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A new series of experiments was conducted to determine the source of impurities in the process of silicon crystal 
growth with electron beam heating. A gas-dynamic window was placed between the electron gun and growth cham-
ber. Also positively-charged traps were placed along the crucible to reduce the number of electrons hitting the cham-
ber and the crucible. Five experiments were conducted: two with the window, two with charge traps, and one with 
both the window and charge traps.

The analysis of obtained samples showed that the gas-dynamic window decreases the content of Al, Cu, Fe, Cr and 
O2, and the trap, used in the experiments, decreases the content of Fe, Cr and Cu in residues of the melt. The content 
of all impurities, except Al, is close to the goal level.

Al impurities come only from the gun, but the gas-dynamic window cannot eliminate them completely. It seems 
that Al impurities come either as neutral atoms carried by the gas or as positively charged ions. To reduce these im-
purities, a separation of the Al flow from the beam by the magnetic field is proposed.
Keywords: electron optics, materials testing and analysis, silicon, doping and ion implantation
PACS: 41.85.-p, 81.70.-q, 61.72.uf

1. Introduction

Growing single crystals by the Czochralski method 
has become widespread and is used in various ways, 
including growing pipes [1, 2], induction heating of 
the charge in a quartz crucible [3, 4], forced shaping 
(Stepanov’s method) [5] and growing crystals with 
a low temperature gradient [6]. The most widespread 
is the method of growing single crystals from a cru-
cible with resistive heating, which is used for grow-
ing silicon single crystals. In all of these methods, 
the melt comes into contact with the crucible, which 
is a source of contamination. A number of attempts 
have been made to organize the  process without 
contact of the  silicon melt with the  container  –  in 
the skull, using electron beam heating [7, 8]. These 
processes have not found a  wide application since 
they faced the difficulty of increasing the diameter of 
the growing crystal more than 40 mm. Our article is 

devoted to the results obtained during the develop-
ment of the process of growing silicon crystals from 
a  skull using electron beam heating [9], in which 
growing crystals with a  diameter of 150–200  mm 
is common. In this process, using a quartz crucible 
(not a skull), we obtained a rod with a diameter of 
300 mm and a mass of 80 kg. Some research results 
were published earlier [10, 11]. Silicon is heated by 
two cold-cathode electron-beam heaters (EBH) that 
use a gas mixture of hydrogen and less than 1% oxy-
gen. The process is carried out using a cold crucible, 
which is insulated from silicon by a  heat insulator 
[9]. On the one side, it was shown that the purity of 
the rod for most of the controlled impurities is com-
parable to the purity of the reference sample – sili-
con obtained in the  float-zone (FZ) process by 
the first-class producer. On the other side, the whole 
spectrum of metallic impurities was observed in 
the  silicon residues after the  process, indicating 
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the introduction of contaminants into the melt dur-
ing the growth process. The spectrum of the main 
impurities in the  remnants of the melt and the al-
leged sources of their formation are shown [9] in 
Fig. 1. Based on the achieved sensitivity of the meth-
ods for determining the impurity concentration, it is 
advisable to control their content not in the grown 
crystal, where, due to the smallness of the distribu-
tion coefficients of metallic impurities, their content 
is not significant, but in the remainder of silicon from 
the process, enriched by the  introduced impurities 
[9]. In order to establish the sources of introduced 
pollution and to find ways of reducing it, the experi-
mental work described below was carried out.

Under the  influence of the  applied voltage, in 
the  gas-discharge chamber of an electron beam 
heater with a cold cathode, plasma ions bombard 
the  cathode and initiate the  creation of electrons 
directed to the treated surface, in our case, to sili-
con [12]. Part of the  high-energy particles bom-
bard all surfaces of the gas-discharge chamber and 
the beam guide. In these collisions, metal atoms are 
knocked out of all the contacted surfaces, both in 
the form of neutral atoms and ions. Together with 
the gas and the electron beam, they enter the pro-
cess chamber and the surface to be treated. Based 
on the  results of [9], we assume that it is neces-
sary to eliminate the  gas flow from the  EBH to 
remove the mentioned impurities. In addition, 
electrons entering the process chamber and reflect-
ing from the  treated surface can contact the  ma-

terials of the  container and the  process chamber. 
We consider that it is necessary to try to eliminate 
such a contact. In the case of metallurgical process-
ing of metals, these processes can be neglected, but 
for pure materials of semiconductor applications 
the  concentration of these impurities can be im-
portant.

