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Synopsis

Amorphous silicon i1s no more a new electronic material; both it's material and application aspects
have been explored extensively It has been realised that the plasma processes involved in a-Si H
deposition are largely nonintuitive and, therefore, basic studies relating to the creation and
maintenance of glow discharge plasma remain a relevant topic of continued intensive
investigation  Again some technological goals yet to be achieved are 1) increase of film deposition
rate tor low cost production, i1) attainment of improved surface homogeneity for the fabrication of
large area devices and iii) improved material quality for still higher efticiency and stabler devices,
For achieving the above goals basically two difterent approaches have been largely experimented

These are optimisation of 1) external macroscopic parameters and i1) internal plasma microscopic
parameters (electron density, clectron decay time constant, electron temperature).

[n the present study the second approach is further explored by utilising pulsed plasma
discharge wherein internal plasma microscopic parameters are expected to attain higher values
compared to conventional continuous wave (CW) discharges. Thus a-Si:l] films (undoped) were
deposited away from the so called standard deposition conditions. Films were deposited using a
low frequency amplitude modulation of RF (13.56 MHz) and VHF (100 MHz) discharges in the
same reactor. In recent years VHF (70 - 200 MHz) growth of this material has been performed
by various groups internationally and this promises to be a rather easy way to enhance growth
rates without any drastic change in the existing reactors. Pulsed plasma mode of discharge was
adopted with the basic aim to attain high deposition rate with acceptable optoelectronic properties
for different device applications. The other reason behind choosing pulsed discharge was to attain
better thickness uniformity than obtainable by CW discharge and to avoid the deleterious effect of
powder formation. However, the mode of pulsing that is used in the present study is novel in the
sense that modulation depths were kept below 100% to avoid complete extinction of the plasma
(otherwise films with poor interface properties are grown as observed by Hishikawa et al in
Sanyo, Japan)

Following is the chapter wise brief summary of the thesis.

In Chapter - 1 first a brief review of the journey of amorphous silicon research from 1969

onwards is presented. After that the structure of the amorphous material is discussed in detail

v
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was developed at National Physical Laboratory, New Delhi, during the period of the present
investigation. In addition to all these material characterisation techniques silane plasma is also
characterised using optical emission spectroscopy. The procedure (time resolved optical emission
spectroscopy) adopted for this spectroscopy is discussed in the last section of this chapter. This
particular measurement has been found to be very much useful for correlating different
observations.

Chapter - Il contains results of the modified pulsed plasma discharge (MPPD) of 13 56
MHz excitation. First a general introduction of the pulsed plasma diécharge technique is given.
Then this chapter is divided in three sections 3A, 3B & 3C for the sake of proper presentation and
comparison of the effect of different source gas combinations used. In section 3A undiluted
MPPD grown film properties are included. In section 3B, H, diluted MPPD grown film

properties are discussed. In the last section He and He+H, diluted MPPD grown film properties



are presented In all these sections interpretation of the results obtained are given. Optical and
electrical characterisations used are common for all the sections. Finally, under conclusion
section, three subsections contain the important results and their interpretation as discussed under
section 3A, 3B & 3C are presented.

In Chapter - 1V modified pulsed plasma discharge of 100 MHz (VHF) excitation is
discussed  In the introduction part of this chapter a detailed review of the VHF plasma
decomposition work carried out so far by the various groups are presented.  This is followed by
the experimental details which includes detailed description of the VHF generator used for the
present study. Different characterisation results are furnished thereafter for the VHF MPPD
grown films. These results are presented in the same order as in the previous chapter. Finally
discussions and conclusions of the results are given to highlight the novelty of the experiment
conducted and implications of the results in the light of the advancement of a-Si:H technology

Chapter - V gives a summary of the results of all the investigations carried out during the
course of this work and indicates the scope of further research work that needs to be carried out

to consolidate the gains of the present research effort documented in the thesis.
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which includes role of hydrogen in a-Si:H. Defects in hydrogenated amorphous silicon is also
discussed in detail  Under this heading difterent growth models are discussed  Standard
deposition conditions are identified so that the deposition conditions used for the present study
being called as 'away from the so called standard condition’ is easily appreciated. Recently, dusty
plasma has drawn wide attention and since pulsed plasma discharge impedes powder growth,
therefore formation and suppression of powder is discussed in detail in the next section. Finally. a
review of the plasma modelling, for both CW and pulsed plasma reactors, arc presented because
attainment of high rate and high thickness uniformity is contextual 1o the present investigation. A
detailed reference list containing most of the important works done so far is also provided.

Chapter - 11, named Experimental details - growth and characterisation, contains first a
brief description of the different efforts / techniques to grow a-Si:H at high rate. Under this head
different plasma excitation methods, dissociation and transport of the reactive species,
dependence on excitation power, effect of buffer gas and effect of RF power modulation are
discussed This is followed by the description of the system used and the methodology employed
for the deposition of a-Si:H films. After this different characterisation techniques used are
described  These involve a brief theory of the particular technique used, the description of the
system used and methodology employed for the measurement. Spectal emphasis is given for the
defect density measurement using photothermal deflection spectroscopy because the setup used
was developed at National Physical Laboratory, New Delhi, during the period of the present
investigation. In addition to all these material characterisation techniques silane plasma is also
characterised using optical emission spectroscopy. The procedure (time resolved optical emission
spectroscopy) adopted for this spectroscopy is discussed in the last section of this chapter This
particular measurement has been found to be very much useful for correlating different
observations.

Chapter - III contains results of the modified pulsed plasma discharge (MPPD) of 13 56
MHz excitation. First a general introduction of the pulsed plasma discharge technique is given.
Then this chapter is divided in three sections 3A, 3B & 3C for the sake of proper presentation and
comparison of the effect of different source gas combinations used. In section 3A undiluted
MPPD grown film properties are included. In section 3B, H, diluted MPPD grown film

properties are discussed. In the last section He and HetH, diluted MPPD grown film properties



are presented  In all these sections interpretation of the results obtained are given. Optical and
electrical characterisations used are common for all the sections.  Finally, under conclusion
section. three subsections contain the important results and their interpretation as discussed under
section 3A, 3B & 3C are presented.

In Chapter - IV modified pulsed plasma discharge of 100 MHz (VHF) excitation is
discussed  In the introduction part of this chapter a detailed review of the VHF plasma
decomposition work carried out so far by the various groups are presented. This is followed by
the experimental details which includes detailed description of the VHF generator used for the
present study. Different characterisation results are furnished thereafter tor the VHF MPPD
grown films These results are presented in the same order as in the previous chapter. Finally
discussions and conclusions of the results are given to highlight the novelty of the experiment
conducted and implications of the results in the light of the advancement of a-Si:H technology

Chapter - V gives a summary of the results of all the investigations carried out during the
course of this work and indicates the scope of further research work that needs to be carried out

to consolidate the gains of the present research effort documented in the thesis.
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CHAPTER -1

Introduction

In this chapter a brief resume of the present understanding of the amorphous material in
general, and hydrogenated amorphous silicon in particular is presented. First the material
aspect of amorphous silicon is discussed. Under this, the role of hydrogen on disorder,
mechanism of defect formation of a-Si:H and other material properties are described. Then the
growth aspect of amorphous silicon is presented and various growth models are discussed.

This is followed by a detailed description of the powder formation and inhibition processes
which are of great relevance to the theme of the present investigation. Since the main
emphasis here is the study of pulsed plasma deposition, therefore, relevant aspects of CW and
pulsed plasma discharge are discussed in detail. The results obtained during the present
investigation are analysed in the subsequent chapters in the light of the available information
and in the frame work of various modeling studies of the plasma processes. These are

compiled and presented here.
1.1  Introduction

The second most common element on earth: Silicon was identified by the Swede Jons Jacob
Berzelius in the year 1823, In 1930 scientists decided that crystalline silicon is a metal and not
an insulator. After 20 years of intensive research pure crystalline silicon was recognised as a
semiconductor and the first transistor was developed in December 1947 at the Bell
laboratories, New Jersy. Today crystalline silicon is the core material for all computers.

In Scotland in 1954 a group of scientists working on the production of high purity
single crystal silicon, using thermal decomposition of silane by RF heating, noticed a deposit of
non crystalline form of silicon on the unheated parts of the reaction vessel: hydrogenated
amorphous silicon was discovered - as published by Chittik et al.' in 1969, The most crucial
breakthrough for amorphous silicon was the substitutional introduction of impurities, as

published in a famous paper by Spear and LeComber® in 1975. This discovery made possible



the fabrication of thin film transistors, solar cells and other devices with hydrogenated
amorphous silicon. The main milestones in the history of amorphous silicon are also depicted
in Fig.1.1.

Amorphous materials are those where the long range order in the atomic distribution is
completely broken while the short range order is maintained, in the sense that the
co-ordination number of the corresponding ordered crystal remains unchanged. However the
bond lengths and angles in the amorphous system fluctuate’. As an amorphous material it has
all the disorder due to variations in atomic arrangement. Zachariasen' has proposed the
continuous random network model for covalently bonded amorphous solids. Fig.1.2 is a three
dimensional illustration of a-Si:H network.

The significant advantage of amorphous hydrogenated silicon in comparison to
crystalline silicon is that it offers the important technical advantage of being deposited
inexpensively and uniformly over a very farge area. The technology which has received most
attention is the photovoltaic solar cell. Large scale power production obviously depends on

the ability to cover very large areas at low cost.
1.2 Various a-Si:H based devices

First solar cell on amorphous hydrogenated silicon was developed by Carlson and Wronski in
RCA laboratories in 1976°. Subsequent research by RCA and many other groups increased
the cell efficiency by roughly | percentage point each year to about 12 in 1989. In Japan,
under the ‘Sunshine Project' the conversion efficiency achieved was 13.2% for 1 ¢m?, 12% for
100 cm’ and 10.5% for 1200 cm? solar cells®.

It was reported by Steabler and Wronski’ in 1977 that this material exhibits a
light-induced degradation effect. The instability of the conversion efficiency during light
soaking has been suppressed largely by optimising the multijunction (Tandem) structure to
achieve a stable 10% efficiency®. For 1 cm’ solar cells, stabilised conversion efficiencies above
10% have been achieved®. The best solar cell reported to date is a triple junction solar cell
having 14.6% initial efficiency and 13.0% stable efficiency made in United Solar Systems
Corporation, USA®’. For tandem submodules, a continuous light soaking at NREL, USA

showed that the initial total area conversion efficiency of 10.2% decreased to 8.9% after 1000
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hrs. light exposure, so that degradation was about 13% of the initial value'®. One recent
interesting recipe is from United Solar Corporation, USA, where Sugiyama et al.'' have
suggested total elimination of hydrogen from the gas mixture by deuterium, and achieved
percentage degradation of solar cell efficiency around 10%. This certainly provides a new
lease of life to amorphous silicon industry, but the cost of these specialised gases again blurs
the future.

Today a-Si:H is being used as photoreceptors in copiers, utilising the ability to deposit
the material over large areas. The most exciting and rapidly growing technological
development is in the area of matrix addressed arrays. Mass production of liquid crystal
displays driven by amorphous silicon transistors is particularly rapid now. The prospects for
large area detector devices, including medical X-ray imaging, nuclear radiation detectors
appear attractive.

The other issue in amorphous silicon technology that remains stili unsolved is the low
cost production of these devices; this requires achievement of high growth rate but certainly
not at the cost of the quality of the matenal. In the year 1992 the cost status of solar cell was
= 1.5 $/Watt'’.  Although the shipment data for a-Si:H solar cell in 1996 is very much
encouraging (~25%) but still it is too costly compared to conventional power production
technologies. Intensive research for the past 20 years has shown that, by and large, material
quality and high deposition rate are mutually exclusive. Presently amorphous silicon
technology demands a window with trade offs between these two parameters. This in a way is

the aim of the present research effort.

1.3 Hydrogenated amorphous silicon - the material aspect

1.3.1 Electronic structure of amorphous materials

In the past there was considerable debate over whether the amorphous semiconductor had a
band gap at all. Subsequent work explained that the band gap is equivalently described by the
splitting of the bonding (or lone pair) and anti-bonding states of the covalent bond. The bands
are most strongly influenced by the short range order, which is the same in amorphous and

crystalline silicon, and the absence of periodicity is only a small perturbation.



Based on Anderson's theory"”, Mott'* argued that the spatial fluctuations in the
potential caused by configurational disorder in amorphous materials may lead to the formation
of localized states, which do not occupy all the different energies in the band, but form a tail
above and below the normal band. These states are called localized in the sense that an
electron placed in a region will not diffuse, at zero temperature, to other regions with
corresponding potential fluctuations. This is schematically shown in Fig. 1.3(a).

The model proposed by Cohen-Fritzshe-Ovshinksky'® (CFO model of the band
structure of the amorphous semiconductor) is shown in Fig. 1.3(b). At energies E. and E. a
sharp transition between the localized and extended states is assumed to occur. These are
known as mobility edges, since mobility changes by an order of magnitude from one region to
another.

Another model suggested originally by Davis and Mott'® and later improved by Mott"’
i1s iHlustrated in Fig, 1.3(c) and 1.3(d) respectively. Due to the absence of Long Range Order

(LRO) the electron states near the band edges, Ea and Ep are localized.

1.3.2 Role of Hydrogen in a-Si:H

Hydrogenated amorphous silicon typically contains 10 at% hydrogen and so may be properly
considered as an alloy of silicon and hydrogen. Hydrogen is usually incorporated into the
amorphous silicon during the growth process. Hydrogen in a-Si:H passivates dangling bond
defects and also modifies the amorphous silicon network. Evaporated amorphous silicon
(unhydrogenated) typically contains =10 e¢m™ dangling bond defects as determined by
electron spin resonance measurements while in a-Si:H (produced by SiH, glow discharge) the

-3 1809

density of dangling bonds is 10"-10'%cm . These dangling bonds occur as states in the
mobility gap and are the dominant recombination centers for excess electron and holes. Their
removal via hydrogen passivation thereby greatly increases the lifetime of photo excited
charge carriers and allows efficient photoconductivity and photoluminesence to occur.
Photoemission studies have shown that H not only removes electronic states from the
band gap but also from the top of the valence band as well”®. Hence, the band gap is a
function of the hydrogen concentration in the material and is larger than the band gapof
crystalline silicon. Surprisingly it has been found that total number of H atoms in a-Si-H
greatly exceeds the number one would require to passivate existing midgap defects”.

However, it must be emphasised here the number of defects created in any metastable process
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in a-Si:H is typically a factor of 10° smaller than the number of H or silicon atoms present in
the network.

Hydrogen has been shown to diffuse quite easily in a-Si:H at moderate temperature of
200°C. As H diffuses it breaks silicon-silicon weak bonds, leaving behind new dangling bonds,
and it can passivate preexisting defects states. Thus the nature of H motion in a-Si:H results in
atomic rearrangement of the amorphous silicon structure and can lead to either defect removal
or creation, depending on the circumstance. It has been well established through the work of
Jackson and Zhang? that H prefers to bond in separated pairs. A particular configuration of
these pairs explain the metastability (S-W effect) in these materials rather well. Metastability

* sites in a-Si:H.

typically involves less than 10" cr
1.3.3 Defects in hydrogenated amorphous silicon

The most important difference between a-Si and C-Si is the disorder induced localisation of
electronic states near and in the otherwise forbidden band gapof the amorphous phase. In a
silane discharge the surface mobility of silane fragments are low and the accumulation rate is
high (= 3 A°’"), significant disorder is frozen into the resulting a-Si:H network structure. The
incorporation of typically 10 at% H, in this process, relieves much of the accompanying strain,
but the residual disorder gives rise to the localisation of electronic states both near the band
edge and deep in the band gap. Tremendous progress in the understanding of defects in
a-Si:H has been made in last few years in four important areas: i)the microscopic structure of
defects, ii)the distribution of localised defect states, iii) theories of defect formation and iv)

optimal growth for defect minimisation.

1.3.4  Microscopic structure of defects

The simplest picture, "strained" Si-Si bonds are the origin of localised band edge states and
"broken" or "dangling" bonds are the origin of localised deep gap states. A dangling bond
floating bond pair is shown in Fig.1.4. The main differences between dangling bond and
floating bond defects are i) the electronic wave functions of the dangling bond is expected to
be strongly localised, while the wavefunction of the floating bond should be strongly
delocalised” and, ii) dangling bonds should be essentially immobile compared to the high
mobility of floating bonds. This high mobility arises from the fact that floating bonds can be

passed from one Si atom to another Si atom without the need for costly bond breaking. Thus



floating bonds should be able to self-annihilate, which should lead to significant defect
annealing at elevated temperatures. Also high mobility of floating bonds has been proposed to
drive H diffusion in a-Si:H via a simple "kick-out" mechanism which, if correct would require
a defect diffusion coefficient significantly larger than that of H*. However, the experimental
results show 1) defects do not self annihilate at elevated temperatures, ii) upper limit for defect
diffusion is 0.6 times the rate of H diffusion, iii)defects act as traps for H rather than enhancing
H diffusion as the floating bond model would suggest, and iv) H is intimately involved in the

defect formation process.

1.3.5 Distribution of localized states in a-Si:H

The sources of structural disorder that lead to localisation can be classified as follows: i}
strained Si-Si bonds which give rise to band tail states, ii) impurity atoms such as phosphorus
(P), which give rise to shallow doner states, and iii) dangling bonds which give rise to
electronic states deep in the band gap. The distribution of these band gap states are shown

schematically in Fig.1.5.

1.3.5.1 Optical and mobility band gaps in a-Si:H

Localized electronic states which lie in the gap, has led to two band gap definitions: the
mobility gap and optical gap. Theoretically, the mobility gap separates extended and localized
electronic states and, therefore, high mobility and low mobility charge carrier transport
regions. The optical gap is the separation between supposedly parabolic band edges derived
from the deconvolution of the optical absorption coefficient. The optical gap has little
fundamental significance. The mobility gap, on the other hand, is fundamentally important,
and it has only recently been reliably measured by internal photoemission measurements®.
The measured value of mobility gap in a-Si:H is 1.89 + 0.03 eV at 300 K where as optical gap

(by Tauc's method) comes out to be 1.73 eV. Fig. 1.5 depicts these concepts schematically.

1.3.5.2 Exponential valance and conduction-band tails
The origin of exponential absorption (Urbach) edges is generally attributed to the exponential
tailing into the gap of the conduction and valance band densities of states, which result from a

combination of thermal and structural disorder. The results of a sensitive electron
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Fig. 1.4 Illustration of Frenkel defect formation of a dangling bond/floating bond pair
in a-Si.
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Fig. 1.5 Schematic distribution of localised electronic states in the bandgap of a-Si:H.
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spectroscopy ° show that these distributions are exponential over a wide dynamic range as ex-
pected.

The results show that the intrinsic valance band tail of a-Si:H is exactly exponential
over atleast four orders of magnitude in the density of states with a logarithmic slope E,, ~ 45
meV. Likewise, the conduction band tail is exactly exponential over three orders of magnitude
with a characteristic slope E. = 35 meV. Again conduction band tail slope increases much
more rapidly with temperature than that of the valance band tail i.e. conduction band tail is

more susceptible to thermal disorder than structural disorder.

1.3.5.3 Distribution of localised defect states
One of the first and simplest model of the distribution of dangling bond (D) defect states in
a-Si:H was the energy level ordering scheme for a single isolated defect with a positive
correlation energy. Assume that a lone, singly occupied defect state has an energy Ep’ in the
a-Si:H gap. If the electron is removed by adding shallow acceptors, for instance, the resulting
D" (positively charged DB) state will appear at the same energy Ep’ = Ep’. Adding a second
electron to an isolated D° (neutral DB) state results in a defect state energy shift to Ep' = Ep® +
U, as illustrated in Fig.1.6. U is the electron correlation energy , required to place a second
electron on a singly occupied isolated defect level. This defect energy ordering scheme served
as the basis for interpreting a number of transport, luminescence and other opticai
experiments for many years’ .

An alternative explanation proposes a pool of defect sites from which the system can

choose to create or destroy defects in order to minimize the system free energy®*™',

1.3.6 Theories of defect formation in a-Si:H

Unlike c-Si, the creation of extrinsic carriers in a-Si:H by doping is always accompanied by the
formation of large concentrations of charged defects. Street in 1982 proposed the defect
compensation model of doping, the first defect formation model’®. It is based on the
following chemical reaction for dopant, P (for example), incorporation into the growing
a-Si:H film from the plasma,

Py = 08" + P4" + (l-a) € (1.1)



Where the subscripts denote coordination. Since a is measured to be about 0.9 % this simple
reaction immediately accounts for the observed square root dependence of dopants or defects
ie.

(Sis] =~ (Pa'] = ([Sis'I[Pa’])" o Pgu” (1.2)

However, both the active dopant® and deep defect® concentrations in a-Si:H were
found to depend reversibly on the sample temperature after deposition, a characteristic
signature of solid-state chemical equilibrium processes. Furthermore, it has been shown that a
chemical equilibrium model can accurately describe the incorporation of charge defects and
active dopants during a-Si:H growth, even though the host a-Si network is far from

equilibrium®.

1.3.6.1 Solid-state chemical equilibria
The equilibrium concentrations of species that participate in solid-state chemical reactions
depend on temperature a. If the temperature is varied more rapidly than the system can
respond, non-equilibrium concentrations can be frozen-in and the time dependence of their
equilibrium is characteristic of the kinetics of the reaction. The corresponding chemical
reactions for active dopants and deep defects in a-Si:H can be approximately described for
n-type (say, P-doped) a-Si:H as follows:
Pite =P (1.3)
Sis + € = Siy’ (1.4)
The reactions are independent but are linked by their dependence on electron

concentration.

1.3.6.2 Hydrogen glass model

Hydrogen diffuses readily in a-Si:H at 200°C the temperature above which the reactions (1.3
& 1.4) are always in equilibrium. Hydrogen motion provides the flexibility to rearrange the
bonding structure, which cannot be accomplished by Si motion alone at these low
temperatures. Hydrogen forms a mobile sub-lattice coexisting within the rigid a-Si host
network. The mobility of hydrogen at 200°C allows the sub-lattice to rearrange itself to attain
a minimum free energy configuration within the constraints of the rigid a-Si network. There

the hydrogen diffusion constant in a-Si:H is found to be dispersive i.e. time dependent®. As
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Fig. 1.6 Defect level ordering a) for single, isolated defect and b) measured by a
variety of methods in a-Si:H.
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the temperature is lowered, the diffusion rate decreases until it becomes so low that the
hydrogen becomes nearly frozen into a non-equilibrium configuration. The temperature at
which this occurs is called the hydrogen glass transition temperature since the behavior of
hydrogen sub-lattice has all the attributes of a glass’’.  The rearrangements of the hydrogen
sub-lattice can affect the concentration and distribution of defects in a-Si:H.

The above phenomena is best illustrated on Fig. 1.7, showing a set of activation energy
curves (log o Vs 1/T) for a typical sample of slightly phosphorous-doped amorphous silicon.

Above a certain temperature Tg, Equilibrium temperature, a well defined activation energy
can be estimated from these curves. Below this temperature a discontinuity can be observed,
in the o (1/T) curve depending upon the cooling rate, with an activation energy varying with
cooling rate.

This is the famous HYDROGEN GLASS MODEL as proposed by Street and his
coworkers”” and is very appealing and explains many of the physical properties of
hydrogenated amorphous silicon. In particular, combined with the defect-compensation mode!
of doping’?, it provides an accurate phenomenological description of the transport properties
of the material, It also provides an interesting tool for the explanation of the
Staebler-Wronski effect’”. In the framework of hydrogen glass model an intense light
irradiation can displace some elements of the hydrogen glass, creating new defects which can

be annealed by heating above the glass fusion temperature Tg*.

1.3.6.3 Hydrogen mediated weak bond/dangling bond conversion
Neutral defect formation in undoped a-Si:H can be described by a reaction
SiH + SiSi= D° + SiHSi (1.5)

where SiH are hydrogen atoms bonded to Si, whose motion enables the equilibration. SiSi are
weak Si-Si bonds that give rise to the exponential valance band tail and SiHSi are H trapped at
a Si1Si weak bond site as illustrated in Fig.1.8. In fact several such reactions are possible and
the temperature dependence of the defect concentration at equilibrium will strongly depend on
the details of the reaction®®. More importantly, because of the disordered nature of a-Si'H .
there is an exponential distribution of enthalpies 2AE required to form a D°-SiHS; pair, AE =
Ep’ - E is the energy separating the initial valance band tail (SiSi) state at E and the final defect

state at Ep’.



1.4 Device quality a-Si:H material properties

Some of the present state-of-the-art parameters obtained for undoped a-Si:H* are summarised
below Standard deposition conditions (discussed in detail in section 1.5.2) are generally

employed to produce these “device" quality optoelectronic properties of a-Si:H.  Dark

conductivity = 10" Q'em™
Activation energy ~0.8-09eV
Optical band gap ~1.7-18eV
Hydrogen content = 10 at%
Valance band tail slope =~ 40 meV

Conduction band tail slope = 25 meV
Defect density at the minimum > 107 - 10" eV'iem®

Extended state mobility

electrons > 10 ecm?V's!

holes ~ 1 em?V's™!
Dnift mobility

electrons ~ 10 cm?V''s™

holes = 107 cm’V's?

1.5 Hydrogenated amorphous silicon the growth aspect

Hydrogenated amorphous silicon is a broad class of materials produced by variety of plasma
assisted processing technique like plasma CVD ( DC, RF, Microwave, ECR, Remote,
Homo-CVD), sputtering (RF / DC with or without magnetron) in which presence of hydrogen

is crucial in determining its optoelectronic properties.

1.5.1 A description of the basic growth process

Molecules of the source gases for example, silane, gain energy through inelastic collisions with
high energy electrons and are excited to their dissociative states. This may lead to

spontaneous decomposition into neutral atoms and radicals (primary radical generation

process). The collisions of the energetic electrons with the gas molecules cause many



processes in addition to the ionization. Gas molecules may be excited into a higher electronic
state, from which recombination to the ground state results in the emission of photons and is
the origin of the plasma glow, although many of the transitions are in the UV region of the
spectrum. The gas molecules are also excited into higher vibrational or rotational states. The
average electron energy is given by eEA., where E is the electric field and A. is the mean free
path of the electrons for collisions with molecules. At high gas pressure which results in a
small A., therefore requires a high field to cause ionization. On the other hand, a low pressure
reduces the number of collisions which occur before the electron reaches the electrode, and a

high field is again needed to increase the ionization rate and sustain the plasma. In the
secondary reaction process neutral atoms and radicals produced by the generation process
collide and react mostly with SiH, parent molecules. Neutral atoms and radicals migrate to
the substrate surface by diffusion and condense to form a-Si:H (surface reaction process).

Although a small amount of ionic species (10° - 10" cm™) and emissive species (10° - 10°
cm?) exist in the steady state plasma, their contribution to the deposition of a-Si:H is
marginal/negligible.

