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Abstract 

Although a growth mechanism for hydrogenated amorphous silicon (a-Si:H) films deposited 
using S~ plasmas has been proposed, in which SiH3 radicals are the main contributors to growth, 
the interaction of SiH3 radicals with the a-Si:H surface has not been resolved extensively under 
different surface conditions. The interaction of the SiH3 radicals with the surface can be described by 
the surface reaction probability fJsiH3, which consists of the probability that the radical sticks to the 
surface or recombines with a radical on the surface and is reflected back into the gas phase. Because 
substrate temperature has proven to be an important parameter in a-Si:H film growth this report 
focuses on measuring fJsiHJ as a function of the substrate temperature. 

Cavity ringdown spectroscopy (CRDS) is an absorption spectroscopy technique, which can be used 
to measure the steady state density of SiH3 radicals in the plasma. A new time resolved variant of 
this technique ( r-CRDS) is used to study the dynamica! behaviour of SiH3 radicals during film 
growth resulting in typicalloss rates r of SiH3 due to diffusion to and deposition at the wall. The loss 
rate r gives information on fJsiHJ· However, two important factors for ( r)-CRDS have to be addressed 
first; the kinetic gas temperature and optica! saturation. 

The kinetic gas temperature is a parameter that is needed to determine fJsiHJ from r-CRDS 
measurements but has not been investigated extensively yet. The kinetic gas temperature is 
measured indirectly by determining the temperature of Si radicals from the width of the absorption 
lines measured with CRDS. It is shown that the temperature of the Si radicals measured under t
CRDS conditions can be estimated by 1500K and no clear dependenee on conditions is seen. It 
is shown that the Si temperature equals the kinetic gas temperature because the Si radicals are in 
thermal equilibrium with the background gas. Optica! saturation is an effect that deforms the 
absorption profile measured by CRDS if the laser energy in the cavity is high enough. Because the 
Si temperature is determined from · the width of the absorption lines, optica! saturation can lead to 
overestimation of the temperature of the species. Therefore, saturation has been investigated for the 
Si radical by measuring one specific absorption line as a function of the laser input energy. It is 
shown that saturation occurs at a laser energy in the cavity of 5x10-4lm. It is ensured that the 
CRDS measurements presented in this report are performed under non-saturation conditions. 

The r-CRDS measurements have been performed for different pressures and substrate temperatures 
and show that fJsiH3 is independent of the substrate temperature in the range of 50°C to 450°C. The 
results yield fJsiH3=0.30±0.03. Further measurements ofthe growth flux ISi of Si atoms show that the 
sticking probability of the SiH3 radicals is also independent of the substrate temperature and as a 
consequence the recombination of SiH3 radicals at the surface is independent of the substrate 
temperature too. The processes at the surface that can support this result are presented and consist of 
the creation of a dangling bond, i.e. an unpaired electron on the surface and the sticking of a SiH3 
radical on a dangling bond. The striking part of this result is that the composition of the surface, 
which changes as a function of the substrate temperature, apparently does not influence the 
processes that take place. Although the result on fJsiHJ, ssiHJ and YsiHJ give important information on 
the growth mechanism of a-Si:H, several issues remain to be resolved. 
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Chapter 1 

General Introduetion 

1.1 Technology Assessment 

Hydrogenated amorphous silicon (a-Si:H) films have become an important candidate for a 
new generation of solar cells. At present crystalline silicon is used for this application and is 
made by a melting process at a very high temperature, hereby creating a crystalline structure. 
The resulting solar cell material is thick and therefore inflexible. On the other hand, the new a
Si:H films consist of a semiconducting alloy of silicon and hydragen within an amorphous 
matrix. These films have several advantages in comparison to the crystalline ones. A-Si:H films 
have a larger optical absorption coefficient in the visible range of the spectrum, meaning the 
thin films are capable of absorbing an equal amount of light as the thicker crystalline films. 
Furthermore, the thin films can he used on flexible substrates, increasing the applications for 
solar cells substantially. However, a disadvantage of the a-Si:H films is the larger amount of 
defects that the amorphous nature carries along. These defects decrease the effectivity of current 
collection in the thin films, which is very important for the efficiency of solar cells. This leaves 
a lot of research to he done on the production process óf this materiaL 

Plasma enhanced chemica! vapour deposition (PECVD) is a widely acknowledged deposition 
technique for the production of hydrogenated silicon films. lt involves the gas phase activa ti on 
of molecules into reactive species. Conventionally, the activation is induced by a 
radiofrequency (rf) driven parallel plate plasma. The deposition of hydrogenated silicon films 
requires a precursor gas, e.g. SiH4, which is aften diluted in gases such as Ar and Hz. In the 
plasma, the precursor gas is ionized and dissociated by electron impact and/or several chemica! 
reactions. The created radicals are deposited onto the surface by means of several possible 
physical or chemica! processes, which will he described in the next section. 

PECVD is being used at the Eindhoven University ofTechnology, Applied Physics Department, 
at the research group Equilibrium and Transport in Plasmas, to investigate the deposition 
process of hydrogenated silicon materials. Both a-Si:H films and microcrystalline silicon (~-tc
Si:H) films have been deposited in the research group using an expanding thermal plasma (ETP) 
as a plasma souree instead of a rf driven parallel plate plasma. The ETP souree consists of a 
cascaded are in which an Ar/Hz plasma is created upstream at very high pressure. The Ar/Hz 
plasma passes through a very small nozzle and expands supersonically into the vessel. After the 
supersonic expansion SiH4 is injected into the plasma. A few centimetres after entering the 
vessel, a stationary shock occurs and the plasma expands subsonically. The ETP setup differs 
from the rf driven parallel plate setup mainly in deposition rate as it is about ten to a hundred 
times faster. 



In recent years several studies have been done in the group on the densities of radicals in the gas 
phase to characterise the composition of the plasma. Furthermore, the material properties of 
silicon films during and after growth have been investigated. Finally, the deposition rate of the 
films for several conditions has been studied. In order to optimise the material properties for 
applications on the long term, there has also been a lot of interest for the exact growth 
mechanism of the films. 

By combining the three studies mentioned above, a growth mechanism has been proposed. The 
growth mechanism describes the chemical reactions that take place in the gas phase, before the 
radicals reach the deposition surface and the processes that are needed for the radicals to stick to 
the surface. However, to get more insight in the exact behaviour of radicals once the surface is 
reached, direct information on the dynamic behaviour of the individual radicals during 
deposition is needed. A new method has been developed to measure the dynamic behaviour of 
radicals at the deposition surface. The technique has succesfully been used to measure the 
probability that a radical is lost at the surface. 

1.2 The growth mechanism of silicon films 

Previous work1 has shown that mono silicon radicals such as SiH3, SiH2, SiH and Si play an 
important role in the growth of silicon films. The studies on radical densities, material 
properties and deposition rate have led to a proposed growth mechanism for these films. This 
growth mechanism introduces four parameters to characterise the processes that take place at a 
growth surface. These parameters are depicted in Fig.l.l. The parameter r represents the 
probability that a radical is reflected at the surface and f3 is the surface reaction probability that 
represents the total loss of a radical at the surface. In turn, f3 can be split into s and y which 
represent the probability that a partiele sticks to the surface or a partiele recombines with 
another radical at the surface and reflects back into the plasma. 

y 

s 

Figure 1.1: The parameters r.{J. s and y characterising the processes that radicals can undergo at a deposition surface. 

The SiH3 radical is believed to be the dominant radical in the growth of silicon films due to 
previous measurements on growth contribution. The contribution to growth is defined bl 

nv h s 1 
Contribution to growth = ___!__y_ (1) 

4 (l-f3/2)R Ps· g l 

in which n is the radical density, v1he the thermal velocity, Rg is the growth ra te, Ps; is the density 
of the film, s the (macroscopie) sticking probability and f3 (=y+s) the (macroscopie) surface 
reaction probability. As a first step towards directly understanding the a-Si:H growth process we 
need to obtain the surface reaction probability f3 of the various radicals and especially for the 
radical SiH3• 

The growth process is believed to consist of two stages. The first stage is the creation of a 
deposition site on the surface. An example of such a site is a dangling bond. Dangling bonds are 
unpaired electrons that are left behind on the surface because hydrogen atoms are stripped from 
surface by SiH3 radicals. The SiH3 and the H radical recombine to a SiH4 molecule and are 
reflected back into the plasma. This processis called Eley-Rideal type ofH abstraction. At the 
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surface, physical or chemica} processes can consume the dangling bonds again. Possible 
plasm. a enhanced radical w~ation .-.J -.l.. .. 
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Figure 1.2: A proposed radical-surface interaction during deposition of silicon films. The structure at the bottorn of 
the tigure depiets an a-Si:H film surface. The individual particles above the surface are reactive species impinging on 
the surface. In the tigure the radical-surface interactions that are proposed in Jiterature are shown for SiH3 • 

reactions for the SiH3 radical are shown in Figl.23
• The SiH3 radical can stick to a dangling 

bond on the surface. This process is called chemisorption. If chemisorption occurs, the chemica} 
structure of the radical is changed. The SiH3 can also be physisorbed on the surface, i.e. weakly 
absorbed at the surface and in this state the radical can diffuse across the surface. If the radical 
is not lost at the surface it can also be reflected back into the gas. 

