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Optical emission spectroscopy diagnostic and
thermodynamic analysis of thermal plasma enhanced
nanocrystalline silicon CVD process

Tengfei Cao, Haibao Zhang, Binhang Yan, Wei Lu and Yi Cheng”

Abstract

Nanocrystalline silicon is a promising alternative for the conventional crystalline silicon
materials in the photovoltaic industry because of its better photostability and easy fabrication.
However, the low deposition rates of conventional nanocrystalline silicon fabrication processes
hamper its application in industry. Thermal plasma has been used to successfully realize the high
rate deposition of nanocrystalline silicon in this work. Optical emission spectroscopy (OES)
diagnostic and thermodynamic equilibrium calculation are carried out to better understand the
mechanism of deposition reactions and the effect of SiCl, input rate on nanocrystalline silicon
deposition rate and product properties. Emission lines of atomic silicon, atomic hydrogen and
atomic argon are observed. The results show that the amount of silicon related species in the gas
phase is the main factor affecting the deposition process, which has a linear relationship with
nanocrystalline silicon deposition rate, grain size and crystalline fraction at the high H, dilution

ratio of the deposition system.

Introduction

Hydrogenated nanocrystalline silicon (nc-Si:H) is a thin-film semiconductor which has

attracted much attention during the last decade for its promising applications in the production of
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solar cells, thin film transistors (TFT) and image sensors."™ nc-Si:H has a better photostability and
higher absorption capability in the near-infrared wavelength range than hydrogenated amorphous
silicon (a-Si:H) because of the existence of crystalline phase in the material.> © However, the low
deposition rates of the conventional cold plasma enhanced nc-Si:H deposition processes hampered
its application in photovoltaic industry.

Thermal plasma has the feature of high energy and high reactive species density thus offers
very high fluxes of matter and energy in nanoscale synthesis.” It has been used as an efficient
technique for high rate generation of nanoparticles and nanostructures over the last twenty
years.>'? K. K. Ostrikov et al.*® has discussed the basic principles of plasma nanoscience and
introduced the latest application of plasma in nanoscale materials fabrication. Materials can be
evaporated rapidly in thermal plasma and the rapid quenching of the plasma can also promote
nucleation. Our previous work has successfully realized the high rate deposition of nc-Si:H thin
films using an atmospheric pressure thermal plasma enhanced CVD (APTPECVD) process™,
where the inductively coupled plasma (ICP) was particularly appropriate for high-purity product
deposition for the absence of electrode. SiCl, diluted by H, was used as precursor. A nc-Si:H
deposition rate up to 9.78 nm s was achieved, which is much higher than the maximum
deposition rate as reported” *°. The silicon deposition rate and product properties of SiCls-H,
system exhibit strong dependence on the input rate of SiCl, and the dilution ratio H,/SiCl,. Optical
emission spectroscopy (OES) diagnostic and equilibrium calculation has been carried out in this
work to better understand this relationship.

OES is a non-intrusive diagnostic technique, which can monitor the concentration change of

reactive species and give multiple valuable information of plasma. The optical emission intensities
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of silicon atom and H, as a function of SiH, percentage in SiH4-Ar mixture glow discharge have
been measured by Kampas. '8 The mechanisms of excited species formation in the SiH4-H,, SiF,4
and SiF,-H, plasma systems have been elucidated by Cicala et al.*’ Silicon hydrogenation by RF

18
l.

inductive thermal plasma has been studied via OES by Bourg et al. = and the electron density and

electron temperature in the plasma was calculated. The temporal behavior of a pure SiH4 plasma

.*° and the kinetics of the emission lines of SiH”™ and H,

has been characterized by Feitknecht et a
was reported. Yokoyama et al. 2 and Fukuda et al. ** have correlated OES intensity with deposition
rate and product properties in SiHs-H,-NH3 and SiHz-H, PECVD respectively. Nevertheless, less
work has been done on silicon deposition from SiCls;-H, mixture under atmospheric thermal
plasma. In this study, OES is applied to explore the deposition reactions in the SiCls-Hy-Ar
APTPECVD process and the mechanisms of excited species formation.