Some possible dissociation, excitation and ionisation reactions are given below*":

Dissociation reactions:

e +SiH, = SiH, +Hy +e¢  (AH=2.2¢eV) (1.6)
= SiH; +H+¢ (AH = 4.0 eV)
= Si+2H,+¢ (AH=4.2 eV)
=SiH+H,+H+e (AH=5.7¢eV)

e+H, =2H+e¢ (AH=4.5 eV) (1.7)

Excitation reactions:
e+ SiHy=> Si’ +2H, + & (AH=9.5¢eV) (1.8)
= SiH +H,+H+e (AH=8.9¢eV)
=>H +SiH; + ¢
e+H, >H +H +¢ (1.9)
[onisation reactions:
e + SiHy = SiH;" + H; + 2¢¢ (AH=11.9¢V) (1.10)
= SiH;"+H+2e (AH=123¢eV)
= Si"+2H; +2¢° (AH=13.5eV)
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= SiH +H; +H + 2e" (AH = 15.3 eV)
There are many other possible reactions involving increasingly higher energies. In the
absence of radical radical reactions in the gas phase , as is appropriate for low power regime

primary production of higher silanes can occur either by gas phase insertion of SiH, into silane

SiH; + SiHy = Si;Hs and (1.11)

SiH; + SiH; = HiSiSiH + H, (1.12)
followed by  H;SiSiH + SiHs = Si;Hg (1.13)
or surface recombination of physisorbed SiH; and Si;Hs radicals,

(SiH,), + (SiH3), = SiyHg (1.14)

(SiH3), + (Si;Hs), = SizHg (1.15)

It has also been found that secondary reactions greatly modify the mix of radicals
within the plasma.

Dissociations in inert gas diluted SiH; discharge differ significantly from undiluted
silane discharge. As He/SiHy ratio increases a major fraction of the silane dissociation is by
He and He (metastable) collisions rather than electron collisions. The principal effect of He'
and He' reactions with silane will be to increase the silane dissociation into ions versus
neutrals.

Fig. 1.9 shows a typical RF plasma set up for producing these films, together with
different steps which lead to a-Si:H film formation on a heated substrate.

Real time spectroscopic ellipsometry studies during growth of a-Si:H has revealed that
basically there are three different types of nucleation processes in a-Si:H growth. The most
simplest is homogeneous growth with a constant refractive index. In the hemispherical
nucleation model, a hexagonal network of spherical nuclei of a-Si:H is created. The radius of
an isolated nucleus increases continuously untit the different hemispheres come into contact.
This results in a density deficient layer of growing thickness. The other model is named as

coalescence model, which basically leads to a columnar microstructure in the film*,

1.5.2 Standard deposition conditions:
Conscious efforts over the past two decades resulted into identification of a parameter space
(as given below) which yields device quality a-Si:H films (in a typical research reactor), known

as standard condition of growth of 2-St:H (CVD growth regime).
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Fig. 1.8 Illustration of Frenkel defect formation in a-Si:H according to reaction 1.5.
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Deposition Temperature =~ 250°C

R.F. Power <25 mWem?, CW
Gas flow rate > 40 scem (100% SiHy)
Pressure =~ 200 - 600 mTorr

Deposition parameters away from the above standard conditions for CVD growth
leads ultimately to PVD type growth. A PVD process is limited by the flux of the reactants
arriving on the growth surface”. Under this condition occurrence of various secondary
plasma reaction is very common which may finally lead to powder formation (discussed in
detail in section 1.5.4).

Further, those radicals with a high reaction rate have a low concentration and a short
diffusion length and are less likely to reach the growing surface. The least reactive species is
SiHi, which does not react with SiHy. Thus the silane plasma contains a combination of
long-lived primary radicals, and the secondary products of the more reactive gas species.

The growth of a-Si:H film involves two further processes beyond the primary
excitation of ions and radicals, and their secondary reactions. First is the adsorption of the
molecular fragments onto the growing surface. There is still considerable doubt about exactly
which species cause deposition®, but the common view is that under low power deposition
with undiluted silane, it is SiHs. The second process is the release of atoms or molecules from
the surface. The resulting a-Si:H material has a hydrogen content of about 10 at%, but the
radicals arriving at the surface bring far more hydrogen with them. Clearly hydrogen must be
released from the surface during growth.

Fig. 1.10 illustrates some of the processes which may occur at the growing surface on

an a-Si'H film**. A surface which is completely terminated by Si-H bonds will not take up

SiH; radicals.

1.5.3 Optimal growth of a-Si:H for defect minimisation

Optimal growth of a-Si:H refers to the conditions of deposition (mainly determined by growth
rate (rq) and substrate temperature (T,) that result in films with the lowest defect concentra-
tions. For example, a-Si:H grown at very high temperature becomes hydrogen deficient and,
therefore, highly defective while low-substrate temperature growth also results in a-Si:H films

with high defect densities and broad valance-band tails, post-deposition annealing at the



growth temperature can reduce the defect concentration by an order of magnitude and the
slope of the valance-band tail by a factor of two.
There exists three types of growth models depending on the thickness of the layer

which in principle determines the film defect density. Going from the free a-Si:H surface

down to the bulk, these models are as follows:

1.5.3.1 Surface limited optimal growth model
Matsuda and Tanaka* consider that the a-Si:H defect density is controlled by surface diffusion

kinetics of SiHj precursors during a-Si:H growth. According to their model, optimal growth
occurs when the diffusion length of the precursors on the a-Si:H growing surface is long
enough to allow these precursors to find energetically favorable sites for their incorporation.
Low substrate temperature kinetically limit SiH; surface reactions that would ordinarily
remove surface defects.

Recently Ganguly and Matsuda*” have further refined this model where they postulated
that the dangling bond (DB) density in the bulk of PECVD a-Si:H films are determined by
the Steady-state DB density on the surface during growth. This is schematically shown in Fig,

1.11.
At optimum temperature, the diffusion coefficient determined diffusion length (1),

| = [2D,1,)"? (1.16)
where 1, is the staying time of the precursor on the surface and is sufficient to locate optimum

growth sites. As the temperature is lowered, the movement of the precursors becomes
sluggish i.e. surface diffusion coefficient, D, decreases. Therefore, | decreases and poor

quality material is formed. Above optimum growth temperature, the surface hydrogen begins

to disrobe, thus creating surface DB's which reduces 7, and, hencel.

1.5.3.2 Growth-zone equilibrium model
Winer's model*® is based on thermodynamics of three chemical reactions which account for

silicon incorporation , defect formation and strain reduction respectively.
St incorporation: Si incorporation during growth may be described stoichiometrically by the

following reactions®.
SiH;(g) + SisSi-(s) = Si3Si-SiH(s) + Hy(g) (1.17)
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Fig. 1.10 Illustrates some of the processes which may occur at the growing surface
on an a-St:H film.
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Fig 1.11 Schematic representation of the growth surface region of a-Si:H at
-Si a) room
temperature, b) 2509C and ¢)450°C. A, S & R stand for abstraction,
sticking and recombination reaction respectively.
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Where S$i;Si—(s) is a surface dangling bond (D°), (g) and (s) refer to gas - and solid - phase
species. This reaction proceeds at a rate proportional to the plasma power P.
Neutral defect formation: Defect formation occurs via
SiH + SiSi <> D° + SiHSi (1.18)
Both the forward and reverse rates depend on the rate of dispersive hydrogen diffusion.

Strain reduction: Reduction of valance band tail slope is associated with strain reduction,

This can be accomplished by the following reaction®’.

SiHSi + SiSiwesker <> SiSisonger + SIHSI (1.19)
which is exothermic in the forward direction. The forward reaction proceeds until the
valence-band tail is sufficiently narrowed to reach equilibrium if there is sufficient time to do
so near the surface during growth. Below the surface, bulk constraints increase the kinetic
barriers of the reaction. The equilibration rate depends on the rate of H diffusion and, there-
fore, on T,.

In order for optimal growth to occur, the average rate of H
diffusion py in the time interval dt should be roughly equal to the growth rate R,

wy = (4Dw/dt)"? ~ R = 4Dy/L (1.20)
where Dy is the H diffusion constant in a-Si:H” and L equivalent R8t, such that the time
available for equilibration in the less constrained near-surface layer of thickness L decreases as
R increases. Agreement with the experimental data is obtained with L = 1 A®, which suggests
a surface-limited equilibrium growth process. Of course, Eqn. 1.20 is approximate, and does

not take into account the dispersive nature of H diffusion. For typical deposition parameters

py and R equals at ~ 250°C.

1.5.3.3 Hydrogen chemical potential model
Street™® has proposed a growth model of amorphous hydrogenated materials based on the

hydrogen chemical potential (). This model assumes the following.

(1)During deposition from hydrogen-containing gases the bonding structure of the film
is in large part controlled by the effective hydrogen chemical potential () in the plasma.
Hydrogen influences the structure through its reaction with weak and broken silicon bonds.

(2) At sufficiently high growth temperature, uy in the plasma and the film tend to

equalize because of the rapid interchange of hydrogen across the growth surface. The



structure then approaches an equilibrium distribution of Si-Si and Si-H bonds, limited by the
network (topological constraints) and is indicated by the valence-band tail slope which is not
less than E, ~ 40-50 meV.

(3) At low growth temperature there is a kinetic constraint to the structural
equilibration because insufficient hydrogen motion does not allow the network to rearrange
between alternative configurations. Material grown in the kinetically limited regime has a
higher disorder manifested by a broader distribution of weak bonds.

The hypothesis of this model is that the hydrogen reactions beneath the surface of the
film change the structure from that which is created by the attachment of radicals at the
surface of a structure which approaches a constrained equlibrium. This model explains
hydrogen mediated defect minimisation in terms of energy distribution of hydrogen density of
states (HDQOS) as illustrated in Fig.1.12.

Hydrogen resides in the occupied states below pu, which in a-Si:H, are the Si-H bonds.
The band of unoccupied states above includes the distribution of weak Si-Si bonds into
which hydrogen can insert with low energy, and stronger Si-Si bonds at high energy. Ew, is
the hydrogen migration energy and corresponds to the average energy at which hydrogen can
diffuse freely.

The equilibration of the bonding structure induces a minimum in the hydrogen density
of states at py, because this configuration corresponds to the minimum defect density®. This
interaction between py and the HDOS allows hydrogen to influence the distribution of weak
Si-Si bonds and the density of dangling bonds. When the growth temperature is high enough
to allow the hydrogen chemical potentials in the gas and within the near surface growth region
of the a-Si:H film to become equal, the structural order and, therefore, the defect
concentration in the resulting a-Si:H film is determined by the H concentration in the gas. py
can be increased by H, dilution to such a point that there is no amorphous structure available
with such a small amount of disorder; this makes the transition to jc-Si.

The model predicts the conditions for optimum growth of a-Si:H as follows. The
surface layer formed by attaching highly hydrogenated gas radicals (e.g. SiH;) has a high
hydrogen concentration and is assumed to be highly disordered®. The final film structure is
determined in the subsurface region though the motion and elimination of the excess

hydrogen, and the reduction in structural disorder. In order to obtain the optimum growth



structure, it is assumed that a large fraction of the bonded hydrogen must redistribute within
the time 7, in which the subsurface reactions establish the final film structure. The rate limiting
step in this process is attributed to the excitation of hydrogen to the mobile state at E,,, which
occurs with rate ©, exp [-(Ex-E)YkT), where E is the hydrogen energy. A redistribution
energy Ey is therefore defined by equating the inverse of the excitation rate of the time T,
giving
Eys - Er = kT In{w,\ts) (1.21)

where Ey is the hydrogen migration energy (see Fig. 1.10) and w, = 10" sec”’. Eg is indicated
in (Fig. 1.10) and separates those hydrogen atoms of higher energy which can move in time

T.. but it is expected to be usually of the order 10 sec, this being the typical time to grow a few

atomic layers of the film.

1.5.3.4 Bulk equilibrium model
To explain the thickness dependence of the sub gap optical absorption, Hata et al.***? have

developed a model based on the annealing, during growth, of the growth induced surface
defects. From this point of view the equilibrium may develop across the whole thickness of

the film, which explains both the temperature and the thickness (deposition rate) dependence

of the a-Si:H defect density.

1.5.3.5 Chemisorption based deposition model
Bruno et al.*? have reported a chemisorption based deposition mechanism able to describe the

surface growth from the kinetic point of view, ie. to define the relationship between
deposition rate and species concentration. Basically this relationship follows from the analysis
of a chemical model whose concise scheme is as follows:
SiX4(gas) =5=> SiXa(ads) = SiXx(gas)
KUH
-SiX(FB-Si) = a-Si-film.

The most important features of this model are

1) The dissociative chemisorption of silicon volatile compounds (SiX,) giving active

species (SiXz) adsorbed at the growing surface.

17



2) The surface reaction of H atoms to give free-bond silicon species (FB-Si) that are

reactive intermediates for the silicon-to-silicon bond formation on the surface.

1.5.4 Powder formation
Recently dusty plasma has drawn wide attention and has been studied in detail. In the

following formation, growth of powders and its effect on the a-Si:H film properties are
discussed in certain detail. It is felt that the information presented here will make
comprehension of what is being said subsequently in chapter-I1I & [V much easier.

Particulate contamination presents a major problem by limiting manufacturing
productivity and device reliability’’. The maximum achievable deposition rate for device
quality intrinsic a-Si:H is limited by plasma polymerisation which results in poorer electronic
quality™ and rough films**. The density of particles occluded in the film has been found to rise
with the increasing deposition rate, no matter how this increase is obtained. Neutral radicals
are the likely candidates for particle precursors and their propagation is supposed to be by
insertion of lower silane radicals into higher saturated molecules***’. Plasma polymerisation is
expected to be more rapid for ions. Experiments show that activation energy barrier prevent
the formation of high mass positive ions. The fact that negative ions are retained in the plasma

by the sheath potentials has led several authors to suggest that plasma polymerisation might

proceed via negative ion pathwaysss'”. Negative ions upto mass 500 amu have been detected

in RF SiHs plasma®.
The formation of powder was observed the same day as the first silane plasma

deposition®’. It is very often suspected to be a source for particulate contamination. The

initial observation of Spears®® is that particulates are confined in the sheath edge. Normally

particulates would be negatively charged as any object at floating potential immersed in the
plasma. The charge is expected to be of the order of 1000 electron charge for a 0.2 mm

spherical particulates.  Particulates should be confined in the plasma potential well and be

evenly distributed inside the uniform zone of the plasma.
According to Schmitt®
s a particulate is negatively charged,

e it attracts positive ions, increases recombination rate,

o it deflects by coulomb force slow electrons,
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® itincreases plasma resistivity,
» it preferentially collects fast electrons,

e 1t cools down the fast electron tail

L. Boufendi et ai.®* have proposed a three step process for powder formation and its
growth. (i) rapid formation of crystalline clusters (2 pm) with concentrations upto 10" cm™,
1) formation of aggregates of diameter upto 50 nm, by coagulation (during coagulation
particle concentration decreases dramatically) and (iii) growth of particles with a constant
concentration by surface deposition of SiH, radicals.

Again Perrin et al.*’ have proposed a five successive step scenario for particle
formation in SiH, discharges.

i) during the lst step (t,) the fast electron population is quickly established (= 10msec)
and does not evolve as revealed by constancy of SiH" emission.

i) during the 2nd step (t:) from a fraction of a second® to several minutes®’ the
discharge remains in the o regime and no particles are yet detected by most sensitive
techniques. In this stage Si-cluster growth proceeds.

iii) in this critical step (t2) (few seconds) drastic o to y transition occurs accompanied
by the onset of monodispered particles whose density drop by two orders of magnitude and

their radius increases by aggregation of primary clusters (2 - 3 nm)”". Plasma becomes more

resistive.
iv) In this long step (ts) the discharge power dissipation is dominated by attachment to

particles of mean radius 40 nm®. Particle aggregation stops and growth slowly continues by

condensation of radicals.
v) in the last step, for mean particle radius 100 nm the increasing charge on particles

makes the plasma unstable which leads to a partial expulsion of particles. Then new

generations of particles take place with dispersed particle sizes.
In high power high pressure silane plasmas, where particles form in a fraction of a

second®, a rapid neutral pathway via SiH; insertion into higher silanes have been
" N .

proposed®”™. If neutral clusters reach critical size” and become large enough to be

negatively charged by the RF plasma, there is no need to invoke a slower, parallel anionic

pathway® (this is schematically shown in the Fig.1.13). Once a critical particle density and
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Fig. 1.12 Illustration of hydrogen density of states for a-Si:H, showing the Si-H bonds
and the energy of H in the distribution of Si-Si bonds. Eppy is the

energy of hydrogen in vacuum.
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Fig. 1.13 Relationship between different precursors origins in a tentative scheme for
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size is reached, agglomeration and growth would continue independently of the precursor
stage.

According to Howling et al.” the initial phase of powder formation produces
macromolecules or clusters which although invisibly small, introduce electron coulomb
scattering, attachment and recombination centers’® and alter EEDF”. These molecular scale
reactions modify the plasma impedance and RF power matching conditions. A change in
reflected power is, thus, a precursor to visible particle formation, and this information can be
fruitfully utilised because even 20A° particles could be deleterious to the electronic properties

of a growing layer’®. The reflected power could be incorporated into a feedback loop to keep

the input power below the threshold for particle production.

1.5.5 Powder inhibition
It is difficult to find a completely powder free deposition plasma. It has been found in a

plasma powder (heated) experiment that for a given flow above a given box temperature, the

appearance time for powder goes to infinity, i.e. plasma becomes dust free. It was speculated

that the important influence of the
activated electron detachment from negative ions. The powder formation threshold is

ambient temperature may be related to the thermally

increased when the velocity of the carrier gas is increased. The drag force on the particulate

pushes the powder out of the trapping potential well. The larger the flow the most likely is the

powder to be driven away and carried out by the gas flow towards the pump as revealed by

careful analysis of powder patterns left on the walls of all sorts of reactor geometry. This

implies that, at least when plasma disruptions are avoided, there is no reason for powder to
contaminate the film. Therefore, a gradual de

flow should avoid powder from landing up on the s

crease of RF power along with an increase of gas
ubstrate. The most important way of

controlling powder is to use the concept of Intermittent plasma as introduced by Watanabe et

al.”". The explanation is based on the assumption of powder to be negatively charged ions.

During plasma interruption the charged species recombine. Neutral diffusion takes place.

Light negative ions become light neutral which can diffuse rather fast. When dust is present it

is 50 heavy that it requires a longer time to disappear. It disappears not by diffusion but rather

by sweeping by the gas flow.
Intermittent plasma may avoid the build up of large size powder but, in contrast to the

continuous plasma, it allows the powder seed to reach the wall, hence it may affect the film



quality It has been found that surface roughness varies drastically. For smaller modulation
frequency the powder size is too large for it to reach the surface. At higher frequency, the
surface recovers the smoothness of the DC experiment. This implies that for modulation
frequency of the order of 2-5 KHz the negatively charged powder seed has not enough time to
reach a significant size and when it diffuses to the surface in the remaining time it is small
enough to get incorporated into the film without perturbing the film structure.

The bulk matenial is also modified by intermittence. The loosely bound hydrogen as
revealed by exodiffusion study, increases when powder makes a contribution to the growth.

A structural change is observed by low angle scattering and by the slope of the Urbach
optical absorption tail. The continuous trend for material compactness improvement in tigh
modulation frequency range (0.4 to 5 KHz) can be explained by the change in the size of the
powder seed reaching the surface but it can also be attributed to the change of the plasma

equilibrium itself due to the absence of big negative clusters. It has been found that these

clusters can affect the plasma equilibrium. Therefore, they may indirectly affect the film

growth by, for example, decrease of soft ion bombardment or shift of the radical source
location from the sheath edges to the center.

Watanabe et al.”® have found, for low (20%) duty cycle (D) the scattered laser light
(LLS) intensity was too low to be observed. Decrease in D makes the high intensity region
shift away from the RF electrode and brings about a significant decrease in particulate amount.
Therefore RF power modulation is really effective in decreasing not only the amount of
particulates throughout the discharge space but also their size. From the balance between the

electrostatic and ion drag forces it appears, particulates of smaller size should reside far away

from the RF electrode.

Mechanism of negative ion extraction.
dulated plasmas, provided that the modulation depth is atleast 90% " the

In power mo

sheaths collapse sufficiently for negative jons to escape if the after glow period is long

enough. When the electrode voltage is applied at the beginning of each cycle, energetic

electrons (at least 8 V) are created which dissociate SiHs and give rise to sharp SiH*

emission peaks in less than few msec. Equilibrium between the power source and the various
plasma species 1S established on a slower time scale of around few tens of msec. When RF
power is removed the most energetic electrons rapidly leave the plasma and the SiH* emission

completely disappears in few msec. Thereafter positive ions and electrons undergo ambipolar



diffusion to the electrode surfaces and positive ion flux falls. After a delay of about 100 msec.
from the end of the power period the negative ion flux appears abruptly and gradually decays
until the next power period starts when the flux is cut off by sheath formation. When the
electron density decays during the afterglow, the negative ion density eventually becomes large
compared to the electron density. The plasma potential then no longer needs to be positive to
retain electrons since the mobilities of the remaining positive and negative ions are
comparable and the sheath field collapses™. Because of the mass dependent delay times and
decay time constants, the loss rates and hence negative ion densities depend on the modulation
frequency in different ways according to their mass.

The sheath electric field above 15 kHz modulation frequency does not have time to
reverse and so the negative ions remain trapped in the plasma volume and continue to

accumulate during successive plasma cycles and polymerise indefinitely leading to powder

particles as observed®'.

Formation of polysilicon hydride anions:

Experimental results suggest that a polymerisation pathway proceeds via negative ion
clustering. The negative ions are not simply by- products formed by electron attachment to a
neutral species pathway. High mass negative ions are not formed by attachment to heavy
neutrals because i) no neutrals with masses as high as negative ions are detected in the mass
spectra. ii) negative ions and neutrals have very different abundance ratios which can not be
reasonably explained by assuming attachment probabilities which are orders of magnitude
larger for higher masses and iii) no attachment peak exists in the time resolved measurements

for negative ions heavier than trisilicon hydride anions
One possible polymerisation pathway which propagates via negative ions is by silane

addition®*.
Alternately negative ions can lose their excess energy by a stabilisation collision with a 3rd
body which must occur within its auto detachment lifetime if the parent ion is to survive.

Autodetachment:  (SinH() = SiHy + € (1.22)
lon-Ton recombination is the second possible pathway for polymerisation. Ion-molecule and

ion-ion reactions both eventually lead to stable, higher mass negative jons.

Dependence on modulation frequency for powder formation in modulated plasmas

would be as follows:



At modulation frequency << lkHz : Large clusters or even particles form within a
single plasma period and some may become too large to be ejected in the subsequent off
period; these particles would then continue to grow during successive cycles and eventually
become visible®”.

At modulation frequencies < lkHz : Clusters do not grow too large in one plasma
cycle to be ejected in the off period and the plasma appears powder free®.

At modulation frequency ~ 1kHz : Plasma period is too short for polymerisation to

propagate and powder production is suppressed“"”. The best quality film is obtained at this

modulation frequency.
At modulation frequency > 1kHz : Negative ions are trapped by the sheath potential

which do not have time to reverse and polymerisation continues in successive modulation

cycles, ultimately forming particles in the plasma. These particles acquire a multiple electronic

charge in the plasma and therefore remain trapped.
Measurement of negative ions and powder in silane plasmas as a function of power
modulation frequency, partial depth modulation and after glow duration reveals the following:
i) particles formation is strongly reduced by square wave power modulation at kHz
Previous work®' demonstrated that powder does form when the anions do not

frequencies“ :
have time to be evacuated in the after glow (modulation frequency > 3 kHz). Suppression of
polymerised anions near 1 kHz modulation frequency is due to too short plasma pertod for
anions to reach high masses before the reservoir of low mass anions is evacuated in each
subsequent after glow period®”.

ii) with ON/OFF power modulation (100% modulation depth) at 1 kHz no powder is

formed. If the RF voltage during the afterglow is then increased so that the sheath no longer

fully collapses (= 85% modulation depth), the anion flux abruptly disappears and powder

eventually forms. Neutrals are not affected by the sheaths and the flux of polysilicon neutrals

undergoes no significant variation during a modulation cycle. Therefore any neutral

polymerisation pathway to particle formation that may exist would not be affected by kHz

power modulation®,
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1.5.6 Plasma Modelling

Mathematical models, in concert with experimental measurements, can assist in rational design
of plasma deposition and etching reactors. One can distinguish two levels of complexity in the
plasma deposition process. First, the concentration and energy distribution of electrons. ions
and radicals in the plasma must be determined as a function of reactor operating conditions

Second, the relation between the flux (and energy distribution) of particles bombarding the
substrate and the resulting film deposition rate and uniformity, as well as film structure and
properties must be established. The earlier proposed models concerned with reactor operation

consider the transport and reaction of the precursor gas in the plasma.

Pulsed plasma operation is relatively new approach to PECVD which has been
implemented by plasma deposition equipment manufacturers, presumably to improve the film

uniformity in channel reactors. Recently pulsed plasma discharge has been used to obtain

superior properties of a-Si:H films and suppression of powder formation were obtained by low

frequency modulation of SiHy/He plasma’. In the following a simplified mathematical model

of pulsed plasma CVD process is discussed" .
The average deposition rate and uniformity are defined as
fav = Dy | Ci(F)dF (1.23)

where F = x/L is a dimensionless parameter, x is axial coordinate, L chamber dimension, C,(F)

concentration distribution of radicals.
Uniformity index is defined as

UI - [C[_m.lx = C]'mjn]/zcl,av

(1 24)
This is a measure of the deposit thickness uniformity The lower the value of UI the better the

uniformity
An important parameter Da, Damkohler No. for deposition

2z
Da, =[(5/v)sKaL }/Dy
s/v) surface to volume ratio, K, rate constant of an heterogeneous

(1.25)

D, diffusivity of species, (

reaction of the main radical containing deposition Species.

Pictel number. P. is a measure of convection as compared to axial diffusion

P.; = uL/D; (126)

u is the average fluid velocity.
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Another important parameter is Da,, Damkohler No. for radical generation
Da, = K,n.L*/ D, (1.27)

K, rate constant for gas phase reaction, n, electron density.

1.5.6.1 Plasma modeling for CW reactor

For a given pictel number (P.), the precursor gas concentration decreases monotonically along
the reactor due to electron impact dissociation in the plasma. For P, < 10 there is complete
conversion of precursor gas. For very high P; gas residence times become very short and the
chance of dissociation diminishes. In such case, most of the gas passes through the reactor
unconverted For P, > 1, a maximum appears in the radical concentration profile. As P,

increases the position of maximum shifts away from the reactor entrance and it depends on the

balance between rate of radical production and its consumption.

In a simulation study, for Da, = 40 and Da, > 5, Ul was found to decrease sharply with

P.. attained a minimum for P. = 10 and then increased monotonically with further increase in

P.. Under these conditions, the uniformity index for CW reactor was 0.707.