To estimate the  dispersion of electrons in 
the beam on the basis of the model [12], we mea-
sured the distribution of electrons near the surface of 
the melt located at 500 mm (experimental processes, 
Fig. 2) and 1200 mm (the process described in [9], 
the data of which are shown in Fig. 1).

2. Experiments and data

The general scheme and photographs of the  or-
ganization of experimental processes are shown in 
Fig. 2.

In the experiments, the design of the cold cru-
cible was partially changed and was made only 
of copper, the heat insulator and other struc-
tural materials were excluded. Above the  cop-
per crucible, in the  direction where, according 
to the  optical laws, the  electron beam reflected 
from the melt should have entered, a plate was in-
stalled, to which a potential of +70 V was applied, 
in order to influence the intensity of the bombard-
ment of the  technological chamber surface by re-
flected electrons. This plate was called the  ‘trap’. 
In the experiments, the power developed by EBH 

Fig. 1. Contaminations of residue of the melt in the process of pull-
ing of silicon crystals with electron beam heating [9] and the beam 
position with the calculated electron distribution in such process. 
1, electrons distribution; 2, melt; 3, raw silicon rocks; 4, electron 
beam heater (EBH); 5, heat insulation.

Residues of the melt Pulled rod

Source of contamination Sources of contamination
is EBH [9] are chamber & tools [9]

Co
nc

en
tra

tio
ns

 o
f i

m
pu

rit
ie

s 
by

 d
at

a [
9]

 (p
pb

a)

1000

100

10

1

0

0
Al   Cu     Fe       Cr

1

2
3

4

5

log j



A. Kravtsov et al. / Lith. J. Phys. 61, 183–190 (2021)185

was close to power that was used in the  grow-
ing process described in [9]. The  distribution of 
electrons near the surface of the melt in scale is plot-
ted on the axis of the beam that heated the melt. In 
each experiment, the melt was kept for 6 h at a giv-
en power to saturate with impurities, and gradually 
crystallized. Samples for control were taken as close 
as possible to the last crystallized melt drop.

A gas-dynamic window (GDW) equipped 
with a  membrane was installed between the  EBH 
and the  process chamber. Argon was brought to 
the membrane from below, and an additional evacu-
ation system was installed above the membrane us-
ing a turbomolecular pump. Before starting the pro-
cesses, the  gas-vacuum system of the  installation 
was adjusted in order to supply argon in an amount 
sufficient to significantly reduce the  flow rate of 
plasma-forming gas, while maintaining the same re-
sidual pressure in the process chamber. As a result, 
the  residual pressure in the  process chamber was 
maintained in a range of 30–55 Pa, in the pumped-
out part of the GDW it was 400–1100  Pa, and in 
the buffer chamber, near the turbomolecular pump, 

the pressure was 90–160 Pa when a power of about 
40 kW was released in the heater that corresponds to 
the power of one heater during the growing process 
described in [9].

The area of silicon melting was located near 
the  centre of the  quartz crucible. The  serial num-
bers of the processes carried out on the experimen-
tal installation VU 1 are 80–85. In processes 80 and 
81, only GDW was used, in processes 82–83 only 
‘traps’, and in process 85 ‘traps’ and GDW were used. 
The first attempt in the process with the combined 
use of GDW and traps (process 84) failed due to 
a poor beam control. From each process (80–83 and 
85) 3 samples were taken, the content of impurities 
in which was controlled by the  ICP MS method1, 
and 1 sample for monitoring the oxygen content by 
FTIR spectroscopy2 at room temperature.

1  The authors are grateful to Dr. Sylke Meyer (Fraun-
hofer Center for Silicon photovoltaics) for measure-
ments and an interesting discussion of the results.
2  The authors are grateful to Dr. Georgy Chikvaidze (In-
stitute of Solid State Physics of Latvian University) for the 
measurements and interesting discussion of the results.

Fig. 2. Experimental setup. The electron beam heater, gas-dynamic window and calculated distribution 
of electrons on Si (left above), the rest melt after the crystal growth experiment (left below), a schemat-
ics of the growth system (middle), a picture of the growth system (right above), the growth chamber 
with a cold crucible (right below).