Thermodynamically calculated states have been used to aid in explaining experimental data
from chlorosilane related processes in the literature. The equilibrium Si-H-CI system depends only
upon the initial and final states of the system.?” Sirtl et al. *® presented a general discussion to
understand the complexity of reaction mechanisms existing for silicon deposition from SiCls-H,
and SiHCIs-H, mixtures. Eichfeld et al. 4 used the gas phase equilibrium model of the SiCls-H,
system to analyze the gas phase limitations on the growth of silicon nanowires under atmospheric
pressure CVD conditions. However, the temperature ranges considered in those papers are much
lower than the temperature of thermal plasma. In this work, the effects of SiCl, input rate on the
deposition rate and properties of nc-Si:H were investigated via the equilibrium calculation of

Si-H-Cl at the high temperature conditions of RF thermal plasma while the thermodynamic

equilibrium assumption of the gas phase in the plasma zone can be reasonably made in the high
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temperature field, especially when the gas stays in the ICP thermal plasma with a long enough
residence time. The species residence time in the thermal plasma zone was estimated to be 6.5 ms
in this work. Bourg et al. ' has validated the equilibrium assumption of the ICP thermal plasma

deposition system with OES diagnostic. And Yan et al.?®

has validated the equilibrium assumption
of a lower temperature milliseconds process by comparison of gas phase compositions measured
by experiments and calculated under equilibrium assumption. In this work, the equilibrium

assumption of the plasma zone is validated by the correlation of OES analysis with equilibrium

calculation results.

Results and discussion

1. Effect of SiCl, input rate on gas phase composition detected by OES diagnostic

The optical emission spectrum of the OES diagnostic experimental system at the SiCl, input
rate of 0.26 mol h™* is shown in Fig. 1. Emission lines of reactive species including atomic silicon,
atomic hydrogen and atomic argon are observed. Emission bands of excited fragments such as
SiCl, (x = 1, 2 or 3) observed in other SiCl, plasma decomposition processes?®? are not identified
in this system. The amount of those fragments may be very small because of the sufficient ability
of the ICP RF plasma to decompose precursors to produce atomic radicals. On the other hand, the
emission bands of those excited fragments have a relatively low signal to noise ratio, which would

make them difficult to be identified compared with the emission lines of atomic silicon.
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Fig. 1 The optical emission spectrum of the OES diagnostic experimental system at the SiCl, input

rate of 0.26 mol h™: the main emission lines of atomic silicon and atomic hydrogen are noted on

the spectrum.

The effect of SiCl, input rate on the signal intensities of Si (288.08 nm) and H, (656.24 nm)
is given in Fig. 2. The Si (288.08 nm) signal intensity does not increase linearly with the SiCl,
input rate. It drops a little when the SiCl, input rate is high. The H, signal intensity decreases
slightly with increasing SiCl, input rate. Based on the one-electron pathway mechanism of SiH,
and SiF,"’, the formation mechanism of excited species, H" and Si", in the SiCl,-H, plasma system
can be deduced as below:

Hy+e > H +H+e, (1)

SiCly+ M — SiCl,; + CI + M (x =1, 2, 3 0or 4; M represents e or Ar), 2
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SiCl, + H — SiCl,; + HCI (x = 1, 2, 3 or 4), 3)
H + Cl — HCI, (4)
H, + Cl — HCI + H, ®)
Si+e —Si +e. (6)

Thus, according to Equation (6), the intensity of the atomic silicon emission is given by

Isi = Csiksine[Si], (7
where Cg; is a constant independent of the deposition parameters, ks; is the rate constant for
excitation of silicon atomic to the excited state, n. is the electron concentration in the plasma and
[Si] is the atomic silicon concentration. According to Equation (1), the intensity of atomic
hydrogen emission is given by

Iy = Cukune[H2], 8)
where Cy and ky are the constants for hydrogen atom and [H;] is the H, concentration. The
intensity ratio Isi/ly is given by

Isi/ly = S o [Si/[H). ©

So, the intensity ratio Isi/ly is proportional to the gas phase concentration ratio [Si]/[H2].
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Fig. 2 Effect of SiCl, input rate on the signal intensities of Si(288.08 nm) and H,(656.24 nm)