1.5.6.2 Plasma modeling for pulsed plasma reactor
For a conventional pulsed plasma discharge the deposition rate increases during the plasma on

fraction of the cycle, and decreases during the plasma off fraction. The decay time is

determined by various radical loss mechanisms such as ¢
nues well after the plasma extinction, provided off period is not much longer

onvective flow and deposition.

Deposition conti
than the radical lifetime. Compared to

of decreasing the reaction rate near the reactor inlet, and increasin
n rate distribution and improved uniformity. For a given duty

for very low and very high values of the pulse

CW operation, pulsed plasma operation has the effect

g the rate near the exit. The

result is a smoother reactio

cycle, the reaction rate attains limiting values

period, For very low pulse period species concentration cannot follow rapidly changing

applied waveform. For very large

state. Similarly an UI identical to CW reactor is att
ow pulse periods, uniformity is improved by pulsing the plasma and

duty cycle as shown in Fig. 1.14. In some pulsed

pulse periods, the system reaches the corresponding CW

ained at high pulse period regardless of the

duty cycle. Whereas, for |

gradually improves with lower and lower
plasma reactors the precursor gas depletion is minimised by allowing the reactor to "refill"
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with fresh gas during the plasma off fraction of the cycle. This results in smoother deposition
rate profiles and in general improved uniformity.

For a given pulse period the average deposition rate decreases with decreasing duty
cycle Hence, by controlling the duty cycle, better uniformity may be obtained at the expense
of throughput. By selecting appropriate values of pulse period and duty cycle uniformity may
be substantially improved without significant loss of the deposition rate. Park et al. * further
suggested that under conditions of low depletion of precursor gas and/or low reactivity of the

radicals, recycle of the exhaust can result in improvements in both deposition rate and

uniformuty.
1.6 Definition of the problem

[n the proceeding review an attempt has been made to bring to focus how by maintaining the
so called ‘standard’ deposition conditions one can deposit a-Si:H films capable of exhibiting
"device" quality. However, further technological innovation in the area requires that a-Si:H
films be grown away from the standard conditions and yet presently obtainable opto-electronic
qualities of the material are not compromised. The technical goals to be achieved can be

stated as follows:
1. Achieving high growth rate without sacrificing excellent set of optoelectronic properties of

a-St:H films.

2. Achieving tailorable band gap of basic a-Si:H material without drastically aitering its
optoelectronic properties i.e. without alloying. This is particularly attractive for a tandem
solar cell structure for replacing the alloy materials.

3. Achieving good optoelectronic properties on temperature sensitive substrates.

However, research conducted during the last several years indicate that it may well be
possible to realise one or more of these desirable technological requirements. Specifically, a
body of experimental evidences is slowly building up by which one can explain the dependence
of optoelectronic properties of a-SiH as a process out of equilibrium in which plasma plays an
important role. Further, some recent experimental studies® indicate that in order to produce
low defect density a-Si:H, increase in the deposition rate must be accompanied by an increase

of the substrate temperature (through thermal enhancement of precursor diffusion length). It



also appears that the subtilities of the plasma processes are the limiting step in the production
of low defect density films.

In view of what has been said it becomes imperative to optimise, at great length, a
particular PECVD process and look for a window where one could possibly observe one or
more of above stated desirable properties, away from standard conditions of growth.

Thus, in carefully trying to optimise a-Si:H deposition processes, away from standard
conditions, one is not only trying to test the limits of applicability of the existing models but
also creating a body of experimental data based on which these models can, perhaps, be
further refined or some new models proposed.

The aim of the present investigations, therefore, is precisely to generate these new
evidences by careful experimentation of a-Si:H growth, away from so called standard
conditions. Specifically the following two PECVD processes are considered.

(1) Modified pulsed plasma CVD at RF (13.56 MHz).

(2) Modified pulsed plasma CVD at VHF (100 MHz)
Each of these have some distinct advantages and limitations. But when one combines

VHF processing in a pulsed plasma mode many interesting results are expected. One expects

not only to exceed presently achievable growth rate (VHF advantage), but also the limitations

of VHF i.e. finite wavelength effect leading to nonuniformity of deposition can possibly be

overcome by pulsing the source.
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CHAPTER-2
Growth and Characterisation of a-Si:H Films

In this chapter first a brief review of different innovations that have been made to enhance

growth rates of a-Si:H is presented. Details of the plasma reactors used for the present

investigations are subsequently given. This is followed by brief descriptions of different

characterisation techniques used during the present investigation. Silane glow discharge is

also studied by optical emission spectroscopy. A brief description of this technique has been

presented.

2.1 Different techniques to grow a-Si:H films at high deposition rate

There are many ways to prepare a-Si-H films. The most widely used method is the glow

discharge decomposition of silane, wherein an electric field is used to produce a plasma

containing ions and other reactive species which condense on a heated substrate (200 to 400°C

typically) to form an amorphous solid.
There are many variants of the basic glow discharge method. In RF discharge, power

is coupled either inductively or capacitively. Additional DC electric- field can be used to

stabilise the discharge or DC magnetic field to confine the plasma. Basically RF power

controls the rate of dissociation of gas and, ther
determines the mean free path of the gas molecules and dictates whether the reactions will

Im or in the bulk of the plasma. The gas flow rate

efore, the film growth rate. The gas pressure

take place on the growing surface of the fi

and the pumping speed determine the residence time of the gas species in the reactor.
Temperature of the substrate controls the chemical reactions and the surface mobility of the

species on the growing surface.

A complete understanding of the silane plasma chemistry has not yet been reached and

in the absence of a quantitative model, optimisation of the deposition parameters requires a



lengthy and tedious "exploration of the space of preparation"’. Some of the parameters, in an
approximate order of importance are:

¢ deposition temperature;

* geometrical dimension of the chamber and the electrodes;

* RF power and electrical bias of the substrate;
s gas parameters: total and partial pressures, flow rates, pumping speed, etc.

If one assumes a modest number of five parameters and five measurements of each
parameter, the 'exploration of the space of preparation' require the deposition of 5° = 3125

samples. This kind of tedious work is a lengthy exercise. This kind of exercise has already

been done by different groups and have revealed the following set of parameters, better known

as 'standard condition of growth of a-Si:H":
s deposition temperature around 200 to 250°C

o inter-electrode distance of few centimeters (2 - 4 cm)

RF power density of around 0.1 Wem™?
High deposition rates are expected to be achieved from the following three different

approachesz.
(1) Increasing the generation rate of radicals in the plasma.

(2) Shortening the transport path from the plasma to the growing

surface.
(3) Increasing the sticking coefficient of the radicals reaching the growing surface.

Different efforts based on the above guiding principles are briefly discussed below.

2.1.1 Plasma excitation methods
sma excitation are commonly used for the deposition of

DC, RF and Microwave pla
The first two types of plasma excitations have mostly been employed by

amorphous silicon.
e only methods adopted so far by the industry.

workers in this field and also these two are th
unded electrode (anode) in the case of RF

The substrates are generally placed on a gro
to avoid ion bombardment resulting in the deterioration of the film

discharge, largely
properties’, and at the same time ground electrode is usually kept at the top to avoid large

size powder incorporation.
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Ross et al.* have examined the deposition rate on the anode, using both RF and DC
discharges in the same reactor, and explained why the deposition rate under RF glow

discharge is higher than that for the DC glow discharge.

By using electron-cyclotron resonance plasma, Kato et al.’ achieved high deposition
rates, rqg upto 250 A% from decomposition of SiHs+H; mixture, without much deterioration

of the optoelectronic properties of the films so produced.
Conde et al.® have demonstrated that in their Concentric Electrode-PECVD technique

high band gapa-Si:H films could be grown at low substrate temperature at considerably high

rates by varying silane flow rates over wide limits.

Hamasaki et al.” proposed a novel design by incorporating a grounded mesh
surrounding the electrodes and a high deposition rate of more than 50 A% was achieved in
this case without much deterioration of the film quality. Hamasaki et al.® further proposed

another new technique for the modification of the potential profile in a capacitively coupled

reactor, by employing a tuning network connected to the substrate electrode. In this case, the

potential drop in the sheath near the substrate electrode could be increased under the

resonance conditions and it was found that the glowing region spreads toward the substrate.

A high deposition rate, exceeding 40 A%} could be obtained with no appreciable degradation

in structural and electronic properties of the films so produced.

Sanyo group’ prepared high quality a-Si:H films with a photosensitivity, Gu/Gs of

7x10° at a high deposition rate of 10 A%’ with the use of magnetic fields (Controlled Plasma

Magnetron, CPM technique); a-Si:H solar cells, with the i-layer deposited at high deposition

rate by CPM technique, were found to have a higher open circuit voltage and a higher

conversion efficiency

with the help of optical

than those grown without the use of magnetic fields. They confirmed
emission studies that a high electron density plasma could be produced

under a magnetic field, at low RF power, which in turn decreased the ionic bombardment on

the substrate.

Curtins et al. 10 reported a strong dependence of the deposition rate on the excitation

frequency in the range of 25- 150 MHz. The deposition rate was found to be maximum at

about 70 MHz. The a-Si:H films prepared at rates exceeding 20 A ata frequency of 70

MHz were found to show properties comparable to films prepared at 13.56 MHz at a typical

rate of 3 A%



Chatham et al.!' also used very high frequency discharges (10-110 MHz) to deposit
high quality amorphous silicon at high deposition rates using disilane. They also incorporated
intrinsic layers deposited at rates upto 20 A% in p-i-n devices by using 110 MHz discharge
and achieved solar cell efficiencies greater than 9.5% over 1 cm?.

Scarsbrook et al.'? have discussed the limitation of continuous plasma processes like
incomplete gas dissociation or proper gas utilisation , gas depletion , powder formation and
requirement of substrate heating. They proposed a novel pulsed plasma discharge, wherein
very high power is applied for a short duration (typically few hundred sec) and discharge
remained off for the rest of the period. They even pulsed the gas flow in phase with the RF
power pulsing. The dramatic consequences of the above procedure are 1) many fold increase in
the deposition rate, i1) enhanced thickness uniformity and iii) substantial decrease in powder
formation. They achieved deposition rate of 50 A°s™ for the growth of a-Si'N'H using 50 KW
power having a puise width of 250 msec. Interestingly, their film properties were comparable
to those of the films grown by using more conventional techniques with deposition rates a few
A%

Scott et al.”’ used higher silanes to increase the deposition rate of amorphous silicon
and a rate as high as 65 A°s™ was obtained. Thus, the rates obtainable using disilane are many
times higher than what could be obtained using monosilane. However, Kuboi et al.* reported

that this tendency becomes less pronounced with increasing excitation power. Ross et al ¢
further reported that the deposition rate, in the case of an RF glow discharge method, at 0.50

Torr and 10 sccm flow rate, increased upto 11 A% with increasing Si;Hs fraction in SiH, +

Si;Hs mixture.

2.1.2 Dissociation and transport of the active species to the substrate
The discharge deposition chemistry is initiated by electron impact dissociation of SiH,, and

under normal conditions more than 95% of the resulting deposition is by reactive neutral
species (radicals) and only a small contribution comes from tonised species’. Discharge
deposition of a-Si:H is normally done at power/flow ratios that decompose 10 to 50% of the
silane gas, as well as most of the higher silane produced in the discharge. Gallagher et af.'¢
proposed that radicals with an odd number of H atoms (H, SiH & SiH;) ultimately lead to

formation of a-Si:H film, whereas radicals with even number of H atoms (Si & SiH;) react

~NC



with SiH, before reaching the surface producing higher silanes. Different dissociation
pathways with their corresponding enthalpies are listed in section 1.5.1.

Ischihara et al.'’ deposited a-SiH films by RF glow discharge by changing
anode-cathode spacing (d) and chamber pressure (p) simultaneously. They found that the
deposition rate was dependent not only on p but also on d. They further found that for
deposition rate, in the p-d space, there were two distinct boundaries. One was pd = constant,
other followed a relation pd® = constant. The RF plasma could be stably sustained between
the two boundaries.

A variety of species exist in the excited silane plasma and they are transported onto the
substrate for the deposition of a-Si:H film. However, on way to the substrate, they undergo
collisions and the flux of the active species decreases. The deposition rate is, therefore,
dependent on the distance between the center of the plasma glow and the substrate. Matsuda
et al'® used a triode type reactor in which a discharge is maintained between the powered
electrode and a grounded mesh electrode. It was argued that log (rg) would be proportional
2 where p is the pressure, for a specified precursor and L is the distance between

to p°L’,
substrate and mesh. The above relation is valid under the condition that deposition is

determined by the survival of the active species.
Das et al.'”” have studied the effects of interelectrode spacing on the properties of

a-Si:H. They found that in high RF power regime rq increases with an increase in

interelectrode spacing in a capacitively coupled PECVD system having arrangement for

cathode heating and this is in contrast to the opposite trend in rq at low RF power densities.

2.1.3 Dependence on the excitation power

An increase of the deposition rate with the excitation power is expected in the conventional

RF glow discharge system’ ;
d microwave systems® also generally follow this pattern. Tsai

position rate of a-Si:H, on either electrodes of a PECVD system,

RF planar magnetron systemzl, capacitively coupled RF system

with a ground mesh®, an

et al.® reported that the de
increases linearly with RF power in a capacitively coupled RF (13.56 MHz) plasma system.
Nishikawa et al.?* reported the possibility of depositing device grade a-Si:H films
grown at higher power levels with appreciably high deposition rates. They obtained a

deposition rate upto 70A°%" with Opn = 1.2x10”° Q'em™ by increasing the silane flow rate and

the power. At RF powers lower than a threshold value, the concentration of SiH; bonds and
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(SiH), groups were found to increase with increasing RF power. However, at RF powers

higher than the threshold value the concentration of SiH, bonds and (SiH,), groups

decreased with increasing power.

2.1.4 Gas dilution effects, dual use of a buffer gas

Deposition of a-Si:H is not very sensitive to a moderate dilution of silane in a buffer gas, eg.

molecular hydrogen. The operational definition of a buffer gas is schematically shown in Fig.

2.1; it is a gas having very high threshold energy E: of decomposition by the electrons of the
plasma, so that the collisions with the molecules of the buffer gas are mostly elastic. This is
the case for gases like Ha, N, or He which are chemically very stable and have very high
ionisation energy. It is to be noted that the heavy rare gases (Ar, Kr, Xe) have relatively low
ionisation energy and, in that sense, are not good buffer gases and, indeed, have a negative
influence on the quality of the deposited material’. It is to be marked that in the case of
production of very high energy electrons (very high power plasma), collisions with the buffer
gas become inelastic and thus is not a "buffer” gas anymore and the glow discharge process is
deeply affected: this is the case for a large dilution in hydrogen and application of high power
levels where microcrystalline rather than amorphous material is obtained®. On the other hand,
at very low plasma power, a gas like CHa, which is chemically stable and has a threshold of
decomposition higher than that of silane can be considered as a buffer gas so far as plasma

chemistry is concerned.
Knight et al.* have reported that (using SiH,) increasing the RF power density to a

high value leads to rapid gas phase reactions resulting in the formation of powder and

deterioration of the film properties. To avoid this powder formation they diluted the silane

with an inert gas (He or Ne) and obtained s > 10 A%

Kampas et al.?” studied Ar dilution of SiHs and found that maximum deposition rate
e fraction of around 2%, with a total pressure of 0.1 Torr.

investigated hydrogen dilution of SiH, and reported a maximum ry of

The decrease in the deposition rate for the silane

occurred for a silan

Vanier et al.*®

3.5 A% for a silane fraction of 25%.
59, was aitributed to a decrease in the concentration of energetic

fractions larger than 2

electrons in the discharge.
investigated Hz and Dz dilution of silane to clarify the origin of

29
Messen et al.

hydrogen in the films and observed that 14 for samples grown with D, was consistently 25%
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higher than that grown with Hz, using capacitively coupled RF discharge system (at 5 - 30W,
10 sccm SiHy, 30 Pa, and 250°C). They suggested a contribution of the larger D, emission
to the dissociation of silane (photo CVD) as a possible explanation.

Device quality a-Si:H films have been deposited at high growth rate using variety of
diluent gases. Often the use of noble gas mixture lead to columnar growth *® whereas high
hydrogen dilution leads to the creation of a microcrystalline phase’’. Vanier et al.”® have
reported that dilution of SiH, with H; resulted in an increase of ry by as much as one order of
magnitude over the rate obtained by pure SiHa.

Hamasaki et al.’? used pulsed RF discharges for 11% SiH; (H;) and showed that ry is

nearly constant for each repetition frequency (at 67 sccm flow and pressure 0.18 Torr) when

the total period was kept constant.

Kato et al.®® experimented with H dilution in an ECR plasma and found that rg

e fraction upto 50% and saturates there after.

investigated the effect of Ar dilution in SiCl; + H, and found ry to

increases with the silan

Bruno et al.**
increase with Ar addition and attains a maximum at 27% Ar.
investigated H; dilution of SizHs and reported the deposition rate

Nakayama et al ¥
quare root of the Si;Hs fraction x, for x < 30% and it was

obtained to be proportional to the s

found to be proportional to (372) for x > 30%. The maximum ry obtained was about 30

um/hour (= 83 A’s™).

2.1.5 Effect of RF power modulation

y silane plasma is operated in a continuous wave (CW) mode, but very recently a

Generall

novel appro

ach to the PECVD technique has been proposed, which consists in producing the

modulated wave (MW) condition. With respect to CW plasma operation some

plasma under
36,37,38 i ity 1 1
. the uniformity in both thickness and

ements in the deposition process

¢ suppression of powder in the plasma phas
This has been ascribed to the fact that the typical time constant,

substantial improv
. 39 e’***! have been
composition> and th reported to

occur in modulated plasmas.
e formation, is much larger than the normally used pulse period. Hence

about 1 min for particl
he growth in size of particles, and thereby reducing the negative

the modulation prevents t

effects of their formation.
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2.2 System description and methodology employed for the deposition

The plasma glow discharge deposition system used for growing films on the grounded
electrode is a Multizone PECVD system (Glasstech Solar INC., USA). It consists of a central
load lock chamber and three deposition chambers. Each chamber is a four way stainless steel
cross (& = 150mm). In the cross two parallel electrodes have been installed and the insulated
one (bottom electrode) is connected to CW/pulsed, RF/VHF power supplies. The other
electrode (12 mm away) is grounded and heated externally to reach a temperature anywhere
from room temperature to a high temperature (~ 400°C). The substrates were placed on the
earthed electrode. In view of Hamasaki et al's’ work, a stainless steel grounded shield,
surrounding the two parallel electrodes was used for confining the plasma and also for
suppressing the diffusion of reactive species towards the chamber wall. Some holes were
made on the region of the grounded shield which was just behind the viewing window.

Reacting gases were allowed to enter the chamber through a flange placed 180° opposite to

the viewing window. The deposition systems used in this study is shown in Plate no. 2.1 and

also schematically in Fig. 2.2. This multizone reactor is a versatile system with ultra-high

vacuum compatibility and is adapted to a wide range of applications including p-i-n solar cells,
sistor, very thick intrinsic layer for X-ray and nuclear detectors, plasma etching
Substrates with dimensions of 100mm x 100mm area are easily handled and

n is utilised to minimise particulate incorporation in films. As mentioned

thin film tran
and so on.

upward depositio
carlier there are three deposition chambers and one loadlock chamber which is common to all
the deposition chambers. For the present study all the films were deposited in the intrinsic
sibility of cross contamination between the doping and intrinsic

d with a separate set of pumps. All pumping lines are finally

h residual gases are neutralised by reacting with KOH

chamber. To avoid any pos
chamber, the later one is provide

connected to a scrubber in whic

solution.
According to Hamasaki et al” pl

the area ratio A1/A2 of the powered and gro

asma potential, V, in 2 PECVD reactor is related to

und electrodes and to the developed selfbias Vi,

by the following equation;

V,,[l-(Al/Az)n] ~ (A1/A2)'V, .1
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Here, n = 1 is empirically satisfied'™"  Since the value of AI/A2 is significantly
increased to near unity by the presence of the shield, an appreciable increase of V, together
with a decrease of V, should occur in the shield system. Consequently, the potential drop on
the grounded electrode becomes close to that on the powered electrode. This change in
potential distribution results in spreading of the positive column towards the grounded
electrode. which is otherwise localized near the powered electrode. This in turn, implies that
the substrates placed on the grounded electrode suffer significant ion bombardment by the

presence of mesh as in the case of films grown on the powered electrode although the energy

of impinging ions in the mesh system is small compared to that obtained in a convenational

system. As reported by Cabarrocas et al**  finite ion bombardment of growing a-Si:H films

does, indeed, help in obtaining a compact film. Subtle changes in optoelectronic properties

due to this ion bombardment effect are also expected.

2.3  Experimental procedure

The substrates used for deposition of a-Si:H films were Corning 7059 glass and single

m, optically polished, p-
| wash with soap solution (Extran-01) and

crystalline silicon wafers (5-10 Q¢ type). The procedure adopted for

cleaning the glass substrates comprises of an initia
(5 M) followed by hot air dry. After this ultrasonic cleaning

then rinsing in deionised water
Finally, substrates are exposed to hot Iso-Propyle

for 5 minutes is done in deionised water.
e c-Si wafers were however given an HF etch

alcohol vapor and then dried in dry nitrogen Th
e layer and then an ultrasonic cleaning in
ere found to provide good adheston of the films with the

distilled water was carned

to remove the native oxid
out, The above cleaning methods W
substrates

y, were fixed in the slots of the

The substrates cleaned in the above mentioned wa
upper electrode. The chamber as well as the gas lines were evacuated to a vacuum of 10~

Torr by using a turbo molecular - rotary putmp

(ably setting the
s Products, USA) was introduced into the chamber and

stack and the substrates were heated to the

i : mperature controller.  The pr ;
desired temperature by Sul femp process gas

(Semiconductor grade, Matheson Ga

the flow rate and pressure Were adjusted ustn
d throttle valve contro

g the mass flow controlier (Sierra Instruments

]
Inc. USA), baratron (MKS) an ller (MKS Type 252 C). The process gas



was pumped out by roots - rotary combination. The excitation sources used were RF5S (RF
Plasma Products Inc. USA) for RF discharge and a locally made (Nuclear Science Centre,
New Delhi) VHF source (details in section 4.2) for obtaining VHF discharge. For pulsed
discharges RF/VHF power was amplitude modulated using low frequency modulation ( 2 - 10
Hz). In the modulation scheme employed in this study, RE/VHF power was never allowed to
2o to zero, in fact power was switched between a low and high power level. For the present
study low power level was maintained at 10W. Details of pulse parameters used are given in
chapter-1l1 (Table 3A.1). Plasma was struck after the pressure and flow of the gas were
stabilized. The matching network was tuned to have minimum reflected power. The
deposition was carried out for the required amount of time to yield the desired film thickness.

The films were taken out from the chamber after allowing it to cool for sufficient time and the

thickness was measured by the Talystep (a stylus type apparatus manufactured by Rank,

Taylor and Hobson, UK.). For this, part of the film was required to be removed by pulling

with an adhesive tape.

2.4 Optical gap of a-Si:H

amorphous semiconductors can be found from the dependence of the
he photon energy hy. The forms of & as a function of hv are
of state, N(E) for the bands containing

The optical band gap of
absorption coefficient & on t
determined by the energy depen
the initial and final states. For simple

(as becomes allowed in case of a-Si:H) the absorption coeffictent

semiconductors follow the relationshiP“'s
(2.2)

dence of the density
parabolic bands [N(E) = E'?] and for direct transitions
data of amorphous

nc+av+l

a(hv)hv = B(hv - Eg)

provided matrix elements are independent of energy. E is optical band gapenergy defined by

the separation of the two extrapolated band edges. For parabolic band edges n = n, = 1/2

Thus Eq. (2.2) becomes,
o By - B (2.3)

where B is a constant containing the average matrix element. Thus, a plot of (¢hv)"? vs hv

es the value of Eg by extrapolation to zero. The square of

shows a linear variation, which giv
the slope of this linear variation gives the value of B.



The optical measurements were carried out, both in transmission and reflection mode
on a Shimadzu 3101PC spectrophotometer in the wavelength range 500 to 800 nm. |

a at all the different wavelengths are calculated from the relation,

a=[1/t{In(1 - R)}}/T , (2.4)
where R is reflectance, T is transmittance and t is thickness and then (cthv)'? is plotted against
energy (E = hv). A straight line is fitted and extrapolated to intercept the E axis which gives

the value of E, This is known as Tauc's plot. Fig.2.3 shows the Tauc's plot for the

estimation of optical band gap of a-Si:H films grown.

2.5 Electrical properties

According to the Davis-Mott***’ model the band structure of amorphous semiconductors

1ails of localized states at the extremities of the valence and conduction

ized levels near the middle of the gap. This leads to basically three

consists of a narrow
bands and a band of local

different mechanisms for conduction.

2.5.1 Conduction in extended state

In the non-degenerate case and under the assumption of a constant density of states and

constant mobility, the conductivity due to electrons excited beyond the mobility edge into the

extended states is given by,
o= onexp[-(Ec-Ep)/kT]
where prefactor, Go 18 found to be between 10-

ated process whose activation energy AEp =

2.5)
10° O'em™ and k is the Boltzmann constant.

This is an activ (Ec-Er) gives the location of the

Fermi level in the mobility gap-

2.5.2 Conduction in band tails
lized, so that C@)
an electron moves from one localized state to another, it will

If the wave functions are loca = 0, conduction can only occur by thermally

activated hopping. Every time

exchange energy with a phonon. T

the density of localized states. Hoppi
Guit = o exp[-(Ect - Er)/KT]

he conductivity will depend on the energy distribution of
ng conduction in the band tail is given by
(2.6)
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Fig, 2.3 Typical Tauc's plot for a-Si-Ti film. Eg indicates the optical bandgap
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where E¢y is the average energy of the band tail conduction path. The prefactor o, depends
on the overlap of the wavefunctions and is smaller than G,. On the other hand, Ec is closer to

Er than is Ec, so that the exponential term offsets the smaller prefactor, particularly at low

temperature.

2.5.3 Hopping conduction at the Fermi energy
Conduction at the Fermi energy occurs when the density of states is large enough for

significant tunneling of electrons. The conductivity is small but weakly temperature dependent
and consequently this mechanism tends to dominate at low temperatures. Mott's treatment of

variable range hopping leads to a temperature dependence for the conductivity of the form

o= 0u(T) expl-(T/T)"'] - @.7)

where T, is a temperature independent constant.

