reported herein we made allowance 
for the fact that the pressure and dynamics of inert gas 
flows in the growth chamber may significantly affect the 
distribution and concentration of oxygen in the single 
crystal [35, 36]. For example if the single crystal is grown 
at a low pressure in the growth chamber (0.13–0.76 kPa) 
and an argon gas flowrate of >15 nl/min [1] the distributi-
on of oxygen in the single crystal is homogeneous and the 
oxygen concentration NO is close to those for single crys-
tals grown in deep vacuum. A homogeneous oxygen dis-
tribution along the crystal is provided for by the fact that 
the radial profiles of the widths of the dynamic and diffu-
sion boundary layers above the surface remain almost un-
changed throughout the entire growth process, i.e., single 
crystals grow at a constant SiO evaporation rate. However 
this growth setup limits the potential for NO adjustment 
aimed at achieving the optimum oxygen concentration for 
IC fabrication (8 × 1017 cm-3) and makes such adjustment 
quite resource-consuming (high argon consumption, gas 
removal system upgrading costs etc.).

Analysis of different melt flow modes in the vicinity of 
the three-phase interface (crystallization front / melt / gas 
phase) revealed a nonuniform melt flowrate distribution, 
possibility of melt flow “slipping” along the crystal and 
hence crystal depletion of the impurity in regions close to 
the side surface [37, 38]. Supply of oxygen-rich molten 
silicon from the crucible surface to the sub-crystal region 
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occurs by melt flowing under the melt surface between the 
crucible wall and the growing crystal. Oxygen in the form 
of SiO is evaporated intensely as it reaches the melt surfa-
ce since it is a volatile impurity. The evaporation rate is the 
highest at the crucible wall and decreases approaching the 
sub-crystal region. The melt flow mode formed by natural 
convection and crucible rotation provides for NO reduction 
in the crystal but causes a large radial scatter of NO.

Carbon in silicon melt is a low-volatile impurity [38, 39], 
the limiting evaporation stage being the surface kinetics:

, (1)

where α is the kinetic evaporation coefficient, γ is the ac-
commodation coefficient (probability that a molecule in-
cident on the surface is not reflected), G is the distribution 
coefficient between the gas and liquid phases and m is the 
molecular weight.

Since carbon is predominantly evaporated from the 
melt in the form of CO its volatility is determined by the 
concentration and evaporation conditions of the highly 
volatile oxygen impurity:

, (2)

where α’ is the diffusion-convective evaporation coeffi-
cient, D is the impurity diffusion coefficient in the melt, 
f is the flowrate of the convective flow ascending from 
the melt and moving along its surface and L is the linear 
dimension of the melt surface. (Equations (1) and (2) 
are provided here to describe the important factors that 
affect the evaporation kinetics (diffusion-convective 
evaporation coefficient, carbon diffusion coefficient in 
the melt, convective flowrate for evaporation to vacu-
um, dimension of melt surface from which impurity is 
evaporated etc.), adjusting which one can control car-
bon evaporation.)

The equilibrium vapor phase above the melt mainly 
contains molecular silicon and carbon monoxides (SiO 
and CO). However in practice the partial pressure of Co is 
far lower than that of SiO because the carbon concentrati-
on in semiconductor purity silicon melts is always lower 
than its concentration in saturated vapor (~3 × 1018 cm-3). 
The surface concentration of the highly volatile oxygen 
impurity is far lower than its concentration in the silicon 
melt bulk. The partial pressure of CO is proportional to 
the low surface concentration of oxygen and this in fact 
leads to the low carbon evaporation rate. Thus using an 
inert gas flow in combination with intentionally induced 
convective flows in the melt one can achieve high radial 
and axial homogeneity of impurity distributions (oxy-
gen, doping impurities and carbon) and accelerate carbon 
evaporation from the melt.

Silicon single crystals were grown on Redmet-30 com-
mercial growth plants. The properties of the as-grown 
silicon single crystals were improved by additionally blo-
wing the melt surface with a specially directed argon gas 

flow [40]. Conventional heating units for 330 mm cruci-
bles installed in growth plants were used.

By way of example of single crystal growth process im-
plementation we describe the growth of a 100 mm diam. 
single crystal from a 330 mm crucible with a 22 kg charge.