1.3 Previous work: CRDS and t-CRDS 

As stated above, a lot of research has already been done on the growth of amorphous silicon 
films. These studies have led to a proposed growth mechanism, in which mono silicon radicals 
play an important role. This information has especially been derived from studies of the gas 
phase radical densities, the deposition rate of a-Si:H and material properties. The correlation 
between the plasma chemistry of the ETP setup and the deposited material is well known. 
However, in order to confirm and refine the proposed growth mechanism more directly, 
information is needed ( see e.g. Eq .1) on the reactivity and loss of the individual radicals at the 
surface. This information is enclosed in the surface reaction probability fJ. This parameter can 
be derived from the dynamic behaviour of the radicals. Recently, a new measurement technique 
called time resolved cavity ringdown spectroscopy ( 't-CRDS) has been developed to measure 
these parameters4

• 

't-CRDS is an extension of the cavity ringdown spectroscopy (CRDS) technique which is a 
highly sensitive optica! absorption technique used to detect the (low-density) radicals in the ETP 
reactor. By monitoring the absorption of laser light in a plasma, the density of a specific radical 
can be determined. In the new metbod a time-dependent additional amount of radicals is created 
just in front of the substrate by a pulsed rf plasma and the density of these extra radicals is 
monitored in time using CRDS. The exact experimental metbod will be described later on in 
this report. Ho wever, it has been shown that the new metbod allows determination of the surface 
reaction probability fJ and the results are consistent with other values reported in literature. The 
main difference between the new metbod and methods reported in literature21

'
22 is that the new 

metbod is the first technique that allows direct determination of the surface reaction probability 
p 
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1.4 Goals and outline of the report 

1-CRDS has been tested for the Si and SiH3 radicals for amorphous silicon conditions and has 
yielded a fJ of Si and SiH3 for a substrate temperature of 200 °C. The main opposing factor 
preventing a precise determination of the value of f3 from the data, has tumed out to be the 
kinetic gas temperature. The gas temperature in the vessel is not known exactly and has been 
assumed to be 1500 or 700K in the past. The first assumption is based on the rotational 
temperature of SiH, thus assuming that all particles in the plasma are in thermal equilibrium i.e. 
have the same temperature. However, this temperature has been measured further away from the 
substrate than 1-CRDS is done. The second assumption is only based on simulations, which 
have shown that there might be a gas temperature drop in front of the substrate. However, the 
assumption for the temperature affects the absolute value of fJ, meaning that more research on 
the gas temperature is needed. Therefore, an attempt is made to measure the temperature of Si 
radicals just in front of the substrate and is presented in this report. The temperature of the Si 
radicals is determined by scanning certain transitions between energy levels using conventional 
steady state CRDS. The Si temperature can be determined from the width of the absorption 
peak. The possibility of using the temperature of the Si radicals to determine the kinetic gas 
temperature is investigated. Both temperatures could be equivalent if the assumption can be 
made that the temperature of the Si radicals is equal to the kinetic gas temperature. 

An issue that is important for the temperature measurements but also for the determination of 
radical densities is the possible optical saturation of the cavity ringdown measurements. This 
effect results from an excessive laser energy that can deplete the probed state and can cause the 
absorption peaks to broaden. For Si, this will result in an overestimated Si temperature. 
Furthermore, saturation can cause the peak to collapse causing the absorptions and radical 
densities to be underestimated. As is explained in this report, this effect can become important 
during the time resolved cavity ringdown measurements. Therefore, several measurements have 
been performed to determine at which laser energies saturation occurs for the Si transitions. 

The report starts off with a brief description of steady state CRDS, as this is the basis for all 
measurements in this report (Chapter 2). In the same chapter the spectroscopy ofthe Si and SiH3 

radicals will be reviewed briefly. In the following chapters the two issues mentioned above are 
addressed. First, saturation and the related measurements are presented (Chapter 3). After the 
region has been determined, in which saturation does not occur, the temperature measurements 
can be performed and are discussed (Chapter 4). Once the kinetic gas temperature has been 
determined, the final and main goal of this report can be presented. 

The main goal of this report is the determination of the surface reaction probability f3 of SiH3 

Cf3s;HJ) as a function of the substrate temperature. As mentioned above, f3s;H3 has already been 
successfully determined for one substrate temperature using 1-CRDS. However, the substrate 
temperature is an important factor in the growth mechanism. During previous studies, several 
effects of the substrate temperature on film properties, surface composition and surface 
roughness have been seen19

• Therefore, in order to get more insight in the growth mechanism 
f3s;HJ of SiH3 relating the specific reactions of the dominant growth precursor at the growing 
surface is obtained as a function of the substrate temperature. Finally, the deposition ra te is also 
measured as a function of the substrate temperature for the same growth conditions using 
Fourier transform infrared spectroscopy (FTIR). Using the assumption that SiH3 is the only 
contributor to film growth, the combination of these measurements and the measurements of 
fJs;HJ give information on the actual amount of SiH3 that sticks to the surface (s) (see Eq.l). In 
other words, the ratio of sticking and recombination can be investigated. The time resolved 
measurements are presented in Chapter 5, along with the FTIR measurements. Finally, the 
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general conclusions ofthe report are presented in Chapter 6. 

For clarity, the outline of the report is also given in Fig 1.3. The report starts at the bottorn of this 
flowchart at the sub-problem of saturation and works it' s way to the top of the chart to the 
correlation between f3s;H3 versus substrate temperature and the deposition rate for a-Si:H films. 

Ch.4 
Figure 1.3: A schematic overview ofthe report. 
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Chapter 2 

Cavity Ringdown Spectroscopy 

2.1 Introduetion 

The first half of this chapter introduces the principle of the measurement technique Cavity 
Ringdown Spectroscopy and the setup needed to perform the technique. All measurements in 
this report are obtained using the CRDS technique, either in the conventional setup or in the 
time resolved setup. The time resolved version of the technique is described in Ch.5. in detail. 
In the second half of the chapter, a brief overview of the relevant spectroscopy of Si and SiH3 

radicals is presented. 

2.2 Principle of Cavity Ringdown Spectroscopy 

Cavity ringdown spectroscopy (CRDS) is an absorption spectroscopy method, which was 
developed by O'Keefe and Deacon5

. The goal is to measure partiele densities in a system and to 
be non-intrusive in the process. A monochromatic pulse is coupled into a cavity of length d, 
consisting of two highly reflecting mirrors ( see Fig.2.1 ). The light fills the cavity through 
multipassing. Because the reflectivity of the mirrors does not equal 100 % some of the light 
leaks out ofthe cavity and is detected behind the cavity. The detected signal decays in time due 
to further leakage of light during multipassing at the mirrors. The decay is exponential and can 
be expressed in a ringdown time r0, if there is no plasma in the cavity. The ringdown time r0 

can be calculated using the following equation 
d/c 

ro = lln( RJI' (2) 

in which cis the velocity of light and Ris the reflectivity ofthe mirrors. 

~ ~. ~R ~~~etector 
~ ~ ~:P!L:-.i'V :1Î---7 ·~ ~ ~ ~ 1/e 

light putse in Substrate holder 0 ' '• Time-+ 

Figure 2. I: The principle of cavity ringdown. 
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If absorption occurs in the cavity by certain species in a plasma over length l with density n and 
cross section e7, which are resonant at the wavelength of the incoming light, the signal decays 
faster (see Fig 2.1). In the case of absorption, the resulting exponential decay can also be 
expressed by means of a ringdown timet. The ringdown time becomes 

r- % 
-lln(R}j + CJnl · 

(3) 

in which cris the wavelength dependent cross section, n is the density of the radical and l is the 
effective pathlength. The effective pathlength has been estimated to be 0.3 m. Previous studies6 

have shown that for small ani values the absolute wavelength dependent absorption per pass A 
is usually estimated by the following equation 

A= CJnl (4) 
By measuring the ringdown time with and without absorbing plasma, the absolute wavelength 
dependent absorption per pass can be determined using 

CJnl = d (!_ -_!_J . 
c r ro 

(5) 

2.3 Cavity Ringdown Spectrocopy Setup 

The CRDS setup consists of three systems, a laser system, an optica! cavity and a detection 
system. The laser system generates the light pulses, which are coupled into the optica! cavity. 
The cavity is filled with light through multipassing and the light that leaves the optica! cavity on 
the other side is monitored by the detection system. The CRDS setup is shown in Fig.2.2. 

A Nd: Y AG laser (Spectra Physics/Quanta ray DCR 11) produces the light pulses (8-9ns) with a 
wavelength of 1064 nm at a ra te of 10 Hz. The light is doubled to a wavelength of 532 nm by a 
KDP (Potassium di-Hydrogen Phosphate) crystal. A successive KDP crystal mixes the 532 nm 
light with the original beam, which results in a wavlength of355 nm. The 355 nm light is 

Dye laser 

Figure 2.2: The cavity ringdown setup built into the ETP deposition setup. 
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separated from the 1064 and 532 nm light by two dichroic mirrors. The 1064 and 532 nm beams 
are led to a beam dump and the 355 nm light is coupled into a tunable dye laser (Spectra 
Physics/Sirah Precisionscan-D). The pulse energy is about 90 mJ per pulse. 