2.5.4 Measurement procedure

Conductivity measurements were carried out on samples deposited on 7059 corning glass
substrates having aluminum contacts above the a-Si:H film in a coplanar configuration with a

gap spacing of 0.08 cm. Annealing 2

undertaking conductivity measurements. A highl

t 180°C for an hour at 1x10™* Torr was done before
y regulated (= 5 mV) DC voltage of 20 volts

was applied to the electrodes and the current passing through the film was measured by an

electrometer (Keithley, Model 610 C or 617).
After the measurement of dark current in different temperatures, the sample is allowed

to cool down to room temperature at a slow rate and then the specimen was illuminated by a

tungsten halogen lamp through a set of filters (Oriel corp., USA) to produce AM1.5 spectrum

with an intensity of = 100 mWem™.  Intensity was calibrated using a standard silicon

photodiode (S-2281, Hamamatsu, Japan).
) was calculated from the relation,

The value of dark conductivity (op) and

photoconductivity (Gph

g -1
o= {ID,,,hxl}{thxw} Qcm
s, Ipphis measured current in amperes, t is thickness in cms.,

(2.8)

where V is applied voltage in volt

w is width in cms. and | is the distance betwe
Si-H films are shown in Fig. 2.4.

en the electrodes in cms. A typical graph of o4 vs

1000/T of some undoped a-
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2.6 IR studies

IR spectroscopy technique has been used in the present investigation to determine the
hydrogen content and the microstructure factor (to be defined in the following). The presence
of hydrogen was first detected in a-Si:H, produced by the GD process using both hydrogen

HPgE § . .
evolution®® and IR absorption*”’. The atomic arrangements of bonded H-atoms in a-Si:H were

first identified through the pioneering IR measurements of Broadsky et al.*, and then given

additional clarification through the experiments and modeling of Lucovsky and

Co-workers’ ™. Hydrogen is a light atom, so the vibration is almost entirely confined to

the hydrogen atom and the analysis of the modes are relatively simple. A single hydrogen

atom bonded as Si-H has three degrees of freedom. The first stretching mode has a frequency

near 2000 em™* and the de

is because the bond stret

generate bending modes has a frequency at 630 cm’. The difference
ching force is stronger than bond bending force. The modes

originating from =Si=H; or -Si=H; bonding configurations lie in the range 800 - 900 cm’

The extra degrees of freedom introduced by the additional hydrogen allow many more

vibrational modes of both the bond stretching a

frequencies of all the modes of the various $i-H configurations™.
s were grown on optically polished ¢-Si

nd bending types. Fig. 2.5 gives the calculated

During present investigations, a-Si:H film
wafers. IR spectra were recorded on a Nicolet 510P FTIR spectrophotometer, in the

After subtraction of the reference s
in the range 1900 - 2200 cm’* was used for the estimation of the bonded

y Freeman and Paul® has been

transmission mode. pectra, the integrated intensity under

the stretching mode™

hydrogen content. For this estimation, the method given b

followed.
(2.9)

Cu=mJ [o(0)o)do
ed by square of local field factor (nu = Af%). The microstructure

o determined from the ratio of the integrated band intensity

m™! to the sum of the integrated band intensities of modes

ny is a constant multipli

parameter (R) of the films was als
of the IR mode centered at 2080 ¢
centered at 2080 cm™ and 2000 cm *7*% Thus microstructure fraction R, (0 <R < 1) is

expressed as,
R = [2080]/{[2000} * [2080]} (2.10)
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where the square brackets denote the integrated band intensities of the respective modes.
Determination of R requires the deconvolution of the IR spectra in the 1900-2200 ¢m™'

region using Gaussian line shapes fitted to the absorption peaks at 2000 cm™ and 2080 cm™.

A typical deconvolution of the IR spectra is shown in Fig.2.6.

2.7 Subgap absorption in a-Si:H

A technique, using which one can measure low absorption can be used as a technique to
characterise impurities, defects, etc. For example, in hydrogenated amorphous silicon (a-Si:H)
are not as sharp as in crystalline silicon and there are electronic states
this gap (mobility gap) (Fig.2.7) as a result of the lack of long

ies less than the band gapof silicon, as shown in

the band edges
distributed continuously within

range order in the material. For photon energ

Fig.2.8. the absorption due to these states is orders of magnitude lower. The distribution of

states within this gap is believed to be exponential and is characterised by a slope E,, an

important parameter in deciding the quality of the material. The parameter E, determines the

broadness of the states distribution; higher the value of E,,
near the middle of the gap, due to dangling bonds

more will be the disorder in the

amorphous network. The defect states Np,
etc. is another important quantity that determines the electronic (device) grade of the material.
Higher the density of these states, higher will be the recombination loss.
the absorption edge spectrum of a typical amorphous

As shown in Fig.2.8,
semiconductor can be roughly divided into three regions:

3 -1
* high absorption region A (o> 107 cm’),
3 -1
¢ exponential edge B (10' <o < 10" cm ) and

[
* weak absorption tail C (o < 10°cm”).
:on are shown in the simplified gapstate profile

The optical transitions responsible for each reglo

of Fig.2.7.
ition of region A is usually described by the Tauc’s expression (Eqn.

The optical trans
23). In region B (IOl (:,rn'I < <10 cm") variation of & with hv follows the following eqn.,
o= cioexp(-hv/Eo) (2.11)
the characteristics energy representing the slope of the

where o, is a constant and E,

tion and reflects the randomness of an amorphous network. The

exponential tail state distribu
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Fig. 2.7 Density of states distribution in a-Si:H.
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Fig. 2.8 Typical absorption spectrum of a-StH film.
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weak absorption tail of region C is attributed to the deep defect states in the mid

originating from dangling bonds and impurities.  Therefore measuremenT1 iap‘ Tl“OSlly
appropriate wavelength regions provides useful information about the electroni oo e
the band gapof the material, R Skt

Optical absorption spectra of a-Si:H have been obtained by a variety of techni

such as the spectrophotometer based transmission method, constant photocurrent n n}lQUt:j.
photothermal deflection spectroscopy’ and photoacoustic spectroscopy”’ P}]Ot;et;iod ‘
deflection spectroscopy (PDS) is one of the most sensitive methods in this respect Iiﬁ:::

resent in i Y
p vestigation we have adopted the transverse pDS™ technique.

2.7.1 Transverse photothermal deflection spectroscopy

Transvers i
ransverse photothermal spectroscopy 1 based on the commonly observed "mirage" eff:
ect

during a hot day. The mirage effect takes
beam when it travels through a medium (air) in which a gradient of refractive index exists i
na

place due to the refraction / deviation of the light

perpendicular direction. The gradient is the result of heat dissipation by the hot surfac
e

(earth) in contact with the medium. This heat is produced by the absorption of the sun'
n's

radiation by the surface. This principle is used in PDS to measure the absorption coefficient of

various materials as a function of wavelengt
s a laser beam, propagating close to the sample surface which is absorbing

h. The magnitude of refraction/deviation ¢ of a

beam of light, such a
the incident monochromatic light flux (pump beam) under investigation 1s related to the

optical absorption coefficient of the material in the following manner:
(2.12)

¢ = K(1-exp(-at))

t is the film thickness. The proportion
meter of the probe beam in relation to the pump beam and its

whisra ality constant K depends on various system

parameters such as the dia
physical properties of the flurd medium in contact

closeness to the sample surface, the thermo

odulation frequency of the pum
antageous to have a medium with higher temperature

with the sample, the m p beam etc. In order to mncrease the

sensitivity of the technique it 15 adv
ctive index 1n contact with th
I (for air dn/dT=5x10° °K") has been found to possess such a

soefficient of refra e sample. Carbon tetra chloride (CCl, ) for

which dn/dT=5x10" °K’

flection is measured using a position sensitive detector,

property. The de
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Itis em i e |
phasised here that PDS techmque is contactless and requires no special device
struct it i i
ure. Second, it is all-seeing, in the sense that any level that can have an electron lifted
: ) n lifte
in . ,
to or out of it, whether it is at the surface or in the bulk, should be observable. Third, unlik
: , unlike

elect i : .
ron spin resonance (ESR), it does not require the state to be paramagnetic to b
O b¢

observ .
able. Unfortunately these same properties can be disadvantageous as well. Studies of

PDS spectra ve : 6263 ¢ 1 .
P rsus film thickness indicate a density of defects at or near the surface

(exposed surface or film/substrate interface) of Ny, = 10" cm? Recently, Frye et al*
. ) . ) ! et al
published their data showing N to depend critically on the post deposition procedures. For
the commonly encountered film thicknesses (= 1 pum), Ny =~ 10"2 em? means that in high
g

i . . . .
quality films (with bulk deep defect density Nger < 10 cm™), there is more optical absorption

due to the surface states than due to the bulk.

2.7.1.1 Experimental set up

The schematic diagram of the PDS set up developed for the present investigations is shown in

Fig.2.9. The whole arrangement was made on a vibration damping optical table (M/s

Holooptics Ltd., New Delhi). The table consists of aluminium honeycomb structure in

between thick stainless steel plates and is supported on three air filled cylinders to damp out

low frequency vibrations.

The broad band light source used in our experiment
the entrance slit of a 0.25 metre

is an air cooled 350 watt

The beam is focused on
| Ash Corporation, model 82-410). The monochromatic beam

nochromator is chopped at a low frequency typically 12
arch Systems mode! 540) and is focussed on the

s. The a-Si:H sample is immersed in doubly

tungsten-halogen  lamp.
monochromator (Thermo Jarrel
coming out of the exit slit of the mo
Hz by a mechanical chopper (Stanford Rese

sample surface by means of 2 combination of lense
a tuvette of 10x10x70 mim size. The top

Cl, vapor into the atmosphere. The ¢
r capable of three axes i.e X, Y & Z translation. The sample's

distilled CCly in of the cuvette is tightly closed to

prevent the escape of C

stage attached to a manipulato

uvette is mounted on a tilting

position was manipulated so that the 5 mW He-Ne laser probe beam travels close and parallel

to the surface of the sample. The post

translation stage was adjusted so that the las
on detector (Silicon Detector C

tion of the quadrant detector mountedonan X, Y& Z
er beam falls perpendicularly on the active area of

the quadrant positi orporation Ltd. USA).

A7?
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Fig. 2.9 Schematic diagram of the transverse photothermal
deflection spectroscopy (PDS) setup.
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2.7.1.2 Signal detection

The position sensitive detector employed here is basically a photodiode whose output depends
on the position of the light spot on the surface of the photodiode for a given intensity of the
light beam  The sum of output currents from the two top electrodes ( say A & B) is
proportional to the intensity of the incident beam whereas the position dependence of the
signal is given by the difference in the two output currents. The output currents of the
detector is converted into a voltage output by the current to veltage convertors and then fed
to the inputs of the sum and difference amplifiers. After computing (A-B) and (A+B)
electronically, the two values are fed to the inputs of the analog divider. The output of the

divider gives the relative change of the position of the light spot on the position sensor. The

relative position of the light beam on the photodiode is given by computing (A-B)/(A+B) in

one direction.

According to the manufacturers specification this detector is linear if (A-B)/(A+B) is in
the range -1.0to +1.0 . Inour experiment (A-B)/(A+B) never exceeds 0.5. The intensity of
the probe beam was adjusted in order to keep (A+B) = 10V, as required by the electronics.

The analog signal (A-B)/(A+B) is fed to a loc
The reference signal to the lock-in

k-in-amplifier (Stanford Research

Systems, SR-530) after computing it electronically
the mechanical chopper driver
n. the PDS signal and its phase with respect to the probe beam

) arving the wavelength of tl
amplifier is provided by By varying gth of the

incident (pump beam) radiatio

were recorded using the lock-in-amplifier at various wavelengths. The absolute absorption

he results in the high absorption region with that

spectrum can be obtained by comparing t
d and calculating a for the remaining part

obtained by conventional spectmphotometnc metho

of the spectra. i
the measurement of E, in our

The dominant factor that determines the precision In
e monochromator. In order to get adequate signal strength

system is the bandwidth of th —
gion the band width has been kept at 25nm_ In order to

especially in the longer wavelength re
ement systemn, the same sample was studied a number

ascertain the repeatability of the measur

d with a standard deviation of 1.4
sured values are scattere
s found that the mea

of times. [t wa

meV.



2.7.1.3 Noise
The ultimate sensitivity of any method depends on the total noise level in the experimental set

up. There are three sources of noise in the present PDS set up: (1) noise due to the mechanical

stability of the overall system, (2) noise in the signal detection/processing electronic system

and (3) noise due to the instability of the probe beam.
The pump beam is modulated at low frequencies, typically at 12Hz, Therefore, the

low frequency vibrations of the entire  system consisting of the probe beam, sample holder
and detector has to be shielded against the low frequency mechanical interferences. This is

achieved in the present system by mounting them on a vibration damping optical table

supported by three air filled cylinders.
The electrical noise originates from the detector, signal conditioning circuits and the

lock-in amplifier. By shielding the detector in a metal box and preventing stray light falling

on the detector by means of a narrow band filter at 632 nm (laser wavelength) the detector

noise is reduced. Further noise reduction is achieved by using coaxial cables for connecting

the detector to the electronic systems and high tolerance resistors and low noise operational

amplifiers. Operational amplifier AD549 has been chosen for the current to voltage converter

stage due to its very low noise characteristics and OPO7 for the sum and difference amplifiers.

The feed back resistors are of 1% tolerance. The divider used is AD742 and does not

contribute significantly to the noise.
In order to minimise the effects of background illumination the pump beam was
per and the signal detected using the lock-in technique.

modulated using a mechanical chop
p mounted on the optical table is kept in a darkened

The whole experimental set u
e to convective air currents and also stray light

enclosure to prevent probe beam deflection du

the sample and the detector.

absorption by
Si-H films as obtained by the present PDS set up is shown

Absorption spectra of few a-

in Fig. 2.10.

2.8 Optical Emission Spectroscopy

of the plasma chemistry that lead to the growth of a-Si:H film is still

At present, the intricacies
f the great complexity of the chemical processes that proceed In

not fully understood because 0
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Fig.2.10 Absorption spectra of few a-Si:H films determined by PDS ‘setup.
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the silane plasma and hence the material properties are empirically controlled by finding a
good combination of the deposition parameters. In situ observation of some of the reactive
species created in the glow discharge is necessary for obtaining satisfactory reproducibility of
the film properties and for more general understanding of the plasma chemistry. Details of the
emission species studied in the present investigation is listed in Table 2.1. The reactive
species identified by the emission spectrum is rather limited and there is no emission from SiH,
and SiH, which are generally regarded as the potentially important species in a-Si:H
deposition. However it is worthwhile to note that the number of SiH bonds incorporated in
the 2-Si-H matrix and the deposition rate are proportional to the optical emission intensity of

SiH®* The advantage of optical monitoring is that the silane plasma is not perturbed.

Table 2.1 Optical emission details of the species studied

Species  Emission Transition Energy of emitting
wavelength state above ground

H 65628 nm  H.4dD-2p°P° 12.09eV

SiH 414230m  AA - XTI 3.02eV

Si 28816 nm _ 3p”D -4s'P°  5.08¢eV

The diagnostics of the modulated plasma requires the utilisation of a time resolved
e resolved optical emission spectroscopy (TROES) is

techniques. Among these, tim
particularly suitable. This way

formation and decay of active specie
6768 The Optical emission spectroscopy set up used for this

2.11. One 1/8m monochromator (Oriel Corp., USA) was

some additional information becomes available on the

s, and a better understanding of the various plasma

processes involved is expected™™
study is shown schematically in Fig.

directly coupled to the viewing flange of the deposition chamber. Plasma emission was

it through a quartz window. The entrance

allowed to fall on the monochromator entrance sl
t height used was 12 mm. The grating used

dth were kept same (2 mm) and sli
0 nm having 1200 lines/mm. At the output slit of the monochromator 2

amatsu, Japan) was placed. It is a large diameter (¢ = 11 mm) C-Si

and exit slit wi
was blazed at 50
photodiode (S-2281, Ham
detector having a UV enhanc

was converted to a voltage sig

ed spectral range ( 190 to 1100 nm). The detector photocurrent

nal by using a photosensor amplifier having ultra low noise
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characteristics (C-2719, Hamamatsu). This amplifier has transimpedances varying from 10” to
10° Q  This output is fed to the input of the gated integrator (EG & G Model 164) of a
boxcar averager. The time constant used for the gated integrator was 10 msec. Exponential
averaging is used in the gated integrator. The external triggering pulse for the boxcar (EG &

G Model 162) was made available from the RF/VHF generator. Aperture duration and

aperture delay range settings in the averager were kept at 50 nsec and 50 msec respectively.

The signal to notse tmprovement ratio achieved with the current settings is given by SNIR =

(2TC/AD)"? = 20, where TC is the time constant used in the gated integrator and AD is the

aperture duration in the averager. Single point analysis mode was used to study the pulsed

emission intensities.
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CHAPTER -I111
Modified Pulsed Plasma Discharge at 13.56 MHz

3.1 Introduction

F . . - .

rom the scientific point of view, even though the plasma enhanced chemical

- N - vapour

eposition (PECVD) process for the deposition of device quality hydrogenated amorp!
phous

silicon : : :
films has been extensively investigated, many [SSU€s still remain to be resolved
ve

satisfactorily, for instance
i) the identity of growth precursors,

ii) the plasma-surface interactions, and
ffecting the film quality, are not very well understood

i) the microscopic parameters a
the PECVD technique, although already widely

From the technological point of view,
preparation of a-Si.H and some other related materials, has

practised in the industry for the

= . : ;
ot reached its complete development since some important goals remain to be realised

These are,
i) the increase of deposition rate, Ty from it's present value of 1 -2 A%’ to more than
st production of a-Si:H based devices,

10 A%s™ for low co
ial quality at high growth rates fo

r their utilisation in the high

i) the obtainable mater

efficiency devices, and
arge area devices.

t of surface homogeneity for |
ated technological goals,

questions and to achieve the st
the optimisation of the growth process

1) the improvemen
To give answers 0 the open
First,

two different approaches have been adopted
ut by acting on the external macroscopic

d have been carried €
ons relating t0 the role playe

<s and the material quality have also been

and the material so produce
d by the internal plasma

plasma parameters. Second, investigati

microscopic parameters on the deposition proce

simultaneously carried out.
Si:H) can be deposited by a variety of techniques;

amorphous silicon (a-
enhanced CVD at 13.56 MHz

Hydrogenated
|, however, it is the RF plasma

fi : ) .
Or the device quality materta
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using silane that is widely used. Even this technique is at a disadvantage when high power
densities are employed in an attempt to achieve higher growth rates, since such high power
densities are found to lead to powder formation in the discharge which deteriorate the film
properties'. The various ways powder formation sets in a plasma discharge and its deleterious
effects have already been documented in Chapter-I and therefore these issues will not be
mentioned again.

The deposition rate and the optoelectronic properties of a-Si:H deposited by PECVD
at 13.56 MHz have been found to depend critically on the deposition conditions such as
substrate temperature (T,), flow rate of gases, gas composition, pressure and applied power
for a given reactor geometry. The Sanyo group’ has experimented with a large number of
PECVD reactors and has identified a parameter space for the deposition of a-Si:H
hich one is expected to get reasonably good quality films. These efforts have

position conditions (using 100% silane), increasing RF power

such
material over w

shown that for a set of given de

to enhance deposition rate, rq leads to gas phase reactions (secondary plasma reactions’® of the

type SiH, + SiHs — a-StH with Si,Hn + powder), which do not contribute to the film growth
and instead enhance powder formation in the reaction zone, thus, limiting the achievable

deposition rates'. Further, films
Therefore, it became necessary to explore other techniques to

ency (VHF) power sources

grown under these conditions are found to possess inferior

optoelectronic properties’-
overcome this handicap. Efforts involving use of very high frequ

. 4
etc. have been tried with reasonable success .
been devoted to the study of the effect of 'new’ and 'unusual

Recently much interest has
plasma confinement and plasma modulation.

parameters', such as frequency of the RF field,
fficient information is presently available o
g the present investigation to identify its role on the deposition

Among these, insu n the plasma modulation. An
attempt has been made durin
process and on the material properties.

A modulated plasma is characterised by a

r levels and so causes completely di
In fact, Yoshida et al’ have reported that in the

periodical switching of the plasma between a
high and low powe fferent conditions in comparison to the
continuous wave (CW) discharges.

deposition of a-Si:H under pulsed dis

rostructure factor is obse
n observed, a reduction of the nucleation process which results in

charge condition a strong variation of hydrogen content

. - obviously, al i
as well as of mic rved; ob y, all the properties correlated are
effected. Also, it has bee

solid particulates in the plasma phase, that leads to an improvement of the material quality.



As compared to CW discharges, particular improvements in the deposition process®?,
Improvements in thickness and compositional uniformity’ and the suppression of powder in
the plasma phase®'™'! have been reported to occur in modulated plasmas. These have been
ascribed to the fact that the typical time constant, about 1 min, for particle formation, is much
longer than the normally used pulse periods. Hence the modulation prevents the growth in
size of particles, so reducing the negative effects of their formation.

It may be noted other approaches which depend on CW discharges, even though
circumvent this problem of high r4 vis-a-vis quality of material at hand, do not provide any
additional process parameter which can be manipulated for further advantage. In contrast to
Cw discharges, pulsed plasma discharges offer some additional process parameters which can
be used to tailor the material properties. In this method, for instance, the RF power can be
either square wave modulated (SQWM) with variable dwell time (t) and duty cycle or applied
as bursts of high power periodically. Other attractive features of this technique that have been

cited are
i) basic equipment and system configuration remains the same as conventional RF

PECVD,
ii) lends itself to a variety of manipulations (digital processing for instance) and

iii) uniformity of deposition is generally improved in this technique.

To overcome the limitations of the continuous plasma processing like incomplete gas
dissociation, gas depletion, powder formation and the requirement of substrate heating,
Scarsbrook et al.'? have proposed a novel pulsed plasma discharge wherein very high power is
applied for a short duration (typically few hundred msec) and discharge remains off for the rest
of the period. They even pulsed the gas flow in phase with the RF power pulsing. The

dramatic consequences are many fold increase in the deposition rate, better thickness
uniformity and substantial decrease in powder formation. They achieved deposition rate of ~

30 A% for the growth of a-Si:N:H using
Interestingly their film properties were com
called standard technique of growth. ~These initial results appear to be very encouraging

though the equipment complexity increases m

50 KW power having puise width of 250 msec.

parable to the films grown at few A% by the so

any folds. This technique will not be discussed

any further in the present thesis.
h experiments RF generators of moderate

In the more common pulsed plasma growt
'S Previous reports on the square wave

13-
Power are amplitude modulated by a square wave



modulation (SQWM)'*"* technique employing 100% modulation of 6.0 - 13.56 MHz RF
sources have shown rq to depend on dwell time, 7, of the high power cycle. In these
investigations, apart from using highly diluted silane (5% silane in He or H; ) the applied
power was kept high for less than a few msec and for the remaining part of the pulse, piasma
was completely extinguished. Since in such cases growth is periodically perturbed, the growth
surface is also disturbed periodically. Watanabe et al.' attributed the higher growth rate, in

such discharges, to the higher life time of SiH; film forming precursors which succeed in

forming optimal network even after the applied RF pulse has decayed. Hamasaki et al."’ used

the pulsed discharge technique to study the growth kinetics of a-Si:H and did not find any

perceptible gas phase nucleation in the discharge. It may be noted, in the above experiments

source gases were heavily diluted (Hz or He).
When a mixture of gases is used as feed stock in a PECVD reactor, the plasma

parameters are governed by the gas component for which the ionisation rate is larger. Thus, it
is very difficult to decompose a gas component having a high threshold energy for
dissociation. Moreover, the potential difference between the plasma and the substrate, which
accelerates ions and leads to the bombardment of the substrate, is not controllable. One can

overcome the above difficulties by using pulsed plasma discharge. The main features of this

technique are the following:
ulse voltage is applied one can transiently obtain a higher clectron

i) In the period the p !
harge. This results in an advantage when a muxture of gases

energy than the stationary disc

having different ionisation energies are used as feed gas. |
T, in the afterglow plasma decays rapidly. Thus the

ii) The electron temperature, . !
surface is reduced significantly since the acceleration

collision energy of ions on the substrate .
ween the plasma and the substrate is of the same

voltage across the space charge region bet

order as the electron temperature. .
shows that even for continuous RF

: 16
A more recent study from Simens group | |
of powder formation becomes perceptible

discharges, at 13.56 MHz, the deleterious effect . o
only during the time steady state plasma is disturbed and more importantly during p/i interface

formation of a p-i-n solar cell.
p rogenated amorphous silicon, alloyed with other tetrahedral

Recently use of hyd othel
' ulted in an increase of the solar cell efficiencies with the added

elements (C, Ge and Sn) has res

advantage of the extension of the spectral sensitivity range offered by the tandem type solar
e
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high power condition and by sustaining the glow discharge by using a low power for the

remaining part of the cycle it was anticipated that higher deposition rates for a-Si:H wili

be achieved.
Another reason for keeping a non zero low power condition is that it is widely known

that extinguishing the plasma completely during the film growth is not conducive to the
growth of good quality film. In fact it is an accepted practice to initiate the plasma before the
substrates are introduced into the growth zone, and also initiating the growth using a low
power plasma and then switching to high power growth to obtain better quality interfaces.

In the present experiments, the low power level is chosen as the one  which was found
to produce good quality films in a CW discharge, at a reasonable rate in the present deposition
system. The different high power levels chosen are those that result in powder formation in a
normal discharge. By varying the duration of the high power level it was expected to achieve
higher growth rates without compromising the optoelectronic properties of the films so
grown. However, as will be shown later, the results are surprising. Additional advantage of
this technique is, apart from the various pulse parameters such as High power level (HPL), 1,

duty cycle, one can use the low power level (LPL) as an additional variable in order to arrive

at the desired resuits.



3A  Undiluted MPPD

3A.1 Experimental Details

The a-Si'H films were deposited in a capacitively coupled RF glow discharge system

(Multizone PECVD system, GSL INC), (described in chapter-1I), using a 13.56 MHz

generator and 100% silane and disilane were used as feed gases The films were deposited at

05 Torr In the case of deposition involving silane, the substrate temperature was 275°C and

the flow rate was 40 sccm. For disilane discharges, a higher substrate temperature of 300°C

and a lower flow rate of 3.5 sccm was used. The pulse parameters namely the pulse high

power level and its dwell time were systematical]y varied while keeping the pulse low power

level constant  Here, the duty cycle in percentage is defined by the following equation

[(pulse high power duration)/{ Total pulse period)] x 100

Duty cycle in percentage =

e low power in the case of silane discharge is 10W and for disilane discharge

The puls

itis ISW_ The following table gives the range of pulse parameters used in the present study.

Table-3.1 Range of pulse parameters used for the present study
6; Low High Dwell Duty
used Power  Power Time (msec) Cycle

SiH, 10W SOW 50ms 10%
uda 25 ms 5%
s, 0w 5w 50ms 10%

25ms % |
— 10ms 2%
—SEL, 10w 100w 50ms 10%
——Toms 2%
W 10%

25ms 5%
- oms ™
L ———
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For the dark conductivity (op), the photocorductivity (o) and the optical band
gap(E,) measurements, samples were deposited on 7059 corning glass substrates. A coplanar

geometry was used for op and o, measurements. Gpy was evaluated using a light source giving

100 mWem™? intensity and having AM 1.5 spectrum.  Reflection and transmission

measurements were carried out for E, determination. Films deposited on polished ¢-Si wafers

were used for FTIR measurement. Film thicknesses were determined by a step height

measurement equipment (Talestep, Rank, Tailor & Hobson). Average thickness values were

used for plotting the data points. Time resolved optical emission spectroscopy (TROES)

studies were carried out using the set up discussed in section 2.8.