We used a graphite resistive heater in the form of a regular 
360 mm prism with a resistivity of 0.028–0.03 Ohm × cm. 
The power consumption of the heater was 48 kVA in the 
beginning of growth and 52 kVA at the end. Argon gas was 
supplied from the top of the growth chamber and removed 
through a port in the bottom of the chamber. The cham-
ber pressure during the growth was maintained at 10 mm 
Hg (1.33 kPa). The argon gas flow was directed from top 
to bottom along the growing single crystal, the flowrate 
being 15–20 nl/min. The crucible with bulk-loaded silicon 
charge was installed onto a graphite pad inside the heater, 
the chamber was evacuated, argon gas was supplied and 
charge melting started. After complete melting of the si-
licon charge a special device with refractory nozzles for 
additional argon gas jet supply was brought to the melt 
surface. The nozzle orifices were 0.8 mm in diameter, the 
argon gas flowrate being 1.5–2.0 nl/min. The argon gas 
jets were directed at a 45 arc deg angle to the melt surface 
and were circularly arranged over the middle part of the 
open melt surface between the growing single crystal and 
the crucible walls. The distance between the nozzle orifice 
and the melt surface was kept at 10–15 mm throughout the 
entire growth process. The crystal and the crucible rotated 
in the opposite directions at the speeds ωsc = 12–15 rpm 
and ωc = 3–5 rpm, respectively.

The use of an additional argon gas flow with a 10 times 
lower flowrate than that of the main flow does not distort 
the pattern of main (axial) flow circumvention around sin-
gle crystal surface, does not hamper the “dislocation-free 
growth” of crystals and does not increase the density of 
microdefects. This suggests that the new method does not 
change temperature gradients and does not produce thermal 
shocks that may generate thermal stresses in single crystals.

Figure 1 shows schematic diagram of the plant for sin-
gle crystal growth in an argon gas flow for the implemen-
tation of the process designed herein.

Argon gas is supplied from multiple (up to seven) cir-
cularly arranged equally spaced nozzles. The dislocati-
on-free crystals grew in steady state mode. The preset sin-
gle crystal diameter was maintained by keeping a constant 
melt level in the crucible relative to the crucible top edge. 
The process ended by growing the inverse cone. The melt 
remainder in the crucible after growth completion was 
~7–10% of the charge weight.

3. Results and discussion

The as-grown single crystals had high homogeneity of im-
purity distributions both in length and in cross-section. We 
could control the rated values of NO and the oxygen axial 
distribution pattern by varying the number of nozzles.

Table 1 summarizes typical oxygen (NO) and carbon 
(NC) concentrations and the electrical resistivities of the 
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as-grown 100 mm diam. boron doped silicon single crys-
tals (Grade 1A2yaO2 KDB-10/2.5-102.5, charge weight 
22 kg). The silicon single crystals were grown using three 
process variants:

– Variant 1 (V1): conventional growth method in an inert 
gas flow, ωsc = 15 rpm, ωc = 5 rpm, pulling rate 0.8–1.2 
mm/min, linear programmable pulling rate variation;

– Variant 2 (V2): growth with programmable ωc varia-
tion in accordance with earlier works [20, 41];

– Variant 3 (V3): new method with melt surface argon 
gas blowing from four nozzles [40,42].

The oxygen concentration was determined using a ca-
libration factor equal to 2.45 × 1017 cm-2.

The data on NO, NC and the electrical resistivities 
(Table 1) are given for three sections in the length of 
the single crystals with references to the distances (in 
mm) from the constant single crystal diameter establis-

hment point. NO and NC were measured for cross-sec-
tions of specimens without process heat treatment (for 
thermodonor removal) and the electrical resistivities 
were measured after heat treatment (650 °C, 30 min). 
Single crystal growth using the method designed herein 
provides for a more homogeneous electrical resistivity 
distribution both in the length and in the cross-sections 
of the single crystals.

The data on NO, NC are given for the central and the 
peripheral regions of the specimen cross-sections, and 
the electrical resistivities are averaged over six measure-
ment points along the cross-sections. To better illustrate 
the longitudinal and cross-sectional NC distributions in 
the single crystal, we used silicon charge with NC = (0.9–
1.2) × 1017 cm-3 for all the three variants.

Table 1 shows that melt surface blowing with argon 
gas allows reducing NC by several times to below the 
charge NC value.

