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Chapter 1

Introduction

1.1 Various applications of plasma processing

The non-equilibrium plasma processes are indispensable for manufacturing
ultra-large-scale integration circuits (ULSIs), thin film transistors (TFTs) of liquid
crystal displays (LCDs), solar cells, and so on. Plasma processing is now the most
important key-technology, because the low temperature process and so on are all to be
realized in the large area process.

In the fabrication of ULSIs, the dielectric layers for insulation and passivation of
metal layers for interconnection are deposited and the unmasked area of the
semiconductor, the dielectric, or metal layer are etched by plasma processing. The
number of device components on a chip for dynamic random access memory (DRAM)
and microprocessor (MPU) follows an exponential growth as Moore predicted,
permitting over millions and soon billions of transistors to be integrated on a chip. In
2014, the 1 Terabit DRAM or MPU with 3.6 billion transistors will be expected.
Therefore, the interconnecting technology is getting more complicated. The number of
interlayer dielectrics has increased in advanced logic devices with quarter micron design
rules. ULSIs is mostly occupied with interconnect wiring delay which has come to play
a dominant role in determining the total signal delay in ULSIs rather than basic gate
delay."") It is important to reduce the wiring resistance and parasitic capacitance in
order to improve the signal transmission rate." One of the effective methods to reduce
the parasitic capacitance is to use interlayer materials with low dielectric constant
(low-k) instead of SiO,.""M® Interlayer insulating films using low-k materials such as
SiOF, SiOCH, and a-C:F are synthesized by plasma enhanced chemical vapor
deposition (PECVD). For the fabrication of complementally metal-oxide-semiconductor

(CMOS), gate insulated layer such as SiN, SiON thin films are synthesized by
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PECVD."® Moreover, plasma processes also etch these layers such as Si0,, the
dielectric films, or metal films, since plasma processes have some advantages such as
anisotropic etching characteristic and dry process. Therefore, all ULSI processing steps
over sixty percent are performed through the use of plasmas. The reduction of
production cost of ULSIs has been achieved by increasing the number of component per
chip in a large wafer and by performing a process at a high rate. Moreover, a demand
for the low cost is also being achieved, through the use of larger silicon wafers. The
wafer size used in production today is 8 inch in diameter and 12 inch are in operation.
Therefore, the problem that exists for the equipment manufacturers is how to scale up
the equipment and provide the same process yield.

Hydrogenated amorphous silicon (a-Si:H) and microcrystalline silicon (pc-Si) thin
films were used for the solar cell and TFTs for LCDs, because Spear et al. reported the
electrical conductivity of these films can be controlled over many orders of magnitude
by doping with impurities.”) The solar cell is the clean energy source without
consuming fuels such as oil, coal, and uranium, and emitting COy, NOy, SOy, and
radioactive wastes which affect the environment. The a-Si:H films are generally
synthesized by PECVD. The formation of a-Si:H films has some advantages, such as
ability to deposit films on various materials, in a large area and at a low process
pressure. In order that the solar cell can be widely used as an electric energy source, it is
important to improve its convection efficiency, which is now lower than a crystal silicon

(101 5_Si:H and pc-Si films have

solar cell, to reduce the production cost much above.
also been applied to TFTs for LCDs, because the films be formed uniformity on the area
of almost 1 square meter at low temperatures by using PECVD. Recently, pc-Si films
are attractive, because they have high carrier mobility compared with a-Si:H films.
PECVD is a useful method for the direct formation of pc-Si films at a low temperature
over a large area compared with other methods such as the thermal chemical
cvD,IH2 the solid phase crystallization of a-Si:H,[13]’[]4] and the eximer laser
annealing of a-Si:H.[15E]

Accordingly, the plasma processing has been widely used for many manufacturing.

For the development of the plasma processing, improvement of the device production
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equipment and optimization of the process conditions has ever been performed.
However, in order to produce the films and etch with optimized characteristics, realize
the fine processing, and stabilize the processing, it is important to understand the
gas-phase kinetics and the plasma-induced sub-surface reactions in the plasma

processing.

1.2 Smart plasma process

Figure 1-1 shows the schematic diagram of the macroscopic phenomena for the
plasma processing. The internal processes in the plasma are classified as follows;

(1) The primary reactions are generation of active species by the electron impact
dissociation of the injection gas. Primary decomposition products consist of positive
and negative ionic species, excited species, and neutral radicals.

(2) The neutral radicals can react with parent molecules, and the steady-state of the
plasma formed through the secondary and higher-order reaction processes among
various species.

(3) The neutral radicals and reaction products generated in the plasma transport onto the
surface of the substrate through diffusion. The positive ions are also transported towards
the substrate with a high energy by the sheath electric field formed in front of the
substrate.

(4) The formation of thin film through the surface-reaction processes between the active
species incident onto the surface and the solid material deposited on the surface, such as
the adsorption, desorption, and surface-migration processes.

Therefore, plasma processing, which has gas-phase reaction and surface reaction, is
very complicated. The plasma processing is much affected by the behavior of the
species such as molecules and radicals in the gas-phase and it is necessary to investigate
the kinetics of species.

Up to now, plasma processing has been investigated by the external parameters such
as input power, gas pressure, substrate temperature, and so on, and process conditions

have been optimized by comparing with the process performance. However,
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the performance control by this way has a limit and the results obtained using the
conventional parameter, that is, external parameter will not give us the common
fundamental information. In order to perform of plasma process with highly precise
control, it is necessary to carry out the monitoring of the internal parameters such as
electron density, electron temperature, gas density and so on, and plasma processing
should be performed with using the internal plasma parameters. During the plasma
processing, the internal parameters are monitored and fed back to the control system,
and the process will be controlled precisely to make conditions suitable for deposition
and etching; which is called “smart plasma process”. It will be the new plasma
processing system in the next generation, which is proposed as a new concept by Hori

and Goto.['"!

1.3 Very high frequency capacitively coupled plasma

Up to now, radio frequency (RF) 13.56 MHz and microwave 2.45 GHz have mainly
employed in plasma processing such as PECVD, reactive ion etching (RIE), and surface
treatment. Recently, the process development is demanded for higher deposition and
etching rates, and improvement of film quality and anisotropy. With increasing in the
size of silicon wafers, the plasma uniformity is also become a critical parameter for the
reduction of costs. This is a major driving force for optimizing a process window in
terms of pressure, input power, coupling techniques and frequency range for plasma
excitation. So far, several high-density plasma (HDP) sources have developed for large
area process and high plasma density at low pressure. HDP such as electron cyclotron
resonance plasma (ECRP), inductively coupled plasma (ICP), surface wave plasma
(SWP), ultrahigh frequency plasma (UHFP), neutral loop discharge plasma (NLDP),
helicon wave plasma (HWP) and so on are shown in Table 1-1. HDP can open the new
reaction pathways allowing better performance comparing with conventional RF 13.56
MHz capacitively ‘coupled plasma (CCP). HDP usually shows the high electron
temperature and density and hereby provides a high deposition rate. In HDP, the

dissociation rate of feed gases amounts to over 90 % and various kinds of radicals with



Table 1-1 High density plasma sources.
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Non-Magnet Magnet
ICP UHFP SWP NLDP ECRP HWP
Geas Pressure (Pa) 0.1-10 001-5 1- 100 0.1-1 0.01-10 0.1-10
Frequency (MHz) 13.56 500 2450 13.56 2450 13.56
Electron Density cm™)|  10"-107 | 10"-10" | 1010 | 10"-10” | 10"-10" | 10"-10"
n
TemEcleer:KI(;e(eV) 4-5 1-2 1-3 1-2 2-10 4-5

high densities are produced.

Recently, it is expected to change of the electron energy distribution function (EEDF)
for controlling radical composition in the plasma suitable for each individual process.
However, it is difficult to control a plasma and especially EEDF, which is affected by
many parameters in the plasma process. The effect of excitation frequency attracts much
attention to change EEDF. Table 1-2 shows the various excitation frequencies used by
each plasma sources.??*" The frequencies of CCP and ICP expand the frequency
region from 13.56 to 100 MHz. SWP and ECRP which usually used 2.45 GHz are
generated at lower frequency region below 500 MHz.

The very high frequency capacitively coupled plasma (VHF-CCP) has some

advantages for plasma processing compared with the conventional RF 13.56 MHz CCP.

[22]-[26] [27]-[39]

The interest of VHF-CCP is demonstrated by modelings and experiments.
The effect of excitation frequency has been investigated in a particle in cell Monte Carlo
simulation model and in a fluid model. *2"?* Raising the excitation frequency of the
discharge at a constant amplitude of the applied voltage increases the plasma density
approximately in proportion to the square of the excitation frequency. 222326 The
sheath thickness and ion energy decrease with increasing the excitation frequency.
Therefore, a higher frequency operation enables to increase ion directionality due to
fewer collisions in the sheath and a reduction of ion bombardment on the
substrate.?21] VHF-CCP also expands the effective area of plasma by trapping the
electron drift motion with the time-varying field because the loss of electrons in the

discharge volume is mainly controlled by diffusion.”®! The EEDF changes with

increasing the excitation frequency at the RF voltage of constant because the electron

-6-
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Table 1-2 Various excitation frequencies on plasma sources.

HF VHF UHF SHF
3MHz 30MHz 300MHz 3 GHz 30 GHz

13.56 MHz 2.45 GHz

27 40 60 100 500 915 9 GHz

|

CcP O 000 O CCP
ICP O 000 O ICP
Non-Magnet ™ O 0 O 0 O SWP
UHFP é UHFP
HWP © HWP
Magnet ~ NLDP O NLDP
ECRP ¢ Q9 ECRP

heating mode changes from the bulk heating (Druyvesteyn EEDF) to the surface heating
(bi-Maxwellian EEDF) with increasing the excitation frequency. Accordingly, the
electron temperature decrease with increasing the excitation frequency.[3 ?) Therefore, the
VHF-CCP has several important advantages compared with RF 13.56 MHz CCP.
Moreover, thin-film formation and etching can be performed all over the area larger
than 30 ¢cm in diameter with high uniformity, using simple parallel plate electrode
geometry with large plasma volume without magnetic fields.

Various merit of VHF-CCP in materials processing have been reported from the

RTH21 and  microcrystalline  silicon

experience in the reactive ion etching
depositi011.[30]'[38] In the etching, it is reported that VHF-CCP attained a high etch rate,
improvement of the selectivity due to effective decomposition of injection gases,
reduction of the self-bias voltage, and so on. Koshiishi et al. reported that the reduction
of micro-loading effect without sacrificing selectivity has been realized.” In the
microcrystalline silicon deposition, many experiences were accumulated in obtaining

the higher growth rate, better uniformity, and reduced intrinsic stress of a-Si:H film

deposition. Howling er al. reported that high frequency operation enables a large
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reduction of powder formation.®” Takai er al. reported that increasing excitation
frequency led to the reduction of the electron temperature, resulting in reduction of the
high order silane-related radicals in the plasma. Accordingly, a-Si:H films were formed
with considerably less the photo-induced degradation.m] Moreover, Finger et al.
reported that the decrease of the deposition temperature was demonstrated without the
loss of the material quality.m] These experiences have been reported with the good
performance of VHF-CCP processes such as synthesizing thin films. However, it has
not been reported enough on the plasma chemistry such as radical density, radical
temperature, and so on in VHF-CCP. The plasma chemistry of the VHF-CCP and the
effect of the excitation frequency on radical species still has never been clarified in
detail. Therefore, it is important to clarify the neutral radical chemistry in VHF-CCP

and the diagnostics of radicals in VHF-CCP is indispensable.

1.4 Radical temperature
1.4.1 Importance on the radical temperature

The neutral gas temperature is one of the most important internal plasma parameters
for understanding and controlling the plasma process, because the gas temperature has a
considerable effect on the density profiles, the transport of reactive radicals, the reaction
of radicals, and so on. The effects of the radical temperature are shown in Figure 1-2.

The diffusion constant of radicals is described in the following equation based on the
Chapman-Enskog theory with the Lennard-Jones intermolecular potential,*]

4rk,T

M
SV M g (1-1)

" 16 no, 2,

where kg is the Boltzmann constant, 7 is the temperature of the radical, Map is
2[(1/M, )+ (1/ My)"" which My and Mg are the molecular weights, 7 is the number
density of molecules in the mixture, ¢ is the intermolecular distance where the potential

value is zero, Qp the collision integral for diffusion, and fp is a correction term which is
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on the order of unity. Therefore, the transport of radicals, that is, the spatial distribution
of the radical density in the plasma is much affected by the temperature. Recently, the
uniformity of the process is hardly demanded in ULSIs manufacturing processes for
reducing the cost, so the control of the radical temperature is important.

Incident flux of radicals on the substrate is also affected by the temperature.

Assuming that radicals come toward the substrate at the thermal velocity, the flux of
[41]

8k.T
r:%/ mBn , (1-2)

where # is the radical density and m is the mass of the radical. The radical temperature

radical I to the substrate is given by

affects the structure and composition of thin films.
Moreover, many chemical reaction rates are strongly related to functions of the

temperature of the species, and are described by Arrhenius equation,

E
kocexp(—ﬁ), (1_3)

where E is the activation energy and R is the gas constant. Reaction rates are also a
function of the temperature. The plasma chemistry such as radical composition is much
affected by the radical temperature.

The measurement of radical densities is important to understand the plasma processes
and to control them. The diagnostics of radicals have been performed using laser
induced fluorescence and absorption spectroscopy, and the measured values have to be
corrected for the partition function that is a function of the gas temperature to obtain the
absolute densities. For example in absorption spectroscopy technique, the absolute
density of radical is estimated by the following equation assuming the Doppler

broadening for the absorption line in the low pressure condition,

N:lAvD | @ 87rv§§lk (14
A2 \Vin2 ¢* g ” 4

Avy :2\/2R1n2v0w}%, (1-5)
c

where A4 is the Einstein constant, Avp is the Doppler width, R is the gas constant, g; and

-10 -
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2, are the statistical weights of the lower and upper levels, respectively, vy is the wave
number of the line center, kg is the maximum absorption coefficient at the line center,
and c is the velocity of the light. Thus, the highly precise value of absolute density is
estimated by using the correct temperature, and the precise plasma chemistry will be
understood and controlled. The temperature of neutral radicals is affected by many
plasma conditions, and provides us with a lot of important information from the
standpoint of understanding the reaction chemistries. Donnely et al. have reported that
the increase of the neutral temperature causes the neutral density to decrease. A
reduction in gas density causes the electron temperature to increase, which will often
attributed to the damage in the etching plasma.[* In the VHF-CCP, the plasma density
increase and the self-bias voltage decreases with increasing the excitation frequency as
described in section 1.3. It is indicated that the energy of species will changed with the
excitation frequency, and the energy makes effect on the plasma process such as radical
composition, film quality, and so on. Therefore, it is important to measure the radical

temperature for clarifying the plasma chemistry in the VHF-CCP.

1.4.2 Previous studies on the radical temperature

Many different techniques to measure radical temperatures in plasmas have been

applied in the past. Part of techniques such as analysis of rotational and vibrational

[43]-(47] [42],(48]-[54] (48]

spectra in absorption, emission, or fluorescence," " measurements of

[55]-[57] [58]-[60]

Doppler broadening in absorption or fluorescence, and measurements of

[613162] are shown in Table 1-3. The most general

species flux through an orifice
technique is the analysis of the rotational and vibrational band shapes of the optical
emission and Fourie transform infrared spectroscopy. For example, the rotational and
vibrational temperatures of CF, CN, CO, C,, and SiF radicals in ICP CF4 plasma are in
the range of 1250 to 2300 K and 1750 to 5950 K, respectively.’®) However, a demerit of
this method is that the rotational distribution of the upper electronic level is measured,

which is not a good representation of the population of the different rotational levels in

the ground electronic state. It is reported that rotational temperatures measured by

11 -
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Table 1-3 various techniques for measurement of radical temperature.

Methods species references
rotational and ) Absorption SiH,, N,0, CF,, CF,, CF, [43]-[471
vibrational spectra
Optical emission N,,SiF, CF, CO, C, CN [421,[48]-[54]
Fluorescence CCl [48]
Doppler Absorption CF,, Si [55]-[57]
broadening
Fluorescence Ar”, SiH, [58]-[60]
Mass spectroscopic Cl,, CF, [611,[62]

optical emission from trace amounts of N, in a CCly discharge were in agreement with
CCl radical temperatures determined by laser-Induced fluorescence. This fact suggests
that the actinometric method using OES for determining plasma temperatures may be
valid. However, the technique did not corresponded so well near a cooled electrode, due
to the effect of chlorocarbon deposition.m]

Kiehlbach er al. reported modeling and experimental results the gas temperatures
ranging from 1200 to 2100 K in the CF4/O; plasma abatement. Their model showed that
the heating by the electron impact dissociation (Frank-Condon heating) and by the
charge exchange and elastic collisions between ion and neutral were the most dominant
heating mechanism in this plasma.[5 4 Donnelly et al. estimated temperatures from 650
to 1250 K from N, emission spectra in the Cl, ICP. They reported the heating was
attributed primarily to the energy released by electron-impact dissociation.[*”

Singh et al. used the mass spectrometer sampling through an orifice in CF4 ICP to
estimate neutral temperatures in the range of 450 - 930 K. The measurement of
species flux through an orifice can provide the neutral translational temperature near a
surface and it is fairly straightforward in an inert gas such as argon. However,
application of this technique in reactive gases requires some assumptions regarding that
the measured neutral density is accurate because the temperature is estimated by the

neutral density ratio with plasma on and off.