For the measurements in this report on Si and SiH3 radicals the dye laser is operated with a dye 
solution of Coumarin 500 in methanol (0.4 grams Coumarin 500 per liter of methanol in the 
oscillator and 0.133 gramsper liter in the amplifier cell). A BBO ([3-BaB202) crystal doubles the 
frequency of the light. A BBO crystal doubles the frequency for a whole range of wavelengtbs 
by scanning the grating of the dye laser, which is accomplished by simply changing the crystal 
orientation. Two Pellin-Broca prisms separate the two wavelengths. The doubled beam is 
coupled out of the dye laser system and the original beam is led to a beam dump. The resulting 
light for Coumarin 500 dye bas a wavelength in the region of 230 to 275 nm. The pulse has an 
energy of 500 to 700 ~ per pul se, depending on alignment and the a ge of the dye. 

The light from the dye laser is guided to the cavity by several prisms. If the measurement 
requires a low laser input energy (saturation measurements, Ch.3.), a filter is placed in the beam 
before it enters the cavity. The .laser beam enters the cavity through the first highly reflective 
mirror and after filling the cavity through multipassing part of the light leaves the cavity again 
through the second highly reflective mirror. The mirrors have a reflectivity of about 98%. The 
laser beam is aligned to pass the substrate at a distance of 0.5 cm and the mirrors are 1.082 m 
apart. After leaving the cavity, the exponentially decaying signal is detected by a 
photomultiplier tube (PMT) (Hamamatsu R928). Before entering this system the light is filtered 
to prevent background light from the plasma from being detected. A trans-impedance amplifier 
amplifies the PMT signa! to match the signal to the input of the TU/eDACS acquisition system. 
The TU/eDACS system consists of a 100MHz, 12 bit AD convertor and a digital processing 
unit, which acquires single cavity ringdown transients and sends these to a personal computer 
system. A Lab VIEW software code is used to position the dye laser at a certain wavelength on 
one hand and process the single transients on the other hand. The cavity ringdown time is 
determined from these transients and can be averaged to improve the accuracy of the 
measurement. 

2.4 The spectroscopy of Si and SiH3 radicals 

The spectroscopy of the Si and SiH3 is summarized briefly in this section. For further 
information on the spectrum of these two radicals, see Ref.6. 

SiH3 
The SiH3 electronic transition A 2 A' ~x 2 A from the ground state X to the first excited state A 

7 7 
has a braadband feature with a maximum at about 215 nm. The excited state A is a 
predissociative state because SiH3 is dissociated into SiH2 and H after reaching the excited state. 
The predissociative state has a short lifetime and therefore the speetral lines overlap because the 
lines are broadened due to the Heisenberg principle (LillL1t~h/2). This results in a braadband 
feature. This processis described in Ref.6. in more detail. 

Lightfoot et al. 7 measured this braadband feature for the first time. The result is shown in 
Fig.2.3. Lightfoot et al. also estimated the cross section O";t, yielding a..t=2.4x10-21 m2 at t-.=215 
nm, which is the maximum value in the figure. The cross section at other wavelengtbs can be 
calculated using the measurement of Lightfoot et al. For example, all measurements in this 
report have been done at a wavelength of a bout 250 nm. By calculating the relative height of the 
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Figure 2.3: The broadband absorption spectrum of the SiH3 radical measured by Lightfoot et aC and the 
measurements performed on the ETP setup with and without hydrogen. 

absorptions at 250 and 215 nm and multiplying by the crosssectionat 215 nm, the cross section 
at 250 nm yields o-..<=7.2x10-22m2

• 

Si 
The spectroscopy of Si described in the following is constrained to the important part for this 
report. The electronic excitation from the ground state of the Si radical to the first excited state 
(3p4s 3P2+-3p2 3P 1) is shown in the Fig.2.4. As can be seen, several transitions are possible 
between the ground state and the first excited state each at a different wavelength spread around 
250 nm. A representative absorption measurement of an Si radical transition at this wavelength 
is also shown in the figure. The measurement bas been done in the ETP deposition setup 
described before. Once the precursor gas Si~ is added to the plasma, the braadband absorption 
of SiH3 arises, which is also situated around 250nm. At the specific wavelength of a Si radical 
transition a peak arises on top of the SiH3 absorption because the CRDS technique measures the 
total absorption per pass at the laser wavelength. If the absorption of two radicals coincides, the 
measurement shows the total absorption per pass. In this case Si and SiH3 can be measured 
simultaneously. 
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Figure 2.4: a) The energy levels of the Si radical for a 3p4s 3 P2+-3p2 3 P 1 transition. b) An example of a wavelength 
scan ofthe absorption per pass by SiH3 and Si radicals measured using CRDS. The SiH3 broadband absorption arises 
as the precursor gas SiH4 is tumed on. At a specific transition energy, the Si peak appears. The SiH3 broadband 
absorption disappears again as the SiH4 is tumed offagain. 

The density of Si radicals in the plasma can be obtained from the area of the peak, or in other 
words from the integrated absorption A;,.1• In order to calculate the density, the integrated cross 
sec ti on Gtnt must also be used. The integrated cross section can be calculated using the following 
equation 
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(6) 

in which B;k is the Einstein absorption coefficient, h is Planck' s constant and A;k is the transition 
wavelength between level i and j. The resulting integrated cross section Oinr is 2.49x 1 o-zo m2

. 

Finally, the density ofthe probed state can be calculated using 

A~=a~~ Cn 
which is the equivalent of Eq.4 only for the integrated signa!. The total Si density can be 
calculated by assuming a Boltzman distribution of the Si radicals over the various energy levels 
in the transition band in Fig.2.4, leading to the equation 

n; g; exp( E; I ksTs;) 
=~~~~~~~~--

ntota/ Lgk exp( Ek I ksTs;)' (8) 
k 

in which g; is the statistica} weight, Ts; is the temperature of the Si radicals and E; is the energy 
in respect to the lowest energy level. By measuring the density of a specific state and calculating 
the relative population density ofthe specific state with respect to all ofthe other states, the total 
density of the ground state can be determined. 
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Chapter 3 

Saturation of CRDS measurements 

3.1 Introduetion 

Optica! saturation is an important issue for absorption spectroscopy including cavity 
ringdown spectroscopy. If the laser input energy is too high, the probed state can be depleted 
and the CRDS measurement influences the measured system. Due to the depletion of the probed 
state, absorption reduces significantly and transition peaks become distorted andlor the 
measured densities become underestimated. In this chapter the theoretica! background of 
saturation is presented based on Refs. 8 and 9. Both, measurements of the Si temperature (as 
presented in Ch.4) as the time resolved cavity ringdown spectroscopy measurements (as 
presented in Ch.S) can be influenced by optica! saturation. If the absorption peaks measured in 
Ch.4 are distorted, the Si temperature might be overestimated. The Si temperature is measured 
in order to determine the kinetic gas temperature. The kinetic gas temperature is needed to 
acquire a high accuracy for the surface reaction probabilities in Ch.5. Therefore, several 
measurements are performed in this chapter to mark the region of operation in which optica! 
saturation does not occur and ensure reliability of the data in the following chapters. 

3.2 Theoretical background 

As is explained in Ch.2. duringa CRDS experiment, incoming photons are absorbed by species 
in the cavity. Absorption can only occur ifthe energy ofthe laser light matches the difference of 
two energy levels of a species exactly. The partiele is excited to a higher energy level and the 
incoming photon is absorbed, as is depicted on the left-hand si de in Fig.3 .1. 

The rate R;~D ofinduced absorption from a lower level 1 toa higher level2 is defined by 

R:;D = B12 p(v), (9) 

in which B 12 is the Einstein coefficient for absorption and p( v) is the speetral energy density i.e., 
the number of photons times their energy per unit frequency and per unit volume. 

hv Ezj 
~B12 Azl~hv 

El ~------·~-- ~ 
Figure 3 .I: Induced absorption and spontaneous emission of a partic Ie, which is probed by light of frequency v. 
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To ensure the CRDS measurement is non-intrusive, the particles must relax1 back into their 
original state fast enough to ensure a negligible deviation in lower state density. In other words, 
the relaxation of particles from the upper level to the lower level must keep up with excitation 
from the lower to the upper level. Otherwise the lower level becomes depleted and thus the 
measured densities of the probed state are underestimated. There are several processes that 
counteract this depletion ofthe ground state and these processes are described below. At the end 
of this section, the processes that occur are combined to a condition at which saturation sets in. 

Spontaneons emission 
First, a simple two level system is assumed for simplicity and thus, the most probable second 
process is spontaneous emission. The partiele de-excites back to the lower energy level and a 
photon is emitted in random direction, also shown in Fig.3.1 on the right-hand side. The rate 
R ;;oN of spontaneous emission is 

RSPON =A (10) 
21 21 

in which A 21 is the Einstein coefficient for spontaneous emission. The radiation field does not 
influence this coefficient as can beseen by the absence of p(v). The emitted photon is scattered 
in a random direction causing a negligible amount of light to be trapped in the cavity. Therefore, 
the emitted light will not influence the CRDS measurement. 