The designed method provides for a considerably more 
homogeneous oxygen distribution in the cross-section 
and length of the single crystals in comparison with the 
other two growth process variants. For example, the pro-
grammable ωc variation method [20, 41] yields a greater 
radial inhomogeneity of the NO distribution in the bottom 
part of the single crystal.

The new method provides for a 35–40 % increase in 
the length of the single crystal portion with the rated NO 
(within (8 ± 1) × 1017 cm-3) and a radial NO scatter of ≤ 5 %.

The study showed that the best NO distribution is 
achieved for argon gas blowing from 4–7 nozzles and 
the greatest NC reduction is attained for argon gas blo-
wing from 6–7 nozzles. One nozzle is sufficient to sup-
press carbon supply from the growth chamber atmosp-
here so to make NC in the single crystal approximately 
the same as NC in the charge. Argon gas blowing from 7 
nozzles is preferred for achieving NC that is guaranteed 
to be lower than that in the charge. Charge with NC > 
(0.8–1.0) × 1017 cm-3 is not suitable for the growth of 
single crystals for microelectronics applications. There-
fore purifying a silicon charge with a lower NC one can 
obtain NC values in the as-grown single crystal that are 
actually lower than those shown in Table 1 (Variant 3). 
More thorough carbon purification can be adequate in 
processes designed for cheaper carbon-containing sili-
con charge, e.g. growth of multicrystalline silicon ingots 
for photovoltaic applications.

Design of a similar process for phosphorus-doped si-
licon requires correcting the master alloy quantity in the 
charge since phosphorus is a far more volatile impurity 
and has a much lower Keff than boron. To avoid intense 
phosphorus evaporation it is recommendable to reduce the 
number of nozzles to 2–3 or reduce the argon gas flowrate 
from the nozzles to ~1.2 nl/min. Since phosphorus doping 
leads to more intense carbon displacement to the liquid 
phase than for boron doping [40], these corrections to the 
process will be sufficient for NC reduction in phosphorus 
doped silicon single crystals.

Figures 2–4 show NO distributions in the length and 
cross-sections of the single crystals and the NC distribution 

Table 1. Typical parameters of single crystals grown using three 
process variants.

Crystal region NO ·10-18, cm-3 NC ·10-16, cm-3 ER, Ohm·cm
V1 V2 V3 V1 V2 V3 V1 V2 V3

Top (20 mm):
Center 1.1 0.95 0.92 4.0 3.8 0.7 12.2 12.0 11.6
Periphery 0.93 0.9 0.9 3.6 4.0 0.8 11.5 11.7 11.4
Middle (300–320 mm):
Center 0.82 0.81 0.81 5.0 5.1 1.2 10.2 9.8 10.5
Periphery 0.72 0.78 0.78 5.1 4.6 1.1 9.8 9.4 10.3
Bottom
Center 0.63 0.66 0.71 12.0 13.0 1.7 7.3 7.5 8.6
Center 0.56 0.58 0.68 11.0 11.0 1.5 6.9 6.8 8.3
Periphery

Figure 1. Schematic of single crystal growth in inert gas flow: (1) 
growing single crystal, (2) heat screens, (3) resistive heater, (4) 
crucible with silicon melt, (5) growth chamber gas removal port, 
Ar-1 argon gas flow circumventing the growing crystal (15–20 nl/
min), Ar-2 argon gas flow in the form of jets (1.5–2.0 nl/min)
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in the length of the single crystals for the conventional and 
the new growth methods (Variants 1 and 3, respectively).

The new growth process improves the homogeneity of 
the boron microdistribution as shown by 0.01 mm step 
electrical resistivity measurements. The microinhomo-
geneity of the oxygen distribution also proved to be lo-
wer (Fig. 5). Oxygen distributions were measured with a 
Вruker IFS-113V Fourier spectrometer for a 1 mm step 
and a 0.5 mm scanning beam diameter. The microinho-
mogeneity of the oxygen distribution in the top section of 
the single crystal was ±20 % for the conventional growth 
method and ±6 % for the new method, the bottom section 
results being ±15 % and ±5 %, respectively.

Control of natural and forced convective flows in si-
licon melt can make a sufficient contribution to the dis-
tribution of the doping and background impurities in the 
single crystal. The development of convective flows cau-
sed by the variation of the growth rate, thermal convec-
tive flows and crystal and crucible rotation speeds during 
single crystal growth provides for an improvement of 
single crystal homogeneity but may not be advantageous 
for achieving the required concentrations and macro/mi-
crohomogeneity of doping impurity, oxygen and carbon 
distributions. Additional melt surface blowing with argon 
gas flows is an efficient tool for improving the quality of 
single crystals.