Among these techniques, the measurement of Doppler broadening is the most

-12-
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powerful method to directly measure the translational temperature of selected species.
Tanaka et al. reported that the absolute density and the translational temperature of Si
atoms in the RF (13.56MHz) SiH4/Ar plasma were measured by using the ultraviolet
absorption spectroscopic technique employing a ring dye laser. The translational
temperatures varied from 380 K to 700 K with increasing SiHs flow rate ratio from 0 to
100 %.57) In this method, the estimation of temperature is easy and accurate because the
Doppler broadening of a single line is measured. However, there has never been
reported on the dependence of the temperature of radicals on the excitation frequency in

addition to their absolute densities in the VHF plasma.

1.5 Previous studies on the plasma chemistry using SiH, and
SiF4 gases

As described in section 1.3, VHF-CCP has been widely employed for the deposition
of a-Si:H and poly-Si films. SiH4/H, plasma is mainly employed for the formation of
these films. For the formation of poly-Si films by addition of SiF,, it is reported that
fluorine-related radicals play an important role in the formation of films with
preferential orientation and large-grain texture.[® In manufacturing ultra-large-scale
integration circuits (ULSIs), fluorine-doped silicon oxide (SiOF) thin films are also
deposited by using both gases for interlayer insulating films. By addition of F atom into
SiO; films, the dielectric constant of thin films are reduced in compared with SiO,
films.’*! SiHy/N, plasma is employed for formation of silicon nitride (SiN) films for
passivation layer of Organic Light Emitting Devices (OLED) and gate insulating films
of ULSIs, and the SiF4/N, plasma is employed for formation of fluorine-doped silicon
nitride (SiNF) thin films gate insulating films.HOH Moreover for etching, highly
reactive fluorine atoms and ions produced from the plasma interact with the Si substrate
and produce volatile reaction products, such as the SiF, radical and the SiF,
molecule.5?H68 These products, in turn, diffuse back into the plasma where they are
dissociated and ionized by electrons, and the resulting by-products are transported and

re-deposited onto the substrate. Hebner ef al. reported that the etch rate of 500 nm/min

-13-
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Table 1-4 various techniques for measurement of radical density.

Methods species references
OES SiH, Si [701,[71]
LIF SiH,, SiH, Si [601,[70,[72]-[78]
SiF,, SiF [88]-[94]
UVAS Si [56],{571,[79]-[81]
SiF, [95].[96]
IRLAS SiH,, SiH,, SiH [431,[79],[82].[83]
SiF, SiF, [97]-[100]
CRDS SiH,, SiH, Si [861.[87]

translates into the etch by-product gas flow from the surface of approximately 40 sccm
for an 8 inch diameter wafer.®”! The value of 40 sccm makes significant effects on the
process, so the behavior of etching products can not be negligible.

The diagnostics of SiH,4 plasma has been frequently performed for the formation of
a-Si:H and poly-Si films as shown in Table 1-4. Optical methods do not disturb the
plasma. Optical emission spectroscopy (OES)”O]’W]] and laser-induced fluorescence
(LIF)[6°]’[70]’[72]'[78] are applicable for measuring Si, SiH, and SiH; radicals. Ultraviolet
absorption spectroscopy and vacuum ultraviolet absorption spectroscopy use the
incoherent light source and the measuring devices are simple compared with measuring
methods by using laser light sources such as infrared diode laser absorption
spectroscopy (IRLAS) and LIF. On the other hand, Tanaka et al. reported that the
absolute density and the translational temperature of Si atoms in the RF (13.56MHz)
SiH4/Ar plasma were measured by using UVAS employing a ring dye laser.’’]

The composition of gas species in plasma is obtained by measuring absolute densities
of each gas species. Therefore, absolute density measurements of the radicals are
essential to evaluate the chemical kinetics in the plasma. IRLAS is a powerful tool for
absolute density measurements. In this method, the values obtained by measurement are
directly converted to absolute densities. On the other hand, OES and LIF must be

combined with other techniques for the calibration to obtain absolute values. With these

advantages of IRLAS, previous studies on the SiHy (x = 1-3) radicals by IRLAS have

-14 -
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provided important information on the SiH4 plasma.[43]’[7(’)]’[82]’[83 } The density of SiH3
radical was very large in comparison with that of SiHx (x=0-2) radical and the
contribution of SiHj radical to the film formation was the dominant in the RF SiH4
plasma. This was also reported by the radical separation technique using the long
lifetime of SiHj radical.®¥ Moreover, the gas phase interaction is a critical step for
characterizing the network structure, that is, the quality of a-Si:H films.[®!

Ring down cavity spectroscopy is a very sensitive techniques for absolute density
measurements.**®”) The advantages of this technique is easy for absolute density
measurement without calibration and very sensitive due to multiple reflection using
high reflectivity mirrors.

The diagnostics of SiF; plasma have hardly been reported systematically. The

detection of SiF and SiF, radicals has been developed using laser-induced

[88]-[94] [95].[96]

fluorescence, ultraviolet absorption spectroscopy, and infrared absorption
spectroscopy techniques.[gﬂ'[loo] The spatial distribution of SiF, and SiF, densities in
ECR plasma has been only reported systematically in the SiF4 plasma.[94] It is important
to clarify the radical composition in the SiF4 plasma, and hereby the precise control of
SiF4 based plasma process will be performed. Therefore, it is necessary to measure the
radical density and radical temperature in the SiF,4 plasma.

The Si atom in SiH4 and SiF, based plasma processes play an important role for the
film formation, because the Si atom is one of very reactive species with the high loss
probability in the gas phase and surface. For example, Yamamoto ef al reported that the
contribution of Si atom to the thin-film formation was about 3.3 times as large as that of
SiHj; radical in the ECR SiH4/H; plasma.[79] Therefore, the contribution of Si atom to the
thin film formation is very large. In the UVAS, the measuring devices using incoherent
light source is simple compared with that using laser light sources such as IRLAS and
LIF. The radical temperature of Si atom can be also measured by UVAS employing a
ring dye laser. The measurement of Si atom is indispensable because it is easy to
measure the absolute density and translational temperature of Si atoms by UVAS,

thereby these results will give a lot of important information of plasma chemistry and

effect on the Si contained-plasma process.

-15-
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1.6 Purpose and composition of this thesis

The purpose of the research work presented in this thesis is to clarify the effect of
excitation frequency on the contribution of the thin-film formation in the VHF-CCP
employing SiF4 or SiH4 gases. For this purpose, the density and the temperature of the
neutral radicals are systematically measured by ultraviolet absorption spectroscopy
(UVAS), infrared diode laser absorption spectroscopy (IRLAS), laser-induced
fluorescence (LIF). In this thesis, the behavior of Si atom was much focused on,
because the absolute density and radical temperature of Si atom can be measured easily
and the radical temperature gives a lot of important information of plasma chemistry.
The composition of this thesis is as follows:

Chapter 2 The principle and procedures for plasma diagnostics are described.
Ultraviolet absorption spectroscopy (UVAS), infrared diode laser absorption
spectroscopy (IRLAS), laser-induced fluorescence (LIF), actinometric optical emission
spectroscopy (AOES), microwave interferometer, double probe, and pyrometer were
used in this study. Experimental apparatus is also described in this chapter.

Chapter 3 The densities of Si, SiF, SiF; radicals and SiF4 molecule in the VHF 60 MHz
SiF4 CCP by IRLAS, LIF, and UVAS were measured and clarified the radical
composition. The production and loss processes of these species are discussed from
these results and electron density and electron temperature. Optical emission of Ar and
He were also measured as an actinometer. The spatial distribution of SiF and SiF,
radicals, and SiF; molecule densities were measured by IRLAS and LIF, respectively.
Measuring spatial distribution of gas species is useful for the clarification of film
formation mechanisms and improvement of uniform film deposition and etching.
Chapter 4 The absolute density and translational temperature of Si atom and SiF4
molecule in VHF 27 or 60 MHz SiF; CCP by UVAS and IRLAS are measured. The
production and loss processes of Si atom are discussed on the basis of these measured
results together with electron density and electron temperature. Moreover, the
mechanism of translational temperature of Si atom is also discussed focusing on the

effect of the excitation frequency. The effect of the excitation frequency on the density
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and translational temperature of Si atom are discussed.

Chapter 5 The behaviors of absolute densities and translational temperatures of Si
atoms in VHF SiH4 CCP diluted with Ar, N», and H, gases were investigated by using
UVAS with a ring dye laser and a hollow cathode lamp. The effects of the excitation
frequency and dilution gas on the absolute densities and translational temperatures of Si
atoms are discussed.

Chapter 6 In order to clarify correlations between the behavior of Si atom and the
deposition rate, the estimation of the contribution of Si atom to the film deposition is
calculated by using the flux of Si atom and SiHj radical to the substrate. Moreover, the
effect of excitation frequency is investigated for the film deposition.

Chapter 7 The results in the present study and prospects for future are summarized.
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Chapter 2

Experimental apparatus and plasma diagnostics

techniques

2.1 Experimental Apparatus

Figure 2-1 shows the cross-sectional view of the VHF-CCP chamber. The plasma
chamber is rectangular parallelepiped, with an internal side of 54 cm in length for laser
pass direction, which is specially designed for the IRLAS without White-type multiple
reflection cell (single-path IRLAS) and LIF measurements.

The VHF power with the excitation frequency of 27 MHz or 60 MHz was applied to
the upper electrode. The electrode was 25 cm in diameter. The electrode gap was 2.5 cm.
The plasma chamber was configured for an 8-inch wafer. The Si wafer was placed on a
substrate holder with water backside cooling during measurements for keeping the
distribution of substrate temperature uniformly.

Process gases were supplied into the plasma chamber through a showerhead.
Therefore, the plasma processes are performed on the 8-inch wafer with high-uniformity.
The base pressure was of the order of 10 Torr. The chamber was exhausted by two
turbomolecular pumps (1200 /s each) and a rotary pump.

The radical traps were set around the beam pass windows to prevent radicals
generated in the plasma from depositing on the beam pass windows. The deposition of
radicals on the windows causes the decrease of laser intensity that leads to the decrease
of the sensitivity of the measurements.

The optical system for UVAS, IRLAS, and LIF used in this study is shown in Figure
2-2. The guiding laser system consisted of eight small fixed mirrors and a rotational
mirror. The laser beam was first reflected by the rotational mirror. By rotating the mirror,

the laser beams were directed to one of the fixed mirrors, thereby passing through the
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Figure 2-2 Optical system for IRLAS, UVAS, and LIF.
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plasma chamber 1 cm above the substrate. The entrance and exit windows made by
NaCl for the infrared laser beam and quartz for the ultraviolet light was attached at the
chamber wall. The diameter of the laser beam was about 3 mm. The location of the
beam path could be varied anywhere from the center of the chamber to the vicinity of
the chamber wall. In the IRLAS and UVAS measurement, the IR or UV light source was
detected by the IR or UV detector through the chamber. In the LIF measurement, the
fluorescence was collected with a lens from the direction perpendicular to the laser

beam axis and was focused on the UV detector.

Theory
[Electron density]

Figure 2-3 shows the basic homogeneous model of the CCP." The plasma is
generated between the electrodes a and b. The electrodes are separated by a distance /
and each has a cross sectional area 4. The plasma density between the electrodes is ng.
The voltage and sinusoidal current between the electrodes are Vi(f) and I(?),
respectively. It is assumed n, = n; = n due to quasineutrality in the bulk plasma region
except within the oscillating sheaths near the electrodes. The instantaneous sheath
thickness is sy(f) and its time-averaged value is So.

The electric field within sheath a is given by Poisson’s equation,

dE en
= <s,(t), ]
dx ¢ x<s,0) 2-1)

which on integration yields

en
E(x,t)=—[x=s, 0} (2-2)
0
The displacement current flowing through sheath a into the plasma is

oF
1.(t)= ed— (2-3)

Substituting eq. (2-2) in eq. (2-3), we obtain

ds
I, (t) —enA 1 ; . (2-4)
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Figure 2-3 Homogeneous model.
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From eq. (2-4), the sheath boundary s, oscillates linearly with the applied current.
Setting I, = I, cos wt , we integrate eq. (2-4) to obtain

s, =8, — S, sinwt, (2-5)
where

]1
Sy = s 2-6
* " enwd (2-6)

is the sinusoidal oscillation amplitude about the dc value so. The voltage across the

sheath is given by

en S2

v, ()= _f;“de=———8. 2-7)

&

Substituting eq. (2-5) in eq. (2-7), we obtain

V()= —2i:—s§ (1-sincot) . (2-8)

0

Similarly for sheath b, in the addition to the relation of s, +s, =25,, We obtain

pr(t) =— ;1— s¢(L+sin wt) . (2-9)

€
Although V,, and Vs, are nonlinear as described in eq. (2-8) and eq. (2-9), the combined

voltage V,, =V, —V,, =V, across both sheaths is

(s, —s5,)= 22150 Gin oot
b a)” ’ (2'10)
€ €

ens
vV 0
f

which is a linear voltage response. / and ¥ are defined by current density from eq. (2-6)

and amplitude of voltage from eq. (2-10), we obtain

I =enws,, (2-11)
2en
V=""0s. (2-12)
€y

Next, it is considered about the power transferred to the electron by the sheath. Electron
reflecting from the large accelerating fields of a moving high-voltage sheath can be
approximated by assuming the reflected velocity is v +2u which occurs in an elastic
collision of a ball with a moving wall to right side as shown in Fig. 2-3. v is the

reflected electron velocity parallel to the time-varying electron sheath velocity u. On the

.27 -



Chapter 2

other hand, the electron with the velocity of v—2u is reflected by the collision with

the moving wall to left side. Here, the oscillation velocity at the sheath edge is

ds,
dt

=—ws,coswt, and this amplitude isws,. The power density transferred to the

electron was estimated by the stochastic average of the electron velocity assuming the

Maxwellian distribution function,

P, = 2mu§ J:o vf(v)dv = 2mu§ %nﬁ = %muénif R (2-13)
Uy, = ws, (2-14)
1
‘_}:(SeTejZ' (2-15)
m

The power absorbed by the plasma is equal to the sum with the collisional energy loss

and the kinetic energy loss to the wall by electrons and ions,

P =nugk,. (2-16)

abs

1

2
Up :(eTe) ,E.=E_+E,+E, is the sum of collisional energy loss by electrons and
M

ions,

—2
mVe, v
n= .
4euyE;

2-17)

Here, V, ug, Er, and v are a function of the electron temperature. The electron

temperature is a function of the excitation frequency. Therefore, the electron density is a

function of the excitation frequency and proportional to the square of the frequency.

[Sheath thickness]
The sheath thickness is expressed by

N | —

S:(280Vj , (2-18)

en

s

where 7 is the density at the plasma-sheath edge. Substituting eq. (2-17) in eq. (2-18),

we obtain
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2uyE
5= |2 (2-19)
my

Therefore, the sheath thickness is a function of the excitation frequency.

[Electron energy distribution function]

A cut off - density N, that is the density which the electron plasma frequency
coincides with the excitation frequency, is expressed as follows,

o, [Hz] = 8.98\N [m], (2-20)
where . is the plasma frequency.

Generally, in the range of N>>N,, when an electromagnetic wave is exposed to the
plasma, the wave will be reflected at the plasma surface and possibly penetrate into the
plasma only in skin depth (skin effect). Therefore, the wave heats the electrons at the
plasma surface (surface heating). On the other hand, in the range of Ne<N, the wave
penetrates into the bulk plasma, the electrons are heated in the whole plasma (bulk
heating).

The transition of electron heating mode from bulk heating (high T, low N) to surface
heating (low T, high N;) is discussed at relatively high pressures (0.1~3 Torr) in the RF
CCP. In the RF discharges, the bulk heating mode corresponds to the a mode
discharge having low electron density with high electron temperatures (~4 €V). On the
other hand, the surface heating mode corresponds to the y mode discharge or the
discharge mode driven by the RF oscillating sheath, both having high electron density
with low electron temperatures (0.3~1eV).[4] In the non-local regime, where the electron
energy relaxation length is larger than the plasma length,”®! the majority of the electrons
in the plasma bulk region are confined in the ambipolar dc potential well (¢w) as shown
in Fig. 2-4(a). In the bulk heating case, all electrons are directly and continuously
heated in the bulk region as shown in Fig. 2-4 (b), thus the electron temperature
becomes high. In the surface heating case, however, only a small group of high-energy
electrons is accessible to the heating zone of the plasma surface due to the high potential
barrier. After being heated there, the hot electrons return to the bulk region, where they

produce cold electrons with ionization to compensate the diffusion loss in the
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steady-state. The majority of electrons remain relatively cold in the bulk region since no
external heating source exists there as shown in Fig. 2-4 (c). Thus, the electron energy
distribution in the bulk region can be expressed as a bi-Maxwellian distribution as
shown in Fig. 2-5. When the power is locally deposited to a high-energy fraction of
energy space, the electron energy distribution function (EEDF) becomes a
bi-Maxwellian type with a lower bulk temperature (7) and a higher tail temperature (TY).
When the power is deposited to the entire region of energy space, the EEDF becomes a
single temperature type with a higher 7}, (Druyvesteyn distribution).

Here, the absorbed power of electrons by the bulk heating is expressed as follows, !