In the simplified two-level system, in which absorption and spontaneous emission are the only 
processes that take place, all particles that are excited from the lower energy level also return 
back to the original state. As long as the density of the ground state does not change within the 
measurement of a CRDS transient (-l).ls) i.e., as long as spontaneous emission keeps up with 
induced absorption within a measurement, the measurement is not disturbed. This would be an 
ideal CRDS experiment. However, the systems measured in this report are not two level 
systems. De-excitation to other levels than the probed state is also possible. If the transition to a 
different level is more probable, then particles could be lost to that level. Especially if the other 
level is lower than the probed state or is a metastable state, the probed state will not be refilled 
and can be disturbed significantly. This implies that the Einstein coefficient for spontaneous 
emission A21 back to the probed state should be much larger than for other surrounding states, 
ensuring relaxation back to the probed state instead of depletion. If this is not the case another 
mechanism should counteract depletion of the ground state ensuring the ground state density is 
maintained constant during the measurement. 

Transport of particles ( diffusion or freedom of flight) 
A second relaxation process that can occur is transport of particles in and out of the laser beam. 
If particles move into the beam during a measurement, the measured ground level population 
density grows and vice versa. The transport can be split into two regions; a diffusion dominated 
region at high pressures and a freedom of flight dominated region at low pressures. The 
transition between bath regions occurs typically around lmbar. In the diffusion dominated 
region the relaxation rate ofthe ground level R~rFF is determined by the following equation9 

RnrFF = Do 
21 

- p( ~x 2.4 J (11) 

1 
It is noted that the term 'relaxation' is used for all processes that counteract depletion even though not all of these 

processes are radiation-related, in which context the term is normally used. 
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in which Do is the diffusion coefficient of a specific particle, p is the pressure and d is the 
diameter of the laser beam in the cavity. In the freedom of flight dominated region the 

relaxation rate R~L ofthis processis given in the following equation 

R~L = (v) I d (12) 

in which (v) is the mean thermal velocity of the absorbing species. 

Collisional transfer 
The third relaxation process that can occur is collisional transfer. Particles of the same energy 
level can have different veloeities and due to this difference in velocity not all particles are 
resonant with the incoming laser pulse. This is called the Doppier effect and will be explained in 
more detail further on in this chapter. In the case of a Maxwellian velocity distribution, the 
velocity distribution will be a Gaussian. If the laser pulse disterts this distri bution by depleting a 
certain velocity packet i.e., a subset of particles that all have the same velocity relative to the 
prohing light, the distribution can relax back to the original state by colliding with particles 
from other velocity packets. The relaxation rate R~ou is 

Rcou ==a n(v) (13) 
21 - m re 

in which CTm is the gas kinetics cross section, n is the concentratien of the partiele and (v),e 
=(v)--./2 is the mean relative velocity for identical collision particles9

. The gas kinetica! cross 
section CTm is about 10"19 m2

• 

Stimulated emission 
A fourth and final relaxation process that can take place is called stimulated em1sswn. 
Stimulated emission occurs if a passing photon has an energy that fits the transition energy 
exactly and can be seen as the opposite process of induced absorption. The passing photon 
stimulates a partiele intheupper level, which has e.g. been excited due to absorption, to relax 
back to the original state under emission of a photon. The difference between stimulated and 
spontaneous emission is that the emitted photon is now identical to the incoming photon that 
caused the relaxation, including the direction. This process is shown on the right-hand side of 
Fig.3.2. Because the direction of the emitted photon is the same as the incoming light, this 
process counteracts the absorption process exactly yielding an underestimation of the absorption 
and thus the ground state density. Therefore, even though stimulated emission is a relaxation 
mechanism it disturbs the CRDS measurement. This will be the case if the laser energy is too 
high. Stimulated emission can occur as soon as the higher level becomes populated and must be 
assured to be negligible in comparison to the amount of induced absorption that occurs in order 
to do a valid (CRDS) measurement. Moreover, stimulated emission should be negligible in 
comparison to other the relaxation mechanisms treated above. The rate Rff[1M of stimulated 
emission is 

RJ[1
M =B21 p(v) (14) 

in which B21 is the Einstein coefficient for stimulated emisswn. For clarity, all processes 
mentioned above are repeated in the Table3.1. 

Absorption of I photon 2 identical photons emitted 

~J~r~ 
E BJ2 B2Je 

1 
Photon stimulates emission 

Figure 3.2: Induced absorption (left-hand side) and stimulated ernission (right-hand side) of a photon, which is 
probed by light offrequencyv. 
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Table 3.1: A summary of the absorption and relaxation processes that take place during a cavity ringdown 
spectroscopy measurement. 

Induced absorption: R;~n = B 12 p(v) Spontaneous emission: RJ;oN = A21 

Transport, high pressure: R~IFF = Do 

p(~ x 2.4 y Transport, low pressure: R~L = (v) I d 

Collisional transfer: R~OLL = (J mn(v) re Stimulated emission: RJ{1
M = B 21 p(v) 

The two conditions for CRDS to be non-intrusive are that stimulated emission is much smaller 
than absorption and absorption is much smaller than the other relaxation mechanisms. In Eq.15 
these two conditions are shown in an inequality. The correlation between the rate of stimulated 
emission and the rate of absorption is also shown. 

À
3 A RI~D = B ,p(v)= g2 __ 2_1 p(v)<< R~IFF + Rr:;oLL + RsPoN + R;L 

I. I. 8 h .I .I 21 .I 

gl "' 

~ S = Bl2p(v) << 1 
R DJFF + RCOLL + RSPON + RFL 

21 21 21 21 

and n2 B 21 << n1B 12 

(15) 

in which g 1 and g2 are the statistica! weights of the upper and lower levels, h is Planck's 
constant, À is the wavelength of the transition and S is the saturation parameter, which is a 
measure for the amount of disturbance caused by the measurement. The parameters n1 and n2 

are the densities of the lower and upper level respectively. It can be noted, that if S<<1 and 
stimulated emission is negligible, the change in absorption due to change in the ground state 
density can be neglected and it is said that no saturation occurs. 

Example 
To get an impression of the magnitude of saturation expected for CRDS measurements of the 4s 
3P2 (-3p2 3P1 transition at 250.7 nm of Si radicals in this report, an estimation ofthe saturation 
parameter is given in the following. The speetral energy density p(v) can be calculated with the 
following equation. 

p(v) = E [.!!_] (16) 
sxcxL\L xL\vL m3 

in which E (J) the laser pulse energy in the cavity, s (m2
) the area ofthe laser beam, c (m/s) the 

speed of light, ~L the pulse duration (s) and ~vL the bandwidth ofthe laser (Hz). 

The typical laser pulse energy behind the first prism in the set-up is measured to be E = 

95~/pulse (only oscillator and the pre-amplifier, no amplifier used in the dye laser). Before 
reaching the cavity, the laser beam passes through 4 prisms and a mirror. At a prism surface the 
transmission is about 96% and the beam passes two surfaces per prism. Furthermore the mirror 
transmits about 1.5% of the laser beam energy. This leads to an amount of E-1 j..tJ/pulse. It is 
assumed that the beam has a diameter of a bout 5 mm in the cavity, leading to an area of 
s ::=:2x 10-5 m2

. It must be noted that 5 mm is a rough estimation and has been determined by 
placing a diaphragm after the exit mirror of the cavity just in front of the PMT. At a diaphragm 
diameter of 5mm the beam started began to be clipped by the diaphragm. Finally, the 
specifications of the laser state flL = 5-6.10'9 s and ~vL = 8.1.1 09 s-1 for the 250.7 nm peak ( 4s 
3 P2 (-3p2 3 P1 transition). The bandwidth ofthe laser is calculated using equation 17. 
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!l.À = b..v with b..À = 1.7 pm given by the specifications (17) 
À V 

This leads to a speetral energy density of p(v) = 4.10-12 Jsm·3. The Einstein coefficients of the 
experiment are shown below in Table 3.210

• Using the Einstein coefficient for absorption in 
Table 3.2 p(v)B12 becomes 1x108s·1. 

T bi 3 2 Th E. m· fi h 4 3P 3 '3P fth s· d. 1 d 250 a e .. e mstem coe ICients or t e s ]~lp· J tranS! IODS 0 e 1 ra 1ca aroun - nm. 
Peak (nm) Ak; (108 s·1) I)Bk; (1019 m3J"Js-2) I)B;k (1019 m3J"I s·2) g; gk 

250.6 0.466 4.4 2.6 3 5 
251.4 0.610 5.8 1.9 1 3 
251.6 1.210 11.6 11.6 5 5 
251.9 0.456 4.4 4.4 3 3 

1)8. =A
3 

A,, =f!.J_B h=6.6.10- 34 Js 
'' B~~:h g 2 "' 

In the system used in this report the pressure never exceeds 0.6 mbar. At this pressure 
R~L dominatesR~IFF. Therefore, only the first rateis taken into account and equals 

R~L:(v)ld=~BkT ld=2.Jxl0 5 s·1
• (18) 

nm 
in which T=1500K (see Ch.4), m=4.65x 10·2~g and d=.Smm. This result can be used to calculate 
R~ou which equals 15 s·1 using the concentration of Si radicals n=10 17m·3. The resulting 

saturation parameter becomes 

S= B12p(v) -2 
R~IFF + R;oLL + RJ;oN + R~L (19) 

This value indicates that some amount of saturation can occur for this peak at these conditions. 
However, it must be noted that the calculation shown above is a rough estimation. The largest 
errors are probably made in the laser beam width of 5mm and the input energy of 1~. Further 
insight in these parameters is necessary to increase the certainty of the calculation. 