3A.2 Results

3A.2.1 Deposition rate
The dependence of the deposition rate (ry) on the dwell time (t) is shown in Fig. 3A.1 for
different high power conditions for silane and disilane discharges. The figure also displays the

deposition rate for the CW discharge with the power applied equal to the low power level of
the pulsed discharge. Fig. 3A.2 shows the dependence of ra on the high power level for a

given dwell time.
depends on T, in fact it seems to have a nearly linear

It is evident from Fig. 3A.1 that ry
the high power levels used here for both silane a

f ry has been reported by Hamasaki et al.'" for silane

ot to be missed from a study of Fig. 3A.1, 1s the

: , s well as disilane
relationship with t for all

discharges. Similar dependence O

discharges. Another important observation, 1

lower ry in the case of the pulsed discharges upto a certain T as C
r levels, despite the fact that for a part of the pulse period the

This is observed for all the high power levels

o depend on the HPL, the ry under MPPD is

ompared to CW discharges at

the corresponding low powe

applied power is substantially higher.

experimented. After a certain T, which seems t
CW discharge. As the cross over point

found to be higher than the that the rq obtained under
en 1y increases above the normal v
Watanabe et al " have also observed limited

alue, powder begins to appear

is approached, that is, wh

along the periphery of the powered electrode

powder formation in their pulsed discharge experiments.
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it is clear that ry increases monotonically with t for a particular HPL. As the HPL
increases the slope of the above dependence increases. Similar dependence holds true for the
St:H, discharges as well. Fora given T, 1115 observed that as HPL is increased, ry ts limited by
powder formation'’ as happens in the case of CW discharges as well. It was observed that as
rs (MPPD) exceeds that of CW discharge ry values, onset of powder formation takes place

only around the periphery of the powered electrode. To illustrate this point in Fig. 3A.1 the

expected powder formation zone is shown as a shaded area.

Another significant observation that needs to be stressed is the uniformity of film

thicknesses It was found that in all the cases (different HPL and 1) film uniformity was never

less than that is obtainable for CW discharges. Uniformity was checked by measuring film

thicknesses at various places of a 10 cm X 10 em a-Si‘H coated substrate. Regarding thickness

uniformity it may be said that the switching of the discharge between LPL and HPL hardly

disturbs the process that determine the growth of the film.

The other two inferences that can be drawn from a close study of Fig. 3A.2, are i) the

deposition rate increases with HPL for a given T and ii) as in the case of CW discharges,

given T. This value of 7, however,

application of higher HPL results in powder formation for a
t which powder formation

depends on the HPL; higher the power level, shorter will be the T a

sets in.

3A.2.2 Optical band gap

Fig. 3A.3(a) & (b) depict the variation of Eg with HPL and with =, respectively. Study of

s in all cases with the increase of HPL. It

e window of 0.35 eV, Le. from

Fig. 3A.3(a) indicates that for a given't, E, increase

can be tailored over a fairly wid

IS interesting to see that Eg
A.3(a) one finds that the rate

On a closer look of Fig. 3

175 eV 10 2.1 eV by just varying @.
From Fig. 2(b), it seems that E; vs © has a

of increase of E,; with HPL varies inversely with 7
maximum around © = 25 msec and Eg drops on the either side of this t value.

3A.3.3 Conductivity measurements

Fig. 3A.4(a) & (b) show respectively the variation of op,
HPLs experimented upon. It is seen that 0o increases with T and at hugh t value (50 msec), for

ops and op/op with T for various

. . B IPoSs [—_—
all the three HPL values experimented, 1t attains a value close to 107'Qe¢m™. For HPL
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3A.3.4 IR Studies

FTIR traces in the 2000 cm ' range of so
gen contents of these films

me selected samples are shown in Fi
in Fig. 3A.5. Pul
parameters us d e
< used and hydro are also mentioned in the figure itself.
es obtained (PD2, PD3

Ihe possibility of'pu!yhydnde formation IS supported by the FTIR trac
A5 Again, hydrogen content, Cy calculation (indicated in Fig. 3A.5)

ce of Cpi with E;.
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3A.3 interpretation of the results
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been difut - .
uted. It may be noted that in a highly diluted feed stock the plasma chemistry
1S

entirely di .
y different (even for normal RF discharges). This has been discussed In general und
el

section 2.1.4.
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A higher band gapis the expected result for higher HPLs with larger T values since

under these conditions it is possible for the reactions that lead to polymerisation to take place

This is because normally at this power level in a CW discharge polymerisation reactions are

fairly common.  However, this seems not to be the case here, since the band gap, after the
initial increase seems to approach the CW value for higher 1 irrespective of the HPL used

This result, coupled with the higher o,y (section 3A.3.3) for the films, with the exception of

that grown at | 0OW. indicates that a counter process that may inhibit the polymer forming

react '
€actions may be at work at higher t.
It wiould thug be iteresting 1o perform some plasma diagnostic experiments and to

co ; i 3 . ; ;
nfirm whether there exists two different processes at work in the low and high 1 regimes. In
%) and the results

fact an exhaustive study by the Sanyo group’ (Eg=1.73 eV & Cn =25 at
%) have failed to confirm such a

obtained in the present study (E, = 1.89 eV & Cu = 5 at

correlation, earljer believed to have existed (i.e. high Ciy and high Eg).
£ vibration), shown in Fig. 3A.5. supports this view

The IR results (stretching mode ©
ce there is no substantial increase in the

(n .
0 one to one correspondence of Eg with Cu) sin
As far as the lower T regime

> . -1
asorption due to polyhydrides which fall around 2100 cm .
\=10 msec) is concerned, it appears more exhaustive investigations are needed to confirm

Whether these high powered shorter duration (<10 msec) pulses act as disturbances in a CW

Plasma and influence significantly the film properties.
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3B H, diluted MPPD

3B.1 Introduction

In the previous experiments (discussed in section 3A) it was found that at very low modulation
frequency (2 Hz), for RF 13.56 MHz excitation deposition rates were less than those obtained
.ﬂ_by CW discharges. It was thought to be due to higher electron attachment to silane
e U s=wval # These authors concluded from their

PRy L i aes s C e e s v saswwianzwilt [O

hydrogen may not be a significant process and perhaps H; addition increase electron decay

time constant (t.). Therefore, anticipating a longer 1. and higher n. in SiH/H, discharges
Compared to undiluted silane discharge, modified pulsed plasma discharge of SiH,/H, mixture
Was carried out systematically with an aim of achieving higher growth rate. It was also found
that optoelectronic properties of undiluted MPPD grown films were inferior to CW discharge
grown films. In fact, consequences of plasma polymerisation were also reflected in the
properties of undiluted MPPD films. Therefore, it should be interesting to investigate H,
dilution of the feed stock for obtaining better quality films grown at high rates, presumably by
Suppressing plasma polymerisation and by increasing n. and ..

In this context it should be mentioned that Capitelli et al %® have predicted an increase
of average electron energy with Hz addition to silane plasma through their theo'reticai
calculations. They have concluded that in 100% SiHs plasma the vibrational impact is 10.0
times more efficient than the electronic one, whereas in SiHs-H; diluted plasmas the electronic
excitation frequency becomes comparable to that of vibrational excitati.on. Thus in pure silane
"soft" plasmas the vibrational excitation is the most probable dissociation channel, whereas in

"hard" 3% SiH, in H, plasma the electronic excitation could be predomtnant.
In the present study while attempting some plausible explanations for different

. 3 .) are utilised and
observations. variation of the above mentioned plasma parameters (n. and )

In fact, in the present study OES has been extensively utilised for
n fact,

referred at many places. i
It is to be noted, that above plasma parameters are indirectly

probing the growth process. . o
: ed in the existing
related to OES intensities and such correlations are Very well document

hER



litecrature  Therefore no additional attempt has been made to estimate these parameters

through separate measurements.

3B.2 Experimental Details

The deposition system used was the same Multizone unit, discussed in section 2.2. Two

different schemes of Hj dilution were experimented to understand the basic kinetics involved

in the deposition process. In one scheme the total flow of the mixture was maintained constant

(40 sccm) while changing the flow of the diluting gases. In the other scheme silane flow was

maintained constant (20 sccm) and different amount of dilutions were used while keeping
other parameters unchanged. Time resolved optical emission spectroscopy (TROES, see

section 2.8) studies were carried out to see whether excited species can give some insight into

the reaction kinetics involved.

Dark conductivity (o), photoconductivity (o), Photothermal deflection spectroscopy

(PDS) and FTIR measurements were carried out on these H, diluted samples also.

3B.3 Results

3B.3.1 Deposition rate
A%} with dwell time (T msec). For this

Fig. 3B.1 shows the variation of deposition rate (rq,
d were 75 W high power level (HPL) and 10 W low power

study the pulse power levels use
ause this combination, at t= 25 msec and 5%

level (LPL). These parameters Were chosen bec
im (cr,,h::lO'j O'cm™). As expected, rq increased after

duty cycle, yielded the best quality fi
dependence of ry could be pushed up by diluting

hydrogen dilution of the feed gas and T
silane.
g. 3B.1 that as T increases the difference between the ry values

It also appears from Fi
eases and, at T = 50 msec, this difference becomes

for undiluted and 25% H; diluted silane decr
almost zero.
Fig. 3B.2 shows the variation of ry with dilution for the two different flow rate

dilution [Hy/(SiHy*Hz)] experiments were carried out at

schemes experimented  Different H;
[n both cases it was found that ry increases with the

constant HPL, LPL, t and duty cycle.
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Fig.3B.1 Deposition rate as a function of dwell time for undiluted and Hy diluted
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diluti ; - ;
ilution upto approximately 25% H dilution. Further increase of hydrogen dilution leads to a
slow decrease of ry with dilution and finally ry seems to attain a steady value around 80%

dilution It is also seen that the initial rate of increase of ry with dilution is higher than the

subsequent rate of decrease of Ty,

3B.3.2 Optical Emission Spectroscopy
d for some selected species only like SiH", H and Si’. Spectra

s studied. Fig. 3B.3(a), (b) & (¢) show the

: the above mentioned species,

Emission spectra were recorde

were recorded for both the dilution scheme

variations of emission intensities with H, dilution fo

respectively.
Emission from SiH" at 414 nm was found to increase with dilution upto 70% H; and to
drop thereafter in case of 40 sccm total flow rate. In the case of 20 sccm fixed silane flow, the

0% H, dilution in i’ emission intensity was missing and instead it ncreased

peak around 7

steadily in the whole dilution range studied.
milar trend as that of SiH emission

[n case of Si” emission intensity (288 nm), almost si

was found
elengths, 656 nm (Ha., 12.09 eV) and

Emissions from H were measured at two wav

486 nm (Hy, 127 eV) for b

oth the dilution schemes experimented. Emission intensity in all

eadily with H dilution. Beyond 50% H, ddution H

these cases were found to increase st
much rapidly deviating from it's linear increase

emission intensities were found to increase

below 50% H, dilution.

3B.3.3 Optical band gap

Fig. 3B.4 gives the variation of Eg
¢ is seen that band gapincrease

out dilution the tailorability 1

s dwell time (1) for 25% H, dilution and 40 sccm (10 H,

30 SiH,) total flow case. 1 s linearly with T i.e. from 1.77 eV to

I 88 eV. It is to be noted that with

n band gapwas more and E, vs

t showed a maxima at around 25 msec

with H; dilution for
tic drop in E, value occur &
o 182 eV. Incase of 20

both the dilution schemes are presented 1n Fig.

Variation of Eg
fler 25% H, dilution At higher dilu-

3B.5. In both the cases a dras
scem constant SiH, flow E;

tions E, remains within a limit 1.77 ¢
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increases stowly with H; dilution beyond 25% dilution, whereas for 40 sccm total flow case it

decreases slowly.

3B.3.4 Dark and Photoconductivity
Fig. 3B.6 shows variations of o4 and oy, versus T. Resuits for both undiluted and 25% H,

dilution grown films are provided for comparison. Horizontal lines show the conductivity
values for CW discharge produced films. For 25% H> diluted discharge produced films oy

decreases steadily with increasing t while oy increases marginally upto © = 50 msec and

increases sharply thereafter. It is quiet clear that modulated discharge produced films always
show less Gpn than the CW discharge produced films as also higher oy than CW discharge

produced films. The increase in op With t for undiluted silane discharge has already been

discussed in earlier section (3A.2.3). Increasing 1 from 10 msec to 60 msec reduces o, by

almost an order of magnitude.
Fig. 3B.7 shows the variation of G with H, dilution for both the dilutions schemes

experimented. Initially there ts a steep rise in Gpy (around two orders of magnitude) with

dilution and beyond 25% H: dilution the dependence of o with Hy dilution becomes less

pronounced. Finally o, decreases with H, dilution beyond 75% H; dilution for 40 sccm total

flow case and beyond 50% H; dilution for 20 sccm constant silane flow case.

ture factor

3B.3.5 Hydrogen content and microstruc
e 2300 to 500 cm™ for samples grown with

Fig. 3B.8 shows the FTIR traces in the rang
different H, dilutions as mentioned in the figure itsel

films show predominant SiH bonding. Fig. 3B.9(a) shows th
dilution. Initially Cu increases very fast with t i.e. from

f The common feature is that all these

e variation of hydrogen content,

Cy with 1 for films grown at 25% H;
10 to 25 msec and after that rate of increase of Cy with T becomes less and less. For 75W
HPL and t = 60 msec Cy attains a val
that band gapfor this particular film is
microstructure factor, R with 1 for those film

from the Fig.3B.9(b) that R increases linearly with T an
For the films grown at 10 msec E;, Cy and R factor all are

ue as high as 16 at%. It may be mentioned at this point
1.85 eV. Fig. 3B.9(b) depicts the dependence of
s which are shown in Fig. 3B.9(a). It is clear

d becomes as high as 0.75 for the film

grown at T = 60 msec.
omparable to the values expected for the device quality material

comparatively lower and ¢
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Fig. 3B = . .
2 .10 shows variation of Cy (at%) with H; dilution. For the films grown at 40 sc
cim

total flow
_Cy s found to be higher than those grown at constant silane flow and decreas
! es

sharply with 2 ()¢

ply the increasing dilution upto 50% Hs and, thereafter, it remains almost constant (=
0 at%o o, L 2 i | N )
). In case of 20 scem fixed siane flow the films show lower Cy; values (<10 at%) and
again ti IS 5

ere 1s a decreasing trend upto 25% H, dilution but thereafter value of Cy remains

betwee -

0510 6 at% only One interesting point that emerged from these studies is that from
50% Hs ' y

» Hs dilution onwards whatever be the SiHs 07 H, flow rates, Cy In the films so deposited
and R factor between 0.06to 007

remain :
s almost constant and lies between 5to 6 at™e

3B.3.6 Defect density studies

n the range 0.9 t0 2.2 eV for samples grown at different H;
For CW discharge grown films (rs
3 14 is to be noted that

Fig. 3B.11 shows PDS spectra i
- 925 A’’') average

dilution as mentioned in the figure.

s are B, =47 meV and Np = 4.0% 10" em

values of defect parameter
undiluted MPPD (2Hz) grown film

=75X% 10° Q'lcm". For

o, for this film is quiet high, e
H- dilution, thus,

= 34 % 107 otem improves significantly

this value was, Oph
MPPD in undiluted

a-Si‘H films over that could be obtained by

silane discharge (Opn INCreases hy orders of magnitude).
o, H, dilution, with Np = 9.5 X 10 em™, Eo = 48.6 meV, Oph = 3

=135A'S

optoelectronic behaviours of
The best set of properties were

obtained under MPPD at 75

-5 . A
x 10° Q'em™?, Cu =57 at% grown at [4

3B.3.7 Effect of modulation frequency
y Was studied only for undiluted discharge grown films.

Effect of modulation frequen®
e duty cycle of the pulse while

ed by changing th
was obse
at of CW deposition rate. The

Modulation frequency Wwas simply var
ctly linear increa
was found twice th
as shown in Fig. 3B.12

maintaining T constant. Exa se in f4 ved in the frequency range
uency rd
ion frequency 15
ycles only Ogh

Fig.3B.l'3.

studied. At 10 Hz modulation freq
change of modulat
n at different duty €
is shown in

variation of
ry due to
and op/Ca WETE measured  Their

For the films grow

variations with modulation frequency

12
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3B.4 Interpretation of results

The observed increase in r, after Hy dilution would have been possible because of the

following reasons:
1) igher dissociation of silane due to enhancement of n, and 1, compared to undiluted

silane discharges, during both HPL & LPL?'.
i) the suppression of gas phase secondary plasma reactions’ due to hydrogen dilution,

mainly during HPL., may have lead to enhancement of the arrival rate of a-Si:H film forming

Precursors to the substrate and thereby contributing to usefu! film growth.

It would be interesting to explore whether the observation of significant enhancement

of o, values (nearly two orders of magnitude) over the undiluted silane grown films appears

refated to the containment of the said secondary plasma reaction.  Taking clues from Overzet

et al's® and Fleddermann et al.'s?" work it appears that T also has some influence on n, and 1,
which, in turn, determine the change in 1y after dilution. The above linearly increasing trend in
Ty continues for 1> 50 msec, then although the enhancement of ry on dilution is ultimately lost,
the basic advantage of H; dilution still remains i.e. higher ry than CW discharge conditions

without any perceptible powder formation. On the other hand in undiluted silane discharges ry

enters the powder formation regime under these deposition conditions,
This dependence of ry on dilution as observed in Fig. 3B.2 was as expected from the

Tesults of CW discharge experiments with silane diluted with H, and inert gases. But the
difference fies in the degree of dilution at which this maximum has occurred. Earlier Vanier et
al*” have found that ry increases with hydrogen fraction upto 75%, the increase being as much
45 an order of magnitude, and then rq was found to decreases. They correlated this with the
distribution of electron energy. Hamasaki et al 2 used pulsed RF discharges for 11% SiHy(H,)
and found r, to be nearly constant for every repetition frequency experimented (at 67 sccm
flow and 0.18 Torr pressure, when the total ON period was kept constant). In another
study® using 50% SiH,(H.), saturation at a lower power than in pure silane was observed.
Kato et a1 ¥ investigated H, dilution effects in an ECR plasma and found ry to increase with
the silane fraction upto 50% and then a saturation was noticed. Bruno et al.’' have also

investigated the effects of Ar dilution in SiCly+H, and found an increase in ry  with Ar

addition with a maximum at 27% of Ar.
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It is noted that th i i
e decrease in rg, in the present case beyond 25% dilution, 1s not so

d i .
ramatic as observed by previous workers? for CW discharges. Perhaps, it may be due to the

fact ’ ; ; .
that < values, for which high powers were applied, were shorter as compared to the CW

discharge in SiFHy/Ha plasma It may be that etching is
aving energy = 10 eV will be available in abund

predominant in the high power part of

the p
pulse because electrons h srice: Qving BIRL.

T 2 i e 2 . v .

hat the etching reactions predominantly taking place under higher dilution conditions, are
in - , )

deed relevant is further supported by the gradual improvement in Gy values between 25%

y identical values of ry in both the flo
g to attain a steady state value, determined by

and 75% diluti ..
5% dilution range The near} w rate conditions

S . .
mplies that, in highly diluted feed stock, rq seem
§rther increase in the silane concentration

¢ : ; . ;
ompeting etching and deposition reactions and

seems to have only marginal effect.
sted etching Veprek' has found that H atoms

In the context of atomic hydrogen assl
ring deposition, a reversible ¢
have demonstrated, by in

hemical equilibrium (SiH, ey §1+

act as etchant species and, du
-situ phase modulated

XxH) is established Again Blayo & al
S H films in pure H:

while treating as deposited a-
he SiH; groups.
f high power perfod Increases

ellipsometry, the role of etching by H atoms
atoms preferentially etcht

es that as the duration O

in polyhydrides increases ra
and Cy values which

dlSCharges, They found that H

It is very clear from FTIR studi
proportion of hydrogen pidly even though

o, only. This is also T

beyond t = 20 msec the
eflected in Eg

Cu shows an increase of = 4 at

increase steadily with T.
Fig. 3B.12 is quiet expected because the

The kind of variation that 18 observed 1
me to the plasma certainly mcreases

amount of power delivered during 2 certain interval of U

linearly with the duty cycle.
Again as expected both Oph and ou/0i were found to degrade by several orders of
the modulation frequency, merely 5 - 6 HiMeS.

Magnitude as a result of an increase 1N



3 2
C  He and He+H; diluted MPPD

3C.1 Introduction

As discuss ;
sed under section 3A 2.1 - the deposition rateé in MPPD as compared to other pulsed

and even lower than that 18 obtained in CW

plasma discharges are found to be lower
ower level (LPL) of MPPD

found to be generally not as g0

(Table 3.1) Also the

discharge, operated at the low P
od as that of CW

opt - .
ptoelectronic properties of these films are
n3A3 & 3B4) the above observations have

dis 5
charge grown films. In earlier sections (sectio
of a-Si H films In MPPD has

dilution on growth

be
en analysed. In section 3B. effect of Ha
was 10 obtain higher fu through

be i
en discussed The main idea behind diluting SiH, by H:

so higher electron decay time constant (Te).

achieving ki
chieving higher electron density (n) and al
ims. a-Si:H films have bee

quality fi n deposited using

in search for producing device
r example noble gases

3435 . . ;
’ Proper choice of the diluent gases

dil
uent gases other than Ha, fo
device

ular mixture determines whether material will be of

and thei . ; :
their concentrations in a parti
{, leads generally 10 2 columnar

oble gas dilution of SiF

quali .
ty or not. It has been found that o
growth 36 y e . . 17
36 whereas a high hydrogen dilution leads 10 onset of microcrystalline phase 0 the
mater; _ = . ;
terial. Through these experiments it has been found that high quality material can be grown
eresting results

m dilution however produces SOME very int

on] ,
y at low growth rates. Heliu
¢ deposition

¢ have found He dilution 1€

aintaining & low de

For instance i) Knights et al.? s be useful 10 increase th
; . -
ate(>10 A°™) of 4-Si-H films while m al, 1)

5 have found lower equil

fect density 1N the matert

jbrium temperature suggesting thereby higher

uted silane discharge and iit) Hollenstein et

Cabarrocas et al’

ed through He dil
f hydrogen deficient

stabili
tability of a-Si:H films produc
n the contribution ©

¢ in 100% GiH, disch
that are observed 1n

g rare gas dilutio
arge The other

al ** ha C g
ve found that with increasin
which 15 prcdominan

lons becomes comparable t0 SiHs ,

of He dilution was to utilise higher Mo and Te

Fledderman et al?' have repo
of magnitude and similar

by almost an order
They have

Motivat: :
otivation behind the use
rted that addition of

ble gases
ge reduces e
i added M SiH
f molecular hyd

¢ study by Vign

Pulsed plasma discharge ghino
increases.

¢, which 1511

even 1% of SiHy in pure He dischar
ever, when Ha
na discharge ©
charge. Anothe

,+He mixture, %

is

the case for t.. HOW

Al i i rogen and He mixtur

0 found that n. increases ! g - 5 {
ole et al.” on the kinetics 0

marked contrast to giH+He dis
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defect creati

eation by pul ; . " :

has revealed y pulsed laser illumination in a-Si:H films deposited from SiH, + H
vealed several | : : Ly He mixtur
e interesting features specially a better stability of hydrogen in H e
suggesting an i o _y nn He dilute
¢ an improved stability against light soaking. Exodiffusion s d
: pectra indicate that

hydrogen |
gen is more strongly bonded in He diluted films*® and the less mobile hyd H
o e | ydrogen in a-Sj
s to lower Stabler-Wronski type light induced degradation. At the
; same time

light ind
¢ ’ . . .
ced annealing via hydrogen diffusion must be reduced too
Therefore, | ‘
., low to moderate He dilution of Si i
iH; was studied in a MPP i
D environm
ent

dU]in he r | 0
g 1 p escnt inve i [ ry i i ons 90% and :I
g t Z above WEre not tlie because

Constant a o
. t 40 scem. Therefore, with increasing He flow SiHs-He ratio decreases sharpl
oW In : s . AP
each He diluted condition an additional amount of H; was added keeping the oth
er

individyal ; :
flow rates constant. This was tried with the hope of separating out the kinetics

involy : ¢
ed with the above two diluents to an extent.

3 ;
€2 Experimental details

The a-g;- :
: a-Si:H films were deposited at 0.5 Torr in the same Multizone PECVD system (section
2 =l :
). Similar to previous MPPD work (section 3A & 3B) a non zero low power level was
and 60%, while keeping the total

maintaj .
intained. Two different He dilutions were tried, i.e. 25%
dilution studies, H, was added to the He diluted

2as
flow constant at 40 sccm. For He + H,
9%, of the total flow is H; i.e.

SiH, whi - ,
while keeping the SiHs and He flows unaltered so that 25
hese cases substrate temperatures were kept at 275°C, same

Ho/(Hy+He+SiHy) = 25%. Inall t
a : e
S that used in undiluted (section 3A) and H, diluted (section 3B) discharges. Films were

d .
eposited for three different RF Power conditions
(i) CW discharge at the low power level of MPPD

(ii) 2Hz MPPD (dwell time T = 25 msec, duty cycle = 5%} and

(iii) 10 Hz MPPD (t = 25 msec, duty cycle =25%).
described in section 2.8.