2 v E;

A 2-21
mv:+w 2 @-21)

ohm >

where  is the angular frequency, v is the electron collision frequency, and Eo is the
electric field. In the case of ww<<1 with increasing the excitation frequency, the
contribution of the bulk heating becomes small. On the other hand, the stochastic
heating is assumed to be dominant due to the surface heating, the absorbed power of
electron by the stochastic heating is given by eq. (2-13). This absorbed power by the
stochastic heating increases with increasing the excitation frequency, that is, the
contribution of the surface heating becomes large. Therefore, the EEDF becomes the
bi-Maxwellian type with increasing the excitation frequency. Here, 7. measured by the
Langmuir probe expresses the low-energy part of the EEDF and gives the bulk
temperature. Accordingly, the bulk electron temperature becomes low with increasing
the excitation frequency. However, Abdel-Fattah et al. reported that the surface heating
is not explained enough by the stochastic heating.”! Therefore, it is necessary to find the

kinetic theory of surface heating localized strongly for the EEDF of VHF-CCP.

[Ion energy distribution function]
The ion energy distribution function is reported by models.B*°! A simple theory of
the ion motion through the sheath leads to an expression for the ion energy distribution

function (IEDF) assuming collision less positive ion sheath with the thickness d,
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Fle)=— [l— ! (e—e(%}fr, (2-22)

2
wypde de

where the energy splitting Je is given by

oo eV |220) (2-23)
Bwged, | ™,

1

<V,> is the average plasma potential, Vrr is the RF voltage, N, is the electron density,
and m; is the mass of ion. Je decrease with increasing the excitation frequency as a
consequence of the time averaging of the potential. The decrease is proportional to WRF
Therefore, the distribution of ion energy decreases with increasing the excitation
frequency and the change of the excitation frequency will much affect the film property.
As a result, the plasma density increases approximately in proportion to the square of
the excitation frequency from eq. (2-17). VHF-CCP can operate at high plasma density
under low-pressure condition. The sheath thickness decreases with inverse of the
excitation frequency from eq. (2-19). Therefore, a higher frequency operation enables
an increase in ion directionality and a reduction in ion bombardment on the substrate.
Moreover, the EEDF becomes the bi-Maxwellian type with increasing the excitation
frequency and the bulk electron temperature becomes low. Accordingly, VHF-CCP has

much advantage in the plasma processes.

2.2 Plasma diagnostics techniques
2.2.1 Ultraviolet absorption spectroscopy

Several techniques such as absorption spectroscopy, laser induced fluorescence
spectroscopy and mass spectroscopy have been applied for radical measurements. The
absolute density in the ground-state can be easily derived from the measured absorption
intensity using absorption spectroscopy. In this study, UVAS using a ring dye laser and

hollow cathode lamp as a light source was used for measuring Si atom density.
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[Ring dye laser]

The ring laser (Coherent, Model 899-21) produced tunable single-frequency radiation.
The cw argon ion laser (Coherent, INNOVA, Sabre DBW-15) was used to optically
pump the dye (Rhodamine 6G). The ring dye laser was equipped with the angle tuned
intracavity frequency doubler (Coherent, Model 8500), producing UV radiation at a
linewidth of 1 MHz and a scan width up to 60 GHz. The wavelength of the laser was
tuned to 288.2 nm for detecting Si atoms with the 3p*'D, level through the transition of
3p*'D, - 3p4s'P,. The absorption profile of the 288.2 nm line was obtained directly by
scanning the laser wavelength. The translational temperature and the absolute density of
Si atoms were evaluated from the width of the absorption profile and the maximum

absorption intensity, respectively.

[Hollow cathode lamp]

The light radiated from the Si hollow cathode lamp (Hamamatsu Photonics, Hollow
Cathode Lamp L233) travels at 1cm above the Si substrate with a beam diameter about
3 mm in the chamber. UVAS using hollow cathode lamp as a light source is the most
simple in these methods. The Si atom densities at the 3p*'D, level through the transition
of the 3p>'D, - 3p4s'P; (288.2 nm) and 3p>’P; level through the transition of 3p23P7_ -

3p4s3 P, (251.6 nm) were measured.

The schematic block diagram of the experimental apparatus of UVAS using a ring
dye laser and a hollow cathode lamp is shown in Figure 2-6. The output laser beam or
the light of the hollow cathode lamp was detected by a photomultiplier (PMT) through
the monochromator. The electric signal from the PMT was averaged 1280 times by a
personal computer. The absorption intensity is obtained by subtracting the plasma
emission and the background noise from the detected signal. The light is chopped and
the absorption intensity is obtained by subtracting the signal without discharge from that

with discharge.
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Theory

If the parallel light from a source passes through a absorption cell, such as plasma,

the intensity of the transmitted light is given as following equation,“o]

1) = 1, (v)exp[-k ()L, (2-24)
where v is the frequency, I(v) and Ip(v) are the intensities of the transmitting light and
the incident light, respectively. L and k(v) are the absorption path length and the
absorption coefficient as a function of frequency v, respectively. The broadening of the
absorption coefficient, that is, the broadening of the absorption line-profile is due to the
causes as follows,

(1) Natural broadening due to the finite lifetime of the exited state.

(2) Doppler effect broadening due to the motions of the atoms.

(3) Lorentz broadening due to the collisions with foreign gases.

(4) Holtsmark broadening due to the collisions with other absorption atoms of the same
kind.

(5) Stark effect broadening due to the collisions with electrons and ions.

In this study, the Doppler broadening should be taken into account in the
experimental conditions.

Here, it is considered that a parallel beam of the light of frequency v passed through a
layer of atoms bounded by the planes at the length of dL. It is supposed that there are N
normal atoms per cm® of which dN; are capable of absorbing the frequency range
between v and v+dv, and N, excited atoms of which dV, are capable of emitting this
frequency range. Neglecting the effect of spontaneous re-emission in view of the fact
that it takes place in all direction, the decrease in energy of the beam is given by

—[I(v)]dv=dN,dLp(v)B ,hv—dN,dLp(v)B, hv, (2-25)
where By, and B, are Einstein B coefficient from lower state / to upper state » and from
I to u, respectively. & is Planck’s constant, and p(v) is the radiation energy density given
by I(v)=cp(v), (c: light velocity). Rewriting eq. (2-25),

1 d[I(v)]

CIv) dL

hv
dv:-c—(Blule—Bu,dNu)_ (2-26)

Recognizing that the left-hand term is k(v)d v as defined by eq. (2-24), eq. (2-26) is
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h
k(w)dv="2(B,dN,-B,dN,), (2-27)
C

and integrating over the whole absorption line, neglecting the slight variation in v

throughout the line,

h
Ik(v)dv - (B N, -B,N,), (2-28)
c
where 1p is the frequency at the center of the line. Here, we use the Einstein A
coefficient,
2
N
jk(v)dvz € & 4N, a-Ey
8mv, &, g.N
g
= ——=%4N, (Ny << N, (2-29)
8mvy g

where g and g, are the statical weights of the lower and upper level, respectively.
Therefore, by measuring Io(v) and I(v), k() is decided and we can estimate the density

M.

[Ring dye laser]
When the light source is monochromatic, the absorption coefficient is given by the

following equation assuming that Doppler broadening is dominant,

k, =k, exp{— {M MH , (2-30)

Avy

where ko is the maximum absorption coefficient at line center. 4vp is the Doppler width,
depending only on the translational temperature 7 and the atomic weight M according to

the formula,
2 T
Avy =—~/2RIn2y, e (2-31)
c

where ¢ is the velocity of light and R is the gas constant. Integrating eq. (2-30) and

using eq. (2-29), we obtained
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N, =Ko 8 47w, /i _ (2-32)
Ag. 7 In2

Therefore, by using the measured absorption profile, the translational temperature 7" is
obtained directly from the Doppler broadening width Avp, and the atom density N, at the

lower level is obtained easily from the measured maximum absorption coefficient kq.

[Hollow cathode lamp]
When the light source is incoherent light such as lamp, the intensity of measured light

is the integrated value over the frequency,

I, = [eofy)dv, (2-33)

I, = [esfu®)1-explko f,()LI}dv, (2-34)

where I, and I, are the intensities of the incident light and the absorption, respectively,
fo(v) is the emission line-profile function for the light source, e is the emission intensity
of the light source at a center frequency of fo(V), fa(v) is the absorption line-profile
function, and ko is the absorption coefficient at the center frequency of fu(v). The
absorption intensity 4(koL) is given by the following formula,

1 [f-expl-k /LI v
A(kyL) =1--% = .

I Jfo(v)dv

(2-35)

From A(k,L) obtained by measurement, ko is determined by assuming the line-profile
function fy(v) and f3(v). Then, the number density of state /, MV, is estimated by using eq.
(2-35) as

8mv? g, 1
To & oJ.fa(V)dV. (2-36)

N, =
ct g, 4
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2.2.2 Infrared diode laser absorption spectroscopy

Most of diatomic or polyatomic molecules and radicals in process plasmas have
rotation-vibration spectra in the infrared region. IRLAS is very useful tool for the
plasma diagnostics. In this study, IRLAS was used for measuring SiFs and SiHs

densities.

The schematic block diagram of the experimental apparatus of IRLAS is shown in
Figure 2-7. The tunable infrared diode lasers (Laser Photonics, L5615) were used for
the infrared light source. The diode laser was cooled down to less than 80 K by a
closed-cycle refrigerator with a helium compressor. The oscillation frequency of the
laser was adjusted roughly by controlling the operation temperature and adjusted fine by
controlling the operation current of the laser. The oscillation frequency was scanned by
scanning the laser current. The laser beam, which contained only a single mode after
filtered with a monochromator, was split into the three parts by beam splitters (BS). One
was the main beam to diagnose the plasma and others were to determine the precise
wavenumber of the observed spectrum. The absorption spectrum of the reference gases
was used to determine the absolute value of the wavenumber. A confocal etalon of 25
cm in length provided an interference fringe pattern with the intervals of 0.01 cm™,
which was used as a relative scale. The laser beam was detected by the
Mercury-Cadmium-Telluride (MCT) infrared detector. The line width of the laser was
much narrower than the width of the observed spectral lines and the stability of the laser
frequency was enough for the spectral line measurement. The laser current was
modulated at 5 kHz for phase-sensitive detection (PSD). The signal of the reference
spectrum and the interference fringes were recorded by PSD using lock-in amplifiers at
twice the source modulation frequency.

The absorption wavenumber of the SiF; molecule was 1032.1 cm™ of the v, band.['!
To improve the S/N ratio, a double-path IRLAS measurement was used. The absorption

wavenumber of the SiH; molecule was 983.6 cm’ of the v, Q-branch.“z]
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Figure 2-7 Schematic diagram of IRLAS system.
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Theory

The absorption coefficient k(v) is derived from the following formula,

I,(v) ’

where v is the wavenumber in cm™, L is the absorption path length in cm, Ip(v) is the

k(v) = —%lnl: (2-37)

laser intensity without absorption, and /5(v) is the absorption intensity. At low pressures,

k(v) can be assumed to have a Doppler broadening line shape, which is given by

2

k() = k(v, )exp{—[v —e. 2J1n2J } : (2-38)
Avy

where v, and k(v.) are the wavenumber and the absorption coefficient at the center of the

absorption line profile, and Avp is the Doppler line width. Avp is given by

Avp =22 /21112 kN, L (2-39)
c M

where c is the light velocity, &g is the Boltzmann constant, Na is the Avagadro’s number,
T is the translational temperature, and M is the molecular weight in atomic mass units.
The translational temperatures are calculated from the full width at half maximum
(FWHM) of each spectral profile.

The absolute density Ny is calculated from the absorption coefficient on the basis of

the following equation,

1
N = S _[ k(v)dv, (2-40)

line
where Siine is the line strength. As the integrated absorption coefficient is derived using

the following formula,

1 =n
Ik(v)dv=§\/;T;AvD k), (2-41)

Niotal could be determined by measured absorption coefficient k(v.) using eq.(2-38) as

N = 2R N RO, (2-42)
C

line

If the line strength is unknown, it is determined by the relation between the line strength
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and the band strength Spang as follows,
g = Stand * &1 'S:,h ~exp(~ Fich/kyT})
line — b
o

where g is the statistical weights for the lower state of transition, S," is the

(2-43)

Hoénl-London factor, Fj is the rotational term value for the lower state of transition, % is

Plank constant, 7 is the rotational temperature, and Q is the partition function.

2.2.3 Laser induced fluorescence

LIF spectroscopy is a highly sensitive method with high time and spatial resolutions
for detecting radicals, though it requires the calibration procedure if the absolute radical

density is needed. In this study, LIF was used for measuring SiF and SiF, densities.

The schematic block diagram of the LIF measurement is shown in Fig. 2-6. The laser
system used for the LIF measurements consisted of a pulsed dye laser (Quanta Ray
PDL-2) pumped with a frequency doubled Nd:YAG laser (Quanta Ray DCR-3), with
crystals for output wavelength conversion (Quanta Ray WEX-1). The dyes used for the
SiF and SiF, detection were Rhodamine 610 and LDS 698, respectively. The repetition
frequency of the laser pulse was 10 Hz. For LIF measurement, the excitation
wavelengths of SiF and SiF, radicals were 288.05 nm [X-B(0,1)] and 225.35 nm
[X-4(0,0,0 - 0,1,0)], respectively, and the fluorescence wavelengths of the SiF and SiF»
radicals were 296.7 nm [B-X(1,1)] and 242.0 nm [4-X(0,1,0 - 0,9,0)], respectively./*H!*l
The ultraviolet laser for excitation wavelengths were synthesized by mixing second
harmonic dye laser pumped with second harmonic YAG laser (532 nm) with 1064 nm
YAG laser. The wavelength of pumped dye laser A4y should be tuned as follows to form

the ultraviolet laser for radical excitation,

o

(2-44)
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where Aexe and Ayag are the wavelength of ultraviolet laser for radical excitation and
that of Nd:YAG (1064 nm), respectively. The fluorescence was detected by using a
photomultiplier tube (PMT). The electric signal from PMT was averaged 256 times by
the digital oscilloscope. The optical system for LIF used is shown in Fig. 2-2. The
ultraviolet laser beam was fixed at the center beam path, passed above the center of Si
substrate. The entrance and exit windows made by quartz for the ultraviolet laser beam
were attached at the chamber wall. The fluorescence was collected with an /= 150 mm
lens from the direction perpendicular to the laser beam axis, was focused on the end of
an optical fiber and was lead to the entrance slit of a 25-cm monochromator through the
optical fiber. By moving the optical fiber parallel to the center laser beam path, the

precise spatial distribution of relative radical densities could be determined.

Theory

Figure 2-9 shows diagrams of energy level. The rate equation of number density at

each energy level in m level system is given as follows,!"!

dn N
dt2 = By, pn, = By pny — (4, +ZA2i)n2’ (2-45)
1=3
% = Azl.n2 (i = 3), (2-46)
dt
n= Zni i (2-47)

i=1
where »; is the number density in the i level, »n is the ground-state density before
excitation by laser, p is the energy density of laser beam for excitation, and 4jx and Bj
are the Einstein A and B coefficients for transitions from j to k level, respectively. The

relations between Einstein A and B coefficients are expressed as follows,

ngjk = ngkj ) (2-48)
8hv’
4y = i By, (2-49)

where v is the frequency of the radiation , / is the Planck constant, ¢ is the speed of light,

gjand gy is statistical weights in each levels. Here, the following relation is expressed by
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assumption of 3 level system,

(2-50)

M
B
1]
UJ:\

n
w

s

1}
w

Ay =4y (2-51)

1

The rate equation of number density at each energy level in m level system could be

regarded as 3 level system and given from egs. (2-45) ~ (2-47) as follows,

dn ,
"d_;‘ =By, on, — By, pny — (4, + A’y ), (2-52)
dn’ ,

dt3 =A'yn,, (2-53)
n=n, +n,+n'. (2-54)

If the intensity of the laser beam for the excitation is sufficiently large, in which
P(B,, + By) (4, +A'y), the ratio of the number densities at the ground state and
excited state is equal to the ratio of the statistical weights at the ground state and the

excited state immediately after laser irradiation. This relation is expressed as follows,

Bhob , (2-55)
no g
n=n +n,. (2-56)

From egs. (2-55) and (2-56), we obtain

n, = ﬁn. (2-57)
The number density at the excited-state is proportional to the density at the ground state,
and independent with the laser intensity. When the laser irradiates continuously, all of
the number density, which exist initially at the ground state, will finally transit at the

3~m levels. The time variation of the number density is given by

nz(t):-i—nexp[~ Lf A’zzf)- (2-58)
& & 8 +8

When the laser stops irradiating after the equilibrium state expressed by eq. (2-55), the

time variation of the number density is given by
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ny (1) =—E2—nexp(= (4y, + 4, )). (2-59)

) &8
As the number of photons radiated per unit time and unit volume is #,4’,,, the number

of photons detected with transition to i level is given by

0
IAzinz(t)d——th =C [ty (di =Cn, (2-60)
4z
dQ
CA'yy=——VA4y. (2-61)
47

Therefore, the signal intensity detected is in proportion of the ground-state density #. In
the case of that laser beam for excitation is not sufficiently large, the signal intensity

detected is in proportion of the ground-state density », too.[®!

2.2.4 Actinometric optical emission spectroscopy

An AOES offers a way to monitor reactive species densities both in situ and
nonintrusively in the discharge. Since OES does not require such as specialized laser
equipment which is expensive and experimentally demanding, AOES which is one of
the OES has been used widely as a simple method for diagnostics of the plasmas. In this

study, AOES was used for the measurement of F atom density.

Theory

AOES requires the addition of a small amount of an inert gas such as argon to the
feed gas of the plasma. The optical emission from the excited states of both the inert
species (actinometer) and the species of interest are observed and compared. This
comparison assumes that emission from the chosen excited states is proportional to the
concentration of the same species in the ground state.