The gas phase composition information containing [Si] and [H;] is needed in order to
understand the influence of SiCl, input rate on OES intensity, which can be predicted by
thermodynamic equilibrium calculation under equilibrium assumption. The effect of SiCl, input
rate on the amount of major species in the gas phase is given in Fig. 3 by equilibrium calculation.
Atomic silicon is the dominating silicon related species at very low SiCl, input rate while SiCl
becomes dominating when the SiCl, input rate increases. The amount of atomic hydrogen is
sufficient to enhance the dissociation of SiCl, to form atomic silicon through Equation (3) at very
low SiCl, input rate, very high H, dilution ratio. The amount of atomic hydrogen decreases with
increasing SiCl, input rate and the dissociation of SiCl, stops at SiCl for insufficient atomic
hydrogen. The change of [Si] in the gas phase leads to the change of the emission intensity of

atomic silicon according to Equation (7). Both atomic hydrogen and H, reduce with SiCl, input
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rate. More atomic hydrogen and H, are consumed through Equations (3), (4) and (5) with more
SiCly input. And the decrease of [H;] results in the decrease of the emission intensity of atomic

hydrogen according to Equation (8). HCI is the major chlorine related species and its amount

enhances dramatically as more chlorine atoms enter the system.
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Fig. 3 Gas phase composition at different SiCl, input rate of the OES diagnostic experiment

system predicted by thermodynamic equilibrium calculation
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The relationship of the intensity ratio Isi/ly and the concentration ratio [Si]/[H2] can be

correlated with [Si] and [H,] predicted by equilibrium calculation as given in Fig. 4. The intensity

ratio lsi/ly increases linearly with [Si]/[H]. This relationship agrees well with Equation (9) thus

verifies the equilibrium calculation and the linear correlation between Is;/ly and [Si]/[H2].
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Fig. 4 Verification of the linear correlation between Is;/l; and [Si]/[H.]

2. Effect of SiCl, input rate on deposition rate and product properties

In our previous work, the high rate deposition of nc-Si:H was successfully realized and
product properties have been characterized.’ In this work, the thermodynamic equilibrium
calculation method is used to give a better understanding of the effect of SiCl, input rate on the
deposition rate of nc-Si:H and product properties.

The calculated gas phase composition of different SiCl, input rate at operation parameters of
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nc-Si:H deposition experiments (SiCl, input rate was changed from 0.05 to 0.13 mol h™* and the
flow rate of H, was fixed at 2.67 mol h™) is shown in Fig. 5 based on the assumption of
thermodynamic equilibrium. Since the equilibrium state of Si-H-CI system depends only upon the
initial and final states of the system, Fig. 5 can be treated as the low H,/SiCl4 mole ratio part of
Fig. 3. Fig. 5 is given here for the detail view of this part. Major silicon related species in the gas
phase are SiCl, Si, SiCl,, SiH and SiHCI as can be seen from Fig. 5. The input amount of H, is
more than ten times of the input amount of SiCl, at the high H, dilution ratio of the nc-Si:H
deposition experiment. So the decrease of [H,] due to reaction consumption is little. Thus, the
effect of SiCl, input rate on [H,] is small.

The kinetic process of the chlorosilane and silane decomposition to deposit silicon has been
widely studied and showed that the decomposition of the absorbed species from the gas phase
finally leads to the deposition of silicon.”*! Absorbed atomic chlorine has an etching effect on
silicon, which hampers the deposition process. The nc-Si:H fabrication is a competition of
deposition and etching. Therefore, the deposition rate of nc-Si:H can be simply estimated using
the following expression
I'aep = Kaep[Silicon related species] — keen[Chlorine related species], (10)
where Kgep and ke are the rate constants for deposition and etching respectively, [silicon related
species] is the silicon related species concentration of the gas phase and [chlorine related species]

is the chlorine related species concentration of the gas phase.



RSC Advances

25
I—-l-—l-—l-—l-—-l-—l-—- ——
T H2 H—pn --—I-—l-—l—-l‘-—l'—-l-—--'—l-—l-—.——l
—e—HClI
—a—H
o 20 _ . _sicl 2
s | ¢ |
§, Si ‘
T 04 —*—SC, "
. . /./
g —x—SijH ot
S SiHCI -
€ 03 )p4a—a—aaaa—Aa—Aa—4-0 A A A A A A A A4
3 /./
.5 e
= @
S 02f o
L )~
v| I

0.06 0.08 0.10 0.12 0.14
SiCl, input rate (mol h™)