Furthermore, the inequality for stimulated emission is difficult to calculate. The Einstein 
coefficients for absorption and stimulated emission are al most the same according to Table 3 .2. 
Therefore, the ratio of densities n2/n1 must be small. Because the saturation parameter is on the 
verge of saturation, it is uncertain whether this condition is met. Therefore, measurements are 
needed to exclude saturation from the CRDS measurements. 

Implications of saturation 
If saturation occurs during the measurements, it is important to know whether this deforms the 
peak and this is investigated in this section. As mentioned earlier in this chapter, the radicals in 
the plasma have a random thermal motion. The velocity distribution of this random motion is a 
Maxwellian and for each energy level (Eh E2, •.• etc.) the radicals are distributed according to 
the Gaussian distribution. In the following discussion, the effect of saturation on conventional 
absorption experiments is described first and after that the effects are refined to the CRDS 
experiments done in this report. 

In a general absorption measurement, a monochromatic laser beam with a very narrow laser 
profile is absorbed by a species if the energy of the beam equals a resonance energy of the 
species, meaning the species is excited from the probed state (E1) to a higher energy level (E2). 
In principle, all particles of one species naturally have the same transition frequency withintheir 
own reference system. However, due to the velocity distribution, one energy level can be 
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divided into sub-packets of particles according to their (projected) velocity in the direction of 
light propagation (k-v=k.v2 ) in the laboratory system, i.e. the optica! axis of the absorption 
measurement. Due to their velocity, each velocity packet of particles sees the laser wavelength 
as if it is shifted to a different frequency. This effect is called the Doppier effect and therefore, 
line broadening leads to a so called Doppier profile, which has a Gaussian shape. If the laser 
wavelength is fixed to a certain wavelength in an absorption measurement, only atoms with a 
total frequency of Wresonance + k.v2 = W1aser can absorb the incoming photons, in which Wresonance is 
the resonance frequency of the samepartiele with zero velocity. In Fig3.3a, the Doppier profile 
for the population distribution N1 and N2 of two energy levels of an arbitrary species is shown 
as a function of velocity Vz. If the lower level is probed at Wresonance + k. Vz = û)laser and saturation 
occurs, only the packet of atoms with the matching velocity vz= ( rolaser-Wresonance)lk are saturated. 
As a result of this the lower level is depleted and the upper level is overpopulated. This is 
depicted in the population density in Fig.3.3a by the dip in the lower leveland the bump in the 
upper level. The dip is called a Bennet hole. 

(a) (b) 
N(v,) a(ro) 

1 I 
N,(v) 

(c) (d) 

a(ro) 

I 

0 (ro -w )/k-v 
laser res z 

Figure 3.3: a) The population distribution N 1 and N2 of a species for two energy levels E1 and E2 as a function of the 
velocity v, for the case the laser linewidth is much smaller than the Doppier profile. The velocity v, is the (projected) 
velocity in the direction of the optica! axis of the absorption experiment. The velocity distribution is a Gaussian 
Doppier profile. Each velocity packet of partiele sees the laser wavelength as if it is shifted to a different frequency 
and therefore, prohing the lower level N1 at a wavelength of ro1aser can only excite particles with a velocity of v2= 

( rolaser-Wresonance)lk. If saturation occurs, the lower level is depleted and a Bennet hole appears and the higher level 
is overpopulated. b) The resulting absorption profile a,(ro) is measured by shifting the laser wavelength across the 
complete peak. For each laser wavelength a different pack et of particles is saturated and the Bennet hole shifts along 
with the scan. The relative magnitude of the Bennet hole remains constant so a,( ro) does not change in shape due to 
saturation but dropstoa lower value. c) The depletion ofthe lower leveland the over population ofthe upper level of 
the population distribution in a CRDS measurement. The laser beam moves back and forth in the cavity and creates 
Bennet holes on both sides of the distribution. At the centre the particles with a velocity along the two axis' 
perpendicular to the laser beam are saturated with double intensity and the Bennet hole is twice as deep. d) The 
resulting absorption profile a,( ro) when scanning the complete peak drops and is distorted at the central wavelength. 
The distartion is called a Lamb dip. The width ofthe peak is not changed. 
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In absorption measurements the laser wavelength is scanned across the whole wavelength range 
of the peak to measure the complete peak. This means that the packet of particles, which is 
resonant changes for each laser wavelength. In other words, a Bennet hole is measured for each 
laser wavelength if saturation occurs. The resulting absorption profile does not change in shape 
but drops to a lower value and the drop depends on the amount of saturation that occurs. This is 
shown in Fig.3.3b. 

The effects of saturation on the measured peak are now refined to CRDS. In CRDS the laser 
beam moves back and forth through the cavity. Therefore, particles rnaving bath back and forth 
in the cavity are excited when the radical is probed at one laser wavelength. As shown in 
Fig.3.3c, Bennet holes of equal size appear on bath sides of the distribution. However, at the 
centre the particles rnaving along the two axis' perpendicular to the laser beam are also 
saturated by the light running in bath directions. Therefore, the depletion of the lower level and 
over-population of the upper level is twice as large at zero Vz. The resulting absorption profile 
becomes distorted when the complete peak is scanned. The whole profile drops except at the 
centre where a Lamb dip appears (see Fig.3.3d). The width ofthe Lamb dip is equal to the laser 
linewidth. In the case the laser linewidth is much smaller than the Doppier profile, this means 
that the height of absorption at the central wavelength is influenced but the width of the peak is 
not. 

In our case the laser line width is ofthe sameorder as the Doppier width (as is shown in Ch.4). 
The absorption profiles of the CRDS measurements are a convolution of the Doppier profile and 
the laser profile and therefore, the FWHM ofthe observed profile will be braader (about a factor 
of -../2) than the Doppier width. In the case of a Lamb dip due to saturation, the Lamb dip will be 
just as wide as the laser profile, because the width of the Bennet holes is proportional to the 
width of the laser profile. The Lamb dip will have a width of the same order as the FWHM of 
the observed absorption peak making identification of the dip impossible. Instead, due to the 
Lamb dip the saturation will be relatively somewhat higher in the centre than in the wings of the 
peak. Therefore, apart from the reduction of height op the absorption peak, the FWHM may be 
slightly broadened in our case due to the Lamb dip. 

3.3 Measurements and results 

To determine at which laser energy saturation appears, measurements are performed with 
varying laser energy. Especially, because the calculation of the saturation parameter in Sec.3 .2 
involves a few parameters of which the value is not known exactly and the result S~2 is just on 
the verge of saturation, which makes further investigation necessary. Several wavelength scans 
are done as a function of light energy in the CRDS cavity for one transition of the Si radical ( 4s 
3P2~3p2 3P1 transition at 250.7 nm). The laser input energy is attenuated befare it enters the 
cavity by means of optical filters. The optical filters only decrease the light intensity but do not 
change the profile ofthe laser beam in time, space or frequency. To create a relative measure for 
the input energy, the PMT output signal is set to the same value for each measurement by 
varying the voltage of the PMT power supply. The PMT output is proportional to the 
photosensitivity and thus to the laser energy in the CRDS cavity. The PMT is used in its linear 
region to ensure this methad can be used. Using the manufacturers data sheet, the PMT voltage 
can be converted to the photosensitivity and this is related to the energy of the laser beam in the 
CRDS cavity. Measuring the light intensity at the PMT is better than measuring it behind the 
optical filters in front of the cavity, because the percentage of light that is coupled into the 
cavity is unknown. 
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Figure 3.4: a) Wavelength-scans ofthe 250.7 nm transition ofthe Si radical as a function ofthe PMT voltage, i.e. the 
laser energy in the CRDS cavity. b) For clarity, the scans are shifted Vertically to separate the peaks. The voltage of 
the PMT supply has been converted to light intensity (lm) using the specifications ofthe PMT on photosensitivity. It 
can be seen clearly that the peaks deform as the laser energy increases. 

In Fig.3.4 wavelength scans ofthe 250.7nm Si peak are shown as a function ofthe PMT supply 
voltage. The measurements conditions are Ar/H2/SiH4=27.5/2.5/0.5 sccs and p/VTsubstrate=0.27 
mbar/22.5A/l0°C. Apart from the silane flow and the substrate temperature, these settings are 
the standard time-resolved cavity ringdown conditions used in Ch.5. A low silane flow is 
chosen to ensure a high Si production and a low substrate temperature is used to maximize any 
influence the substrate may have on the plasma. 