Valid actinometry requires that actinometer and measured species undergo the same
excitation path (electron-impact), that the relaxation occurs exclusively by
photoemission or by photoemission plus a parallel de-excitation pathway with a

constant branching ratio, and that both species have similar cross-section functionality
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with energy. The electron impact excitation of the ground state is

e+ X > X +e,
where X is the species of interest. Excitation is followed by the emission of a photon
from the excited state,

X" > X+hv.
For actinometer gas, the same process occurs. The intensity of the emission form the
excited state is

I; =Tk N [i], (2-62)
where [ is the intensity of emission from species i (either X or the actinometric gas), Ne
is the electron density, [/] is the concentration of species 7, i is the excitation efficiency
of species i, and 7 is the branching ratio for emission relative to all other de-excitation

paths. The excitation rate coefficient is described by following equation,
k = | Ve @f@)ds. (2-63)

where ¢ is the electron energy, v is the electron velocity, ci(¢) is the collision
cross-section for the excitation of i, and f{¢) is the electron energy distribution. Because
the intensity of emission from species i depends on i, N, ki, and 7, changes in any of
these factors will cause a proportionate change in /;. Actinometry accounts for changes
in the electron density by scaling the emission intensity of species X with the emission

intensity of the actinometer as follows,

IX — FXkXNe[X]

I, TkoN[A) (64
Typically, the electron-impact excitation cross sections are chosen such that the
excitation energy thresholds are comparable, therefore, the same group of electrons is
responsible for the excitation of both species. For the ratio kx/ka to be approximately
constant, the excitation cross sections oj(¢) must also have similar functionalities. /x/
I') is constant under conditions when collisional de-excitation is not important, which is
usually true at low pressures; the time for emission is much faster than the time between

molecular collisions. With these conditions met, the relative concentration of the

reactive species can be determined from the ratio of emission intensities,
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[X]oc X[A4]. (2-65)

Thus the variation in [X] can be determined by AOES. The conditions of applicability
are,

(1) The excitation cross sections have the same shape, particularly in the region close to
the threshold.

(2) The population of excited levels from higher levels is negligible.

(3) Two-step excitation, e.g., via metastables, is negligible.

(4) There is no population of atomic levels via dissociation.

(5) Radiationless de-excitation (quenching) of excited levels is negligible.

Rare gases are considered to be suitable for use as the actinometer since they are
chemically inert in plasma. In the case of application of AOES to the F atom density
measurement, Ar gas has been commonly chosen as the actinometer. The measured
emission lines of F atom and Ar atom were [3s(*P2)-3p(°P>)] transition at 703.7 nm for
F atom with threshold energy of 14.5 eV, and [4s’(1/2)°-4P*(1/2)] transition at 750.4 nm
for Ar atom with threshold energy of 13.5 eV, respectively. Although this technique is
useful, there are some difficulties in the AOES technique. With accurate examination,
both kx and ks are different functions of the electron energy as described above. The
difference in the electron-energy dependence of kx and k4 results in the poor reliability
of AOES. The validity of AOES has been studies by several researchers.!'*!"! They
have reported that the AOES measurement for the relative F atom density with Ar

actinometer roughly gives correct results in plasmas.

2.2.5 Microwave interferometer

In this study, a 35 GHz microwave interferometer was used for measuring electron

density.

Theory

The propagation measurement have been used to measure plasma density because the
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propagation constant of a wave is dependent on the plasma frequency a)b2 = e’ Ny/gom.
Here, N and &, are the electron density and the permittivity of free space, respectively.
The principle of its use is that the change in phase shift across a region with and without
plasma can be measured. This in turn can be related to the change in the propagation

constant and hence to the plasma frequency. The change in phase shift is

. L, 2
w; (¥)
Adp=k, ||1-—— dx-1, (2-66)
w
0

where ko = a/c is the free space propagation constant, and / is the distance across which

the wave propagates. It is often possible to choose the diagnostics frequency sufficiently
higher than the plasma frequency that square root can be expanded. The free space part

of the phase shift the conveniently cancels leaving,

Ap~k, j dy=—¢ J-N(x)dx 2-67)
28077160
In this approximation, we see that the line integral of the density can be directly

measured in term of a phase shift.

2.2.6 Double probe

The probe technique is one of the most useful tools for diagnosing plasma. In this

study, the electron temperature was measured by double probe.

Theory

A metal probe, inserted in a discharge and biased positively or negatively to draw
electron or ion current, is one of the most useful tools for diagnosing plasma. These
probes, introduced by Langmuir are usually called Langmuir probes. As with any other
electrode, the probe is surrounded by a sheath. However, unlike large electrode surfaces
that are used to control plasma, probes are usually quite small and under suitable

conditions, produces only minor local perturbations.
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Double probes are generally used if no well-defined ground electrode exists in the
plasma. A schematic of a double probe is shown in Figure 2-10 (a), with typical probe
characteristic as shown in Figure 2-10 (b). Since the two probes draw no net current
they will both be negative with respect to the plasma. Current flows between the probes
if the differential potential ¥#0. As V becomes large, the more negative probe (in this
case probe 2) essentially draws ion saturation current, which is just balanced by the net
electron current to probe 1. The double probe system has the advantage that the net
current never exceeds the ion saturation current, minimizing the disturbance to the
discharge, but has a consequent disadvantage that only the high-energy tail of the
electron distribution is collected by either probe. The distribution of these electrons may
not be representative of the distribution of bulk electrons in the discharge.

Defining the ion and electron currents to probe 1 and 2 as Iii, lie, L, L, then the

condition that the system float is

L+ 11, -1, =0. (2-68)
The loop current is
Ly—1, - -1,.)=2I. (2-69)

Combining eq. (2-68) with eq. (2-69), we obtain
I=1,—I;=1-1,. (2-70)
For the electron current, we have

i

e 1, =A,J e", @2-71)

esat

b=

-~

I, =4J

esat
where Jesy is the electron random current density and 7} and V5 are the probe potentials
with respect to the plasma potential. Using V' =V, -V, and substituting eq. (2-58) into
eq. (2-68) we obtain

I+l _ A4 % (2-72)

¢

L—1 4, °
which generally plots as shown in Fig. 2-10 (b). For 4; = 4, then I;; = I; = I;, such that |
eq. (2-70) simplifies to
I=1 tanh(—V—]. (2-73)
2T,

€
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Figure 2-10 Schematic of double probe.
(a) Definition of voltage and currents,

(b) Typical current-voltage characteristic.
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2.2.7 Pyrometer

In the plasma, we measured the electrode heating effect due to the charged species by
using pyrometer. The pyrometer enabled us to measure the temperature of the Si surface
in the range of 473-2273 K without any influence due to a heater under the substrate. In
this study, the surface temperature of upper electrode was measured by the pyrometer

(LEC Company Limited. KTL-P1).

Theory

The thermal energy is radiated as an electromagnetic wave from the matter. It is
called thermal radiation. The pyrometer is used for measuring the temperature through
the thermal radiation. The energy radiated from the matter depends on the absolute
temperature of the matter and the wavelength. The thermal radiation energy is given by

Planck’s radiation law,

8mhc 1
A,T)=
pT) == N 2-72)
exp -1
kgTA

where ¢ is the speed of light, A is the wavelength, 4 is the Planck constant, ks is the

Boltzmann constant, and 7 is the absolute temperature of matter.
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Chapter 3

Measurement of Si, SiF, SiF, radicals and SiF,
molecule using very high frequency capacitively

coupled plasma employing SiF,

3.1 Introduction

In the fabrication of ultralarge scale integrated circuits (ULSIs), fluorine-based
plasmas have been employed for plasma-assisted etching and the deposition of thin
films. SiFs;-based gases have been employed for the deposition of thin films such as
fluorine-doped silicon oxide (SiOF ), fluorine-doped silicon nitride (SiNF),™ poly-Sil*!
and so on. For etching, highly reactive fluorine atoms and ions produced from the
plasma interact with the Si substrate and produce volatile reaction products, such as the
SiF, radical and the SiF4 molecule. These products, in turn, diffuse back into the plasma
where they are dissociated and ionized by electrons, and the resulting by-products are
transported and re-deposited onto the substrate. Therefore, the SiF4 molecule and SiF; (x
= 0-3) radicals play an important role in these plasma processes.

So far, the detection of SiF and SiF, radicals in the reactive plasma has been
developed using infrared absorption spectroscopy techniques,”""! laser-induced
fluorescence® 1" and ultraviolet absorption spectroscopy.[m]’[]s] The spatial distribution
of SiF, and SiF, densities in high density electron cyclotron resonance (ECR) plasma
has been reported.'® However, there are few systematic reports on the behavior of
species in SiF4 plasma. It is important to clarify the production and loss process of

species and the radical composition in the plasma for precisely controlling SiF; based

plasma.
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In the ULSIs fabrication, it is necessary to reduce of the production cost. The wafer
size used in production today is 8-inch in diameter. Therefore, it is important to clarify
the uniformity of plasma process and the spatial distribution of radical density.

In this chapter, the absolute line-integrated density of the SiFs; molecule and the
relative densities of SiF; and SiF radicals were measured by IRLAS and LIF,
respectively. The absolute density of the Si atom was measured by UVAS. The relative
density of the F atom was measured by AOES. Based on these results, the production
and loss processes of Si, SiF and SiF, radicals together with SiF4 molecules in VHF 60

MHz SiF4 CCP are discussed.

3.2 Measurement of Si, SiF, SiF, radicals and SiF, molecule

The electron density (N,) and electron temperature (7) at the center of electrode were
measured. N, was measured by a 35 GHz microwave interferometer and a double probe
technique. The deference of value of N, measured using the double probe or the 35 GHz
interferometer is about 20%. In the following figures, the value of N, measured using
the 35 GHz interferometer was used. The plasma condition was maintained at a total
pressure of 5.3 Pa and a SiF, flow rate of 90 sccm. Figure 3-1 shows N, and 7, as a
function of VHF power. N, increased from 3.8 x 10" cm™ to 1.7 x 10" c¢m™ with
increasing VHF power from 0.5 kW to 2.5 kW. T, slightly decreased from 3 eV to 2.3
eV and was inclined to saturate with increasing VHF power.

Figure 3-2 shows the SiF4 molecule density as a function of N, at the center of
electrode measured by IRLAS. The N obtained in Fig. 3-1 was used as the horizontal
axis. Here, the SiF, density was measured by double-pass IRLAS to improve the S/N
ratio. The plasma region was assumed to be 25 cm in diameter, the same size as the
electrode. The absorption length in the plasma region were calculated from the size of
the plasma where the laser beams passed. The density outside the plasma region was
assumed to be the same as the density in the vicinity of the chamber wall. Therefore, the

net density in the plasma region was estimated by subtracting the density outside the
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plasma region from the total line-averaged density. The SiF4 density decreased up to the
N, of 8.7 % 10'° ecm™ and saturated with further increase in N.. The translational
temperatures were calculated from the full width at half maximum of each spectral
profile. The line-averaged translational temperature of the SiF4 molecule at the center of
the electrode was estimated to be about 400 K, and the temperature in the vicinity of the
chamber wall outside the plasma region was estimated to be about 350 K. These
temperatures did not change with varying VHF power. SiF4 molecule densities in the
vicinity of the chamber wall were twice those in the center of the electrode. From these
results, the translational temperature of SiF4 molecule at the plasma region was roughly
estimated to be about 500 K by the superposition of each Gaussian distribution of the
line-averaged translational temperatures within the plasma region and outside the
plasma region. The SiF4 molecule density estimated using 500 K agreed with that using
400 K within the experimental error value of about 12%. The dissociation ratio of the
SiF4 molecule was estimated to be about 63% at N, of 8.7 x 10 ¢m?,

Figure 3-3 shows SiF; radical density as a function of Ne measured by LIF. The SiF,
density increased with increasing N, from 3.8 x 10 to 1.2 x 10" cm™ and slightly
decreased with further increase in N, above 1.2 x 10" ecm. The production and loss
processes of the SiF, radical can be expressed as follows. The major production process
of the SiF, radical is assumed to be the electron impact dissociation of SiF4 molecule,

R1:SiF, + e—%SiF, + products +e .
On the other hand, the loss process of the SiF; radical is considered to be diffusion to
the wall, electron impact dissociation and reaction with the F; molecule and the F atom
as follows,

R2:SiF, + e—%—>(SiForSi) + products +e .

R3:SiF, + F, —25SiF, + F.

R4:SiF, + F—%SiF, ——SiF, + hv.
The rate coefficients k3 and k4 were (4.7 £ 0.3) x 10" em’s™ and (5 £ 1) x 102 em’s™,
respectively.“z]’m] However, R3 and R4 were negligible because k3 and k4 are

considerably small. Accordingly, the balance equation for the production and loss of the
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SiF, radical can be expressed by the following equation,

dr. . .- 1_ISiE
—;[Sle]=k]Ne[S1F4]—k2Ne[S1F2]—[; 2], (-1)
dl

where N, [SiF,] and [SiF4] are the densities of electron, SiF; and SiF,, respectively. &
and k, are the rate coefficients for reactions R1 and R2. 1, is the diffusion lifetime of
the SiF, radical. 1, is a constant with the variation in N, because the pressure was fixed.

The SiF, radical density in a steady state is then expressed by

[SiE, ]= M (3-2)
kyN, +—
Ta

When diffusion loss is dominant, the SiF, density is expressed by the following
equation from eq. (3-2),

[SiE, |= 7,k N, [SiF, ]. (3-3)
The SiF, density is proportional to k;Ne[SiF4] because 14 is constant. Assuming the
diffusion loss is dominant, the calculated density of SiF, radical is described by the
open circle as shown in Fig. 3-3. Here, the emission intensity of Ar’ provides
information on the production process of the SiF, radical. The rate equation of excited

Ar’ atom density in the steady state is expressed by the following equation,

ar] 1,
N =——2% A
Euele = T “Tar]

where ka; is the excitation rate constant, ta; is the radiative lifetime, and [Ar] and [Ar]

(3-4)

are the densities of the Ar atom in the ground and excited states, respectively. The Ar'
emission intensity I+ is proportional to ka:N. The emission threshold energy of Ar* is
13.5 eV, which corresponds to the threshold energy of 13.9 eV for SiF4 dissociation that
produces the SiF» radical.'”! Therefore, the generation rate of the SiF, radical is
expressed by the following equation,

[SiF, |ec .1, . [SiF, ], (3-5)
where c; is a constant. The generation rate of the SiF, radical is described by the open

triangle as shown in Fig. 3-3. The calculated density and the generation rate of the SiF,
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radical increased with increasing N.. The calculated density corresponds to the
measured density of SiF; radical at N, ranging from 3.8 x 10" t0 1.2 x 10" ¢cm™. This
suggests that the denominator in eq. (3-2) is almost constant regardless of the increase
in N., and the SiF, radical is extinguished by diffusion to the wall. However, the
measured density of the SiF, radical was smaller than the calculated density, and
slightly decreased at N, above 1.2 x 10" cm™. This suggests that the denominator in eq.
(3-2) increases at N above 1.2 x 10" ¢cm™. Here, when the electron impact dissociation
is dominant in the loss process of the SiF, radical, the SiF, density is expressed by the
following equation from eq. (3-2),

[SiF, ] ecc, [SiF, ], (3-6)
where c; is avconstant. As shown in Fig. 3-2, SiF, density slightly decreased at N, above
8.7 x 10'% cm™. Therefore, when the loss process of the SiF, radical is electron impact
dissociation, the SiF, density slightly decreases. As shown in Fig. 3-3, the measured
density slightly decreased. Thus, it is considered that the SiF, radical is mainly
produced by the electron impact dissociation of the SiF; molecule, extinguished by
diffusion to the wall at N, below 1.2 x 10" ecm™ and by electron impact dissociation at
N, above 1.2 x 10" ¢m™ resulting in the production of Si and SiF radicals according to
R2.

Figure 3-4 shows SiF radical density as a function of N, measured by LIF. SiF radical
density increased linearly with increasing N.. The production and loss processes of the
SiF radical are expressed as follows. The major production process of the SiF radical is
assumed to be electron impact dissociation of the SiF4 molecule,

R5:SiF, + e—*—>SiF + products +e .

On the other hand, the loss process of the SiF radical is considered to be diffusion to the
wall, electron impact dissociation and reaction with the SiF4 and F, molecules as
follows,

R6:SiF+e—%>Si+F+e.

R7 : SiF + SiF, —2— SiF, + SiF, .