TROES studies were carried out using the set ub
mal deflection spectroscopy

photoconductivity (Opn), Photother

Dark conductivity(cp),
e carried out on these samples

(PDS) and FTIR measurements wer
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3C.3 Results

3C.3.1 Deposition Rate
F]g.3(:l Hy o 1 1

.1 gives a comparative picture of growth rates (ra) that are obtained at various dilution
conditions 1 ilutl

as in terms of a bar graph. For each dilution condition r values obtained at CW, 2 HZ

a?d 10 Hz modulation conditions are shown. Undiluted, Hz diluted, He diluted and Hz + He
.dlll.lled cases are shown in Fig. 3C.1. AS discussed in section 3B, it was found that 1
increases with H, dilution upto 25% of Ho and then decreases slowly and finally attains a
in case of He dilution, a different picture emerges

steady value at around 80% Hz ditution.

dilution was not studied in as much detail as Hj

r <1
rom Fig., 3C.1. Although effect of He
¢ dilutions provide the following picture.

dilut : ;
tion still a comparative study of the two differen
r in the He diluted plasma

om 100% SiHs at 2 Hz MPPD.
25% He —» 60% He

1) deposition rates are highe < than in Hy diluted plasmas and

thes : :
e are higher than the ry values obtained fr
ner - 0% ne —

4 Increases in the man
e in rq 18 250% whereas the

ii) at 2 Hz modulation f

He dilution, the ncreas

diluti
ilution. From 0% He dilution 1@ 25%
He dilution increases from 25% to 60%. Since

incr : : :
ease in ry is comparatively very small when
s kept constant, therefore, fu values normalised with respect

n
all these cases total gas flow wa
creasing He dilwtion. T

to Si : : ; .
o SiH, flow increases steadily with the in hus it appears, so far as SiHs

e dilution in MPP tage. The other

D environment is an advan

utilisati :
tilisation is concerned, H
ent in phozoscnsitivily (om/On), (a5 discussed in section

EnNcour: . .
uraging picture is the improvem

3C 3.4) with increasing He dilution.
on whereas, at 10

on seems 10 saturate with increasing He diluti

594 He 1O 60% He.

i) ry at 2Hz modulati
r increases from 2
w any perceptible drop In Ty,

H . i
z modulation ry decreases as dilutio
iv) addition of H2 10 He diluted SiH, at 2 Hz does not sho

5 .
hereas at 10 Hz modulation Id

drops substantially for both the 25% and 60% He diluted

gnificant improvement 10 Gph and n

co . " .
nditions. These drops in Ts are also accompanied by 2 &

d later (section 3C.3.4).

G ;
o/ Op values as discusse
a single diluent, T4

¢ at a particular dilution obtained by using

ned at the same total dilution obtained by mix

fferent from that obtal
o/, Hy dilution fd is 1.2 A%, whereas for 25% H, +25%

v) It is also observed tha
ing two

values are much di

different diluents, For example at 30

~wh
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He dilution ry is 20 A% Similarly at 82% H, dilution ry is 1.3 A°s" whereas for 60% He +

25% H, dilution ry is 2.3 A%

3C.3.2 Optical emission spectroscopy
Time resolved OES (TROES) signals corresponding to emission from different excited species

at different dilution conditions are plotted in Fig. 3C.2 Emission intensities only at 2 Hz
modulation was studied The horizonial axis of Fig.3C.2 is the same as that of Fig.3C.1 with
the only difference that the different dilution conditions are denoted by 1,2,3 etc. The main

observations are the following:
(i) With increasing He dilution (0% to 25% to 60%) SiH' and Si" intensities hardly

change but the addition of H; in the above conditions always cause an increase in the intensity

of the above two species.
(ii) Below 60% total dilution H' intensities at both 656 nm and 486 nm increase with

the increasing total dilution. Above 60% dilution it becomes independent of diluent gases, At

60% He dilution it is found that H' intensities, at both the above wavelengths, are even lower

than that at 25% He dilution. On the contrary addition of Hz in 60% He diluted SiH, raises

the OES signal upto the 60% Ha diluted case.

3C.3.3 Optical Band gap
¢) in terms of a bar graph for various

Fig. 3C.3 represents the variation of optical band gap(E
feature is that for CW discharges E, values are

dilution conditions studied. The most common
values for the films grown under MPPD

always less than the E, values for MPPD. Again Eq
ed SiH films. In undiluted SiH,

remain within the range 1.75 * 0.05 eV except for undilut

(1.94 eV) is rather due to more polyhydride mcorporation m the

% He diluted SiH; MPPD

Similar trend with

MPPD grown films high Eq
film’ as evidenced by a very high microstructure factor (0.6) In 25

S s increases,
grown films, as modulation frequency 15 increased E, also
gnitudes

frequency is observed when Ha is added to Sitly + He mixture with their individual ma
On the other hand in 60% He diluted SiHs MPPD grown films this

having increased.
posite je E, decreases with the increase of modulation

frequency dependence of E; is just op

frequency as can be seen in Fig.3C.3.
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Fig.3C.2 Emission intensities of different excited species at different dilution.
1. 2. 3 ... inthe X-axis chronologically corresponds to the dilution

conditions as mentioned in Fig.3C. 1.
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3C.3.4 Photoconductivity and Photosensitivity Measurements

Fig. 3C.4 and Fig. 3C.5 depict the variations of oy and op/Op values obtained at different
dilutions and modulation conditions in terms of bar graphs. For CW discharges g, and gpn/op
values are high. Generally Gph and o,/Op values are found to decrease in the sequence, CW
10 2 Hz to 10 Hz. At 2 Hz modulation a dramatic improvement in both the parameters are

observed only when SiHa 1s diluted either by Hz or He. The most encouraging picture is that

when H, is added either in 25% or 60% He diluted SiHs, oy values improve significantly and

even become higher than Gpn (CW) values. Another point that should not be missed 1n

Fig.3C.4 is that improvement in Gy values after dilution for the films grown at 10 Hz are quiet

substantial. Although both Gy, and op/Op are 5% 10°Q'em™ and 2 x 10°, respectively, for

60% H. diluted SiH, at 2 Hz MPPD, the growth rate was low =~ 1.2 A%
0% He + 25% H, diluted SiH, discharge grown film oy, and G/
ding growth rate is ~ 3 A’s™.

In comparison to

this at 10 Hz MPPD and 6

values are 2 x 107 ©'em’' and 10° respectively and the correspon

and Microstructure factor (R)

3C.3.5 Hydrogen content (Cu)
own in Fig.3C.6(a) & (b). The first figure is for set of

FTIR traces of He diluted films are sh

films with 25% He dilution and the second one i
gures (MPHE-03 & MPHE-06)

different dilution and modulation conditions

und 2000 cm’' simi-

s for 60% He dilution. FTIR traces of CW

discharge grown films are also shown in the fi

Fig. 3C.7(a) show hydrogen content, Cu
s determined from the IR absorption band aro

in terms of a bar graph. Cu'
ostructure factor, R of the a-Si;H films grown

larly, Fig.3C.7(b) represents micr at different

dilution conditions. The important observations are the following:

r by He or by Hy, Cy shows a decreasing trend

Hz decreases initially at a faster rate and

it i< found that for 60% He dilution R

(i) with increasing total dilution eithe
Ims grown at 2 Hz and 10

Interestingly,

whereas, R factor for fi
then only slowly at higher dilutions.

factors are Jower than even CW values.

(i) Cy and R factor both Increase sharply when fi

#s with the increase of modulation

% H, is added in 60% He diluted SiHy, Cy values

Ims are grown by modulating the
plasma and these values also increas frequency.

(i) It is also observed that as 25
%) However when

ms S0 grown Cy value for 2 Hz

increase for both 2 Hz and 10 Hz modulation by marginal amount (= 1 at

25% H, is added in 25% He diluted SiH, then for fil
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Fig.3C.6 FTIR traces of (a) 25% and (b) 60% He diluted a-Si:-H films.
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n

t :
o decrease and the lowest value obtained 1s 0.09 at 60% He + 25% H; dilution at 2 Hz. A
. At

this diluti .
is dilution both o and Gwon (Fig.3C.4 & 3C.5) values are comparable to the device

quality material.

(iv) The difference between the Cy; values for films grown at 10 Hz and 2 Hz also

increases with increasing He dilution.

3C.3.6 Defect density studies
vV to 0.9 eV for some of the
It was found that Np and E, val

He diluted films grown at different

The PDS spectra from 2.1 €
ues are almost

MPPD environments are shown in Fig. 3C.8
rof2

CW and 2 Hz MPPD N, increases by a facto

similar for 25% He diluted films grown by
re is any effect of modulation frequency on E, AsHjis

for 10 Hz grown film but hardly the
added in SiH,+He mixture Np and [ decrease but by small amounts. Np and E, values are
a similar fashicn with H;

% He dil

almost similar for 25% and 60 uted films, and also changes i

hly He diluted SiH. (98% He)

e reported that in hig
te He diluted

Whereas, for modera
In the present

addition. Recently Cabarrocas et al " hav

f) does not have any effe
f and sh

modulation frequency ( ct on Np.

SiH, (40% He) Np value
investigation MPPD grown film

ow maxima at 10 Hz.

g increase with
ses with funder both 25% and 60%

5 it IS found that Np increa

He dilution conditions.

vity Measurement

dark conductivity (Gp
vation energ

He diluted cases are

3C.3.7 Dark conducti
) for 25% and 60%

Temperature dependence of
y values (AEp) for 60% He +

shown in Fig. 3C.9(a) and (b) res

25% H, diluted SiH. case 15 lowest comp
He dilution grown fil

ude from 2 Hz and

pectively. Acti

ared to all other fi AFp values are nearly equal

Ims

ms, but their op values at room temperature

for all the cases of 25%
Whereas in 60% He

differ by an order of magnit

10 Hz modulation.

emperature are almost similar their AEp values are quiet

diluted cases op values at room t

different as shown in the table below
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Fig.3C.8 PDS spectra of He diluted a-Si:H films grown at different MPPD
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Table 3. vati
¢ 3.2 Activation energy and dark conductivity values at different He dilution and

modulation conditions.

25% He dilution 60% He dilution
AEp (eV Temt
p (eV) ap (27em™) AEp (eV) op (Q'em™)
W 0.97 171070 0.92 4.2x10"
2 Hz 0.83 4 0x10™"° 0.94 2.7x10™"
10 Hz 081 | 2x107" 0.86 2.6x10™"

For CW discharges grown films both AEp and op values are higher for 25% He

dilution case as compared to 60% He dilution films. It is to be noted here that Cy is less in
0 . .

25% He dilution grown films as compared to 60% He dilution films, but R factor is less in

60% He diluted MPPD. Ej values are almost similar in both these types of He diluted films.

3C.4 Interpretation of results

At 2Hz modulation, the higher Iy values obtained by discharge in 25% He diluted silane as

o, H, diluted silane shows that the dissociation is higher in He

compared to discharge in 25

from the higher emission intensities of H . This 1s expected from

diluted plasma as evidenced
_ For still higher He dilution rq

d in such noble gas plasmas”

+ at 2 Hz modulation s increases slig

n frequency (10 Hz) i e more frequent
flow appears to be

the higher electron density reporte
htly at increasing

tends to saturate. It is to be noted tha
occurrence

He dilution. Whereas, at higher modulatio

of HPL, and with increasing He dilution, increasin
At 2Hz modulation, drop

g ratio of power/SiHy
in ry is observable only for

the main cause behind the drop in ra.
added to SiHs-He mixture.

at as Hz is added to SiH
ctly it can be said that ad

have also observed

4+He muxture, H' and SIH
dition of Hz in SiHstHe

higher H, dilution or when H; is

TROES results do indicate th

Therefore, indire
simitar behaviour,

intensities both increase.
PR
mixture increases Ne and Te Fledderman et al.

rent dilutions and measured ne directly. H intensities are hardly

and Te

although they used diffe
at these dilution conditions Ty

different in (25% He + 25% Hz
This appear

) and (60% He + 25% H;) and
s valid for both the modulation frequencies experimcnted.

values are comparable.



the incr in H i ' '
ease in M intensity with increasing Hy dilution
The decrease .
case in ry as obs '
. as observed at 10 Hz modulation on adding Hz in SiHs-H
+-He mixture

can be explair - :
1ed by invok .
i y invoking the concept of etching mostly by atomic hydro
n section 3B 4. [ : gen-ascﬁsCu
4. In suc : % - ssed
h discharge conditions substantial improvement in o (as st
oh (@s shown in Fig

3C.4) and
' O/ O 1 o
N /on (as shown in Fig. 3C.5) are also observed. Similarly at 2 H
1wough no : : i ) 2 Hz modulatior
| g appreciable decrease In Iy IS noticed after H, addition but increase i 1
noticeable in Fi | . rease in o/ 1s
g. 3C4 & Fig. 3C.5. At 10 Hz modulation the frequent occurren £
ce of the

HPL ¢ :
esults g i i
o in higher density of higher energy electrons as compared to that 2
10dulation Tt} " e
serefore, amount of atomic |
: 1ydrogen generated by highe
r energy electrons wi
' o il
odulation. Similarly, that such a mechanism is operating not
I no

naturally be higher at 10 Hz m

onl g
y at [0 Hz but also at 2 Hz modulation can be inferre
change is low at 2 Hz compared to 10 Hz. At 2 Hz

d from the in
crease In Op), and op/op

values:
lues: of course the magnitude of

mao ¢ '

dulation the so called etching effect appears only ma
ferential etching
504, H, is added in 60% He diluted SiHy, a drop

n same amount of Hy is

rginally effective. ~Another important

rate by atomic hydrogen appears to be

0 o
point is that in the presence of He, pre
As 2

ared to the decrease in rg whe
W environment etching by atomic hydrogen

dIchrx o :
ent from He absent environments

1 : .

N1y is noticed but this drop is less comp

ad : _ : v .
ded in 25% H, diluted SiHa. Thus, i He ne

ot that H intensities (Fig.3C.2) are comparable in both

a -
ppears to be less inspite of the fa
on the freshly

ars that someé sort of
s may be the cause of 1
atomic SIZEs of H and He

a surface coverage or shading

C .
ases, [ntuitively it appe
ower etching rate in He rich

being not very much

grown top surface by He atom
PECVD

r. the differences in
d Xe) and absence of
[t may be that He
d this change in environ
ed that microstructure fact

columnar growth in most of
dilution provides a different

arot
nvironment. Howeve

different (as compared to Ar a0
reclude this possibility.
s other than SiH; an
¢ it may be mention
s i.e. on increasing

a-Si'H films studied p
mix of SiH,'* ions and radical ment may explain
or (as

At this poin

decreases in both case

this lower etching rate.
He dilution or by adding

discussed in Fig.3C.7(P))
H; to the SiH,+He mixture.

As can be seen fron

grown i He diluted MPPD environment have
o4 He dilution) as compared 10 those
found to

also these values are 1

| Fig. 3C.7(a) films
and 4 at"e for 60

% He
milar conditions,

lower C,, values ( 7 at% for 25
reported by other workers for films grown in 8!
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be |ow . Fier - 42
er than CW values  Kleider et al *2 have dentonstrated that hydrogen related structures

of the He diluted a-Si H films are very different from standard condition grown films (100%

SiHy, low RF power & low pressure etc ). They have found higher C, & R values in He

diluted films are comparable to standard films. In another detailed study on the discharge of

SiHi=He mixture, Mashima et al.** have suggested that the deexcitation cross section of long
ved He’ (2'5)' where energy (19.81 eV) is much higher than ionisation potential of SiH,
(12 36 BV Penning tonisation is a major deexcitation process and excited He atoms (He")
release energy to the film growth surface and/or subsurface which can help the relaxation of
a-SL.H network structure during deposition so as to decrease Cy. In the present study for a
fixed RF power as He flow rate increases, number density of He  increases (evidenced by the
IROES signal, Fig.3C.2) which in turn causes a further decrease in Cy. At this point it is
Worthwhile to mention that Cabarrocas et al. *' have found in their SQWM discharge of 98%

He diluteq SiH, that Ci; = 9.5 at% for CW and 15.5 at% at 10 Hz modulation and likewise for

40% He dilution their Ci; values are 24.9 and 22.7 at % respectively. These values are quiet

high Ccompared to C;; values obtained in the present investigation. They have attributed this
high C 10 the accumulation of H, in artificially generated interfaces in SQWM. On the
“Ontrary the films grown in MPPD environment at low (25%) and mmoderate (60%) He
dilutions show quiet a low Cy values as compared to their films, like 7 at% at low dilution and

p s 41 ¥ . .
4 at% at moderate dilution. However, the said mechamism™ may explain the increase in Cy

when H, is added in SiH,+He mixture at 10 Hz MPPD, but the changes in other parameters

like R factor (Fig. 3C.7(b)) and optical band gap(Fig. 3C.3) rather obscures the picture,
Again the same idea cannot explain the fact that Cy changes very little at 10 Hz while

i”Cl”easing He dilution from 25 to 60%. The most probable explanation for Cy; increasing with
According to Perrin et al."* the

Modulation frequency, may perhaps be the following.

transition from o to y regime is due to a better coupling of the RF power to the plasma. As
s : becomes

Modulation frequency increases the transition of the discharge from o to y regime

More prominent accompanied by the appearance and subsequent growth of the particle sizes

that are found close to the sheath boundaries. This is agatn supported by the fact that both R

i I 7 I ensus
factor (Fig.3C.7(b)) and defect density, Np (Fig.3C.8) increase. The genera cons. |
regarding the particle formation and dynamics in plasma discharge is that they are negat{vey

These particles

charged and are confined by the sheath electric field near the cathode.
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It is found that dwell time can be used as an additional Process parameter to tailor the
natenal properties

ft1s also found that in all cases film uniformity is comparable to that of CW deposited
films, implying that fast switching of plasma between LPL and HPL hardly has any effect on
the umiformity of the plasma over a fairly large deposition area (100 cm?).

It is also seen that higher 1 is required for lower HPL and vice versa to cross the CW

deposition rate. The lack of proper plasma diagnostics does not allow a proper picture
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He. He+H- diluted MPPD

Based on the observation made on HetHa dilution studies, it can be concluded that rate of

deposition in an MPPD environment depends both on the partial pressures of the constituent

gases and on the parameters of the modulating pulse.

in MPPD higher ra is observed under He dilution as compared to H; dilution. This

could be due to occurrence of higher n. in He diluted discharges as suggested by

Fleddermann®!.

e since its addition increases n. even in He diluted plasma as
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The results of the investigations that have been presented in this chapter ciearly reveal

that it has been possible in only small measure to improve this situation. Firstly, unlike
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€hVironment. However, the differences in atomic sizes of H; and He being not very much
differen; {(as compared to Ar and Xe) and absence of columnar growth in most of PECVD
2-8i H films studied precludes this possibility. It may be that He dilution provides a different
mix of SiH, ions and radicals other than SiH: and this change in environment may explain this

lower etching rate.
The model proposed by Mashima et al." that excited He atoms release energy to the

film growth surface and/or subsurface which can help the relaxation of a-Si.H network so as
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41
aCcumulation in artificially generated interfaces as proposed by Cabarrocas et al.” does not
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The results of the investigations that have been presented in this chapter clearly reveal
that it has been possible in only small measure to improve this situation. Firstly, unlike
Cabarrocas et al ** a-Si H films when produced by MPPD do not deteriorate in quality. In fact

they could be grown 1o least upto 3 A% with as good a quality as is expected under the

standard condition of growth. What however needs to be emphasised is that depth of

modulation in the present case was always below 100%. In fact the conventional pulsed

Plasma technique (SQWM) specifically require that during certain part of excitation the plasma

heed necessarily be extinguished. It is during this time the dust particles at the sheath edge are
driven out of the reactor In the present experiment the silane plasma was never extinguished
but only switched between a low and a high power level. The fact that neither oy, nor PDS
signals showed deterioration raises doubt about the validity of the accepted mechanism of

SQWM. However the results obtained are not very gratifying and the search should continue.

In fact by setting a VHF plasma in the same reactor and pulsing the same in the said modified

way marked improvement has been noticed in the film quality and this is being reported in the

following chapter.
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CHAPTER-1V

Modified Pulsed Plasma Discharge at 100 MHz

4.1 Introduction
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frequency discrimin
Within an year thea;:n:hert:zr tze e Cjn follow the alternating electric field or not
Vs and a current Oni)ﬁ. P 'emonst:ated thin film transistors with a mobility of | ‘5
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In another pi ing
P b; [::;ne::;j&dstu:y Matsuda et al.” showed that internal stresses in a-Si.H
_— g ischarge decomposition of SiH; to be G g :
e quencies lower than 500 KHz, and to be low for those films deposited at high -
(= 50 l‘»-*IHz). They attributed the low stress in films grown at higher frequ g .er frequencies
energy ion bombardment of the deposition surface. In this connection 'tq- encies to the low
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: re,

one assumes th 1 : o
at further increase of excitation frequency above 13.56 MHz would have
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direct influence on the ions in the bulk plasma volume
Looking closel i
g closely one finds the following to be the likely situation associated with higher

o h _
excitation frequency: first, the energy transfer mechanism from the electric field to the

electrons in the plasma bulk has a frequency dependence (e.g. a resonance at the electron
momentum exchange frequency) and second, the excitation frequency strongly effects the

plasma electrode sheath characteristics and, in particular, the sheath potential drop. Thi
2 4 ls

potential drop and the ratio 0

on impact energy distribution on the substrate.
carlo simulation study by Surendra et al.'" revealed that upon

£ the ion transit frequency to the excitation frequency determines
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power input plasma potential decreases with @ i.e ion energy at the substrate decreases with

&3, It was pointed out by Flamm et al'? that at higher w electric field in the sheaths

decreases with . Measurements of plasma impedance and peak to peak voltage show that the
potential drop across the sheaths and the fraction of power dissipated in the sheath decreases
with & Consequently, the jonisation process shifts from the sheath to the plasma bulk. In
another study Surendra et al."’ have mentioned that average ion energy available at the
electrode increases due to the decrease in sheath thickness (in a VHF discharge, sheath

thickness, dy x<0™®*"). Therefore, ions experience fewer collisions with neutrals in the sheath

and therefore retain more energy before colliding with the electrode. They have also found
that as pressure is lowered at constant electrode gap and frequency the following are the
phenomena that take place in the discharge i) increase of sheath thickness (dw o p°h, ii)
sheath becomes less collisional, iii) increase of plasma potential, iv) increase of average ion
energy at the electrode, average electron energy at the body of the glow, v) less pronounced

charge exchange collisions between ions and neutrals in the sheath at lower pressure, vi)

scaling of ion collisionality (dw/ion-neutral mean free path) in the sheath as p%w” and vii)

increase of ion directionality. This is an additional advantage of VHF operation, that is,

pressure can be lowered while maintaining a relatively high ion current,

Perrin et al.' have demonstrated that ion bombardment is necessary for enhanced
surface species reactivity but can as well damage the film during deposition. The low energy
ion bombardment appears as the key to understand the maintenance of optimal a-Si:H film
microstructure and optoelectronic properties when increasing the deposition rate in VHF
discharges, whereas these properties usually degrade in conventional 13.56 MHz RF dis-

charges where the ion impact energy becomes too high as the RF power increases.

Recently Perrin has reviewed VHF discharges'®. He has suggested that the

te maximum at 70 MHz by Curtins et al.* is basically related to the

observation of deposition ra
n of power transfer efficiency from the generator to the discharge. He has mentioned

variatio -

th h nt SUCCESS of VHE (.{f"l(}h&rﬁég i5 hOWﬁVﬁf counter balanced by limitations in
, appare 5 dectiucs ool - - ;

-0 the problems of homogeneity of discharge power

As @ Increases,
m, which are already

industrial applications
d a-Si:H deposttion of larg
ecome more difficult !

g-area planas diode syste

dissipation an o solve, especially because of the series

encountered at 13 56 MHz, b



inductance in the electrode plates. For this he has suggested the use of guided-microwave
applicators.

Schwarzenbach et al.'® have found that mean energy of the ion flux almost doubles in
Ar plasma while changing excitation frequency from 13.56 to 70 MHz. They attributed this

to the lower probability of charge exchange collision in the thinner sheaths at the higher

frequency.
Again measurement of ion flux (@) and energy distribution at the substrate by

Heintz et al '~ *° for H; plasma shows that ®y, increases with frequency (Pion = ). Also, the

maximum ion energy (En.x) decreases with increasing @. A similar study carried out recently

by the same group *' using SiHi, H, mixture has revealed the decrease in icn energy with a

simultaneous increase in ion flux with increasing frequency.
Two dimensional analysis of VHF discharge by Meyyappan et al.*” indicate the

following:
i) high density plasmas can be generated in a capacitively coupled system at

frequencies above the industry standard of 13.56 MHz
ii) total power absorbed per electron decreases with an increase in frequency

iii) at a given pressure, the power spent on accelerating the ions in the sheath decreases

with an increase in frequency and an increasing fraction of the supplied power goes into gener-

ation of electron-ion pairs
iv) sheath thickness, ion energy, ion flux, rates of inelastic processes, all scale favorably

with frequency
v) plasma and ion characteristics are uniform across even large area electrodes except

near the edge.
In summary, the reduction in sheath impedance 1/oC at high frequency is responsible

I ; : ' ) ) _
for a higher power factor, leading to higher ion fluxes and ion density for a given plasma

This in turn reduces the shea
ctiveness of operational frequency by reducing sheath impedance still

tantial th width and increases the sheath capacitance; this
potentl
accentuates the effe

further. Advantages associated wi

th thinner sheaths are improved flux uniformity, a shorter
e radicals from the plasma bulk to the substrate and improved ion
v

path length for reacti

directionality due to reduced scatterng.
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s in the VHF plasma. 1 gesisstie behavd
. Inall cases of ¢ iti iour of the
; apacitively coupled di
particles suspended i pled discharges negati
n ative
; p the plasma accumulate near the plasma sheath 2 ly charged
ectrostatic forces, the parti reath bound .
' art A ary.
gas t particles are subjected to thermaophoresis forces in th v e
emperature gradi ; tn the pr
fi ’ gradient as well as viscous forces in the gas flow. B S ey
ound in isotherm ; w. Bouchoul 2
al plasma ule et al.
. experiments that powder formation is suppressed if e
sed if electrod
es are

sufficiently hot. Dorier et al.** also observed th
that when the deposition temperature j
e is

illCreased_ the tot ] 1 ] T n
al scattered lntenSIty 1S educed a d the powder profle -S
1 1 diSp]&CEd to
wards

I

which in turn inf] ion i
: uences powder formation in the plasma. One can assume th
of the radica 1 i rf: o e reacton
Is with the growing film surface depends on the surface te 2 e
mperature”. Th
. Thus

nts are temperature dependent Th
i erefore, the surfz
1 ace temperature

radical sticking coefficie
could i [ . .
Id influence the relative concentration of different dissociative products in th
n the vicinit
- y of
ther hand a reduction in the electrostatic trapping of powders i
ers in the

the electrodes. On the O
potential indicates that when substrate temperature i
ure is

VHF discharge due to smaller sheath
scattered intensity (amount
will decrease because in VHF discharge thermophoresi

sis

place the powder layer towards the powered

incre
ased then the total of POWdCT) and the scattered intensit
Ity

near the heated ground electrode

electrostatic forces and dis

forces can overcome
&
have found that for a sufficiently high temperatur
&

electrode. In this regard Jellum
ly thermophoresis forc

et al’
e appears strong enough to overcome the

gradient (80 °Ccm
bstrate sheath plasma boundary. In

old particles at the su
quency SiH, discharge Kawasaki et al.*’ have

articles appear earlier after the discharge

electrostatic forces acting 10 h

another study on particles in high fre

demonstrated that as excitatio
eir subsequent growth t
cals such as SiH, prod

n frequency increases p
ate decreases significa
uced at a high rate, pri
for a relatively high power

ntly. This indicates that many

initiation but th
ncipally contribute to

short life time neutral radi
ation and initial growt

h of one particulate, at least,

the nucle
ed so far tentative explanations for the
an be the following.

ted to the changes in the

ement of high

density.