However the problem of controlling the concentration 
of oxygen supplied to the melt due to silicon melt inter-
action with the quartz crucible cannot be solved without 
the use of external energy impacts. Single crystal growth 
in magnetic fields on conventional commercial equipment 
[43] reduced the oxygen concentration in the single crys-
tals by 1.5–2.0 times. Still the existing technologies of 
single crystal growth in magnetic fields do not allow redu-
cing the oxygen concentration to below 4 ∙ 1017 cm-3 and 
further NO reduction will be quite a difficult task without 
understanding of the actual processes occurring during 
crystallization and optimization of external controlling 

Figure 2. Oxygen concentration distribution along crystal length 
for (о) conventional and (Δ) designed growth methods. Silicon 
Grade 1A2yaO2 KDB-10/2.5-102.5, charge weight: 22 kg, mea-
sured at the center of section.

Figure 3. Oxygen distribution in top and bottom cross-sections 
of single crystals grown with (о) conventional and (Δ) designed 
methods and (□) with programmable ωc variation. Silicon Grade 
1A2yaO2 KDB-10/2.5, charge weight: 22 kg, section distances 
from constant crystal diameter establishment point: 20 mm (top) 
and 800 mm (bottom)

Figure 4. Carbon concentration distribution along crystal length 
for (о) conventional and (Δ) designed growth methods. Sili-
con Grade 1A2yaO2 KDB-10/2.5-102.5, charge weight: 22 kg, 
measured at center of section, carbon concentration in charge: 
(5–7) · 1016 cm-3

Figure 5. Oxygen microdistribution in cross-sections of sili-
con single crystals grown (▲) using designed method and (■) 
with programmable ωc variation. Silicon Grade 1A2yaO2 KDB-
10/2.5-102.5, section distances from constant crystal diameter 
establishment point: 700 mm, charge weight: 22 kg
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energy impacts. One should further take into account the 
inter-impurity interactions due to deformation, electrosta-
tic and chemical processes [44], phase transformations in 
the co-existence range of solid and liquid solid solutions, 
electromagnetic and gravity-related phenomena accom-
panying the crystallization, as well as the resistance of the 
growing crystalline structure to impacts tending to violate 
the free crystallization process (the Le Chatelier-Brown 
principle) [45]. The latter resistance shows itself in the 
following known phenomena:

– predominance of the contribution of crystallographic 
orientation over normal tangential growth during sili-
con atom incorporation at the crystallization front [1];

– relief of growth-induced internal elastic stresses due 
to the formation of regions with looser atomic pac-
king [44];

– stable mechanism of polygonization upon interrupti-
on of established growth rate for heavily doped single 
crystals [47, 48] etc.

The contribution of external controlling energy im-
pacts should be harmonized with system self-organiza-
tion processes (equilibrium crystallization, phase tran-
sitions, changes in electronic structure of neighboring 
atoms, change of Fermi level position upon impurity in-
troduction) in order for as-grown single crystals to have 
the required properties [49]. For example, the recently 

discovered phenomenon of magnetic field generation 
by rotating oxygen and carbon containing molecules 
[50] allows one to hypothesize that the concentrations 
of these atoms may vary during their incorporation into 
crystals in external magnetic fields and that this process 
will be controllable.

4. Conclusion

A single crystal silicon growth method that includes ad-
ditional melt surface blowing with argon gas jets was 
designed. As-grown single crystals have 35–40 % longer 
portions with NO = (8 ± 1) × 1017 cm-3 and radial scatter of 
NO ≤ 5 % as compared with those for conventional Cz-Si 
single crystals or for single crystals grown at programma-
ble crucible rotation speed.

Additional argon gas blowing reduces NC in the single 
crystals to below NC in the charge.

Single crystals grown using the designed method have 
higher (by 5–6%) microhomogeneity of doping impurity 
and oxygen distributions.

Further advance towards a successful technology of 
highly homogeneous single crystals with guaranteed pre-
set properties will require harmonizing external energy 
impacts with the atomic energies of the crystallizing ma-
terial and due allowance for the contribution of system 
self-organization processes.
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