Experimental 
chamber

Turbo 
pump

Roots pump

Electron 
beam 
heaterGas 

dynamic 
window

Electron 
beam 
heater

Gas 
dynamic 
window

log j

P = (30–55)Pa

P = (0.4–1.1)kPa

Buffer 
vacuum chamber

P = (90–160)Pa



A. Kravtsov et al. / Lith. J. Phys. 61, 183–190 (2021)186

Based on the average values of the content of im-
purities for 3 samples in each process, histograms 
of changes in the  concentrations of all impurities, 
with a concentration of more than 1 ppba, are shown 
in Fig.  3. The  results of the  control of undoped 
monocrystalline FZ silicon, designated as NHR, cut 
from a  sample of serial production with a  specific 
electrical resistance of more than 3000  Ω·cm of N 
type of electrical conductivity are also shown here. 
The  presence of metallic impurities in this sample 
can be taken as the level of error in control measure-
ments, since verification of the same sample for alu-
minum content by LT FTIR spectroscopy showed 
that the  aluminum concentration in it was below 
the detection limit (ppta units). The oxygen concen-
tration in the samples from the process discribed in 
[9] is shown in Fig. 1 and processes 80–83 and 85 
determined by FTIR at room temperature are shown 
in Fig. 3. The comparison between the impurity con-
centrations in Figs 1 and 3 showed that the introduc-
tion of GDW lead to a decrease in the concentration 
of oxygen, copper, iron, cromium and aluminium. 
Concentrations of these impurities decreased signifi-
cantly: iron from 190 to 34 ppba, copper from 60 to 
8 ppba, cromium from 7 to 2.5 ppba and aluminium 
from 20 to 12 ppba, and the oxygen content in silicon 

decreased from 5 to 0.2 ppma. The concentration of 
all impurities, except for aluminium and oxygen, 
decreased when the ‘traps’ were turned on. The con-
centration of iron and chromium decreased to a level 
commensurate with the  NHR sample, and copper 
fell to 3.5 ppba. The concentration of impurities of 
alkali metals Na and Ca and concentrations of anti-
mony are not exceeding 1 ppba, in comparison with 
the results of the growing process described in [9].

3. Discussion of experimental results

Impurities have not been found in the experimen-
tal processes, but were presented in the process de-
scribed in [9]. Impurities of Na, Ca and Sb in the ex-
periments are absent, and most likely it indicates 
the  absence of their sources in the  processes per-
formed. The source of antimony was the silicon dust 
from the inner surface of the chamber specially de-
posited on this surface in the course of the processes 
carried out before the  process described in [9] by 
processing silicon doped with antimony. The source 
of sodium and potassium could be a heat insulator 
used in the growing process [9] and not used in labo-
ratory processes. The calculations of the distribution 
area of electrons around the electron beam trajectory 

Fig. 3. Content of impurities in the remains of the melt after the growth process with 
electron beam heating and with/without GDW and ‘trap’. (a) Metals in ppba, (b) oxygen 
in ppma.
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in the case when the EBH is situated 1200 mm above 
the melt shown in Fig. 1 and contacts of the part of 
electrons with heat insulations are obvious.

Carrying out processes with GDW without ‘traps’ 
showed that concentrations of all impurities were 
changed. The  concentrations of aluminium with 
the use of GDW decreased by 2 times, that of cro-
mium by 3 times, the concentration of copper and 
iron dropped by 5 times, and that of oxygen by 25 
times. Hence, it follows that atoms of all these im-
purities entered the melt from the EBH by gas trans-
port (Fig. 3).

When carrying out processes with a  ‘trap’ (pro-
cesses 82 and 83), the level of impurities decreased: 
iron from 190 to 1 ppba (by 190 times), cromium 
from 7 to 1.5  ppba (5 times) and copper concen-
tration decreased from 57 to ~3.2 ppba (18 times). 
Concentrations of aluminium and oxygen were not 
changed. The copper, iron and chromium concen-
tration in the 85 process (with GDW and the ‘trap’) 
decreased to approximatelly 1 ppba or less, and came 
to the level as in the NHR sample.

The GDW unequivocally decreased the concen-
tration of aluminium in the process, but a quantity 
assessment of the influence of GDW on the alumin-
ium concentration is difficult. The level of alumium 
determined by the  ICP MS method in the  NHR 
sample, where it was virtually absent, was 6  ppba. 
The  aluminium concentration in the  process with 
GDW and with GDW and a ‘trap’ changed from 12 
to 4.5 ppba. If we consider the result of measuring 
the concentration of aluminium in NHR as a mea-
surement error, then it is difficult to make an un-
ambiguous conclusion about the  positive effect of 

the ‘trap’ on the decrease in the amount of aluminium 
in silicon. The oxygen concentration in the processes 
with the  ‘trap’ did not change, and with the GDW 
and the ‘trap’ did not differ from the processes only 
with the GDW.