These scans have been fitted with a Voigt function to determine the area, the full width half 
maximum (FWHM) and the Gaussian contribution to the peak. A Voigt function is a 
convolution of a Gaussian and a Lorentzian profile. The reason for using this fitting function 
will be explained in Ch.4. At this moment, the most important remark is that the Lorentzian 
contribution originates from the laser profile and is kept constant and that the Gaussian 
contribution corresponds to the Doppier profile and will be used in Ch.4 to determine the Si 
temperature from the measured peaks. Therefore, it is important to know whether the width of 
the peaks is influenced by the increasing laser energy due to optical saturation. The results of 
the fits are shown in Fig.3.5. 
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Figure 3.5: The results taken from the Voigt fits ofthe wavelength-scans in Fig. 3.4. yielding a) The FWHM and the 
area of the Si peak and b) the Gaussian width of the peak as a function of the light intensity in the CRDS cavity. The 
light intensity (lm) has been calculated from the PMT voltage using the specifications of the PMT photosensitivity. 
The error bars in the light intensity only indicate the relative uncertainty due to the uncertainty in the setting of the 
PMT voltage, while the absolute uncertainty in the light intensity following the from the PMT data sheet is one order 
of magnitude. 
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In Fig.3 .5a, the area of the peak decreases at a light intensity larger than 5 x 1 o-4 lm. As explained 
in Sec.3.2, this is expected if saturation occurs because the absorption profile drops. Also, the 
wavelength scans in Fig.3.4 clearly show that the area of the peak collapses at a certain laser 
energy. An increase of the FWHM as the laser energy increases is not clear as only one data 
point supports this. The FWHM is linearly dependent on the Gaussian width shown in Fig.3 .5b 
as the other part ofthe FWHM (the Lorentzian profile, originating from the laser profile) is held 
constant. As can be seen in Fig. 3.4, no Lamb dips are visible as is not expected from the laser 
linewidth. The increase in the FWHM, that seems to occur at high laser energies, can be 
explained as in the previous section. The width of the Lamb dip is equivalent to the width of the 
measured peaks and is thus smeared out and not visible. However, it can cause the peak to 
broaden. Fig.3.5 shows that to ensure no saturation occurs during cavity ringdown 
measurements, the light intensity should be lower than 5 x 1 o-4 lm and in the setup used in this 
report this corresponds toa PMT supply voltage of 350V. 

3.4 Influence on CRDS measurements 

As mentioned before and as will be explained in Ch.4., it is important to exclude saturation 
before temperature measurements are done using CRDS. The measured peaks are analysed with 
a Voigt function and the Gaussian width is used to calculate the temperature. If saturation 
occurs a Lamb dip is created in the peak. This Lamb dip is usually not visible but can broaden 
the peak if the width of the laser profile is comparable to the Doppier width. If this occurs the 
temperature will be overestimated. On the other hand, broadening of the FWHM is only 
supported by one data point in the previous sec ti on. However, to exclude any effect of the Lamb 
dip, the laser light in the CRDS cavity should be lower than 5x 1 0-4lm. 

More important is the decrease of the area under the peak as the decrease is evident in the 
measurements shown in the previous section. The area of the peak is used to calculate the 
density of a radical in a certain state in a CRDS experiment. The integrated absorption is 
directly proportional to the density according to Eq.2.7. Thus, saturation causes the density to be 
underestimated. It may be noted, that these results do not influence previous density 
measurements, as the used laser energy has always been low enough to exclude saturation. 

For the time resolved cavity ringdown measurements on the SiH3 radical saturation is not as big 
a problem as it is for the Si measurements. The cross section a of SiH3 and thus the Einstein 
coefficient of stimulated emission around A.~250nm is two orders smaller than a of Si at the 
same wavelength (a oc B21 ). Furthermore, the Einstein coefficient of spontaneous emission is 
linearly related to the Einstein coefficient of stimulated emission. Therefore, the saturation 
parameter (Eq.15) depends on the cross section and is much smaller for SiH3 than for Si 
radicals. The consequence of this is that the chance of ha ving saturation is very small as long as 
the laser energy is kept below 5x 1 o-4 lm, which has been the case in the past. It can also be seen 
in Fig.3.4a that the SiH3 offset shows notrendas the laser energy is varied for the full range up 
to 3.9x 10-3 lm. 

3.5 Conclusions 

Measurements have shown that optical saturation occurs for the 4s 3P2~3p2 3P1 transition of Si 
radicals (250.7 nm) at light intensities above 5x10-4 lm. The area of the Si peaks clearly 
decreases above this value due to saturation as is expected from the theory for CRDS. This leads 
to underestimation of the radical density of a certain state because the density is linearly 
proportional to the area of the peak. Furthermore, the Lamb dips predicted in theory for narrow 
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laser line widths cannot be seen in the used setup, due to the braad laser profile, which is 
proportional to the Doppier width. Measurements have shown that the FWHM or equivalently 
the Gaussian width does slightly broaden if saturation occurs although only one data point 
supports this. If the temperature of radicals is determined from the width of the broadened peak, 
the temperature will be overestimated. However, ifthe laser energy is kept below 5x10-4lm this 
will not disturb the CRDS measurements. 

The chance that saturation occurs for SiH3 measurements is much smaller than for Si 
measurements because the cross section of SiH3 is much smaller. The measurements in this 
chapter also show no trend in the SiH3 offset (broadband absorption) as a function of the laser 
light intensity. The CRDS measurements done in the past to determine Si and SiH3 densities 
have been performed with laser energies, at which no saturation occurs. 
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Chapter 4 

Determining the kinetic gas temperafure 

4.1 Introduetion 

The kinetic gas temperature is an important parameter for the analysis of the time resolved 
CRDS measurements in Ch.5 that have been performed at 0.5cm from the substrate. However, 
up till now the kinetic gas temperature has notbeen measured directly. Instead, the rotational 
temperature of the SiH radical has been determined at a distance of 5cm from the substrate, 
yielding a temperature of 1500K. If all particles in the vessel have equal temperature, i.e. all the 
particles have collided enough to be thermalised, the kinetic gas temperature is 1500K. 
However, consiclering the inhomogeneous structure of an expanding thermal plasma this seems 
highly unlikely. Moreover, it must be noted that the measurements on SiH have been performed 
for somewhat other plasma conditions than the time resolved CRDS measurements in Ch.5. 
Furthermore, simulations of these other plasma conditions have shown a possible temperature 
drop to 700K close to the substrate. Therefore, this temperature drop might apply to the 
conditions ofthe time resolved CRDS measurements and it is important to know the kinetic gas 
temperature at this point in the vessel. In this chapter, the temperature of Si radicals at 0.5cm 
from the substrate is determined using CRDS. Several issues that complicate these 
measurements are discussed. Finally, the possibility to use the Si temperature to determine the 
kinetic gas temperature is investigated. 

4.2 Determining the Si temperature using CRDS 

CRDS can be used to scan certain energy trans i ti ons of the Si radical, as explained in Ch.2. 
As soon as SiH4 is added to an Ar/H2 plasma, Si and SiH3 radicals are created and a wavelength 
scan shows the braadband absorption of the SiH3 radical and a peak on top, at the wavelength 
corresponding to the transition wavelength of the Si radical. A typical scan for the transition 
3p4s 3P2~3p23P2 at 251.6nm is shown in Fig. 4.1. Por the determination ofthe Si temperature, 
the Si peak on top of the braadband absorption is of interest. To investigate this peak, the outer 
flanks are cut off and the SiH3 braadband absorption is substracted from the peak. If the 
braadband absorption inchnes as a function of the wavenumber, this is taken into account by 
subtracting a linear progressive fit of the braadband absorption from the peak. The result is a Si 
peak without an offset, which is convenient for further analysis. The peak is fitted in the 
software programme Peakfit using a Voigt Area fit without an offset. 
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Figure 4.1: A typical CRDS wavelength scan ofthe 3p4s 3P2+-3p23P2 transition around 39749.6 cm-1 (-251.6 nm). 
The SiH3 braadband aborption arises when SiH4 is added to the expanding thermal Ar/H2 plasma and the Si peak 
arises on top at the wavelength corresponding to the probed transition. 

A Voigt function is a convolution between a Gaussian function and a Lorentzian function. This 
convolution function is chosen because there are two main contributions to the shape of a Si 
peak. First, the laser profile introduces a certain width to the Si peak, which becomes at least as 
broad as the laser profile itself. The instrumental laser profile is known to most probably be a 
Lorentzian 11

• It may also have a Gaussian con tribution but for now it will be assumed to be 
solely Lorentzian. Moreover, for obvious reasons the laser profile is considered to remain 
constant during the measurements. Information is needed on the laser profile so that the 
Lorentzian contribution can be fixed during the fitting of the peaks. The second contribution 
arises from the Doppier effect. As explained in Ch.3. the random thermal motion of Si radicals 
in the vessel causes the wavelength of the incoming light to undergo an apparent shift for the 
moving Si radicals. This allows particles of the same energy level with different velocity to be 
resonant at different wavelengtbs and therefore the absorption profile is broadened. The 
resulting Doppier profile has a Gaussian shape. The observed absorption profile of the Si peak 
is a convolution of both profiles, which is a Voigt function. Eq.20. shows the Voigt fitting 
equation and its components, as used in Peakfie 1 

Gaussian contribution: (20a) 

Lorentzian contribution: 
(20b) 

ao OOI exp( _,2) d 
y= ' t 

..fha2 -oo a; [x-a1 J---+ ---t 2a; J2a
2 

Convolution~ Voigt: 
(20c) 

In Eq.20 ao is the area ofthe peak, a1 is the central wavelength, a2 is the Gaussian width anda3 

is the Lorentzian width. 