Fig. 5 Gas phase composition at different SiCl, input rate of the nc-Si:H deposition experiment

system predicted by thermodynamic equilibrium calculation

The relationship between the amount of silicon related species in the gas phase predicted by
equilibrium calculation and the deposition rate is shown in Fig. 6. The deposition rate is almost
proportional to the silicon related species amount in the gas phase, which means that the etching
effect of the chlorine related species in the nc-Si:H deposition process is negligible according to

Equation (10). This can be explained by the role of atomic hydrogen in the reaction system. A
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sufficient amount of atomic hydrogen in the gas phase can accelerate the decomposition of silicon
related species to deposit silicon® and can also enable efficient surface coverage by bonded
hydrogen so as to weaken the formation of atomic chlorine and then the etching effect’. This
shows the advantage of utilizing high H, dilution ratio in the nc-Si:H deposition system with SiCl,

as precursor.
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Fig. 6 Relationship between nc-Si:H deposition rate and the silicon related species amount in the

gas phase

Furthermore, the effect of SiCl, input rate on nc-Si:H product properties is also studied. As
can be seen from Fig. 5, the increase of SiCl, input rate leads to the change of silicon related
species amount in the gas phase, which is found to be the main factor affecting product properties.

The relationships between the amount of silicon related species in the gas phase and the grain size
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as well as the crystalline fraction of the product are shown in Figs. 7 and 8. Both grain size and
crystalline fraction correlate linearly with silicon related species amount. The deposition of silicon
leads to the growth of silicon crystalline grain. The growth rate of the crystalline grain is
proportional to the silicon deposition rate thus proportional to silicon related species amount in the
gas phase. That means larger amount of silicon related species results in higher grain growth rate.
Since the average residence time of the grains is nearly the same at different SiCl, input rate, a

larger average grain size will be seen at higher silicon related species amount in the gas phase.
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Fig. 7 Relationship between the grain size of nc-Si:H and the silicon related species amount in the

gas phase

The relationship between crystalline fraction and the amount of silicon related species in the

gas phase is shown in Fig. 8. Surface hydrogen plays an important role in the crystallization
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process.” * Local heating produced by recombination reactions of surface hydrogen intensifies the
crystallization process,® * while the etching effect of hydrogen on the amorphous phase further
improves the crystalline fraction®. As discussed before, hydrogen remains at a high concentration
for the high H; dilution ratio applied in this work. Thus, its etching effect on amorphous phase
almost keeps at the same level at different SiCl, input rate. As the deposition rate rises with
increasing silicon related species amount in the gas phase, more crystalline phase is formed and
appears in the nc-Si:H product. This leads to the linear correlation between crystalline fraction and
silicon related species amount in the gas phase at a high H, dilution ratio. However, the
improvement of the crystalline fraction is small. The high and uncontrollable ion energy
originating from the stochastic fluctuations of large sheath potentials in the ICP RF plasma may

lead to the relatively low crystalline fraction of the nc-Si:H product.®*
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Fig. 8 Relationship between the crystalline fraction of nc-Si:H and the silicon related species
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amount in the gas phase

As a summary, the amount of silicon related species in the gas phase is found to be the main
factor affecting nc-Si:H deposition rate and product properties. High SiCl, input rate leads to large
amount of silicon related species in the gas phase, thus benefits the deposition rate and crystalline
fraction at the high H, dilution ratio of the nc-Si:H deposition experiments. If the SiCl, input rate
continues increasing, the situation of deposition reactions will change. Gas phase composition at a
high SiCly input rate and a low H; dilution ratio predicted by equilibrium calculation is given in
Fig. 9. The amount of chlorine related species keeps going up while the amount of H, and atomic
hydrogen keeps going down with more chlorine atom entering the system. The amount of atomic
chlorine exceeds the amount of atomic hydrogen when SiCl, input rate reaches 0.95 mol h™* with a
H, dilution ratio of 2.81. The surface coverage of atomic hydrogen turns insufficient. And the
etching effect of atomic chlorine is no longer negligible with more atomic chlorine absorbed on
the surface. Thus, the linear relationship between the deposition rate and the silicon related species
concentration in the gas phase becomes false at high SiCl, input rate. Both the correlations of
grain size and crystalline fraction have to be rebuilt at high SiCl, input rate and low H, dilution

ratio.
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Fig. 9 Gas phase composition at high SiCl, input rate predicted by equilibrium calculation

