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DEPOSITION OF NANOCRYSTALLINE SILICON FILMS
INTO LOW FREQUENCY INDUCTION RF DISCHARGE
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Results of experiments on obtaining nanocrystalline silicon films with the method of stimulated plasma-enhanced
chemical vapor deposition (PECVD) into low frequency induction RF discharge (880 kHz) allowed in silicon tetra-
chloride diluted with hydrogen are presented. High rate value, as 2.41 nm/s, of silicon film deposition was achieved.
X-ray diffraction phase-shift analysis was pursued, the value of unit spacing of crystalline lattice was determined

and nanocrystalline silicon film structure was studied.

INTRODUCTION

At present thin films of nanocrystalline silicon are
widely used both in microelectronics and for manufac-
turing photoelectric transducers of solar cells [1-3].

Electrophysical properties of nanocrystalline silicon
films obtained are significantly depends on grain struc-
ture, type and size, which are determined by techniques
of processing and anong them are thermal decomposi-
tion (CVD), hydrogen reduction and plasma-enhanced
chemical vapor deposition (PECVD) of siliceous com-
pounds such as trichlorosilane (SiHCI;), monosilane
(SiHy) and silicon tetrachloride (SiCly).

Processes of thermal decomposition and hydrogen
reduction are power consuming and inefficient.

Therefore, at present in order to obtain silicon films
methods of plasma chemical hydrogen reduction of sili-
con compounds using capacitive and induction RF dis-
charges working mainly in high-frequency range
(Ve = 13.5 MHz) or in microwave range.

Using capacitive RF  plasma high rates
(0.8...1.4 nm/s) of silicon film growth were achieved
[4].

However significant disadvantage of using capaci-
tive discharges is contamination of silicon films by re-
sultant products of reactions of plasma subversive gases
(gaseous halogenides of Si, Cl and HCI) with electrodes.

The mentioned disadvantage is absent in plasma of
induction RF discharge since a RF inductor establishing
plasma is situated outside of discharge chamber.

Plasma chemical reactions of hydrogen reduction are
pursued under equilibrium conditions and high pressure
(up to air one), and under non-equilibrium conditions at
low pressure.

In low temperature non-equilibrium plasma elec-
tronic temperature and vibrational-band temperature of
molecules of vapour-gas mixture exceed gas transla-
tional temperature, which allows to accerate direct proc-
esses of end product obtaining and slow down backward
reactions [5-11].

The aim of this study was to obtain nanocrystalline
silicon films by hydrogen reduction of silicon tetrachlo-
ride (SiCly) into low temperature non-equilibrium hy-
drogen plasma at frequency of exciting electromagnetic
field of 880 kHz.
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MATERIALS AND METHODS

Studies on silicon nanocrystalline film deposition
were carried out on an experimental assembly consisted
of an evacuated vessel, a pumping unit, a reagent supply
system and a RF discharge initiation system (Fig. 1).

The evacuated vessel consisted of a tube of quartz
glass 150 mm in diameter and 600 mm in height (2)
installed vertically between two antechambers (1) of
stainless steel.

The quartz tube was cooled by air flow made by a
ventilator (5) with capacity of 0.1 kW.

On the upper and lower antechambers inputs for re-
agent feed and outputs of evacuating systems as well as
pressure control gauges were mounted.

The evacuating systems consisted of vacuum pump
(6), nitrogen trap (7) and shutoff valves (12).

The reagent feeding system included the hydrogen
cylinder (8), pressure reductor gear (9), hydrogen pres-
sure control manometer (10), refrigerating trap (7), hy-
drogen flow meter (11), and container with silicon tetra-
chloride (SiCly) (15) placed on AXIS A6000 electronic
scales (18) with measuring error of 0.1 g.

With the aim to stabilize silicon tetrachloride vapour
pressure its container (15) was placed into the thermo-
stat (14).

Gas flow rate control both in the evacuating system
and the feeding system was performed with the aid of
shutoff valves (12) and pressure regulating valves (13).

Pressure into the chamber was measured with the aid
of a BUT-3 vacuum gauge (16) with measurement range
between 20 and 10~ pascal and a BJI-1 vacuum gauge
with measurement range between 1.3 and 1330 Pa .

The system of RF discharge excitation consisted of
an RF generator (19), an interface unit (20), a water-
cooled inductor (3) and an electromagnetic radiation
shield (4).