Based on the abov
deposition rate in
Si-H deposition rale
asma density and in

e observations discuss

VHF silane discharge ©

s have been
particular the enhanc

attainment of high
attribu

i) in the past higher a-

bulk plasma properties like increased p!
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energy taill of the EEDF with frequency, It was believed that only the species with Jow
excitation threshold are enhanced in VHF discharges

11} second possible mechanism for enhanced ry, was often thought to be higher SiH,
decomposition as a result of higher electron density. However mass spectroscopic results of
Heintz et al.”"*° show that the dissociation rate is only marginally enhanced Optical emission
Intensities also indicate little increase in electron density, n. ard do not agree with the results
obtained in RF discharges where ry was found to be proportional to the increased SiH (414
nm) emisston intensity as RF power is increased.

iii) Beneking et al.”® have attributed the enhancement of deposition rate to (a) higher
permissible application of VHF power without undue increase in ion energy and (b) changes in
the spatial distribution in the discharge so that deposition concentrates between the electrodes
leading to a higher deposition rate without an increase in the total deposited material. The
first result is in contradiction to the mass spectroscopic results of Heintz et al.V? whereas, the
second one was not reexamined by others. According to the present understanding, formation
of reactive film precursors is only weakly enhanced with frequency. The other parameter left
is the surface reactivity whose frequency dependence can be a predominant reason for high
deposition rate at VHF. Earlier Veprek et al ® have demonstrated that ion induced surface
dehydrogenation controls the deposition rate in plasma CVD. Again surface dehydrogenation

by neutrals having energy ~ 40 meV cannot explain the attainment of high rq in VHF. Heintz
. o - Iree oM :'«'.‘J‘ Y
et al "% have shown that ion flux increases strongly with frequency by & Sarosalpatints o

and may be the direct cause of enhanced
ed the present status in the understanding of

growth rate at VHF

the change in film growth rate

3
iv) Very recently Keppner €t al
ntroduced a new terminology n

o electron 1mpact dissociatton in the bulk plasma.

? review
amed "breeding effect”, which 1s

VHF-GD There they have i

basically the generation of radicals due 1
O there is an additional a

enhanced "breeding effect”

: |
umed by Heintz €t al
'preparation” of the growing surface.

nd alternative explanation for the increase

| 3
According to Keppner et 2 of radicals. They have also

in deposition rate, apart from the
at rate limiting mechanism as 4ss

. X t
t rather it is the 100 induced

ding and the ion flux ar
perimental facts. However, impedance

decreases with the increasing
This

7 is not necessarily the

mentioned th
breeding effect in the bulk bu

Though in case of VHF-GD both the bree
of the two explanations by ex

e increased it is not possible

to prove or disprove one
measurements show that real and 1ma
more, the powel

ginary part of impedance
/P, .) decreases as well.

f Further dissipation ratio (Pipes
requency
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means that high i
gher fraction of total RF plasma power is invested for radical ge i
S | | - neration in the
12
n being diverted into bombardment by ions being accelerated withi
e (e eopeom e 4 | within the sheaths
H gy 1at the most efficient "breeding zone" within the bulk pl
. ulk plasma is tl
sheath-ed ¢ 1 p o
ath-edge region.  The sheath thickness reduces at higher excitation freq
es > uency and as a
conseque ‘ ife ti I '
juence, the short life ime radicais e.g. SiH, can now directly contribute to (I
of the film e
.r " e
hus, from the attempts so far been made to understand the growth of higl i
| . 1 qualit
a-Sil ] itation, | y
1 films at high rates using VHF excitation, it becomes clear that VHF discharge id
provides
an ac 1 itati
cess to yet another process parameter 1.e, excitation frequency to control ion flux and i
[0t
energy ' '
gy The advantage of using VHF discharge over RF discharge is the attainment of
hig / it ' i .
gh growth rate. In addition to this, VHF discharge also provides an edge over RF so far
as

suppression of powder 1s concerned.
Therefore, keeping in view all the above advantages of VHF discharges, VHF MPPD

(modified pulsed plasma discharge) has been experimented for the first time with the

anticipation of achieving higher deposition rate of a-St:H films with better optoelectronic

properties as compared to the CW VHF grown films.

4.2 Experimental Details

The a-Si.H films were deposited in a capacitively coupled multichamber PECVD system

(described in Chapter-IT). The reactor geometry remained unchanged in switching from 13.56

o 100 MHz operation. Only the plasma excitation source and matching network were
ed A 100 MHz VHF generator that can operate in CW and pulsed modes was locally

chang
boration with Nuclear Science Centre, New-Delhi. The details of the

fabricated in colla

generator is given below.
oscillator type which oscillates at

nerator of VHF energy is of crystal
in pulsed mode generates VHF

ned frequency (2 H#)
ntrol of the "ON TIME" power 1s done

distartion free VHF

The basic ge
energy modulated by low

The generator
and user controlled pulse

overtone mode.

frequency rectangular pulses in predetermi

E 5 to 100 msec). The amplitude co

width (ON TIM
s. The output 1s further filtered to generate

through power control setting

energy at 100 MHz.



mode Finally the output of this driver amplifier is further amplified by 2 power amplifier usi
r using

™ Pavins : :
RF Power MOSFET in push pull class AB mode upto 200 Watts at S0Q impedance

The online VHF power measurement is done through built-in THRU-LINE' sensors of
Bi ' 7 .
ird Corporation make and front panel power meter. The SWR protection is provided by
controlling MOSFET gate voltage in case of higher SWR. The generator is forced air cooled

The regulated +28 volts high current DC power supply is built in.

The matching network used i CW and pulsed VHF discharge is a standard three

element LC L-network with two variable air capacitors and one variable inductor. The

network has variabie phase and amplitude controls to match less than 5082 complex impedance

of the discharge. Components used were of high Q in order to minimise losses in the matching
network itself Matching network s connected to the powered electrode with shortest length
At each applied power, the matching network was adjusted for minimum
The block diagram of the VHF generator is shown in Fig. 4.2.
tematically varied for optimising a-StLH film

of cable possible.

(almost zero) reflected power.

Different deposition parameters were sys
Discharge pressure, feed gas flow, hydrogen and

growth rate and optoelectronic properties.

helium dilution, dwell time (1) and high power level (HPL)
) was maintained constant at 10 W as used in 13.56 MHz

s were carried out. Chamber pressure was varied

were systematically vaned. For

this study low power level (LPL

MPPD. At first pressure variation studie
Due to pumping speed limitation only 24

from 0.7 Torr to 0.07 Torr in order to maximise .
It is interesting to note that ry

scem of SiHy (100%) was used to get the lowest pressure.
3 Torr and it decreases 01l either increase or decrease of pressure.

shows a higher value at 0.
at 0.3 Torr and 8.0 A’ at 0.10 Torr.

4 Torr, 13.6 A’

Typical ry values are 6.1 A’s "at 0.
time and duty cycle was carried out using optimised

Finally a systematic variation of dwell
pressure, flow and HPL. Deposition was also carri
arge parameters as 0,3 Torr pressur

d 0 1 Torr and 40 scem undiluted
scific wavelengths corresponding

ed out using hydrogen and helium diluted
e. 24 sccm SiHy flow, 8 sccm H, / He

silane with the disch
SiH, discharge was studied.

flow and 60W HPL [ntheen
Time resolved OES (TROES) w

to SiH° H" and Si° excited species using the proc

as carried out at Sp

edure discussed 1n section 28.
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Dark '
ark and photoconductivity, optical band gap, hydrogen content and its nature of
0

Chapter-IL

4.3  Results

4.3.1 Dependence of growth rate on discharge parameters

Fig.4.3 shows the variation of ry with 1 for different deposition conditions like CW

(represented by a horizontal line) and MPPD in undiluted SiH, discharge at 0.3 Torr and 0 |
Torr corresponding to 24 and 40 sccm flow rates respectively, and MPPD in 25% H, and
25% He dilution at 0.3 Torr. Similar to MPPD at 13.56 MHz (see chapter - 1II) it is evident
from Fig. 4.3 that ry depends on t for the two different HPLs used . Another similarity with
[3.56 MHz MPPD is the lower deposition rate in VHF MPPD upto a certain T as compared
to the CW discharge at LPL. Around t=40 msec, ry for MPPD crosses rg for CW discharge.
Increasing HPL from 60 to 75W causes a noticeable increase in rq at T values higher than 40

Although, higher HPL has marginal effect in ry, it causes degradation of oy, (as
p

msec.
From Fig.4.3 it seems that the crossover point is

discussed later) by substantial amount.
dependent on HPL. For 75W HPL it occurs earlier than 60W HPL,
Effects of dilutions in VHF discharge seems to be similar to that at 13.56 MHz MPPD

(section 3C.3.1). In 100 MHz MPPD, 1, increases by substantial amounts at lower dwell times
either by H; or He dilution. It also appears that rate of increase of rq with T were different in

H, and He diluted discharges. Variation of ry with T was also experimented at 0.1 Torr in

order to understand the discharge kinetics away from discharge conditions which leads to
maximum growth in a CW discharge. In order to avoid SiHs depletion flow rate was

increased from 24 sccm to 40 sccm. CW
by an order of magnitude. Though, the similarity

(VHF) deposition rate dropped from 13.6 A% to

8 6 A’ along with an increase in Op
3 Torr discharge is that rs increases with 7, at higher t, 1y is found to

between 0 1 and O
r. It appears here that film forming reactions involved in 0.1

saturate at 0.1 Torr much earlie
diluted MPPD at 0.3 Torr are quiet similar. The only difference

are three times higher in H diuted case

ween 0.] Torr i1s the early

Torr MPPD and 25% Ha
sidence times of the gas molecules

here is that the re
d case. The striking difference bet

as compared to undilute

1L
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gy 18.0 A — 60 W HPL, 25% H2 Diluted
l' A — 60 W HPL, 25% He Diluted
D B - 60 WHPL, 0.1 Torr, 40 scem
< 16.0)] @ - 75 WHPL, 0.3 Torr, 24 sccm @
- CW, 0.3 Torr, 24 sccm / Q
(78] 14 O " ' i A 7
g / ==
& & ;
= 12.0 | ;
©
—
8 10.0 cw, 0.1 Torr, 40 sccm
% J
L 80 7
6.0 ‘ ‘ 40 50 50
0 10 20 30

DWELL TIME (msec)

with dwell time at different deposition condittons.
e wi

Fig.4.3 Vanation of deposition rat

102a



< S T C
)

discharge

| emission spectroscopy studies

Lin 10 . .
in 100 MHz MPPD using discharge conditions which

4.3.2 Time resolved optica
The TROES studies were carried ou

were used in 13.56 MHz MPPD of H:
) (414 nm), (b) H (656 nm) and (¢) Si”
ilutions for both 13.56
56 and 100 MHz discharges. [tiscl
; ear from Fig. 4.4(a) and 4
! . 4.4 .4(c) that
nsities increase with i, dilution upto 25% dilution and
- an

at 100 MHz MPPD, SiH" and Si inte
in 13.56 MH
o 75% H;

In VHF discharg

diluted SiH; (see chapter - i11). Fig. 4.4 show ti
. 4. e

variation of (a) SiH’
(288 nm) intensifies at different H
2

then decrease, where
ase, whereas, s MPPD both the intensities increase upt
e the rate of decrease of SiH™ beyond 50% H
2

dilution and then decrease
for RF and VHF MPPD

Fig.4.4(b) shows the variation of H' intensity

dilution 1s very fast.
[, dilution but thereafier 1t increases

y increase slowly uplo 50%

[n RF discharge H intensit
riatton n H intensity is smal

very fast In VHEF MPPD the va

| and shows a broad maxima

around 50% H, dilution.
ous VHF discharge

s the variation of the above three intensities at Vari

Fig. 4.5 show
H films, in terms of a bar graph  An arbitrary

d for depositing a-SL
e intensities. If VHF

s of all the excited sp

orr and 0.1

conditions which were use
MPPDs are compared at 0.3 T

scale is used for representing th
are higher at 0.3 Torr compared

Torr then it is found that intensitie

ecles

displayed n Fig. 4.5, T was 25

to 0.1 Torr.
harge conditions
25%

ted that for all the diso

g 5%, The main featu
25% H

t H intensity is higher in

Two other important

It 1s to be no
re of Fig. 4.5 is tha

msec and duty cycie wWa
e diluted discharge.

H, diluted discharge compared 10

s are lower T4 and hi

ed discharges.

gher Ogh in H» dilut
Si’ intensiiies with

4 of SiH; H' and
the figure that the

observation
dwell time for 25%

Fig. 4.6
H, diluted VHF MPP

feature is in quiet contr
endent of

1 hinearly. This

shows the variatio
y all increase with

D. Itis clear from
d species were

ast to RF MPPD where intensities of different excite

Although arbitrary scal

ed species are quie

wn in Fig. 4.6 ¢ is used
of different excit

found to be indep qwell time as shO
nting the intensitics, t high In

pared t0 REF MPPD

for represe all the intensities

VHF MPPD com
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4.3.3  Optical band gap

Fig. »f.'/ represents the optical band gap, E, of films grown at different deposition rates. The
most interesting feature in this figure is that the optical band gapdoes not change (1.75 eV) for
the deposition conditions shown in figure. The variation in Eg values lie within a very narrow
tnergy range (£0.03 eV). The main idea of piotting E, versus ry; was to show that E; is
Insensitive to variations in deposition conditions and more significantly deposition rate
Further E, hardly changes even if the composition of the diluent gases used is changed over a
wide range. Such high degree of insensitivity of E, on variations in deposition conditions seen
in VHF MPPD suggests that short time fluctuations in discharge conditions during long hours

of deposition to grow thicker films will have negligible effect on device performance. This js

particularly useful for devices such as radiation detectors, position sensors and so on.

4.3.4 Dark conductivity and photoconductivity measurements

Variation of dark conductivity, op with dwell time is shown in Fig.4.8. For CW discharges op
values are shown as horizontal lines. Same symbols are used for both o, and op. For H; and
He diluted films op values are higher than CW values by at least one order of magnitude. For
60W HPL discharge in 100% silane op is almost independent of dwell time, but for 75W HPL

op values are quiet low beyond T = 25 msec.
Variation of o, with 1 is plotted in Fig. 4.9 for different deposition conditions. Again

for CW discharges G, values are shown by horizontal lines. oy has been measured in a

coplanar geometry at 100 mWem™ intensity having AM 1.5 spectrum. The main observation

from Fig.4.9 are the following:
i) For CW discharge at 100 MHz, o, for films grown at 0.3 Torr is lower than 0.1

Torr discharge grown film by almost an order of magnitude.
ii) Pulsing the VHEF discharge at 0.3 Torr pressure improves o, over the CW VHF
discharge This happens when 60W HPL is used. For 75W HPL and for 0.1 Torr discharge

this improvement in Ty i observed only in
parameters studied (VHF MPPD) oy decreases with increasing T
ure (for deposttion rate

the lowest 1 value used.

iif) For all the
iv) It was found during st

tion) that as pressuré decrease Oph

udies relating to the variation of press
improves steadily from 0.7 Torr to 0.07 Torr.

maximisa
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v) Comparing the o, values as shown in Fig. 4.9 with the o, values for 13 56 MH
nh , 1z

MPPD grown films as described in chapter-III it is found that o value (7x10°Q cm™) for

films grown by RF CW discharge at 0.5 Torr is much higher than VHF CW discharge grown

fiims at 03 Torr (10°Q"em™) and o for VHF discharge produced films only becomes
comparable to RF discharge grown films (0.5 Torr) if it is deposited at lower pressures (P <

01 Torr) or by moderate H, or He dilution (25%) at 0.3 Torr.

vi) Both H; and He dilution improves Gph Dy substantial amounts over undiluted VHF

S 1P . ) . o ' ' ' |
MPPD films.  The most encouraging feature is that this increase in o, is associated with a

substantial increase in ry over undiluted MPPD. This is quiet in contrast to the a-Si.H films

deposited at standard conditions.
Often in the literature the product nut is mentioned as a figure of merit for comparing

materials of different band gap. Here in VHF MPPD since optical band gapis almost constant

with respect to parametric varnations, therefore Opn can be used as a measure of quality of

Mmaterials being grown without any difficuity.

4.3.5 Hydrogen content and microstructure factor

Hydrogen content, Cy and microstructure factor R estimated as discussed in chapter - II are
shown in Fig. 4.10 (a) & (b) respectively for different discharge conditions. FTIR traces in
the energy range 2300 to 500 cm”! for H; and He diluted discharge grown films are shown in

Fig. 4.11 (a) & (b) respectively. From the analysis of all these following observations are

made.
i) For CW discharges R factor is 0.4 for 0.3 Torr discharge grown films, which is

higher as compared to 0.1 Torr grown film where R is 0.17 only. Hydrogen content in these

two films are close to 9 at%.
iiy As 0 3 Torr VHF discharge is either modulated using 60W or 7SW HPL, R factor

sharply increases and it is found to be 0.7 for 75W HPL grown film. C; for 60W HPL varies

with t between 7 to 10 at% whereas for 75W HPL hydrogen conteats are quiet high and lie
ith t 2 '

R factors and hydrogen contents both

% H, diluted case R factor mereases
For

within 13 to 16 at%. |
added 1o SiHs,

iii) Once either Hz or He 15
. . ag
nd even go below the CW discharge tor 22
_ = a2
a ¢ but Cy remans within 6 to 7 at%

decrease
nereases from LU 10 50 mse

from 0.25 to 0.45 as T 1
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23% He diluted VHIE MPPD R factor and Cj; both decrease with increase of t R factor

remain within 0 37 to 0 27 and Cy; varies from 9 at% to 3 at%.
W) At O I Torr, CW and MPPD R factors are low (0 17) and independent of t but Cy

lies within 0 to |11 at%
V) FTIR traces in Fig.4.11(a) & (b) all show predominant SiH bonding in these films,

In H, diluted tilms, as © increases, Sill, stretching mode becomes more and more prominent.

Fig. 4.11(c) shows the same behaviour for CW discharge grown films, at two different

deposition pressures

4.3.6  Defect density studies
Fig, 4.12 shows PDS spectra in the encrgy range 0.9 to 2.1 ¢V of some selected films.

Deposition conditions for these films are also mentioned in the figure. PDS spectra of CW

VHF films are shown in Fig.4.13 E, and Np values of the films are shown in Table 4.1. For
all the MPPD grown films, as given in table 4.1, 1=25 msec and duty cycle = 5% were used.

Fig.4.13 shows PDS spectra of CW films grown at different pressures and it appears that at
lower pressure better quality films are produged. It was found. that B, and. N values are

almost same for undiluted CW and undiluted MPPD films. However, both H, and He dilution

have some beneficial influence on the photoconductivity of the films.  The best defect

=50 meV and Njy = 1.5 X 10" em?®, This particular film has a

parameters obtained were E,
It is important to mention at this point

5 - s
growth rate of 11.1 A% and o, = 2.3 x 10 Q'cm !
g 13.56 MHz MPPD has E, = 48.6 meV, Np = 9.5 x 10" cm

that the best film grown usin
nding deposition rate was only 1.35 A%

and o, = 5 x 10° Q'cm™ however the correspo

Thus it is quiet clear that VHF discharge can produce films having o
discharge grown films with much higher (almost an order of

ptoelectronic properties

comparable to 13.56 MHz

magnitude) deposition rate.
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Table 4.1 Defect parameters (PDS) of some selected tilms

| Film description E.(meV) Np (em™)
CW. 03 Torr 546 27x 10"
CW, 01 Torr 511 | P g™
60W HPL, 0% Dilution 547 2.4 5 10"
60W HPL, 25% H, Dilution  51.3 & w 1o7
60W HPL, 25% He Dilution  50.0 1.4x 10"

It is to be noted that Ny, values as shown in the above table are higher compared to the
values reported for device guality material, It is well known that defect density as obtained by
PDS technique is highly dependent on the thickness of the film. For thin films, contribution to
the total defect density by the surface states may become comparable or even more than the
bulk defect density (Np = Nu + Ny/t). The thicknesses of all the films grown for this study
were around 1pum and it appears that surface state density as low as Ny, = 10" cm™ would be
enough to push Np values in 10" range. However, on, and ow/op values indicate that bulk

defect density (Ny) should be comparable to those obtained for device quality material,

4.4 Interpretation of results

The most important features of RF and VHF MPPD as observed during the present
investigation are found to be the following:

i) Growth rates are found to increase with dwell time, however, it remains lower than
their respective CW values below certain dwell time (dependent on high power levels).

ii) H, and He dilution have been found to be beneficial in both RF and VHF MPpPD
(enhancement of growth rate and optoelectronic properties).

iii) Photoconductivity values remain lower than the corresponding CW values for RF
MPPD whereas in case of VHF MPPD it is found to improve over CW VHF value,

iv) close correlation between ion bombardment on the growing surface and film

microstructure has been found for VHF MPPD produced a-Si:H films,
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[n the following an effort has been made to understand the effects of VHF discharges,
VHI- power modulation and dilution of feed stock by correlating various observations
described in the previous section.

I-nhancement of growth rate

farst, the increase of growth rate while changing the deposition pressure from 0.7 to 0.3 Torr
1s discussed It can be qualitatively correlated to the expansion of the discharge glow zone
with the decrease of pressure as observed visually. At 0.7 Torr, discharge was very much
contined over the powered electrode. As the pressure was reduced glow region expanded and
at around 03 Torr it occupied the whole inter-electrode space. Similar expansion of glow
zone from 1 0 Torr to 0.1 Torr was earlier reported by Oda et al.”. In glow-discharges as
pressure is reduced glow regions expand. This phenomenon becomes readily observable in a
100 MHz SiHy discharge and in general not discernable in a 13.56 MHz discharge.

Present results for VHF CW discharges reveal that for a particular reactor geometry,
i.e for a constant inter-electrode separation and gas flow dynamics if the discharge frequency
is increased from 13.56 MHz to 100 MHz then accordingly the chamber pressure should be
reduced in order to maintain the device quality optoelectronic properties of a-Si.H films. In
fact, Chatham et al.® have also found that higher frequency operation reduces the operating
pressure. They have reported device quality films grown at 100 MHz and 0.08 Torr pressure
in a deposition system similar to the one used in the present experiment. In view of the above
result it appears that for similar reactor geometry, pressures, RF power etc. the onset of
reactions which lead to the insertion of higher hydrides in a growing a-Si:H film appears to
happen at a lower pressure in a VHF discharge compared to a RF discharge. This increase in
gas phase reactions could be due to high concentration of reactive species such as neutrals,
radicals, ions etc. available at VHF frequencies due essentially to thinner sheaths and increased
power factor of a VHF discharge. In a related study Finger et al.*' have shown how the
frequency at which the maximum ry is achieved for device quality films depends on the reactor

geometry,

It will be contextual to refer to some simulation studies at this point. Numerical

simulations by Surendra et al."> show that as the pressure is lowered at constant electrode gap

and constant excitation frequency, the sheath becomes less collisional and the plasma potential

Thus. the charge exchange collisions between ions and neutrals in the sheath

increases . .
erefore, sheath collisionality decreases since it

becomes less pronounced at lower pressure. Th
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IS Proportion: I .

! : .élf)nlo']d] top | © Average ion energy at the electrode, average electron energy in tl
; ulk ot the glow region, sheath thickness and plasma potential all increase as clnmhcrb} .
is lowered  Thus, an additional advantage of VHF operation is that working pres S
lowered (maintaining a relatively high current), while increasing ion dircclion;Iilt e

Thie " ality

» Thus the basTc aim of opting for VHF discharges for material proccssing)in the prese
- \ has been to increase the radical generation by essentially producing highe | ! .
dcns?ty [n addition to this, the effect of modulating the VHF discharge needj alr o
considered. The idea behind modulating the VHF discharge was to further increase d:O tf). .
rate by applying additional power and also to improve the optoelectronic pr p(.)SIUOn
controlling the right degree of 1on bombardment on the growth surf: . properties by
discussed later). urface (this aspect will be
- M.PI:D (;an be thought of as a discharge where sheath electric field never vanishes
ather switches between a high and low value almost in a similar fashion ' .

- as ti

It 15 to be remembered that sheath field and thicknesses are low in 100 I\:I:Iipz%le(: o

: 1z discharge as
;orI:Pzrt?d t: a. 13.56 MHz discharge. Now the negatively charged ions or particles lt{::;e )
ormed in the inter-electrode space have a low probability to reach the gr .
the substrate surface, in MPPD. These large number of negati .Cg'owth zone i.e near
discharge and/growth kinetics so that the ultimate result is a re:t)ri::d 101"5 Cﬂln influence the
it is assumed that the generation of negative ions attain saturation at 1Ojr0:t 1rate. Again if
msec) then the above negative influence on growth rate decreases witl t TSCharges (t=10
) 1 the increase of dwell

yime. As a result, rg can be expected to increase with T and ultimately mey: eoss-ilie 0

16 CW

value. Obviously, at higher power the formation of ive i
> ’ negative ions will be hi
ugher and hence

crossover will take place at proportionately lower T.

Efects of dilution in VHE MPPD environment
g a plausible explanations of different observations variation of
no

In the present study while findin
plasma parameters namely n. and T. are utilised and referred at many places. In the present
study OES has been extensively utilised for understanding the growth process. It is to be
ers are indirectly related to OES intensities and this fact has

noted that above plasma paramet

ented in existing literature. Therefore no additional attempt has been

very well been docum

made to measure these parameters separately.
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The use of H; or He dilution to enhance optoelectronic properties of a-Si'H films is a
well known technique at 13.56 MHz" Reports of increase of growth rate by H, dilution are
also available It is expected that this trend may continue at VHF frequencies as well  The
magnitude of change may be difterent as the discharge kinetics is obviously different in this
case  Again, the increase of ry on dilution could be due to either enhancement of electron

density (n.) or electron decay time constant (t.) or both as discussed in Chapter-iII and in

reference no. 33.