As mentioned before, the Gaussian contribution in Eq.20a is due to Doppier broadening, which 
can also be expressed in terms of the frequency v, the central frequency v0 and the Doppier half
width L1vD as shown in Eq.21. 12

• 
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Doppier broadening: y = _1 {b;iexpl- ln2(v- ~f J 
Llv D '\j-;-' Llv D 

2kTln2 
Doppier half width Llv D = v 0 mc2 

(21) 

Using the equation for the Doppier half width (Eq.21), an equation for the temperature as a 
function ofthe fitting parameters a1 and a2 ofPeakfit can be derived and equals 

T= mc2 (a2)2 =3xlo-14(a2)2 (22) 
k a1 a1 

For Si radicals the molecular mass m is 4.65x 1 o·21<.g. If the peaks are fitted in Peakfit with a 
Voigt fitting function, Peakfit gives the parameters a1 and a2 and the Si temperature can be 
determined from the fitting results and Eq.22. 

4.3 An estimation of the laser profile 

To calculate the Si temperature using the Gaussian width deduced from the Voigt fit ofthe 
Si peak, a value is needed for the laser profile, i.e. the Lorentzian width needs to be known and 
fixed at a certain value. To make a good assumption for the Lorentzian width, several 
wavelength scans of a Si peak, for which the laser profile should not change, are selected and 
fitted with the Voigt fit. The measurements are performed at the same plasma conditions, thus 
the Si temperature does not change. The fitting is performed without constrictions meaning that 
the Gaussian and Lorentzian widths are fitted freely. The Lorentzian widths are expected to 
remain the same because the laser is not re-aligned between measurements. The Lorentzian 
widths of these fits are shown together with the error bars given by Peakfit in Fig.4.2. Only scan 
numbers 4 and 8 differ substantially from the rest. Peakfit cannot fit scan 4 properly because of 
the very large amount of noise on the baseline (SIN ratio: 2.5) making it very hard to detect the 
Lorentzian wings. However, the reason for the deviation of scan 8 is not known. 
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Figure 4.2: The Lorentzian width determined from the Voigt fits of several wavelength scans of Si peaks. The 
Gaussian contribution of these peaks is the same as the measurement conditions are not changed. The Lorentz 
contribution is also expected to stay the same because the laser is not re-aligned inbetween. The Si peaks are fitted 
with no constrictions meaning the Gaussian and Lorentzian widths are fitted freely by Peakfit. 
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Fig.4.2 shows a linear fit of the data for which data points 4 and 8 have been excluded. The 
average Lorentzian width is (0.077±0.005)cm-1

. To get an idea whether this is a plausible value, 
some extra calculations are necessary to compare the result to the specifications of the laser 
system. The laser light used for the experiments has a wavelength of 500 nm that is doubled by 
the BBO crystal to a wavelength of about 250 nm. The resulting laser profile is a convolution of 
two identical Lorentzian profiles, which results in another Lorentzian again. The relative width 
L1 vlv remains constant after doubling the frequency with a BBO crystal yielding a Lorentzian 
width of L1v=0.039cm-1@20000cm-1 or L1,1,=0.97pm@500nm. This can be re-calculated to the 
FWHM, which becomes (0.077±0.005)cm-1 or (1.9±0.l)pm. The specifications as supplied by 
the manufacturer claim the laser profile width is 1.7 pm@500 nm12

• The result is in good 
agreement with the specifications. 

4.4 Results of the Si temperature measurements 

The Si temperature is measured for several conditions, which are used for the time resolved 
cavity ringdown measurements but also for other depositions in the ETP setup. Fig.4.3, shows 
a) the Si temperature as a function ofthe substrate temperature, b) as a function ofthe SiH4 flow 
and finally c) as a function of the pressure in the vessel. The measurement conditions are shown 
in the figure. 

Fig.4.3a clearly shows nodependenee between the Si temperature and the substrate temperature 
at a distance of 0.5 cm from the substrate. This is important for the time resolved measurements 
in Ch.5. since they are performed as a function of the substrate temperature. If the Si 
temperature is a measure for the kinetic gas temperature (see section 4.5), Fig4.3a shows that 
the influence of the substrate temperature is absent and thus the kinetic gas temperature will be 
constant for all measurements shown in Ch.5. However, it is noted that the time resolved 
measurements are performed at a higher SiH4 flow (-lsccs). Fig. 4.3b and 4.3c are less clear. 
The measurements at high Si~ flows and low pressures have very large errors as the Si density 
becomes very small at these conditions. Therefore, it becomes difficult to distinguish the peak 
from the baseline and fitting is difficult. The large errors make it difficult to say whether a trend 
occurs in the data in Fig. 4.3b and 4.3c. However, a trend is not clear in these series. It is noted 
that lower Si temperatures (-1500K) seem to be reproducible for low SiH4 flows and central 
pressures, which are exactly the measurement conditions used for the time resolved 
measurements in Ch.5. It can at least be concluded that the Si temperature at 0.5cm from the 
substrate is in between 1500 and 2200K for the conditions used in time resolved cavity 
ringdown measurements. 
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Figure 4.3: The Si temperature at 0.5cm from the substrate as a function ofthe substrate temperature (a), SiH4 flow 
(b) and the pressure (c). The temperatures are determined by fitting CRDS wavelengtb-scans of an Si peak with a 
Voigt function. The Lorentzian contribution is fixed at an average value and the Gaussian contribution is fitted. The 
error bars include the error in the average Lorentzian width and the error in the Voigt fit. The meaurement conditions 
are stated in the graphs. 

The temperature range 1500K to 2200K is higher than predicted by the simulations but is close 
to the value measured on SiH (~1500K) at a larger distance from the substrate, although 
measured at different plasma conditions. In the next section, several issues are discussed that 
can complicate the determination of the Si temperature from the wavelength scans of a Si 
transition peak. These issues are subsequently saturation and the laser profile. In relationship to 
these issues, the reliability ofthe results is investigated. Finally, it is investigated whether the Si 
radicals are thermalised i.e., have the same temperature as the background gas. Ifthis is the case 
the Si temperatures can be used to determine the kinetic gas temperature, which is the eventual 
goal of this chapter. 

4.5 The kinetic gas temperature 

As mentioned in the previous section, there are several issues that can complicate the 
determination of the kinetic gas temperature from the wavelength scans of the Si transition peak 
and these issues are discussed in this section. These issues are subsequently the saturation, laser 
profile and thermalisation of the Si radicals. The last issue is important for the derivation of the 
kinetic gas temperature from the Si temperature. The determination of the kinetic gas 
temperature is discussed at the end ofthis section. 

Saturation 
Saturation has been addressed extensively in Ch.3. In summary, saturation can occur ifthe laser 
light intensity in the CRDS cavity is high enough to deplete the probed state. It is shown in 
Ch.3. that saturation can cause the area of Si peaks to decrease above a certain light intensity in 
the CRDS cavity and broadening of the peak also might occur, although the latter situation is 
less evident in measurements. However, the measurements of Si peaks in this chapter are 
performed with a laser light intensity that is low enough to ensure saturation does nat occur. 
Therefore, it is nat possible that the Si temperatures are overestimated due to broadening of the 
peak. 

Laser profile 
In the Sec.4.3 the FWHM of the laser profile is derived from an average of Lorentzian widths 
deduced from wavelength scans of a Si transition. The value 1.9pm is found and is close to the 
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specifications ofthe laser (1.7pm). However, todetermine the value it is assumed that the laser 
profile is a pure Lorentzian and the value is derived from measurements for which the laser 
profile is assumed to remain constant. To get an idea whether the measured laser profile width is 
correct, the following possible issues are investigated: a possible Gaussian contribution or other 
laser profile shapes, measurements done in the past on a different plasma souree but with the 
same laser and finally the possible influence of re-aligning the laser. 

Gaussian contribution or other contributions 
As mentioned before, the laser profile is assumed to be completely Lorentzian. In reality the 
profile could also have a Gaussian contribution. This means that after de-convolving the 
measured peaks, the Gaussian width will partly be due to Doppier broadening and partly due to 
the laser profile. In this case, the Doppier width is overestimated and the calculated 
temperatures are overestimated too. To get some insight into whether this is an issue for the Si 
temperature in Fig.4.4, some calculations are performed and are shown in Tab.4.1. As an 
example, the measured Gaussian width is assumed overestimated because the Gaussian width is 
partly due to the Doppier effect and partly due to the laser profile. The calculations are done 
assuming that the real Si temperature is 1500K or 700K. The FWHM of the laser profile is 
calculated by de-convoluting the measured Gaussian width into a Doppier width and a Gaussian 
laser width, so that the Doppier width corresponds to either of these two temperatures. The 
resulting Gaussian laser width is convoluted with the Lorenztian contribution determined in this 
chapter. The resulting FWHM of the laser profile is determined graphically and is already larger 
than the specifications for 1500K and naturally even larger for 700K. Therefore, a Gaussian 
contribution may be present in the measured peaks, which leads to overestimation of the Si 
temperature but this contribution will be small. Furthermore, the laser FWHM of 1.9 pm 
determined before in Fig.4.2, which is already larger than the specifications also leaves very 
little room for an additional Gaussian contribution. 