R8:SiF + F, ——>SiF, +F.
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The rate coefficients k7 and ks were (2.8 + 1.2) x 10" cm’s™ and (2.4 £ 1.2) x 10"
em’s™, respectively.!'® However, R8 may be negligible because F, density is relatively
small in comparison with SiF4 density. Thus, the major loss process of the SiF radical is
considered to be diffusion to the wall, electron impact dissociation and reaction with the
SiF4 molecule. Accordingly, the balance equation for the production and loss of the SiF
radical can be expressed by the following equation,

%[SiF] = k,N,[SiF, |- k4N, [SiF]- &, [SiF[SiF, ] - [iiF] , (-7)

d2

where N, [SiF], and [SiF4] are the densities of the electron, SiF and SiF4, respectively.
ks and kg are the rate coefficients for reactions R3 and R4. 14, is the diffusion lifetime of
the SiF radical. 14 is constant with variation in N.. The SiF radical density in the steady

state is expressed by,

i) —FLBEL (-8)
kN, + k, [SiF, ]+ —

d2

Here, the production process of the SiF radical is also assumed to be the electron impact
dissociation of the SiF> radical described above. From eq. (3-2), SiF, density is roughly

estimated to be of the order of 10'? cm™

using rate coefficient k; that is calculated to be
6.7 x 107? cm’s™ using the cross section from Ref. 22. The rate coefficient &, of the
electron impact dissociation of the SiF, radical for the production of SiF radical was
unknown. It is assumed to be of the order of 10'%-10"" ecm’s™ at maximum. The SiF
radical density ( kyNe[SiF2] ) produced by the electron impact dissociation of the SiF,
radical was estimated to be of the order of 10'? cm™. On the other hand, the numerator

3 using ks calculated by the cross section from

of eq. (3-8) was of the order of 10" cm’
Ref. [17]. Therefore, kyN[SiF,] will be much smaller than the numerator of eq. (3-8),
and the contribution of the electron impact dissociation of the SiF, radical to the
production of the SiF radical will be much smaller than that of the SiF4 molecule. In the
higher electron density region, however, the SiF radical will be also produced from the

SiF, radical with electron impact dissociation.
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Each term of the denominator in eq. (3-8) was considered as follows. The reaction

35" and the SiF4 density was of the order of

rate constant k7 was (2.8 = 1.2) x 10" em
10'* cm™ as shown in Fig. 3-2. Thus, the second term was estimated to be of the order
of 10%-10* s™'. On the other hand, k¢ was unknown, and N, was of the order of 10'0-10"
cm™ as shown in Fig. 3-1. If the first term is larger than the second term, ks should be
larger than 107 cm’s” whose value is too large. It is considered that ks is generally of
the order of 1071%-10"" ¢cm®s™!. Thus, the first term will be much smaller than the second

term. The third term is expressed by the following equation,!'”!

2 —
p P 21, (2 a)’ (3-9)
D va

where p is the pressure and Ay is the geometrical diffusion length determined by the
chamber structure. In this study, the electrode gap of 2.5 cm is much smaller than the

chamber length 54 cm. Therefore, /4, is expressed by the following equation,
4y ==, (3-10)

where L is 2.5 cm, Iy is expressed by V/S with 7 and S being the volume and surface
area of the chamber, respectively. v is the velocity of the SiF radical given by
(8kT/zm)"*(T and m are the temperature and mass of the SiF radical, respectively, and k
is the Boltzmann constant). a is the surface loss probability on the chamber wall, and «
was assumed to be 0.0245 from Ref. [17]. D is the diffusion coefficient for the SiF

I using the

radical in the SiF4; molecule and is calculated to be 1306 cm?>Torr's”
Chapman-Enskog theory with the Lennard-Jones intermolecular potential.*% P! The
third term of the denominator in eq. (3-8) is estimated to be about 46.2 s, Therefore,
the value of the second term is much larger than that of the third term. Accordingly, the
reaction of the SiF radical with the SiF4 molecule in the gas phase becomes dominant as
the loss process. Here, when the gas phase reaction for the loss process is dominant, SiF
density is expressed by the following equation from eq. (3-8),

[SiF]oce, V., (3-11)

where c; is constant. The SiF density is proportional to Ne. The calculated density of the
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SiF radical, whose reaction loss is dominant, is also described by the open circle as
shown in Fig. 3-4. Here, the emission intensity of He' provides information on the
production process as described above. The emission threshold energy of He* is 23.07
eV, and the threshold energy of SiF, dissociation producing the SiF radical is 20.4 AR
Therefore, the generation rate of the SiF radical is expressed by the following equation,

[SiF]ec ¢, 7, .[SiF,]. (3-12)
This generation rate of the SiF radical is described by the open triangle as shown in Fig.
3-4. The calculated density and the generation rate of the SiF radical increased with
increasing M. The calculated density corresponds well to the measured density of the
SiF radical at the N, ranging from 3.8 x 10'" to 1.4 x 10" ¢cm™. This suggests that the
denominator in eq. (3-8) is almost constant regardless of the increase in N, and the SiF
radical is dominantly extinguished by reaction with the SiF, molecule. However, the
measured density of the SiF radical was smaller than the calculated density at N, above
1.4 x 10" cm™. It is considered that the SiF radical is furthermore extinguished by
electron impact dissociation in the same way as the SiF; radical. Thus, the SiF radical is
mainly produced by the electron impact dissociation of the SiF4; molecule and
extinguished by reaction with the SiF4; molecule at N, below 1.4 x 10" ¢m™ and by
electron impact dissociation at N above 1.4 x 10" ¢cm™ resulting in the production of
the Si atom according to R6.

Figure 3-5 shows Si atom densities at the 3p™P; level (251.6 nm) and 3p*'D, level
(288.2 nm) as a function of N, measured by UVAS employing a hollow cathode lamp as
a light source. Assuming the absorption profile to be the Boltzmann distribution, the
total density of the Si atom at the electronic ground state, that is composed of the 3p*P
and 3p2‘D levels, can be estimated. Here, when the temperature of the Si atom is 600 K,
the Si density ratio for the 3p23Po : 3p>P, @ 3p®P; : 3p”'D; levels is given as 0.34 :
0.85: 1 : 4.64 x 107 using the Boltzmann distribution. As shown in Fig. 3-5, the Si
atom density at the 3P*P, level was about twice as large as that at the 3P?'D, level at N,
of 3.8 x 10" cm™. Accordingly, the total Si density at N, of 3.8 x 10" cm™ was

estimated by multiplying the density of the 3p®P, level by a factor of 2.7.2% 1]
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Therefore, the total density of the Si atom was calculated as shown in Figure 3-6. The
total density of the Si atom was found to be of the order of 10'°-10'" cm™ and increased
with increasing Ne. The production and loss processes of the Si atom can be expressed
as follows. The major production process of the Si atom is assumed to be the electron
impact dissociation of the SiF4 molecule,

R9:SiF, +e—*—Si+products+e.
Here, the production process of the Si atom is also assumed to be the electron impact
dissociation of SiF and SiF, radicals as described above. The rate coefficients of the
electron impact dissociation of SiF, and SiF radicals for the production of the Si atom
were unknown. The production process of the Si atom was complicated since many
parameters producing the Si atom were considered, especially in the higher electron
density region. A simple model in which the Si atom is produced only by electron
impact dissociation of the SiF4 molecule is assumed in this study.

The major loss processes of the Si atom are diffusion to the wall and reaction with the

SiF4 and F, molecules as follows,

R10:Si + SiF, —%— SiF, +SiF, .

R11:Si+F, —»SiF+F,
The rate coefficients ki and k1; were (2.2 + 1.4) x 10" em®s™ and (2.9 + 1.1) x 107"
em’s™, respectively.“s] However, R11 was negligible because F, density was relatively
small in comparison with SiF4 density. Thus, the major loss process of the Si atom is
diffusion to the wall and reaction with the SiF,; molecule. Accordingly, the balance
equation for the production and loss of the Si atom can be expressed by the following
equation,

%[Si]= k, N, [SiF4]-km[SiISiF4]--[Tsd—13], (3-13)
where N, [Si] and [SiF4] are the densities of the electron, Si and SiF4, respectively. kg
and ko are the rate coefficients for reactions R9 and R10. 1, is the diffusion lifetime of

the Si atom. 14 and kjo are constant with the variation in N,. The Si atom density in a

steady state is expressed as,
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4 kN,[SiF,
[SI]=——[—1—1—~ (3-14)
k,o[SiF, ]+ —

d3

The first term of the denominator in eq. (3-14) is explained as follows. The reaction rate
constant kjg was 2.2 X 10" em’s!, and SiF, density was of the order of 10" cm? as
shown in Fig. 3-2. Therefore, the first term of the denominator in eq. (3-14) was
estimated to be of the order of 10°-10% s, On the other hand, the second term of the
denominator in eq. (3-14) is given by eq. (3-9), with a of 0.063 from Ref. [17]. The
diffusion coefficient for Si atoms in the SiF; molecule is calculated to be 1855
cm?>Torr-s”'. The second term of the denominator in eq. (3-14) is estimated to be about
173 s!. Therefore, the value of the first term is much larger than that of the second term.
Accordingly, the reaction with the SiF4 molecule becomes dominant as the loss process.
Here, when the reaction of the Si atom with the SiF4 molecule is dominant as the loss
process of the Si atom, Si density is expressed by the following equation from eq.
(3-14),

[Si]oce, .., (3-15)
where c¢s is constant. Si density is proportional to N. The calculated density of the Si
atom, where the reaction loss is dominant, is also described by the open circle as shown
in Fig. 3-6. Here, the emission intensity of He" also provides information on the
production process as described above. The threshold energy of SiF, dissociation that
produces the Si atom is 24.6 eV.l"") Therefore, the generation rate of the Si atom is
expressed by the following equation,

[Si]eces I, - [SiF,]. (3-16)
The generation rate of the Si atom is described by the open triangle as shown in Fig. 3-6.
The calculated density and generation rate of the Si atom increased with increasing Ne.
The calculated density of the Si atom corresponds to the measured density at N, ranging
from 3.8 x 10'° to 1.0 x 10" cm™. This suggests that the denominator in eq. (3-8) is
almost constant regardless of increasing Ne, and the Si atom is extinguished by the

reaction with the SiF4 molecule. However, the measured density of the Si atom was
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larger than the calculated density at N above 1.0 X 10" cm™. It is considered that the Si
atom was produced by the electron impact dissociation of SiF, (x = 1-3) radicals in
addition to the SiF4 molecule, resulting in the Si density being larger than the calculated
density of the Si atom. Therefore, the Si atom is mainly produced by the electron impact
dissociation of SiF; molecule at N, below 1.0 x 10" ¢cm™ and by the electron impact
dissociation of SiF, (x = 1-3) radicals in addition to the SiF4 molecule at N above 1.0 x
10" em?, and it is extinguished by the reaction with the SiF4 molecule.

Figure 3-7 shows the F atom density as a function of N, measured by AOES. The F
density increased linearly with increasing N. The F atom would be produced with the
dissociation of SiF, (x = 1-4) such as reactions R1, 2, 5 and 6. Therefore, it is considered

that dissociation in the production of F atom increased with increasing Ne.

3.3 Spatial distribution

Figure 3-8 shows the spatial distribution of SiF4 molecule densities as a function of
N.. The SiF4 molecule density at the center of the electrode was lower than that in the
vicinity of the chamber wall due to the electron impact dissociation. The SiFs molecule
densities were almost flat in the plasma region at a relatively high electron density and
tended to increase gradually from the plasma region towards the wall.

Figure 3-9 shows the spatial distribution of SiF radical densities as a function of N..
The distribution of SiF, radical densities was almost flat in the plasma region and
decreased outside the plasma region. SiF, density increased with increasing N from 3.8
x 10 to 1.2 x 10" cm™ and slightly decreased with increasing N, above 1.2 x 10" em™
as shown in Fig. 3-3. This behavior was also observed all over the electrode. Figure
3-10 shows the spatial distribution of SiF radical densities as a function of Ne. The
distribution of SiF radical densities was almost flat in the plasma region and decreased
outside the plasma region as observed in the SiF radical. However, SiF and SiF; radical
densities tend to decrease slightly from the plasma boundary towards the center of the

electrode. Figure 3-11 shows the spatial distribution of the electron density and the
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electron temperature. The condition is N, of 3.8 x 10'® cm™ at the center of the electrode
and a pressure of 40 mTorr. The N, is almost flat in the plasma region and decreased
outside the plasma region, while the 7. was large at the plasma boundary region.
Therefore, the production of SiF and SiF; radicals by electron impact dissociation was
large, resulting that SiF and SiF; radical densities tend to decrease slightly from the
plasma boundary towards the center of the electrode.

Figure 3-12 shows the film thickness. The deposition condition is VHF power of 1
kW, a pressure of 5.3 Pa, SiF, flow rate of 90 sccm, and deposition time of 15 minutes.
The film thickness was between 248 and 260 nm, and was achieved the high uniformity
deposition within 5 %. Therefore, it is clarified that VHF-CCP has an advantage for

large area plasma process with high uniformity.

3.4 Summary

The densities of the Si, SiF and SiF, radical and the SiF; molecule in VHF 60 MHz
SiF4 CCP were measured as a function of N, using LIF, IRLAS and UVAS techniques
and the behavior of their radicals and the SiF4 molecule was characterized using an
internal plasma parameter of N.. The SiF, density decreased with increasing N, and the
dissociation ratio of SiFs was saturated at about 63 % at N, of 8.7 x 10" cm?. SiF,
molecules are dissociated into SiF, (x = 0-3) radicals by electron impact.

SiF, radical density decreased while Si and SiF densities increased with increasing N
above 1.2 x 10" ecm® The SiF, radical is mainly produced by electron impact
dissociation of SiF4 and extinguished by diffusion to the wall at N, below 1.2 x 10"
cm” and by electron impact dissociation at N, above 1.2 x 10" em™, resulting in the
production of the Si atom and the SiF radical. SiF radical density increased linearly with
increasing electron density. The SiF radical is mainly produced by electron impact
dissociation of the SiF4 molecule and extinguished by reaction with the SiF4 molecule.

The total atom density of the Si atom was estimated to be of the order of 10'°-10"

cm”. The Si atom is mainly produced by electron impact dissociation of SiF4 molecule
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at N, below 1.0 x 10" cm™ and by electron impact dissociation of SiF, (x = 1-3) radicals
in addition to the SiF4 molecule at N, above 1.0 x 10" em?

The spatial distribution of SiF, SiF, and SiF4 densities was measured by LIF and
IRLAS, showing an almost flat distribution inside the plasma region. Therefore, the film
thickness was achieved the uniformity of 5 % in the diameter of 8 inchs.

The kinetics of species in SiF4 plasma has been clarified quantitatively, providing

important basic data on plasma processing.
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Chapter 4

Effect of excitation frequency on the translational
temperature and absolute density of Si atoms in
very high frequency capacitively coupled SiF,

plasmas

4.1 Introduction

The Si atom is one of the most important species for SiF, based plasma processes,
because the Si atom is a reactive species with a high surface loss probability.[l]
Therefore, the Si atom in the plasma greatly affects the deposition of high-quality thin
films and the precise etching of materials.

The neutral gas temperature is one of the most important plasma parameters for
understanding and controlling the plasma process because the gas temperature has a
considerable effect on the density profiles and the transport of reactive radicals.
Moreover, many chemical reaction rates are strongly related to functions of the
temperature of the species. Recently, an interest in the behavior of the neutral gas
temperature has intensified, while the diagnostics of radical densities remain important
to understand the plasma processes and to control them. Usually the diagnostics of
radicals are performed using laser induced fluorescence and absorption spectroscopy,
and the values measured have to be corrected for the partition function that is a function
of the gas temperature to obtain the absolute densities. The temperature of neutral

radicals provides us with a lot of important information from the standpoint of

understanding the reaction chemistries. However, there has been few reported about the
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dependence of the excitation frequency on the temperature of radicals in addition to
their absolute densities in the VHF plasma.

In this chapter, the translational temperature and the absolute density of Si atoms in
the VHF-CCP at 27 MHz and 60 MHz employing SiF4; were investigated using
ultraviolet absorption spectroscopy (UVAS) with a ring dye laser and a hollow cathode
lamp, and the absolute density and the translational temperature of the SiF4 molecule by
infrared diode laser absorption spectroscopy (IRLAS). Based on these results, the effect
of excitation frequency on the translational temperature of the Si atoms in VHF SiF4

CCP is discussed.

4.2 Estimation of translational temperature of Si atom

Figure 4-1 shows the typical absorption coefficient profile of the Si atom. The
experimental condition was an excitation frequency of 60 MHz and an electron density
of 3.8 x 10" cm™. The Doppler broadening was dominant for the absorption line in the
present experimental condition. Therefore, the translational temperature of the Si atom
was evaluated accurately from the width of the absorption profile 4vp. The translational

temperature of the Si atom, that is, 7 was obtained by the following equation,
kBT 1/2
Aoy =2~21n20, (W] , 4-1)

where vg is the laser frequency at the line center, kg is the Boltzmann constant, c is the
speed of light, and m is the mass of Si atom, respectively. As shown in Fig. 4-1, the line
represents calculated absorption coefficient profile of Si atom at a translational
temperature of 600 K and a Si density of 3.4 x 10° cm™ at the 3p*'D, level and agreed
well with the measured profile. Therefore, 4op was 3.45 GHz and the translational
temperature was estimated to be 600 K. The Si atom densities at the 3p21D2 level
measured using a hollow cathode lamp were almost the same value as those using a ring
dye laser. Therefore, both measurement techniques were successfully applied to

evaluate the Si atom density in the plasma.
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Figure 4-1 The absorption coefficient profile of the Si atom
at the transition of 3p*'D, - 3p4s'P, (288.2 nm).
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Figure 4-2 Si atom translational temperature as a function of electron density.
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Figure 4-2 shows the translational temperature of the Si atom as a function of electron
density. The electron densities obtained in Figure 4-3 were used as the horizontal axis.
The temperatures of the Si atom at 27 MHz and 60 MHz increased with increasing the
electron density from 1060 K to 1300 K and from 600 K to 940 K, respectively. The
temperatures at 27 MHz were considerably larger than those at 60 MHz. Moreover, the
change in temperature slope agreed well with that of the Si atom densities at electron
densities above 1.0 x 10" ecm™ at 60 MHz as described below. Here, the spatially
line-averaged temperatures of the Si atom express the temperature profile of the Si atom

in the plasma region, because of the high loss probability of the Si atom.