Experimental

1. OES diagnostic
The schematic diagram of the APTPECVD apparatus is shown in Fig. 10. The plasma jet is
generated by a RF generator with a frequency of 10~13 MHz and a power up to 10 kW. SiCl,

diluted by H, is used as precursor. Ar is the plasma gas and sheath gas as well. During the OES
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diagnostic experiment, the input rate of SiCly is changed from 0.05 mol h™* to 0.52 mol h™*, while
the input rate of H, is fixed at 3.65 mol h™. SiCl, is a volatile liquid under room temperature. The
SiCl, precursor was transferred into a plastic injector in the fuming cupboard and pumped into the
reaction system using an injection pump. The OES detector, placed below the RF coils at the same
altitude of the plasma plume outside the quartz tube, is connected to the spectrometer via a
four-channel optic fiber. The resolution of each channel is given in Table 1. The emission within
ultraviolet, visible and near-infrared range is then recorded. Detailed information of the

experimental system can be also found in our previous work™.

Table 1 The resolution of the four-channel spectrometer

Wavelength range (nm) Resolution (nm)
200-360 0.12
360-505 0.1
505-625 0.09

625-820 0.15
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Fig. 10 Sketch of the APTPECVD and OES diagnostic system

2. Thermodynamic equilibrium analysis

The thermodynamic analysis of the gas phase equilibrium composition was carried out using
the element potential method based on the minimization of Gibbs free energy, which can be
referred to the similar work on thermodynamic equilibrium analysis of C-H-O system by Yan et

al.®. The gas phase species were assumed to include Si, SiCl, SiCl,, SiCls, SiCly, SiH, SiH,, SiH3,
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SiH,, SiHCI, SiHCls3, SiH,Cl,, SiH3Cl, H, H,, HCI, Cl and Cl,. The equilibrium composition was
calculated under an estimated temperature of the OES observation point. Based on the simulation

results reported®

and the results of infrared temperature measurement, the temperature of the
OES observation point was set to be 2700 K. This temperature is relatively low compared to the
temperature of the plasma zone. It is a volume average of the system temperature at the OES
observation point. And the equilibrium composition in the thermodynamic equilibrium calculation
is also a macroscopic average value of the gas phase composition. The emission intensity of Si
(288.08 nm) signal is proportional to the atomic silicon amount calculated under thermodynamic
equilibrium assumption at 2700 K as shown in Fig. 11. Since the SiCl, input amount is relatively
small compared with the amount of plasma gas, its effect on electron density, ne, could be
negligible. Therefore, the emission intensity of atomic silicon is approximately linearly correlated
with the atomic silicon concentration in gas phase according to Equation (7). The consistency

between Fig. 11 and Equation (7) proves the reasonability of the estimation of the gas phase

temperature.
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Fig. 11 Relationship between emission intensity of atomic silicon and the atomic silicon amount in

the gas phase calculated under thermodynamic equilibrium assumption at 2700 K

Conclusion

nc-Si:H is a promising alternative for conventional crystalline silicon material in photovoltaic
industry. The deposition of nc-Si:H at high rate has been successfully realized and the deposition
reactions was studied in this work. The effect of SiCl, input rate on the gas phase reaction during
the thermal plasma enhanced nc-Si:H deposition process has been analyzed using OES diagnostic
and thermodynamic equilibrium calculation. Emission lines of exited species including Si*, H” and
Ar” were observed. The correlation of emission intensity and gas phase composition was built
under the kinetic mechanism of SiCl, decomposition in Ar-H, plasma. The thermodynamic

equilibrium analysis assisted to better understand the effect of SiCl, input rate on nc-Si:H
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deposition rate and product properties such as grain size and crystalline fraction. The equilibrium
calculation method was verified by OES diagnostic results. The amount of silicon related species
in the gas phase was found to be the main factor affecting the deposition rate and product
properties and their linear relationship at high H, dilution ratio was discovered. Etching effect of
chlorine related species was demonstrated negligible under the high H, dilution ratio applied in
this work. Owing to the severe environment at ultra-high temperatures and integrated multiple
processes in milliseconds, direct measurement inside the thermal plasma deposition reactor can
hardly be implemented. By combining OES diagnostic and thermodynamic equilibrium
calculation, deposition process in the thermal plasma reactor was further analyzed. The correlation
between gas phase composition and product properties in this work can help to optimize the
deposition parameters and the analyzing method proposed can be applied to characterize other

processes in thermal plasma.
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