Cabarrocas et al.*' have demonstrated that electrode geometry, gas flow condition,
residence time of the growth precursors, pressure, dilution, etc. need to be optimised carefully
so that primary dissociation process is predominant as any deviation from this leads to
secondary plasma reactions leading to the formation of clusters, polymers and powders.
Since polyhydride formation is inhibited after dilution in the gas phase, more number of film
forming precursors become available and can reach the growth surface. That gas phase
reactions do not contribute to film growth has been shown by Schmitt et al. ™. They have also
found that films grown under secondary plasma reaction conditions possess inferior
optoelectronic properties. Also the suppression of gas phase secondary plasma reaction™
due to dilution of the feed stock is expected to decrease incorporation of polyhydrides in the

growth surface. Therefore, the mechanism namely the suppression of polyhydride
incorporation may contribute to the enhancement of o, by substantial amount after dilution.
Photoconductivity in a-SitH, as in any semiconductor, depends on absorption of light,

generation of electron - hole pair and finally coliection of carriers which can escape

recombination before reaching the electrodes. As defect density increases light absorption

increases however at the same time carriers get lost in the defect states leading to the loss of

photoconductivity. For material of comparable band gapand defect density if the energy gap

(AEp) between Fermi level and conduction band edge decreases then o, increases. In the
D

{ investigation it has been found that AEp decreases on Hy/He dilution by almost 0.2 ev
presen

substantially. As supporting evidences improvements in koth E, and
ph

and thereby increases O
an be mentioned (Table 4.1).
/s not entirely controlled by midgap defects

It may however be noted that under certain
N,, values €
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:nlus:n the growth surface. Higher ry in He dilution compared to H. dilution at t=10
d]d) L dUL to the higher n. and 1. in He diluted SiH,; discharge compared to H, dil ”“:“cc
‘bthd.fgt" [herefore, it appears that the different rates of increase of 1 ! e
that discharge kinetics are quiet different in H; and He diluted MPPDs Tid e
using He dilution (higher rate) vanishes at  high 1 values since the 51-1111'1:(; ad\:mage )
y : aturation e '
coup?ed \?nh the decreasing trend in o, values suggest that for higher t values. di o .rd
entering into secondary plasma reaction regime.  This is also Hsum)ortcd b‘ e
(increasing R factor, Fig.4.10(b)). In case of He diluted discharges the lower co:c ) S'[Ud[es
hvdrogen atoms does not affect the film properties as in the case of H- dilution e}n'tranon "
At this point if one looks into the variation of o, with T (Fig.4.9) in H:g diluted ;.t ;l_i_lher !
can be inferred that higher n. and 1., available at 1=50 msec and He dilution iJSC ]ar:eS! '
: . " , 18 an a
advantage (.d.eler:oratlon in gy from =25 msec to =50 msec in He diluted case is negli :ibcld
0vler the ability to suppress gas phase secondary plasma reactions by H, diluti : l%l .e)
evident from the comparison of R factors (Fig. 4.10(b)) , dilution.  This is
Further support for the above mechanisms comes from the study of TRO
presented in section 4.3.2. Higher intensity of SiH in 0.3 Torr as coilpared toE(S) lre“sl‘u“S
ischarg 1 ' A Torr
dlsd?ar%e correlates well w1t.h the higher ry at 0.3 Torr since SiH' is considered as a growth
rate indicator. In 25% H diluted and 25% He diluted silane discharges, SiH™ intensitie
higher than undiluted 0.3 Torr MPPD and so explains higher ry in the former C:S:re

Comparable deposition rates obtained in H, and He diluted discharges can be correlated to th
€d to the

SiH intensities in these two cases. Also, these intensities are much higher compared
area to

undiluted discharges. Lower rq and higher oy in Hy diluted SiHa discharge as compared to
He diluted discharge can be attri
g by energetic hydrogen atoms as discussed in
ssion intensities at VHF offers a plausible explanation

xact functional dependence of r; an

buted to the higher H™ intensity in H diluted SiH, which can
lead to etchin Chapter-IT1
Even though the increased emy

for the enhanced growth rates, this do not give an €
emission intensities The increase of emission intensities of different species with the increase
ncy was earlier reported by Oda e

y with increasing © is not at par with the increase in ry

t al. 7 and Hentz et al"". Heintz et al."”

of discharge freque
that increase in GiH intensit

case fq increase by 5 . 6 times as compared to RF discharge

have found

In the present investigation

sity increase only by nearly Therefore, the increase in emission

whereas SiH inten 1 5 umes
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ntensities in 100 MHz discharge gives an indication of an increase in electron density above
the emission thresholds 1.¢. an increase in higher energy tail of EEDF. This manifold increase
in ry shows that the overall growth rate is influenced by other film forming reactions as well
which may, perhaps, involve ion-neutral reactions. In fact, electron temperature (t.)
calculations at different excitation frequencies by Heintz et al.' from the intensity ratio of
Ho/Hogicheny in @ Hz plasma and He 1 (667 8 nm)/Ar [ (667.7 nm) in a-Si:H deposition plasma
also show no significant increase in high energy electron population.  Further HL/Ha guanen
ratio in a-Si:H deposition plasma in their study show a decreasing trend with o, indicating a
lower degree of dissociation at higher @. Also their mass spectroscopic results show low Sitl,
depletion (30-40%) and only marginal increase in the dissociation rate.  Therefore, all the
above studies indicate inadequacy of explaining the high ry in VHF discharge based on higher

n. alone.

lon bombardment in VHE MPPD
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properties  This may be, perhaps, due to the following. In 0.1 Torr CW VHF discharge ion
flux and average on energy both are higher compared to 0.3 Torr VHF discharge and these
ion parameters may be suflicient for providing adequate surface diftusion (as per surface
diffusion model by Matsuda & Tanaka''). Additional ion flux of higher encrgy even lor very
small duration (25 msec) may cause damage on the growth surface resulting in a drop in
optoelectronic quality. Therefore, it seems that it is very important to optimise the discharge
for proper ion energy and duration of 1on bombardment on the growing surflace otherwise, film
properties will reflect the resulting surface damage due to improper selection of pulse
parameters.  The best compromise is therefore to combine large ton flux and moderate ion
energy (20 - 50 eV)" for maintaining a-Si:H film quality while increasing the deposition rate.
Either Hy or He dilution of 0.3 Torr VHF MPPD improves both oy, and 6u/01, by substantial
amounts. For Hj dilution a typical result of VHF MPPD is r;=12 5 A’s ' om=1.2x10"Q" em”!

Cph/OD = 4x10°, and for He dilution it is ra=12.6 A%, o = 1.2x10°Q " em™ op/on = 66 x

10*  This improvement in film properties has earlier been discussed in section 3B.4 (etching

by H atoms).
- = a C-H orawn bhv VIHF MPPD
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also show no significant increase in high energy electron population  Further ./}
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ratio 1n a-Si.H deposition plasma in their study show a decreasing trend with o —
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lower degree of dissociation at higher 0. Also their Mass spectroscopic results show low SiH
1

depletion  (30-40%) and only marginal increase in the dissociation rate. Therefore alk e

above studies mdicate adequacy of explaining the high ry in VHF discharge based on il

n. alone
fon bombardment in VHF MPPD
Regarding the role of ion bombardment on the growing surface in influencing the growth rate

and optoelectronic properties of VHF CW and MPPD grown films correlations are given

below
Numerical simulations of VHF discharges show higher ry and improved uniformity*’

Q 3 39 . 5 _
reduced stress of the deposited films™, thinner sheaths™ with low energy”’ and high flux® ion

: 4 .
bombardment at the substrate. Perrin et al.”” have demonstrated that certain degree of jon

bombardment is necessary for enhanced reactivity of the film forming species at the growing

surface but this can also damage the film during deposition. In view of all the above

simulation studies, discussed in detail in section 4.1 and also in view of the available results of
different measurements, one can say that reactivity at the growth surface is enhanced a great

deal due to the presence of high ion flux in VHF discharge, which in turn enhances surface

dehydrogenation and, thus, a high growth rate is achieved. This enhanced surface rcactivity ar

VHF has recently been stressed by Keppner'lo and perhaps can be explained by the a-Sj H
mechanism) proposed by Bruno et al. ™ Al tpe

growth model (chemisorption based growth
same a quantitative correlation of the enhancement of surface reactivity and achievement of

high ry is still lacking.
In the present study, when pressure is dropped from 0.3 Torr to 0.1 Torr sheath

collisionality should have decreased. As a result ion flux towards the grounded electrode
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would mcrease and this would cause higher diffusion of the precursors on the growth surface
(as per Surface diftusion model by Matsuda & Tanaka®). This in turn allows the growth
precursors to find the lowest energy (minimum defect) position and accordingly o, and
op/Gp both increase by an order of magnitude. At this point if it is considered that increase in
the 1on flux causes more surface dehydrogenation, as suggested by Perrin ¢t al ' then ry
should also increase but in the present study 1y is found to decrease as the pressure is changed
from 03 to 0! Torr. This may, perhaps, be due to less overall dissociation of the gas
molecules available at the reduced pressure, as evidenced from lower TROES intensities.

Also films grown at 0.3 Torr CW VHF discharge show lower o, values as compared to 0.5
Torr grown RF films (op = 3 x 10°Q " em™ "), Therefore, a straight forward comparison of
RF and VHF grown films may be misleading.  This is because at VHF frequencies a number of
changes take place like ionisation process shifts towards the bulk plasma, the breeding eftect
becomes more prominent, the ion induced preparation of the growing surface and overall
power factor increases. Further, detailed pressure optimisation study in CW VHF discharges
yiclded Gy ~ 5 x 1072 'em” at 0.08 Torr which is comparable to RF films grown at 0.5 Tore
and 25 sccm SiHy flow.

Now the interesting point is that as the CW VHF discharge is modulated in the
modified way then significant improvement in o, is observed. In MPPD, in addition to the
ions produced during LPL, ions are also produced during HPL and reach the substrate with
much higher energy which may help obtaining a better network along with an increase in Gp
as observed in low T discharges'. Again if HPL is increased further, then beyond a critical
energy, these higher energy ion along with providing higher surface diffusion, can cause
damage to the growth surface as well, as seen in 75W HPL discharge. Regarding this critical
energy Cabarrocas ¢t al® have showed that microstructural modifications in film arc

accompanied by an improvement of opn and a reduction of Ny as long as the ion energy does

not exceed 75 eV. This puts an upper energy limit to the beneficial effect of ion

bombardment. Similarly, it is quiet plausible that if the duration of HPL (dwell time) is
ed. longer periods of ion bombardment may also increase surface daimage. Thus either

increas

increase of 1on energy by increas
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propertics  This may be, perhaps, due to the tollowing. In 0 I Torr CW VHFE discharge ion
flux and average ion energy both are higher compared to 03 Torr VHFE discharge and these
jon parameters may be sufficient for providing adequate surface diffusion (as per surface
diffusion model by Matsuda & Tanaka''). Additional ion flux of higher energy even for very
small duration (25 msec) may cause damage on the growth surface resulting in a drop in
optoclectronic quahty. Therefore, it secems that it is very important to optimise the discharge
for proper 1on energy and duration of ion bombardment on the growing surface othenwise, film
properties will reflect the resulting surface damage due to improper selection of pulse
parameters.  The best compromise is therefore to combine large ion flux and moderate ion
energy (20 - 50 eV)" for maintaining a-Si:H film quality while increasing the deposition rate
Either H; or He dilution of 0 3 Torr VHF MPPD improves both o, and Op/C1y by substantial
amounts. For H, dilution a typical result of VHF MPPD is r=12.5 A’ 5,,=1.2x10°Q " cm”?
om/op = 4x10°, and for He dilution it is =12.6 A’ o, = 1.2x107°Q " em™! Op/Op = 6.6 x
10" This improvement in film properties has earlier been discussed in section 3B 4 (etching

by H atoms).
Microstructure of a-Si:H grown by VHE MPPD

[t can be visualised that higher ion bombardment by ions of higher average energy reduces

dihydride bonding in the film. But similar Cy; values (Fig.4.10(a)) indicate that this increase of
ion bombardment is not sufficient for enhancing surface dehydrogenation and as a result ra
does not change. As VHF discharge is modulated in the modified way then C); and R factor
increase with higher and higher HPL i.e. higher HPL causes more polyhydride formation. But
at the same time it is to be noted that the band gap does not open up further rather it remains
at 1.75 eV as shown in Fig.4.7. Thus at 75W HPL the positive role of ion bombardment that
was seen in 60W HPL vanishes because of higher polyhydride incorporation in the film as can
be seen in Fig. 4.10(b). In line with this it is very easy to understand the reduction of R and
Cy; after Hy or He dilution. Infact some amount of etching by hydrogen ( as discussed in
section 3B.4) atom may also be responsible for improvements in oy, values. The increase of R
factor with T in Hy dilution is quiet expected. Again, For He dilution the decrease of R & C;
 interesting. Taking a clue from Mashima et al's.™ observation it seems that this

with T is quie ' | ALt
- o trend in Cy is plausible. This is because excited He atoms, during the deexcitation
asing tr

decre

i t help the relaxation of a-Si‘H
wing film surface which can
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2 dilution. In VHF MPPD altl iluti
ough dilution is advanta
¢ 2eous but
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4.5 Conclusions

[n the present investigation a novel pulsed plasma growth of a-Si:H was carried ' 3
VHF (100 MHz) power was modulated between high and low power linm;le D(:Ut[m WhK.:h
100% SiHs, Hy and He diluted silane were studied. It has been found that ﬁlrn% e
w130 A%’ to be of sufficiently good quality (for some device applications) e
Pressure variation studies for rate maximisation reveal that for a fixed
geometry and gas flow dynamics use of higher frequency discharge requires lower o
get device quality films. In the present case pressure was reduced to 0.3 Tor Pressure )
compared to that of 0.5 Torr at 13.56 MHz operated discharge. | in VHF as
Similar to RF MPPD deposition rate in VHF MPPD is lower than VHF CW di
upto a critical dwell time and its crossover to CW value occurs at high dwell timelsSCh:!ij

crossover point depends on the HPL and the operating pressure. Higher the HPL lo h
wer the

crossover point.
Optoelectronic properties seem to be very much sensitive to the high power level. Th
i €
on bombardment are only realised when it is optimised for right
energy

beneficial effects of i

(dependent on HPL), right durati
urther the 0ptoelectronic properti

on (dependent on dwell time) and nght flux (dependent
on

pressure) F es obtained under VHF MPPD are better than
This success was not obtained in case of RF

VHE CW films grown at similar conditions.

MPPD grown films.
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Thus. pulsing the VHF discharge provides some additional advantages over the CW

VHE discharge. [t provides much better control on ion flux, ion energy, duration of ion
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Thus, pulsing the VHFE discharge provides some additional advantages over the CW
VIHIE discharge. It provides much better control on 1on flux, ion energy, duration of ion
bombardment and powder suppression by suitably changing the pulse parameters  Although in
RF pulsed discharges these pulse paramcters were also found to play as independent
deposition parameters but the favourable sheath characteristics of VHF discharge provides an
edge to VHEF pulsing over RF pulsing.

Both H, and He dilution improves deposition rate and optoelectronic properties
substantially from CW VHF and undiluted VHF MPPD films.  Device quality films could be
grown at deposition rates above 12.0 A% using both He and H, dilutions. Specifically low
hvdrogen content (3 at%) films could be grown in He diluted VHF MPPD environment.
Attainment of low Cy; values would be interesting so far as light induced degradation is

concerned  In VHF MPPD choice of a particular diluent (H,/He) is not important whereas He

dilution has distinct advantage in RF MPPD.

Thus it has been very clearly shown that the beneficial effects of operating at VHF
frequencies i.e. attainment of high growth rate, can be combined with the additional advantage
produced by pulsing the discharge to improve optoelectronic quality of the material.  Again
the method suggested in the present study is readily applicable to all existing PECVD reactors

without requiring much change in hardware. Only the plasma excitation source need to be

changed.
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CHAPTER - V

Conclusions
5.1  Important conclusions of the present study

For the present study hydrogenated amorphous silicon films (undoped) were deposited away
from the so called standard deposition conditions. Films were deposited by a low {requency
amplitude modulation of 13.56 and 100 MHz silane discharges separately. The basic aim of
the study was to attain high deposition rates with acceptable optoelectronic properties of the

4-Si 11 films so produced.  The other reasons behind choosing pulsed plasma discharge

technique are that, it is believed, intermittent plasma produces higher thickness uniformity and

inhibits growth of powder in the plasma and also in the films. These considerations are

extremely important for successful fabrication of large area a-Si:H based devices. The main
disadvantage of intermittence, as highlighted by the Sanyo group (under reference 2.

Chapter-I111), was avoided by modifying the pulsing scheme with a novel approach in which

modulation depth was always kept below 100% and was varied between 85 to 90%, for both

13 56 and 100 MHz excitation frequencies. Thus, in this mode of discharge plasma power

was switched between a high and a low level. The important conclusions that were drawn

from a detailed parametric variation, of the process parameters are the following.

5.1.1 Maodified pulsed plasma discharge (MPPD) at 13.56 MHz with undiluted silane

and disilane
1) Growth rate, ry of a-Si:H is found to be lower in the MPPD as compared to CW

discharges upto certain dwell time, T. Higher 7 is required for lower HPL and vice versa to
cross the CW deposition rate. The lack of proper plasma diagnostics data does not allow a

m for this lower growth rate to emerge. However, the

proper picture regarding the mechanis
) measurement of Overzet et al.(under reference 6, Chapter-1II) and the

electron density (N
ane in a pulsed discharge by Fleddermann et al. (under

investigation of Helium dilution of sil



r 2 > e F) 1 5
reterence 21, Chapter-111) suggest that the difterent degree of electron attachment could be the

reason behind the lower ry in MPPD

2) It was tound that undiluted Si;Hg formed films grown at rates upto 9 A% 1o be of
sufficiently good quality.  Highest photoconductivity, oy, and band gap, E, values obtained
are 34 x 10" Q'cm™ and 2.07 eV respectively. The above values are comparable to those
reported for device quality a-Si.C:H. It also appears that for such type of pulsed plasma

growth, use of distlane has a distinct advantage.

3) Dwell time has been identified as an additional process parameter to tailor the
material properties.

1) It is also found that in all cases of pulsed discharge film uniformity is comparable to
that of CW deposited films, implying that fast switching of plasma between LPL and HPL

hardly has any effect on the film growth over a fairly large deposition area (100 cm?).

5) For a given 1, E, increases in all cases with an increase of HPL and E, can be

tailored over a fairly wide window from 1.75 to 2.1 eV by just varying t. Further detailed

optimisation of process parameters may prove this pulsed plasma discharge suitable for

fabricating Tandem Solar Cells and even multilayers by tailoring the band gap of the a-Si.H

material as found possible in our experiments.
6) Powder formation zone was identified. In undiluted MPPD as growth rate exceeds

the CW value, onset of powder formation takes place.

5.1.2 Ii; diluted MPPD
1) Growth rates increased above the undiluted MPPD values after H, dilution of the

feed gas. Similarly dwell time (1) dependence of ry could be increased by diluting silane.
TROES study of to SiH" emission supports such observation of higher ry i diluted silane,

increase of rg with T and also

2) For a given set of pulse parameters, rd attat
) which is significantly different from those reported by other

with H, dilution of the feed stock.
ns a maximum value (1.83 A%™) at a

particular H, dilution ( 25%
slowly decreases to reach a seemingly steady state

ers (for CW discharge). Thereafter, ry

work
By conducting experiments at two different flow

=

value ( ra= 1.35 A%") at higher dilutions.

t is shown that the steady staté T4 value is controlled by an atomic hydrogen

cess, irrespective of the number of silane molecules present in the

conditions !

assisted chemical etching pro
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discharge  TROES results supports this view  Further, the possibility of an etching reaction,
predominantly taking place under high hydrogen dilution conditions is further supported by the
observat.on of gradual improvement in oy, values between 25% and 75% H, dilution range.

3) It is known that the reaction e + SiHy = SiH' + H, + H + ¢ is responstble for the
increase of Sitl” emission intensity. Under hydrogen dilution this reaction increases H, and H
partial pressures and, thus, increases the reaction probability for ¢ + Fy = H + H + ¢ and
this is supported by the observation of an increased H™ emission intensity. Presumably this

high concentration of H atoms determines the film growth rate under high dilution.

4) Further, it is shown that ry can be increased by hydrogen dilution beyond the CW

value by wvarying t and HPL without onset of powder formation while maintaining

optoelectronic properties of the films as well.

5.1.3 He and He+H; diluted MPPD
Based on the observation made on He+H, dilution studies, the following conclusions can be

drawn
1) Deposition rate in an MPPD environment depends both on the partial pressures of

the constituent gases and on the parameters of the modulating pulse.

2} In an modified pulsed plasma discharge presumably the higher n in He diluted

plasma, as compared to that in Ha diluted one, leads to higher ry.

3) H, seems to play a dual role since its addition increases n. even in He diluted

plasma as also it is found to improve optoelectronic properties of the material so grown

presumably by suitably removing the weaker bonds.
4) Intuitively it appears that a surface coverage or shading of the freshly grown top

ce by He atoms may be the cause behind the lower etching rate by atomic hydrogen in He

surfa
However, He dilution provides a different mixture of SiH, ion and

diluted environment
SiH, discharge and this may as well explain this lower etching

radicals compared to [00%

rate

5) The resuits of He dilution studies seem to support the model proposed by Mashima
et al (under reference 43, Chapter-III) wherein they proposed that the excess energy released
atoms to the film growth surface and/or subsurface helgs the relaxation of

by the excited He
gen content, Cy value.

a-Si H network resulting in a decrease of hydro
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6) The lower Cy values in the MPPD films, grown using He diluted silane, ndicates
that the 1wdea of hydrogen accumulation in artificially generated interfaces in pulsed discharges,
as proposed by Cabarrocas et al (under reference 41, Chapter-I11) may be specific to their

growth environments  This means that in the present investigation films of better bulk

uniformity or less void density are grown.

7) It appears from the present investigations that in order to optimise both ry and

electronic quality of a-Si H films grown by MPPD one has 1o judiciously choose a mixture of

diluents rather than a single diluent

5.1.4  MPPD at 100 Mz
In the present investigations a novel pulsed plasma growth ot a-Si:H was carnied out in which
VHF power was modulated between high power and low power limits Specifically, 100%
SiH;. 25% H- and 25% He diluted silane discharges were studied. It has been found that films
grown at rates upto 13 A%’ to be of sufficiently good quality (o = 1.2 x 10° Q'em Hlor
device applications.

1) Gas pressure variation studies for the deposition rate maximisation reveals that, for
a fixed reactor geometry and gas flow dynamics, use of VIHF discharge necessitates a lower
operating pressure to deposit device quality films. It appears that the probability of secondary

plasma reaction increases with the excitation frequency, for a given pressure and feed gas

composition.

2) Similar to RF MPPD, deposition rate in VHF MPPD is found to be lower than
VHF CW discharge for low 1 discharges, and its cross over occurs only at high T values. The
crossover point depends on the HPL applied and the operating pressure. Higher the HPL

lower the crossover point.

3) The most interesting feature is that optical band gap is almost constant ( 1.75 + 0.03
eV) i e insensitive to the variation of deposition conditions and more significantly deposition
rate  Also it hardly changes with the nature and fraction of diluent gases at optimised

condition of growth.

4) Pulsing the VHF discharge at 0.3 Torr improves op (1.2 x 10° Q"cm'l) over CW
VHF discharge (o = 1.3 x 10° Q'em™). Both H; and He dilution improves deposition rate

and optoelectronic properties substantially as compared to those grown by CW VHF and
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undiluted VHF MPPD  This higher o, is achieved in films deposited at vy = (25 A% (o
26 x 107 Q'em™)  In contrast to RF MPPD, these benefits are independent of the diluent
used i VHE MPPD whereas, He dilution was found to be advantageous in RF MPPD

5) Optoelectronic properties of the a-Si H films seem to be very much sensitive to the
application of high power level That is to say that the beneficial eftects of ion bombardment
are realised only when it is optimised for right energy (dependent on HPL) and flux

(dependent on pressure) The optoelectronic properties thus obtained are even betier than

VHE CW films grown in similar conditions. This breakthrough was not achieved for RF
MPPD grown films

6) For VHF CW grown films Cy) was estimated to be approximately 9 at% and tor
undiluted VHEF MPPD ( 60W HPL) grown films Cy; values are = 15 at®s. Dilution by either
. or He reduces Cy value to around 5 at%. The lowest value of Cii (2.9 at%o) is obtained tor
259 He dilution. 60W HPL and t = 50 msec.  Attainment of low Cy values would be

interesting so far as counter of light induced degradation in these films and devices made

thereof are concerned.

7) Pulsing the VHF discharge provides additional advantages over the CW VHF
discharge It provides much better control of ion flux, ion energy and powder suppression by
suitably changing the pulse parameters. Although in RF pulsed discharges these pulse
parameters were also found to play a significant role but the favourable sheath characteristics
of VHF discharge provides an edge over RF pulsing.

8) It has also been very clearly shown that beneficial effects of operating at VHF
frequencies is the attainment of high growth rate and this can be combined with the additional
advantage produced by pulsing the discharge i.e. improvement of optoelectronic quality of the
material. Again the method suggested in the present study is readily applicable to all existing

PECVD reactors without requiring much change in hardware. Only the plasma excitation

source needs to be changed.
5.2 Final remarks

The present investigation was taken up at a point when Cabarrocas et al. in an important paper

(Reference no. 41, Chapter-IlI) have noted that pulsing did not provide any satisfactory
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5C w0 e problem of powder formation in a-Si.H reactors and, on the contrary, tilm

properties were jeopardised By changing the method of pulsing and usc st .uents it was
thought ot working at 13 36 Milz these short comings will somehow be cire e o
Results however, did not show much improvement but all the same these experimens proved
that 100% modulation depth, deemed so far an essential condition for the success of SQWAM,
may not atterall be necessary as MPPD experiment undertaken for the first time during this
rescarch proved otherwise A close study of the problem reveals the fellowing.  Any
successtul technique ot enhancing  ry, while preserving the excellent set of optoelectronic
properties which are otherwise obtained at so called standard condition of growth, should
have the following two features satistactorily taken care of.

1) Anincrease of the for/radical flux ratio at a low total applied power.

1) Only finite extent of fon bombardment of the growing surface (say no more than 75
eV)

Obviously, operating at 1356 MHz these two together can not be achieved
satistactorily The solution that appears possible is perhaps DC multipole or ECR discharges
However combining VIHIT excitation and the pulsing of the source, the desired two features as
stated above can casily be achieved, as has been shown in the present investigation.
Moreover, setting of DC multipole or ECR plasmas in existing systems require extensive
changes. Whereas, the present suggested technique can be readily implemented. Summaiy of
the present investigation is shown in Fig.5.1.

Thus the uscfulness of the present investigation can hardly be overemphasised and

looking into this aspect a patent application has been filed.

5.3 Scope of further work

The existing controversics in the wide spread application of VHF for material processing are

the following.

1) At this frequency there could be interference with the allowed radio broadcasting

channels
i) The persisting doubt that when operating at such high frequency, due to the
appearance of nodes i ¢ finite wavelength effects film uniformity may be adversely affected.
al g
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Whit - for . idezzread implementation of VIF material processing amendment of the existing
wws may be necessary, it appears pulsing of VHEF source may allow ane te grow mo -
uniform 2-3°H {ilm even at these fraquencies. Therefore, it is expected thi' /HE excitatig
and MPPI together on the whole should be capable of producing uniform coatinps . high vy,
this together with the use of proper diluents will allow one to produce these tims 'with
superior optoelectronic properties. Scope of further work, therefore, is to prove this in a large
arca reactor. Fortunately a verv large area multizone reactor with cassette 1o cassette transfer
of substrate has been created, at NPL with MNES, Govt. of India support. 1t will, thus, be
possible to prove the eflicacy of this idea in the conung years.
1) One should also look for the other subtle effects of VHF MPPD. for instance

higher doping efticiency as also case of inducing micro crystallisation.
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