4.3 Effect of excitation frequency on the translational
temperature and absolute density of Si atoms

Figure 4-3 shows the electron density (N.) and the electron temperature (7,) as a
function of VHF power. The plasma condition was maintained at a total pressure of 5.3
Pa and a SiF4 flow rate of 90 sccm. The N, at both frequencies increased with increasing
VHF power from 0.5 kW to 2.0 kW. The N, at 60 MHz was larger than that at 27 MHz
at the same VHF power. It is reported that raising the excitation frequency at a constant
amplitude of the applied voltage increases the plasma density approximately in
proportion to the square of the excitation frequency."”! In this study, however, the N, at
60 MHz was approximately double that at 27 MHz, since the amplitude of the applied
voltage was different. 7, decreased slightly from 3 eV to 2.3 eV at 60 MHz and from 4.1
eV to 3.8 eV at 27 MHz with increasing the VHF power.

Figure 4-4 shows the total Si atom density as a function of electron density. The total
Si density was estimated by the Si density ratio at the 3p” level from the assumption of
Boltzmann distribution that is a function of the translational temperature, and the
translational temperatures as shown in Fig. 4-2 were used for estimating Si densities."’
The Si atom densities at 27 MHz were larger than those at 60 MHz at the same N, due

to the high T at 27 MHz. It is noteworthy that the Si atom densities at both frequencies

- 86 -



Chapter 4

O B0MHz N,
@ 27MHz N,
ABOMHz T,
A27MHz T,
> 2.0 5%
£ |72
~ _ o
o 1.5} A _4:2"
X @ 13 &
> 1.0+ { a
= O 12 £
o
g 0.5 P
alheng | 11 S
s | 8
ool I0Q
S 00051015 20 25
LLJ VHF Power ( kW )

Figure 4-3 Electron density and electron temperature as a function of VHF power.
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were increased linearly with increasing N. up to 1.0 x 10''em™, and the gradient of the
Si atom density was changed remarkably at N of 1.0 x 10"em™ at 60 MHz. Here, the
production and loss processes of Si atoms were the electron impact dissociation of SiF,
(x = 1-4) and the reaction with the SiF4 molecule, respectively, as described in chapter 3.
In this study, the Si atom densities were calculated on the assumption that the main
production of Si atom was the electron impact dissociation of SiF4 molecule and the
loss was the reaction with SiF,s molecule, and represented by triangles as shown in Fig.
4-4. The SiF, densities measured by IRLAS were used as described below. The
gradients of measured Si densities at N above 1.0 x 10" em™ at 60 MHz and the Si
densities at 27 MHz were estimated as being larger than those of calculated densities.
As a result, the Si atoms were produced more by the electron impact dissociation of SiF
(x = 1-3) radicals than the SiF4 molecules at 27 MHz and high N, above 1.0 x 10" cm?
at 60 MHz, because the SiF; molecules were depleted as described below.

Figure 4-5 shows the SiFs molecule density as a function of electron density. The
SiF4 density at 27 MHz decreased up to Ne of 5 x 10" cm'3, and saturated with further
increasing N.. The dissociation ratio of the SiFs molecules at 27 MHz was estimated
about 89% at N, of 8.5 x 10'% cm?, while the dissociation ratio of the SiF4 molecules at
60 MHz was 63%. The SiF4 density at 27 MHz was smaller than that at 60 MHz at the

same N, since T, at 27 MHz was larger than that at 60 MHz as shown in Fig.4-3.

4.4 Mechanism for translational temperature of Si atom

The mechanism for the gas-temperature has been reported by simulations and models.
Here, some of these reports are shown as follows.

Kiehlbauch ef al. reported a simulation and experiment of the gas temperature in the
PPA ( point-of-use plasma abatement ) system using CF,4 and O, gases. ] The neutral
temperature were measured using the rotational spectrum of an electronic transition
between an excited state and a ground state by OES. The rotational temperature was

estimated by assuming a Boltzmann distribution of the rotational energy, and assumed
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Figure 4-5 SiF, molecule density as a function of electron density.
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to be in equilibrium with the translational temperature. This model was described as
follows.
The neutral balance written in terms of mass density is

0
S (e 1)+ V- (pe u)+ Vg = =p(V-u)+ S, (4-2)

The conductive heat flux is expressed by
qg=-kVT, 4-3)
where p is the total neutral mass density, ¢y is the mixture heat capacity, T is the neutral
temperature, u is the mass-average convective velocity, p is the total pressure, and x is
the mixture thermal conductivity. The summation is over all neutral species. The second
term and third term on the left-hand side of eq. (4-2) represent the transport of energy
by convective flow and thermal conduction. The thermal conductivity is a function of
temperature and mixture composition. The first term on the right-hand side is the
pressure-volume work.
S, is the source term for collisional energy transfer from the charged species to the

neutrals,

S,=>(E, +FC,+GP, +IE,). (4-4)

The terms FC,, IE,, GP,, and E, represent the heating due to the Frank-Condon effect,
the electron impact vibrational excitation of the neutral molecules, the heating due to
gas phase thermochemistry, and ion/neutral charge exchange and elastic collisions,
respectively. The neutral gas is assumed to follow Maxwell-Boltzmann statics.

Frank-Condon heating for species n is expressed by

FC,=> kN.N,AE,, (4-5)

where the summation is over all electron impact dissociation reactions for species » that
release Frank-Condon energy, k; is the rate coefficient for the reaction involving species
n, N, and N, are the electron and neutral number densities, respectively, and 4E; is the

Frank-Condon energy released in reaction . The Frank-Condon effect occurs when an
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electron strikes a neutral molecule with sufficient energy to raise the molecule to a
dissociative state. In general this energy is greater than the dissociation energy, which
results in the dissociated fragments obtaining extra kinetic energy.

Electron impact vibrational excitation was included only the one excited state of CF4
and the three excited states of O;.

The termodynamics of the gas phase chemistry is another source of neutral heating.
This is the enthalpy of reaction at the neutral temperature times the rate of the reaction.

The final neutral heating term represents gas phase collisions with the ions. Ions
transfer energy to the neutral through change exchange collisions and elastic collisions.
Ion/neutral collisions were handled as a constant due to the hardsphere model for
collision cross section. The total rate of ion/neutral energy transfer is calculated by
integrating over ion and neutral velocity distributions. The ion/neutral energy transfer is
dominated by the sheaths, where the ion velocity is high.

The simulation shows that the power transferred to the neutrals is typically 25-30 %
of the rf power. Frank-Condon heating and ion/neutral heating are dominant for the
heating mechanism, each accounting for about 40 % of the neutral energy source term.
Gas phase chemistry and vibrational excitation are each 10 % of the neutral energy
source term. It is found that PPA system using CF4 and O, gases is dominated by
electron impact dissociation.

Cruden et al. have reported the neutral temperature in CF4/O,/Ar ICP.) The
rotational temperature of CF radical was estimated from B-X band system near 203 nm
by OES.

The dependence of gas temperature on pressure can be estimated by considering the

steady-state heat balance, and approximated expressed by
J-V QdV :_kgasVT'S’ (4"6)

where the heat input Q is balanced by conduction of heat through the gas to the chamber
walls and kg, is the thermal conductivity. If the heat input is dominated by electron

impact processes, then QO will be approximately proportional to the product of electron
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and neutral densities.

One of primary production mechanisms of CF is the electron impact dissociation of
CF4. The energy threshold for CF, dissociation to CF is near 20 eV, although the
thermodynamic heat of reaction for this process is only 14.7 eV, meaning that
approximately 5.3 eV of additional energy is imparted into neutral reaction products.
This was termed Frank-Condon heating. This excess energy will be divided into
translational energy for fluorine atoms and rotational, vibrational, and translational
modes of CF. For a rough estimate of how much energy goes into CF, it is assumed that
the translational energy is partitioned among the CF and F species and CF will have
about 0.77 eV (9000 K) of translational energy, immediately following CF4 dissociation.

Donnelly et al. reported the rotational temperature of N, as a trace gas from the
c’? Hu-B3Hg near 337 nm in the Cl, ICP.® The mechanism for gas heating was described
as follows. |

Power (W/cm?®) is transferred from the electrons to the gas (Cl and Cl) by

(a) dissociation

Wy =2kgnne 64, 4-7)

(b) rotational excitation

1
VVrot = nen(.'/, (g&} 2 Urot (Ee )5rot (ee )f; (ee )dEe > (4_8)
\“m, |
(c) momentum transfer
finn,
£ |EXo 2 E_WE,, 4-9)
=, S EIERE,

where k; is the electron impact dissociation rate constant ( dissociative attachment and
dissociative ionization contribute much less ), d4 is the energy released into each Cl
atom in Cl, dissociation, gro(E) is the total rotational scattering cross section, dror(E) is
the energy converted into Cl, rotational energy, fe(Ec) is the electron energy (E.)
distribution function, om(Ee) is the momentum transfer cross section for Cl or Cl, and ny

and M, are the number density and mass of Cl or Cl,, respectively. Consequently, the
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energy released in Cl, dissociation dominates electron induced heating.

Power transfer from the ions occurs when they collide (including charge exchange)
with the neutral gas in the presheath region,

(d) ion heating

W =n'wy (5, 46, )_g, (4-10)

ips i

where n+i,5 is the positive ion density at the sheath edge, vp is the Bohm velocity, dips is
the energy transferred to neutrals per ion collision in the presheath, d;w is the energy of
the ion (presumably neutralized) scattering from the walls and wafer, and ¥ and 4 are
the total plasma volume and effective area of the chamber. The ion heating was small
from the calculation. However, W; scales with n+T. which decreases with increasing
pressure. Near rf-biased electrodes and in plasmas with higher 7., the mechanism
should be more important, even if diy is less than 10 % of the incident ion energy.
Presumably, this mechanism plays a major role in the cooler Ar plasmas.

Heat is lost by collision of hot neutrals at the chamber walls. Because of the large
thermal gradients, the temperature-dependent thermal conductivity of the gas (ky), the
higher %, for Cl vs Cl,, the concentration gradients of Cl and Cl, near the walls, and
other complexities in the heat input process (e.g., its spatial dependence).

As a result, they concluded that heating is most likely due to primarily to the energy
released in Cl, dissociation.

Here, electron impact dissociation as in the following reaction is considered for
explaining the Frank-Condon effect.”

AB+e—> A+B+e.
The variety of some processes is illustrated in Figure 4-6. In collisions a or a’, the v=0
ground state of AB is excited to a repulsive state of AB. The required threshold energy
(&) 15 €, for collision a, and ¢, for collision a’. This energy leads to energy of products
(here, A and B) after dissociation. Typically €,-eu is few volts; consequently, hot neutral
fragments are typically generated by dissociation processes. In collision b, the ground

state AB is excited to an attractive state of AB at an energy ¢ that exceeds the binding
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Figure 4-6 Frank — Condon effect.

-95.



Chapter 4

energy &qiss of the AB molecule, resulting in dissociation of AB with fragment energy
€b-Ediss. 1N collision b’, the excitation energy €y equals g4iss, and the fragments have low
energies; hence this process creates fragments having energies ranging from essentially
thermal energies up to gy-g4iss With few bolts. In collision c, the AB atom is excited to
the bound excited state AB* (labeled 4), which subsequently radiates to the unbound
AB state (labeled 3), which then dissociated. The threshold energy required is large, and
the fragments are hot.

In the SiF4 plasma, the Si atom produced from SiF4; molecule reacted with the SiFs4
molecule immediately, because the reaction rate constant was 2.2 x 10" cm?® s'],[g]
therefore, it is assumed that the heat loss of thermal diffusion to the wall is negligible.
The translational temperatures would increase with increasing SiF4 density. However,
the translational temperature of 1060 K at 27 MHz was larger than that of 600 K at 60
MHz, although the SiF4 density of 1.5 x 10" cm™ at 27 MHz was smaller than that of
4.3 x 10" cm™ at 60 MHz. It is assumed that the major heating process of Si atoms is
the Franck-Condon effect. This effect occurs when the electron collides with a neutral
molecule with sufficient energy to raise the molecule to a dissociative state. This energy
is larger than the electron impact dissociation energy of the neutral molecule.
Consequently, dissociated fragments with excess energy are produced. This excess
energy is divided into translational energy.

T. increased with decreasing the excitation frequency, and so the Si atoms were
produced more from radicals such as SiF, (x = 1-3) radicals than SiF4 molecules by the
electron impact dissociation due to depletion of the SiF4 molecule. Therefore, the hot Si
atom is created due to the difference of energy of Si atom produced from electron
impact dissociation of SiF, (x = 1-3) radicals and SiF4 molecules., resulting in an

increase in translational temperature of the Si atoms.
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4.5 Summary

In summary, UVAS techniques employing a ring dye laser and a hollow cathode lamp
were applied to investigate the effects of excitation frequency on the density and the
translational temperature of the Si atom in CCPs excited with VHF at 27 MHz or 60
MHz employing a SiF4 gas. The translational temperature of the Si atom was very high,
a value above 1060 K, especially at 27 MHz, and this was explained by the heating
effect due to Frank-Condon effect and the hot Si atom is created due to the difference of
energy of Si atom produced from electron impact dissociation of SiF, (x = 1-3) radicals
and SiF; molecules. These results of the high temperature of Si atoms are very
important not only for the application of VHF plasma, but also for fundamental

reactions in the plasma process.
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Chapter 5

Effect of excitation frequency on absolute density
and translational temperature of Si atom in SiH,

plasma with Ar, H,, and N, dilution gases

5.1 Introduction

SiH, based plasmas have been employed with some kinds of dilution gases such as
noble gases, N, and H, gases. For example, SiH4#/H, plasma is used for depositing
microcrystalline silicon films (uc-Si) and hydrogenated amorphous silicon films
(a-Si:H) in thin film transistors (TFTs) and solar cells."" SiH4/N, plasma is used for
synthesizing silicon nitride films as a passivation layer of Organic Light Emitting
Devices (OLEDs) and a gate insulating films of ultralarge scale integrated circuits
(ULSIS).[3]’[4] It is well known that neutral radical species (SixHy) are responsible for the
thin-film formation in SiH; based plasma. It is indispensable for synthesizing these
functional films with high quality to understand and control the behaviors of neutral
radical species in reactive plasmas. Therefore, in order to understand the mechanism of
thin-film formation quantitatively, it is demanded strongly to characterize the neutral
radicals in the plasma.

The Si atom in SiH4 based plasma processes influences the film formation because
the Si atom is one of most reactive species with the high loss probability in the gas
phase and surface. Yamamoto et al. reported that the contribution of Si atom to the
thin-film formation was about 3.3 times as large as that of SiHj radical in the ECR
SiH4/H, plasma.[s] Murata et al. reported that the growth of microcrystalline silicon with
preferential crystalline orientation would be dependent on the balance between silicon

and hydrogen atom densities in the pulse modulated ultrahigh frequency SiHs/H,
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plasma.[6] Moreover, the Si atom reacts with the SiH4 molecule with a high reaction rate
and produces the higher order silane-related radicals. These radicals with high loss
probability make a significant influence on the film quality such as defects, which
causes the photo-induced degradation of a-Si:H films for the solar cell even if the
density of these radicals is low in the plasma.”! Therefore, the quantitative information
of behaviors of Si atoms in SiH4 based plasma is very important for the formation of
high quality-thin films.

In the SiHs/H, plasma for hydrogenated amorphous silicon, many research by using
VHF-CCP have been investigated as described in chapter 1. For example, the increase
of the excitation frequency decreases the sheath thickness,® resulting in the reduction
of ion bombardment energy incident on the a-Si:H and pc-Si films, which is usually
favorite for the synthesis of high quality films. Takai et al. reported that increasing
excitation frequency led to reducing the T, resulting in the reduction of the high order
silane-related radicals in the plasma. Accordingly, a-Si:H films were formed with
considerably less photo-induced degradation.[9] The increase of the excitation frequency,
therefore, has given the great advantages to the thin films formation. The good
performances of VHF-CCP processes in synthesizing thin films have been reported.
However, it has not been studied enough on the plasma chemistry such as radical
density, radical temperature, and so on in VHF-CCP. The plasma chemistry brought
about in the VHF-CCP and the effect of the excitation frequency on radical species still
has never been clarified in detail. Therefore, the diagnostics of radicals in VHF-CCP is
indispensable and hereby to elucidate the neutral radical chemistry in VHF-CCP is very
important.

Up to now, Tanaka et al. measured the absolute density and the translational
temperature of Si atoms in the RF (13.56MHz) SiH4/Ar plasma using the ultraviolet
absorption spectroscopic technique employing a ring dye Jaser.!'” The translational
temperatures were varied from 380 K to 700 K increasing SiH, flow rate ratio from 0 to
100 %. In chapter 4, the effect of excitation frequencies above 13.56 MHz on the
translational temperature of Si atoms in VHF-CCP employing SiF4 gas was measured.

The translational temperatures of Si atoms at the excitation frequency of 27 MHz were
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larger than those at 60 MHz at the same N.. The results were explained by the difference
in the energy of Si atoms released from the electron impact dissociation of SiFy (x =
1-3) radicals and SiF; molecule. Therefore, it is very important to clarify the
dependence of the excitation frequency and the effect of dilution gas on the temperature
of Si atoms in the VHF-CCP employing the SiH4 based plasma. As long as we know,
the characteristics of the translational temperature of Si atoms have never been reported
in VHF SiH, based plasma with dilution gases.

In this chapter, the absolute density and the translational temperature of Si atoms in
the VHF-CCP employing SiHs were investigated using the ultraviolet absorption
spectroscopy (UVAS) with a ring dye laser and a hollow cathode lamp. The absolute
density of SiH4 molecule was measured by infrared diode laser absorption spectroscopy
(IRLAS). Based on these results, the effect of the different excitation frequencies (27 or
60 MHz) and the dilution of Ar, N,, and H, gases are discussed.