Thus, it can be stated that GDW reduces the cro-
mium, copper and iron concentrations, slightly re-
duces the  aluminium concentration, and radically 
decreases the oxygen concentration in the melt resi-
dues after the process. This is ensured by the supply 
of pure argon to the GDW, which ‘blocks’ the flow 
of the hydrogen–oxygen mixture from the EBH in 
the volume of GDW, from where the hydrogen–oxy-
gen mixture together with argon is forcibly removed 
by an additional vacuum pump.

Studying the nature of the impact of the ‘trap’ we 
should state the  following. High-energy electrons 
penetrate to a  considerable depth in the  treatment 
object, for example, such electrons, having passed 
through a  metal several centimetres thick, practi-
cally did not change their energy, while a  hole in 
the metal did not appear [13]. In our experiments 
with a system as described in [9], but with a non-
moving electron beam, we observed a similar effect – 
the deformation of a quartz crucible on the axis of 
the beam passing through a layer of molten silicon 
with a thickness of more than 100 mm. All the high-
energy electrons came in the melt (excluding the re-
flected part of these electrons). Evaluating the results 
obtained on reducing the contamination of the melt 
with iron, chromium and copper, we assumed that 
a significant number of electrons with lower energy 
are possibly formed, which interact with the chamber 
walls and the copper crucible. To test the feasibility 

Fig. 4. The scheme and conditions accepted in the calculations.
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of this assumption, calculations were performed to 
assess the  effect of the  electric field of the  trap on 
electrons. The  design scheme and the  used condi-
tions are shown in Fig. 4.

As a result of the calculations for electrons with 
low energy and doubly reflected electrons, we ob-
tained the data presented in Fig. 5.

From the presented data, it follows that the elec-
tric field of the  electrode cannot act on electrons 
with energies of 30 eV, the effect on electrons with 
energies of 3.0 eV is extremely small, and the thresh-
old energy for knocking out an iron atom is 4.3 eV. 
Thus, the electrode can act on the primary reflected 
electrons with an energy of less than 3.0  eV and 

on electrons with an energy of 0.3 eV, that are sec-
ondarily reflected from the camera. The energy of 
those electrons that can be affected by the created 
electric field is not enough to knock out the  iron 
atoms. Hence the assumption that these electrons 
cannot be the cause of the contamination of resi-
dues in the melt with iron and chromium and can-
not be the  second source of contamination with 
copper. We will continue to investigate the nature 
of the observed phenomenon.

The source of silicon contamination with alu-
minium is only EBH, since there were no other 
aluminum parts in the  experimental chamber. 
The  use of GDW does not completely eliminate 

Fig. 5. Interaction of low energy electrons with the electrode used in the experiments.
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the  resulting pollution. Theoretically atoms 
knocked out of EBH materials can be in two 
states: electrically neutral atoms transported by 
the gas flow and positive ions framing the electron 
beam. Apparently, aluminum is present in both 
forms and the  removal of its atoms from the  gas 
stream does not provide the required process pu-
rity. In our opinion, magnetic separation is most 
applicable here.

4. Conclusions

The application of a  GDW substantially reduced 
the contamination of silicon melt with chromium, 
iron, copper, aluminium and oxygen. The  use of 
a positive electrode (‘trap’) reduced the contami-
nation of silicon melt with iron, chromium and 
copper, that are presumably introduced by the ir-
radiation of structural elements inside the  tech-
nological chamber. The combination of GDW and 
a positive electrode (‘trap’) allowed us to reach 
the  concentration level within 1–5  ppba for all 
mentioned impurities in the melt residues. Conse-
quently, the  concentration of metallic impurities 
with low distribution coefficients in the grown Si 
crystal (copper 10–4, chromium 10–5, iron 10–6) will 
be less than 0.1  ppta. The  estimated aluminium 
concentration (distribution coefficient) in the rod 
will be around 200 ppta, which is permissible for 
the production of silicon with a resistance of less 
than 50  Ω·cm without long-term high-tempera-
ture heat treatment. 
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