Frequency of 880 kHz used in the process of
plasma-enhanced chemical reduction was obtained on
the modernised BUM-63/0.44 generator. When moder-
nased its standard loop inductor of the load circuit was
substituted for a multiple-turn one.

The generator was placed in continuous wave lasing
by substituting an adjustable thyratron rectifier for a
non-adjustable diode one. This substitution permitted to
increase sufficiently reliability and stability in generator
performance.
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Generation rate was increased up to 880 kHz with
the aid of change of capacitance in resonant/oscillator
circuits of the generator. Stable performance of the gen-
erator under various magnitudes of output power was
ensured by dividing matching and power adjustment
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circuits. Continuous adjustment of output power of the
generator was carried out by a variable-ratio autotrans-
former set up on the input of power source. Also con-
tinuous trim in resonance of load and anode circuits was
provided.
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Fig. 1. The experimental assembly for obtaining silicon films into induction RF discharge:
1 — antechamber, 2 — quartz tube; 3 — inductor; 4 — protective case;
5 — ventilator; 6 — forepump, 7 — nitrogen trap, 8 — hydrogen cylinder;,
9 — reduction gear, 10— manometer, 11 — hydrogen flow meter, 12 — shutoff valve,
13 — pressure regulating valve; 14 — thermostat,; 15 — container with silicone tetrachloride (SiCl,);
16 — pressure sensor of BUT-3 vacuum gauge; 17 — B/]-1 vacuum gauge, 18 — electronic scales,
19 — generator; 20 — interface unit

Measurements of voltage on the load circuit was car-
ried out with the aid of a capacitance divider with divid-
ing coefficient of 1000:1. Current in the inductor and
the load circuit was measured with the aid of screened
Rogowski coils.

The conducted modernisation permitted to gain low
temperature non-equilibrium plasma into molecular
hydrogen and into the mixture of hydrogen and silicon
tetrachloride in the pressure range of ... 250 Pa. Power
density fed into high-frequency discharge was in the
range of 1...7.2 W/em® .

In the experiments silicon tetrachloride of “OC.Y”
[ultra pure] grade and hydrogen of “A” grade were used.
To provide its stabilised flow rate the container with
silicon tetrachloride were placed into the thermostat.

Before its supply to the experimental chamber hy-
drogen passed through nitrogen trap.

In the course of the experiments the following pa-
rameters were maintained constant: vapour-gas mixture
pressure of 60 pascal, hydrogen flow rate of 6.5 I/hour,
silicon tetrachloride (SiCly ) flow rate of 10 g/hour, and
power density fed into plasma of 6.5 W/cm®. Tempera-
tures of discharge chamber quartz tube wall were be-
tween 270 and 290 °C. Total duration of film deposition
was 80 min.

The reaction of plasma chemical reduction
(SiCly + 2H, = Si + 4HCI) was carried out at H,/SiCl,
ratio equalled to 5/1.

As a result of the experiments made in the discharge
zone on the internal surface of the quartz reaction
chamber a deposition film was obtained.

148

From measured film thickness of 11.6 um it fol-
lowed that average rate of film growth, Ry, was equal to
2.41 nm/s. This significantly outnumbered the rates
achieved in capacitive RF discharges.

To identify the film obtained X-ray diffraction
phase-shift analysis was pursued. X-ray photography
was made on IPOH 4-07 X-ray diffractometer in Cuk,,
radiation at the Bragg-Brentano scheme with the pair of
Soller slits.

The conducted studies demonstrated that specimens
obtained from evaporated film consisted of amorphous
and crystalline components. According to positions of
lines <111>, <220> and <311> of the crystalline com-
ponent it was gotten the amount of lattice spacing of
0.5427...0.5432 nm similar to reference value of 0.5430
for crystalline silicon [12].

Phase composition of the obtained film was analysed
with X-ray diffractometry in CuK, (A =1/5405 A) ra-
diation. Average size of silicon bicrystall grains, 5, was
calculated from the Scherrer formula on measured half-
width of diffraction line corresponding crystall-lattice
orientation <111>. Obtained values  ~ 20 nm agreed to
results obtained when crystalline silicon film deposition
was executed into capacitive RF discharge allowed into
dichlorosilane (SiH,Cl,) diluted with hydrogen [13].
The volume part of film, X, containing nanocrystalline
silicon determined from the ratio:

3 Z Jnkl
Xe= Z']nkl max ’

ISSN 1562-6016. BAHT. 2014. Nel(89)



where ZJ # 18 the sum of integral intensities of three
diffraction lines corresponding to crystall-lattice orien-

tations as <111>, <220 >, <311>, and ZJ okl

sum of maximal expected intensities of the mentioned
lines [14]. In the films investigated, X., amounted 53%.