5.2 Behavior of Si atom density

Figure 5-1 shows the electron density (N.) as a function of SiH,4 flow rate ratio with
dilution gases of Ar, N,, and H; in 27 MHz or 60 MHz plasmas. The plasma condition
was maintained at a total pressure of 11 Pa, a VHF power of 1500 W, and a dilution gas
flow rates of 100 sccm. The substrate temperature was kept below 373 K by using
helium-backside gas cooled by a water flow. The SiH, flow rate was varied from 0 to 15

3, on the other

sccm. N, in the SiH4/Ar and SiH4/N, plasmas were of the order of 10" em™
hand, N in the SiH4/H, plasma was of the order of 10'"%m™. N, in the SiH4/Ar plasma
decreased with increasing SiH4 flow rate ratio, while the densities in the SiH4/N; and
SiH4/H; plasmas were almost constant. The rate coefficients of the total electron impact
ionization for SiHy, Ar, N,, and H, were calculated to be 2.8 x 10" em®s, 1.4 x 10710
em’®s, 7.9 x 10™ em’s!, and 7.8 x 10 em’s”, respectively.[”]'m] In the SiH4/Ar
plasma, the decrease in N, with increasing SiHs flow rate ratio is due to the low

ionization rate coefficient of SiH, in comparison with that of Ar. The constant value in

N, with increasing SiH, flow rate ratio in the SiH4/N, and SiH4/H, plasma is due to the
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same order of the ionization rate coefficients. N, at 60 MHz were larger than those at 27
MHz in each dilution plasma.

Figure 5-2 shows the absolute density and emission intensity of Si atoms as a
function of SiH, flow rate ratio with dilution gases of Ar, N,, and H,. The total Si
density was estimated from the Si density ratio at each 3p* level measured using a
hollow cathode lamp and from the translational temperature measured, assuming that
Boltzmann distribution is a function of the translational temperature.[S] The Si atom
densities at the 3p°'D, level measured using a hollow cathode lamp were almost the
same values as those using a ring dye laser. The Si densities increased with increasing
SiH, flow rate ratio and the Si densities at 27 MHz were larger than those at 60 MHz in
each dilution plasma. Here, there is one possibility that the Si atoms are produced from
the very thin Si films deposited at electrode by sputtering. It is generally reported that
the sheath thickness increases with increasing electron temperature. The sputtering
effect increases with increasing the sheath thickness. Therefore, in order to investigate
the effect of Si densities sputtered for the electrode. Si atom density was measured at a
SiH,4 flow rate ratio of 0 % in 27 MHz or 60 MHz plasmas using Ar, N, and H, gases
by UVAS techniques. The absorption of Si atom was not obtained in a wide range of
power and pressure for all of dilution gases in both 27 MHz or 60 MHz plasmas. The Si
density produced by sputtering was below 1 x 10%cm™ (at absorption intensity of 1 %).
Accordingly, Si density measured is considered to be not due to sputtering from the
electrodes, but the gas phase reaction in the plasma.

The main production and loss processes of Si atoms are assumed to be due to the
electron impact dissociation of SiHs and the reaction with the SiHs molecule,
respectively.[s] These reactions are described as follows,

R1:SiH, +e—%—Si+ products + e
R2:Si+SiH, —%— products
The rate coefficient k, was 3.5 x 107 cm®s™ ' Therefore, the balance equation for the

production and loss processes of the Si atom can be expressed as the following

equation,
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3[s1]= kN [SiH, ]- k, [SiISiH4]-[S—1], (5-1
dr Ty
where N, [Si] and [SiH,] are the densities of the electron, Si, and SiHy, respectively.
and k, are the rate coefficients for reactions R1 and R2, respectively. tq; is the diffusion
lifetime of the Si atom. The Si atom density in a steady-state is expressed as
kN [SiH, ]
k,[SiH, ]+ 1

Ta

[si]= (5-2)

The first term of the denominator in eq. (5-2) is explained as follows. As shown in Fig.
5-3, SiHy density was of the order of 10'2-10' cm™ described below in detail. Thus, the
first term of the denominator in eq. (5-2) is estimated to be of the order of 10%-10° s™.

The second term is expressed by the following equation,m]

. oA . 21,2-a) (5-3)
d D va. ’

where p is the pressure and 4, is the geometrical diffusion length determined by the
chamber structure as expressed by the following equation. In this study, the electrode
gap of 2.5 cm is much smaller than the chamber length 54 cm. Therefore, 4o is

expressed by the following equation,
Ay =—, (5-4)

where L is 2.5 cm, /y is expressed by ¥/S with ¥ and S being the volume and surface
area of the chamber, respectively. v is the velocity of the Si atom given by (8kT/nm)'">
(T and M are the temperature and mass of the Si atom, respectively, and k is the
Boltzmann constant). a is the surface loss probability on the chamber wall, and a was
assumed to be 1.3 D is the diffusion coefficient for the Si atom in the Ar, Ny, and H,,
and is calculated to be 1334, 1255, and 4518 cm?®Torr's™, respectively, using the
Chapman-Enskog theory with the Lennard-Jones intermolecular potential.['"*"!'" Thus,
the diffusion loss of Si atom in the SiH4/H; plasma is about four times larger than that in

the SiH4/N, and SiH4/Ar plasmas. The second term of the denominator in eq. (5-2) is

estimated to be of the order of 10% s™'. The value of the first term is determined by the

- 105 -



Chapter 5

e | @ 60MHz
i O 27MHz
E 5
8 13
> 107 ¢
=
n
c
)
0
Iﬁ'

12
o 107 E

0 5

10 15

SiH,/(SiH,+H.) (%)

Figure 5-3 SiH,; molecule density as a function

of SiH, flow rate ratio in SiH4/H, plasma.

- 106 -



Chapter 5

SiH, density present in the plasma measured by IRLAS as shown in Fig. 5-3. The value
of the first term was found to be larger than that of the second term in higher SiH4 flow
rate ratio above 10 %. Accordingly, the reaction of Si atoms with the SiH4 molecule
becomes dominant as the loss process in SiHy flow rate ratio above 10 %, and the
reaction of Si atoms with the SiH4 molecule and the diffusion to the wall becomes
dominant as the loss process in low SiHy flow rate ratio below 10 % under the present
experimental condition.
In the SiH4/H, and SiH4/N, plasmas, the loss processes of the reaction with Hj

molecule and N, molecule are also described as follows,

R3:Si+H,—2SiH,

R4:Si+N, +M—%>SiN,
The rate coefficients k3 and k4 were 6.6 X 10" cm’s! and 6.6 x 10 cm6s'1,
respectively.''"l However, R4 was negligible because the rate coefficient k4 was
extremely small. Therefore, the Si atom density in the SiH4/H; plasma is expressed from
eq. (5-2),

[Sl]: klNe[SlH4] 1 ' (5_5)
k,[SiH, |+ &, [H, |+ ——

dH,

The first term of the denominator in eq. (5-5) is estimated to be of the order of 10%-10°
s™! as described above. The H, density is estimated to be of the order of 103-10" cm™
from the equation of state assuming H, dissociation ratio of 90 %. The second term of
the denominator in eq. (5-5) is estimated to be of the order of 10* s™'. Accordingly, the
reaction of Si atoms with the SiH4 molecule becomes dominant as the loss process in
SiH4 flow rate ratio above 10 %, and the reaction of Si atoms with the H, molecule in
addition to SiH; molecule becomes large in low SiH4 flow rate ratio below 10 % under
the present experimental condition. Therefore, Si atoms in the SiH4/H, plasma
extinguished faster than those in the SiH4/N; and SiH4/Ar plasmas through the reactions
with H, molecules in addition to SiH4 molecules.

The emission intensity of Si provides information on the production process of the Si

atom from the electron impact dissociation of SiH4 molecule. Kampas et al. reported
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that Si* was mainly produced from the dissociative excitation of SiH, and the Si* from
the direct excitation of Si atom at the steady-state can be negligible.*” The threshold
energy of the electron impact dissociation of SiHs molecule for the production of Si
atom and electron impact excitation of SiH4 molecule for Si* are 10.3 eV and 10.5 eV,
respectively.”*!! The rate equation of Si” atom is expressed by the following equation,

I oc ckg N, [SiH4], (5-6)
where c is constant, kg« is the excitation rate constant, N, is electron density, and [SiHy]
is the density of SiHs molecule. Therefore, Si* gives the information on the production
of Si atom from the electron impact dissociation of SiHy.

The absolute density of SiHs measured by IRLAS is shown in Fig. 5-3. The density
was line-averaged one in the plasma chamber, because the absorption of SiH4 molecules
in IRLAS measurement was obtained by using the multiple reflection White-type cell.
In the SiH4/H, plasma, the line-averaged absolute density of SiHs molecule was of the
order of 10'%-10"cm™ and the very high dissociation ratio of about 90-95 % was
obtained. The absorption due to SiH4 molecule in the SiH4/Ar and SiHs/N; plasmas
could not be obtained, because SiH4 molecules were dissociated almost completely by
the electron impact due to high N, in comparison with the SiHs/H, plasma. The
dissociation ratio of SiH4 molecule was estimated to be above 95 % taking account of
measurement error of about 5 %. Therefore, the SiHs gas injected into the plasma
through the showerhead was dissociated almost completely in the SiH4/Ar and SiHs/N;
plasmas and only few SiHs molecules will exist out of the plasma region. In the SiHs/H,
plasma, the SiH4 density was increased with increasing SiHy flow rate ratio at both
frequencies, because the partial pressure of SiHs molecule increased with present
conditions. The SiH4 density at 60 MHz was larger than that at 27 MHz.

The Si density increased with increasing SiH, flow rate ratio in each dilution plasma
as shown in Fig. 5-2. These results were explained by the increase of the production of
Si atom through the electron impact dissociation of SiH; molecule, since the SiHj
densities increased with increasing SiHy flow rate ratio as shown in Fig. 5-3. However,
the gradient of Si density was larger than that of Si" at all of dilution plasmas in the 27

MHz. The behaviors of Si’ as shown in Fig. 5-2 indicate mainly the production rate of
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Si atom from the dissociation of SiHy molecule. Although the N, at 60 MHz were larger
than those at 27 MHz as shown in Fig. 5-1, the electron temperatures (7¢) at 27 MHz
were larger than those at 60 MHz. At the SiHy flow rate ratio of 0 %, the T, at 60 MHz
and 27 MHz measured by the double probe were 2.3 eV and 3.2 eV in the SiHs/Ar
plasma, 2.5 eV and 3.3 eV in the SiH4/N; plasma, and 3.5 eV and 4.4 eV in the SiH4/H;
plasma, respectively. Considering the result that the SiHy molecule was depleted at 27
MHz described above, the larger gradient of Si density than that of Si" as shown in Fig.
5-2 is due to the additional production process of Si atom from SiHy (x = 1-3) radicals
because Si* is mainly produced from the electron impact of SiHs molecule. In the only
case of SiH4/H, at 60 MHz plasma, the gradient of Si density is larger than that of Si".
This result would be also explained using the difference of SiH4 density described
above. Thus, the T. in H, dilution plasmas is large in comparison with that in Ar or N
dilution plasmas. Therefore, Si atom will be dominantly produced not only from SiHy4
molecules but also from SiH, (x = 1-3) radicals. In the SiH4/H, at 60 MHz plasma,

therefore, the gradient of Si density will become larger than that of Si".

5.3 Behavior of Si atom temperature

Figure 5-4 shows the typical absorption coefficient profile of the Si atom measured
by using the ring dye laser. The experimental condition was an excitation frequency of
27 MHz, a SiHy4 flow rate of 15 scem, and an Ar flow rate of 100 sccm. The Doppler
broadening was dominant for the absorption line in the present experimental condition.
Therefore, the translational temperature of the Si atom was evaluated accurately from
the width of the absorption profile 4vp. The translational temperature of the Si atom,

that is, 7 was obtained by the following equation,
112
Avy =2+ 2ln2vo[k—sz , (5-7)
mc

where vg is the laser frequency at the line center, & is the Boltzmann constant, ¢ is the
speed of light, and m is the mass of Si atom, respectively. As shown in Fig. 5-4, the line

represents the absorption coefficient profile of Si atom calculated assuming the
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translational temperature is 1260 K and the measured density of 3.2 x 10° cm™ at the
3p2 D, level. The calculated profile agreed well with the measured one. Therefore, 4vp
was 5 GHz and the translational temperature was estimated to be 1260 K. Here, the
spatially line-averaged temperatures of the Si atom was obtained in the present
experiment. It expresses the temperature of Si atom existing in the plasma region. Since
the Si density was decreased rapidly outside the plasma region due to the high reaction
loss rate of 3.5 x 107% cm®s™ for the reaction with SiH, molecules and the high surface
loss probability of about 1.5M1

Figure 5-5 shows the translational temperature of Si atom as a function of SiH4 flow
rate ratio. The translational temperatures of Si atom at both frequencies increased with
increasing SiH; flow rate ratio. The value of the temperature was estimated to be from
580 K to 1260 K at 27 MHz, and from 460 K to 880 K at 60 MHz. Si atoms produced
by electron impact dissociation of SiH4 molecule collide elastically with Ar atoms in
many times before they are lost by the reaction with SiHs molecule. Moreover, SiH4
density increased with increasing SiH4 flow rate ratio as shown in Fig. 5-3. Therefore,
the translational temperature increased with increasing SiH4 flow rate ratio due to the
loss process of the reaction with SiHs molecule. Therefore, the translational
temperatures of Si atom increased with increasing SiHy flow rate ratio.

In the dissociation process of SiHs molecule, the electrons with the sufficient energy
collide with a SiH4 molecule to raise the SiH molecule to a dissociative-state, resulting
in the production of Si atom due to Frank-Condon effect. Consequently, the dissociated
fragments with excess energy are produced. The excess energy is divided into the
translational energy of species produced.?”! The threshold energy of the electron impact
dissociation of SiH; molecule producing Si atom is about 10.3 eV, while the
thermodynamic heat energy of the reaction for SiHs—Si+2H, is 4.2 eV.[?! This fact
indicates that the excess energy of 6.1 eV is divided into the Si atom and H; molecules.
Therefore, the dominant driving factor for Si atom heating is considered due to the
energy of Si atoms released from the electron impact dissociation of SiH, (x = 1-4).

The translational temperatures at 27 MHz were larger than those at 60 MHz as shown

in Fig. 5-5. The production rate of Si atoms at 27 MHz was larger than at 60 MHz
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because of high Te. The Si atoms at the 27 MHz plasma were produced more from
radicals such as SiH, (x = 1-3) radicals than SiH4 molecules by the electron impact
dissociation as described above. Accordingly, it is considered that the translational
temperatures of Si atoms at 27 MHz will become larger than those at 60 MHz.

Figure 5-6 shows the translational temperature of Si atom as a function of SiHy flow
rate ratio in SiH4/N; with 27 MHz and 60 MHz plasmas. The N, was maintained at a
constant of 1.1 x 10'"" cm™. The translational temperatures increased with increasing
SiH4 flow rate ratio. SiH; density increased with increasing SiHs flow rate ratio as
shown in Fig. 5-3. Therefore, the translational temperature increased with increasing
SiH4 flow rate ratio due to the loss process of the reaction with SiH4 molecule. The
translational temperatures at 27 MHz were larger than those at 60 MHz. The production
rate of Si atoms at 27 MHz was larger than at 60 MHz because of high 7¢. The Si atoms
at the 27 MHz plasma were produced more from radicals such as SiH, (x = 1-3) radicals
than SiH; molecules by the electron impact dissociation as described above.
Accordingly, it is considered that the translational temperatures of Si atoms at 27 MHz
will become larger than those at 60 MHz.

Table 5-1 shows the translational temperature of Si atoms with dilution gases of Ar,
N, and H,. The condition is an excitation frequency of 27 MHz, a dilution gas flow rate
of 100 sccm, a SiH4 flow rate of 10 sccm, and a VHF power of 1500 W. The
translational temperature of Si atoms in the SiH4/Ar plasma indicated the lowest value.
Si atoms produced by electron impact dissociation of SiHs4 molecule collide elastically
with Ar atoms in many times before they are lost by the reaction with SiHs molecule.
Therefore, it is considered that the translational temperature of Si atoms in the SiH4/Ar
plasma becomes low. The temperature of Si atoms in the SiH4/H; plasma was the
highest value, while the N, was the lowest. The reaction of Si atoms with the SiHy4
molecule becomes dominant as the loss process in SiH, flow rate ratios above 10 % in
the SiH4/H; plasma. However, the reaction with H, molecule cannot be negligible as a
loss process. Therefore, it is considered that Si atoms in the SiHs/H, plasma
extinguished faster than those in the SiH4/Ar and SiH4/N; plasmas. Moreover, the mass

of H, molecule is small in comparison with that of Ar atom and N, molecule, hereby the
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Table 5-1 Translationl temperature at 27 MHz.

Dilution gas | Electron density Si density Si temperature
(cm?) (em™) (K)
Ar 1.2x 10" 5.0 X101 970
N, 1.1 x 10! 2.0x101° 1030
H, 2.5x101° 3.9x 1010 1130

loss energy of Si atom in the SiH4/H, plasma would be small in comparison with the
SiH4/Ar and SiH4/N; plasmas when Si atoms elastically collide with species. The Si
atoms in the SiH4/H, plasma were produced more from radicals such as SiH, (x = 1-3)
radicals than SiH4 molecules by the electron impact dissociation in comparison with the
SiH4/Ar and SiH4/N, plasmas due to high 7¢. Accordingly, the temperature of Si atoms
in the SiHs/H; plasma was the highest value.

Here, there is one possibility for Si atom heating mechanism that the upper electrode
heating by the bombardment of charged species would affect the translational
temperature. Therefore, the electrode heating effect was investigated by measuring the
temperature of upper electrode by using a pyrometer. In general, the light radiation from
the plasma disturbs the temperature measurement of the surface of the electrode. To
avoid this problem, the decay of the surface temperature of electrode in the afterglow
was measured. Figure 5-7 shows the decay time of the upper electrode temperature in
the afterglow. The condition was an excitation frequency of 27 MHz or 60 MHz, a SiH,
flow rate of 15 sccm, and a VHF power of 1500 W with diluted Ar, Ny, and H; gases. At
the excitation frequency of 27 MHz, the electrode temperature in the plasma was
estimated in the range of 500-505 K, and the difference of the electrode temperature in
the plasma was not observed among dilution plasmas. At the excitation frequency of 60
MHz, the temperature at the upper electrode was not measured after 4 sec since the
lower limit of the pyrometer was 473 K. If the gradient of temperature decay at 27 and
60 MHz plasmas was assumed to be the same, the electrode temperature at 60 MHz was

estimated to be about 480 K. The temperature of upper electrode at 60 MHz plasma was
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found to be lower than that at 27 MHz and the difference of the electrode temperature
between 27 and 60 MHz plasmas was about 20 K. The difference of the electrode
temperature was much small in comparison with that of the translational temperature of
Si atoms. Therefore, the heating effect from upper electrode temperature by the

bombardment of charged species did not affect the translational temperature.

5. 4 Summary

In summary, the behaviors of absolute densities and translational temperatures of Si
atoms in very high frequency capacitively coupled SiH4 plasmas with Ar, N, and H,
dilution gases were measured by ultraviolet absorption spectroscopy employing a ring
dye laser and a hollow cathode lamp.

Si atoms were mainly produced by the electron impact dissociation of SiH4 molecules,
and extinguished by the reaction with the SiH4 molecules and the diffusion. However,
the Si atoms at the 27 MHz plasmas were produced more from radicals such as SiH, (x
= 1-3) radicals than SiH4 molecules by the electron impact dissociation in comparison
with 60 MHz plasmas. Moreover, the Si atom heating was due to the energy of Si atoms
released from the electron impact dissociation of SiH, (x = 1-4). Therefore, the densities
and translational temperatures of Si atoms at 27 MHz were larger than those at 60 MHz
in each dilution plasma.

The translational temperatures in the SiHs/Ar, SiH4/N,, and SiH4/H; 27 MHz plasmas
were estimated to be 970, 1030, and 1130 K, respectively. In the SiH4/Ar plasma, Si
atoms collide elastically with Ar atoms in many times before they are lost by the
reaction with SiH; molecule, resulting in the lowest value of the translational
temperature of Si atoms. In the SiH4/H, plasma, on the other hand, Si atoms
extinguished faster than those in the SiH4/Ar and SiH4/N, plasmas due to the reaction
with H, and SiH4 molecules and the low loss energy of Si atom with elastically collision,

resulting in the highest value of the temperature.
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Chapter 6

Effect of excitation frequency on thin film

formation in SiH, plasma

6.1 Introduction

The behavior of absolute density and translational temperature of Si atom in the VHF
CCP employing SiHs based gas were discussed in chapter 5. In this chapter, the
correlation between the behavior of Si atom and the thin film formation in VHF SiH,4
CCP is investigated. The estimation for the contribution of Si atom to the film
deposition is calculated by using the flux of Si atom and SiHj radical to the substrate.

Moreover, the effect of excitation frequency is investigated for the film deposition.

6.2 Estimation for contribution of radicals to film deposition

The contribution of Si atoms to the film deposition in VHF-CCP was estimated from
the densities and translational temperatures. Here, the mean free path of molecule at 11
Pa and 800 K is about 0.2 cm. The Si atom produced in the plasma will collide with
other neutral species at least about 12 times due to the electrode gap of 2.5 cm before
the Si atoms react the substrate. In fact, even if taking account that the contribution of
the diffusion loss is large in low SiHy flow rate ratio region below 10 %, Si atoms will
react with other species such as H, molecule with its high reaction rate before reaching
the substrate. Therefore, it is difficult to estimate accurately the direct contribution ratio
of Si atoms to the film deposition. It is focused on SiHj radicals in this study, which are
the major species to the deposition. Here, the density of SiH; radical is roughly

estimated assuming that SiH; radical is produced by the electron impact dissociation of
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SiH, and loss by the diffusion. The reaction constant of the electron impact dissociation
of SiHs molecule producing SiHj radical is 7.4 x 10° cm’s™ on the assumption of a
Maxwellian energy distribution function at the electron temperature of 3.2 eV measured
at 27 MHz Ar plasma as described in chapter 5. The density of SiHj radical was
estimated to be of the order of 10''-10"%cm™. Assuming that all of Si atom and SiH3
radicals generated in the plasma region will .diffuse to the substrate at the average
velocity determined by its temperature, the flux density /" of Si atom and SiH; radical

to the substrate is given by the following equation,”!

= 8k (6-1)
4\ mm

where 7 is the radical density, kg is the Boltzmann constant, T is the temperature of
radical, and m is the mass of the radical. The flux is a function of the radical
temperature and density. The growth rate of the film due to Si atoms and SiHj radicals
was estimated by following equation,

R,=TxsxZ, (6-2)

Yo,

where s is the sticking probability, p is the mass density of the film, m is the mass of
the radical. p of a-Si:H and SisN; was assumed to be 2.2 gm'3 and 3.3 gm'3,
respectively. In this study, s is assumed to be 1 for Si and 0.1 for SiHs.P*H¥ The ratio of
SiH; radical and Si atom to the film deposition, that is, Si/SiH3 was estimated.

Figure 6-1 shows the deposition rate and the contribution ratio of SiHj radical and Si
atom to the film deposition as a function of SiH, flow rate ratio in SiHs/Ar 27 MHz and
60 MHz plasmas. The plasma condition was maintained at a total pressure of 11 Pa, and
an Ar flow rate of 100 sccm. The SiH4 flow rate was varied from 0 to 15 sccm. The
VHF power was maintained at a constant of 1500 W. The Si atom density at 27 MHz
plasma was larger than those at 60 MHz as shown in Fig. 5-2, and the deposition rate at
60 MHz was larger than that at 27 MHz. The SiH3 density at 60 MHz calculated was
larger in comparison with that at 27 MHz. The contribution ratio of Si atom to the film

deposition at 27 MHz was larger than that at 60 MHz because the Si densities and the
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Figure 6-1 Deposition rate and contribution to thin film deposition

as a function of SiH, flow rate ratio in SiH4/Ar.
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translational temperatures at 27 MHz were larger than those at 60 MHz. The ratio of
Si/SiH; decreased with increasing SiH, flow rate ratio.

Figure 6-2 shows the deposition rate and the contribution of SiH; radical and Si atom
to the film deposition as a function of SiH4 flow rate ratio in SiH4/N; plasma. The
plasma condition was maintained at a total pressure of 11 Pa, and N, flow rate of 100
scem. The SiH; flow rate was varied from 0 to 15 sccm. The electron density was
maintained at a constant of 1.1 x 10" cm™. The deposition rates at 27 and 60 MHz were
almost the same, while the deposition rate at 60 MHz was larger than that at 27 MHz
under the same VHF power as shown in Fig. 6-1. The contribution of the Si atom to the
film deposition at 27 MHz was larger than that at 60 MHz. The fact indicates that the
contribution of Si atom is larger with decreasing the excitation frequency.

Figure 6-3 shows Fourier transform infrared absorption spectroscopy (FTIR) spectra
of SiN film as a function of the excitation frequency. The plasma condition was
maintained at a total pressure of 11 Pa, a N flow rate of 100 sccm, a SiH, flow rate of 5
scem, and an electron density of 1.1 X 10" cm™. The absorption peaks at 910 cm’ of
Si-N, 2210 cm™ of Si-H, 1200 cm™ and 3350 cm”’ of N-H were observed. The peak of
Si-H bond decreased and those of N-H and Si-N bonds increased with increasing the
excitation frequency. The film deposited at 60 MHz became nitride rich composition in
comparison with that at 27 MHz. In the SiH4/N; plasma, it is reported that SiN, films
was formed by surface reaction between SiHy radicals and N atoms.””! Moreover, it is
reported that the N-rich SiN, films with high quality as an insulator film was observed a
high (N-H)/(Si-H) peak ratio and the insulator characteristics were degraded with
increasing the peak of Si-H bond due to the formation of Si-rich films.'! Therefore, in
this study, it was found that the film at 60 MHz would have high quality in comparison
with that at 27 MHz and the film structure was changed with increasing the excitation
frequency. This fact suggests the contribution of the radicals to the film composition is
changed with increasing the excitation frequency.

In the case of SiH4/H; plasma, the analysis of Si atom for the deposition rate is very

complicated because of the reaction of Si atom with SiH4 and H, molecules in the gas
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phase and surface. Further accurate work will be necessary to clarify the reaction
mechanism of Si atoms. The Si atom reacts with the SiHs molecule at a high reaction
rate and produces the higher order silane-related radicals. These higher radicals make a
lot of defects in the film, which causes the photo-induced degradation of a-Si:H films
for solar cell. Actually, it is reported that the photo-induced degradation of a-Si:H film
was decreased by using VHF-CCP."! However, the effects of the temperature and
density of radicals on the film quality in VHF-CCP still have not been clarified. In this
study, depositing films with high quality may be indirectly realized by the decrease of Si
density, resulting in the decrease of the higher order silane-related radicals. It is
indicated that the change of excitation frequency with VHF-CCP can control the film
structure and the plasma chemistry and give great advantage to high performance of the

high quality thin films.

6.2 Summary

In this chapter, the effect of the excitation frequency on thin film formation in SiH,
based plasma was discussed. The effect of Si atoms and SiHj3 radicals on the
contribution to the deposition film was investigated in 27 MHz or 60 MHz plasmas. The
ratio of Si/SiHj; ratio decreased with increasing the excitation frequency. The SiN film
deposited at 60 MHz became nitride-rich composition more than that at 27 MHz
because of the low ratio of Si/SiHj;. This fact suggests the contribution of the radicals to
the film composition is changed with increasing the excitation frequency. It is indicated
that increasing the excitation frequency has the advantages for obtaining the

high-quality films and controlling the plasma chemistry.
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Chapter 7

Conclusions

7.1 Summary of this thesis

The effect of the excitation frequency on the neutral radical and the contribution to
the film deposition in VHF-CCP was investigated in this thesis. In chapter 1, the trend
of the excitation frequency was shown as an introduction. The importance of the radical
temperature in plasma processing and the purpose of this thesis were also described. In
chapter 2, the experimental apparatus and UVAS, IRLAS, LIF, AOES, wave diagnostics,
double probe technique, and pyrometer for the diagnostic techniques of plasma were
described.

In chapter 3, the densities of the Si, SiF and SiF, radical and the SiF4 molecule in
VHF 60 MHz CCP employing SiFs gas were measured as a function of N, using LIF,
IRLAS and UVAS techniques. The behavior of their radicals and the SiF4 molecule was
characterized using an internal plasma parameter of N,. The SiF4 density decreased with
increasing N, and the dissociation ratio of SiF4 was saturated at about 63% at N. of 8.7
x 10'% ¢cm?. SiF, radical density decreased while Si and SiF densities increased with
increasing N, above 1.2 x 10" cm™. The SiF; radical is mainly produced by the electron
impact dissociation of SiF,4 and extinguished by the diffusion to the wall at the N, below
1.2 x 10" ¢m™ and by the electron impact dissociation at N above 1.2 x 10" cm?. SiF
radical density increased linearly with increasing N;. The SiF radical is mainly produced
by the electron impact dissociation of the SiF4 molecule and extinguished by the
reaction with the SiF4 molecule. The total density of the Si atom was estimated to be of
the order of 10'° - 10" cm™. The Si atom is mainly produced by the electron impact
dissociation of SiF4 molecule at N, below 1.0 x 10" em™ and by the electron impact

dissociation of SiF, (x = 1-3) radicals in addition to the SiF4 molecule at the N, above
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1.0 x 10'" cm™. The kinetics of species in SiF4 plasma has been clarified quantitatively.
The spatial distribution of SiF, SiF, and SiF, densities was also measured by LIF and
IRLAS, showing an almost flat distribution inside the plasma region. This result
indicated VHF-CCP had an advantage for large area process within above 8-inch
diameter.

In chapter 4, UVAS techniques employing a ring dye laser and a hollow cathode lamp
were applied to investigate the effect of the excitation frequency on the density and the
translational temperature of the Si atom in VHF-CCP VHF at 27 MHz or 60 MHz
employing a SiF4 gas. The translational temperature of the Si atom was very high at the
same N, especially above 1060 K at 27 MHz, and this was explained by the
Frank-Condon effect and the hot Si atom is created due to the difference of energy of Si
atom produced from the electron impact dissociation of SiF, (x = 1-3) radicals and SiF,
molecules.

In chapter 5, the behaviors of absolute densities and translational temperature of Si
atoms in VHF SiHs CCP with Ar, N,, and H, dilution gases were measured by UVAS
employing a ring dye laser and a hollow cathode lamp. Si atoms were mainly produced
by the electron impact dissociation of SiHs molecules, and extinguished by the reaction
with the SiH, molecules and the diffusion. However, the Si atoms at the 27 MHz
plasmas were produced more from radicals such as SiH, (x = 1-3) radicals than SiHy
molecules by the electron impact dissociation in comparison with 60 MHz plasmas. It is
found that the Si atom heating was due to the energy of Si atoms released from the
electron impact dissociation of SiHy (x = 1-4). The temperatures at 27 MHz were larger
than that at 60 MHz and the temperatures increased with increasing SiH, flow rate ratio.
The temperatures in the SiHa/Ar, SiH4/N,, and SiH4/H, 27 MHz plasmas were estimated
to be 970, 1030, and 1130 K, respectively.

In chapter 6, the effect of the excitation frequency for the contribution of the
deposition film was estimated. The contribution ratio of Si/SiHj ratio decreased with
increasing the excitation frequency. The SiN film deposited at 60 MHz became

nitride-rich composition more than that at 27 MHz because of the low ratio of Si/SiH;.
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Therefore, the contribution of the radicals to the film composition is changed with
increasing the excitation frequency. It is indicated that increasing the excitation
frequency has the advantages for obtaining the high-quality films and controlling the
plasma chemistry.

These results are very important from the viewpoint of diagnostics of plasma

chemistries and important information to control film deposition.

7.2 Scopes for future works

In the present study, behaviors of radicals in VHF-CCP were investigated by UVAS,
IRLAS, and LIF. The production and loss processes of radicals and the radical
temperature were clarified in VHF-CCP. Moreover, the correlation between Si atom and
thin film deposition were discussed on the bases of the effects of the excitation
frequency.

In chapter 3, the densities of the Si, SiF and SiF, radical and the SiF4 molecule in
VHF 60 MHz CCP employing SiF4 were measured and the kinetics of these radicals
were systematically discussed. However, only relative densities of SiF and SiF; radical
were measured. It is important to measure the absolute density for clarifying the
behaviors of radicals quantitatively. SiFs radical density has not been measured yet.
These radicals density may be as large as or larger than Si atom density, and will affect
much the film deposition. In this study, radical densities have been measured as a
function of electron density under limited condition of SiF4 100 % plasma. Therefore, in
the future work, the radical density must be measured systematically in various plasma
processes such as etching plasma, various plasma sources, and various plasma
conditions (pressure, gas composition). For example, the SiF4 based gases have been
employed for the deposition of pc-Si:H and SiO, etching processes. In this study,
VHF-CCP has a good uniformity for the large area process of the Si wafer of 8-inch in
diameter. In the future, the wafer of 12-inch in diameter will be used soon in

comparison with the current wafer of 8-inch in diameter, and the expansion of wafer
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size is one of the most effective ways to reduction of the production cost. It is necessary
to investigate the characteristics of VHF-CCP in which will be available in 12-inch
process.

In chapter 4 and 5, the translational temperature of Si atom was measured and the
effects of the excitation frequency and dilution gases on the behaviors of Si atoms were
clarified. Various frequencies such as 13.56 MHz, 500 MHz, and 2.45 GHz were used
for the plasma processes in addition to VHF. It is important to clarify the effect of the
excitation frequency of the radical temperature systematically. In this study, the heating
mechanism of Si atom has been mainly discussed by the Frank-Condon effect. The
elastically collision with ion and the diffusion to the electrode will cause one of the
heating mechanism in addition to the Frank-Condon effect. In order to clarify this
mechanism in detail, it is necessary to discuss then quantitatively and systematically.

In chapter 6, the correlation between Si atom and thin film deposition was discussed
on the basis of the effect of the excitation frequency. However, SiHs, SiH,, and SiH
radical densities may be as large as or larger than Si atom density, and will affect the
film deposition considerably. Therefore, it is necessary to discuss the contribution of all
radicals to the thin film deposition with consideration of various radicals in addition to
Si atom. Moreover, it is considered that the distribution of ion energy between 27 MHz
and 60 MHz affects the film structure. Therefore, it is necessary to consider ion energy
distribution in order to clarify the deposition mechanism of the films with high quality.

At last, it is found that VHF-CCP has advantages for plasma processing in this study.
VHF-CCP will be the most useful plasma source for plasma processing. Furthermore,
the mechanism of plasma chemistry in the VHF-CCP will be clarified in detail for

realizing highly precise plasma processing.
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