The structure of silicone film surface is shown on
Fig. 2.

Composition of film material was determined by
analysing characteristic X-ray spectra obtained on
“Jeol” JSM-840 scanning electronic microscope. The
typical X-ray spectrum of nanocrystalline part of silicon
film is shown on Fig. 3.
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Fig. 2. The surface structure of silicon film
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Fig. 3. Characteristic X-ray spectrum of nanocrystalline part of silicon film

Obtained nc — Si : H (Cl,0) silicon films contained
1.92 and 0.72% of Cl. Presence of oxygen in the film is
attributable to gas emissions from adsorbed residue
gases on the internal surface of the camera under baking
during the experiment.

CONCLUSIONS

High rates of silicon film growth into low tempera-
ture non-equilibrium plasma of low frequency induction
discharge were obtained. High rates of silicon film
growth into low frequency induction RF discharge were
caused by high level of dissociation of working mixture
components into induction RF discharge plasma directly
by the wall of discharge chamber. It can be supposed
that increase in film volume part containing nanocrys-
talline silicone is possible under optimisation of sub-
strate temperature and dilution rate of silicone tetrachlo-
ride by hydrogen.
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OCAXKJIEHUE MJIEHOK HAHOKPUCTAJIJIMYECKOI'O KPEMHUA
B HU3KOYACTOTHOM UHAYKIIMOHHOM BY-PA3PSJIE

A.H. Jlepuzemnsa, IL.I'. Kpvuuumanw, /I.IManvixun, B.H. Paouenxo, b.M. IlTupokxoe

[pencraBneHs! pe3ysIbTaThl UCCIIEIOBAHMI MO ITOMYYCHUIO IUICHOK HAHOKPHUCTALINYECKOTO KPEMHHS METOIOM
CTHEMYJIUPOBAHHOTO TIazMoxuMudeckoro ocaxkaeHus (CIIXO) B HU3KOYACTOTHOM HHAYKIHOHHOM BU-paspsiae
(880 kI'm), Bo3Oyx’maemoM B TeTpaxmuopune kpemuus (SiCly), pasdaBieHHBIM BogopoaoM. [loxydeHa BEICOKast CKoO-
POCTh OCakAeHHs TUIeHKH KpemHus — 2,41 Hm/c. [IpoBesieH peHTIeHOCTPYKTYpHBIi (ha30BbIli aHAIIU3, ONpeeIeHa
BEJIMYMHA TIePUOAA KPHCTAIMIECKOH PelleTKH, HCCIIeIOBaHa CTPYKTYPa HAaHOKPHCTAIUINYECKOM INIEHKH KPEMHUSL.

OCA/KEHHS IVIIBOK HAHOKPUCTAJITYHOT'O KPEMHIIO
B HU3bKOYACTOTHOMY IHAYKIIIHHOMY BY-PO3PSIII

AM. /lepuzemnsn, ILT. Kpuwmans, /I.I. Manuxin, B.1. Paouenko, b.M. Illupokos

[IpencraBneHoO pe3yabTaTy AOCTIIKEHD MO OJEPKAHHIO TUTIBOK HAHOKPUCTAIIYHOTO KPEMHII0 METOJIOM CTHMY-
JTROBaHOTO MIa3MoxiMivyHoro ocamkeHHs (CIIXO) B HmM3bpKOWacToTHOMY iHAYKIiitHOMY BY-pospsmi (880 x['m),
30y/pKeHnM y Tetpaxiopiai kpemHito (SiCly), po3segennm BogaeMm. Onep>kaHO BUCOKY IIBUIKICTh OCA/PKEHHS ILTi-
BKHU KpeMmHito — 2,41 Hm/c. [IpoBeieHO peHTreHoCTpYKTYpHUil (pa3oBuil aHai3, BU3HAYEHO BEJIMYHMHY NEpioy KpH-
CTaJIIYHOT I'PATKH, JOCIIHKEHO CTPYKTYPY HAHOKPUCTAIIYHOT TUTIBKH KPEMHIIO.
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