Tab ie 4.1: The intluence on the width of the laser profile if the laser profile is fully Gaussian instead of Lorentzian. If 
only a part of the laser profile is Gaussian, the amount left for the Doppier width becomes smaller. This results in a 
lower Si temperature. 

Measurements: 

Assume T=l500K: 

L1 VGaussian,250nm = V 0 .J kT I me 
2 = 0 .096cm-1 

=> L1 VGaussian,250nm = 0.088cm-1 

Deconvolution of 2 Gaussians: L1v;otal = L1v~aussl + L1v~auss 2 
Thus the Gaussian part of laser profile is => L1 vlaserGauss = 0.038cm-1 at 39895cm-1 

Convolution of L1 V[aserLorentz,250nm = 0.077cm-l and L1 VfaserGauss,250nm =0.038cm-l: 

Measurements: 

Assume T=700K: 

FWHM= 0.18cm-1 at 250 nm 
= 1.1 pm at 250nm = 2.2pm at 500nm 

L1VGaussian,250nm = Va .Jkr I mc 2 = O.lücm-1 

=> L1 VGaussian 250nm = 0.06cm-I 
Deconvolution of2 Gaussians: L1v 2 

- L1v 2 + L1v 2 
Total - Gauss 1 Gauss 2 

Thus the Gaussian partoflaser profile is => L1 ViaserGauss = 0.080cm-1 at 39895cm-1 

Convolution of L1 V[aserLorentz,250nm = 0.077cm-l and L1 V[aserGauss,250nm =0.080cm-l: 
FWHM= 0.26cm-1 at 250 nm 
= 1.6pm at 250nm = 3.2pm at 500nm 

lt can also be noted that even if the laser profile does not have a Gaussian contribution, other 
contributions could be present that influence the fitting process and thus the Si temperature, e.g. 
airoost all measurements show a small amount of asymmetry in the flanks. This means that the 
laser profile is probably somewhat asymmetrie. This is essential to the fitting process. By 
assuming a symmetrie laser profile, Peakfit cannot handle the asymmetrie features and averages 
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between them. This increases the uncertainty of the fit and thus the average width determined 
from the measurements. 

Previous measurements 
In the past, wavelength scans of the 250.7 nm transitiOn of Si have also been performed 
measuring the Si temperature in a microwave plasma souree instead of in the ETP source. 
Therefore, the plasma conditions and thus the Si temperature of these measurements could be 
completely different but the dye laser is the same. To campare these measurements to the 
measurements in this chapter, they have also been fitted with a Voigt function using Peakfit, 
while assuming a Lorentzian width of the laser profile and using the same metbod as in this 
chapter. The FWHM of the laser profile is calculated and yields 2 pm and the Si temperature 
yields 500K. This temperature is low and moreover, if the Gaussian width of these 
measurements is partly due to the laser profile the Si temperature will never be lower than room 
temperature (-300K) and room temperature is already unlikely. Therefore, only a small part of 
the Gaussian profile can be due to the laser profile. It can be concluded that the old and the new 
measurements give camparabie results for the laser profile width and the results approach the 
specifications of the laser. Moreover, a large contribution of the laser profile to the Gaussian 
part of the peak is unlikely. 

The influence of re-alignment 
Finally, it is noted that the saturation measurements presented in Ch.3. also used a fixed 
Lorentzian width, which has been determined using the same metbod as in this section. 
However, the FWHM of the laser profile determined in Ch.3. is 0.04cm-1 = l.Opm@500nm. 
This is only -50% of the value shown in this section and in the measurements on the microwave 
souree and this is unexpected. On the other hand, the result seems reliable because the total 
FWHM of the Si peaks in Ch.3. is also smaller resulting in the same Si temperatures, as would 
be expected. Therefore, the laser profile seems to have changed between the measurements. A 
possible explanation for this is re-alignment of the laser being the only thing that changed 
between measurements. Ho wever, this result remains strange because a FWHM of 1 pm is 
substantially narrower than the specifications of the laser. A conclusive explanation has not 
been found and thus a precise determination of the laser profile remains unclear and must be 
handled with care. 

In summary, the laser profile of 1.9pm approaches the specifications of the laser and compares 
to previous measurements, which were performed with a different plasma souree but the same 
laser. A Gaussian contribution to the laser profile, if present, is small in comparison to the 
Lorentzian contribution and the Si temperature is only slightly overestimated. Other 
contributions, such as asymmetry do not influence the Si temperature significantly but do 
increase the uncertainty of the laser profile and the Si temperature. Finally re-alignment may 
influence the laser profile width as the laser profile is seen to change between measurements. 
However, this is still uncertain as the width suddenly became narrower than the specifications of 
the laser (from 1.7 to 1.0 pm). At this point, it has been shown that the Si temperatures in 
Fig.4.4 are not influenced significantly by effects such as saturation or the estimation of the 
laser profile. If any influence is present, it is small and the determined temperatures are at least 
an upper limit. The next goal is todetermine whether the Si temperatures also give information 
on the kinetic gas temperature. This is discussed in the following sub-section. 

Thermalisation of the Si radicals 
The possibility that the Si radicals may not be thermalised directly after being created in the 
plasma, can influence the determination of the kinetic gas temperature from the Si temperature. 
If thermalisation has not taken place the Si radicals have not collided with the background 
species such as argon enough to cool down the equilibrium kinetic gas temperature. In other 
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words, the Si radicals are hotter than the other species due to inteinal energy left over from the 
production reaction. Not only does this mean that the Si temperature would be higher than the 
kinetic gas temperature, it also means that the Si temperature cannot be used to determine the 
kinetic gas temperature. Todetermine whether the radicals are thermalised a calculation can be 
done to determine the number of collisions a Si radical undergoes befare it is measured in a 
CRDS measurement. Hereby, the assumption is made that the collisions with argon are 
dominant because ~89% of the particles are Ar, while Si and Ar have roughly the same mass 
meaning kinetic energy exchange is good when both particles collide. 

The calculation in Tab.4.2 shows that the Si radicals undergo ~50 collisions befare leaving the 
vessel, which is mainly due to the reaction with SiH4

15
• This should be enough to ensure the Si 

radicals have the same temperature as the Ar particles. This also means that the Si temperature 
can be assumed to be equal to the kinetic gas temperature. 

Table 4.2: Calculation of the number of collisions that have taken place between Si radicals and Ar atoms when the Si 
radical is consumed due to the reaction with SiH4. The number of collisions is determined by dividing the age of the 
Si radical when it is measured by the time inbetween two collisions with Ar. If this number is large enough, heat 
conversion will have taken place between the particles and the Si radicals will have the same temperature as the Ar 
atoms. 

Standard conditions time resolved CRDS: 

Ar/H2/SiH4 = 27.5/2.511 sccs, 
p/1/Tsubstrate = 0.27mbar/22.5A/200°C 

_ Ptotat SiH4 flow_ 4 10-19 -3 
ns;H4 - --x - x m 

kT Total flow 

_ Ptotat Ar flow _ 
10

21 -3 
nAr- --X - m 

kT Total flow 

ksi-SiH4= 1.4xl0-16 m3/s (Ref. 4) 
CTAr = 3.5X 1 Û-JO m2 

CTs;= 2.9x10-10 m2 

u= n( CTAr + CTs;)2 = 3.2x 1 Û-
19m2 

v= ~8kT/rrm = 2000 mis (1500<T<2000 K) 

4.6 Conclusions 

Time for Si radicals to react with SiH4 : 

1 ----= 200 )lS 
n SiH4 kSi-SiH

4 

T 
renetion 

Average a ge at measurement point: 100 )lS 

Time needed for Si to collide with Ar: 
1 1 

Tcollision = --= --= 2j.1S 
nArk nAr(TV 

The number of collisions during the lifetime 
of Si radicals Treactionl Tcol/ision=50 

The Si temperature has been determined from wavelength scans of the 3p4s 3P2 +--3p2 3P1 

transition of the Si peak at 250. 7nm. The wavelength scans are a convolution of the Doppier 
profile, which is used to determine the Si temperature and the laser profile. The laser profile is 
assumed to be a pure Lorentzian profile and the Doppier profile is a Gaussian profile. The peaks 
are fitted with a convolution of a Gaussian and a Lorentzian profile (a Voigt profile). This 
results in three measurement series. First, the Si temperature is measured as a fimction of the 
substrate temperature. The measurèments show that the Si temperature is independent of the 
substrate temperature at a distance of 0.5cm from the substrate and is about (1850±400) K. 
Second and third, the Si temperature is measured as a function of the SiH4 flow and the pressure 
but a dependenee is not clear due to large errors in the measurements at high flows and low 
pressures. The large errors are caused by the small SIN ratio that occurs at these conditions. 

The measured Si temperatures are higher than the SiH temperature measured previously and 
also higher than the temperature predicted by simulations. To check if the results are reliable, 
three issues have been addressed that can influence the Si temperature. First, saturation has been 
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excluded because the laser input energy used in the CRDS measurements bas been kept lower 
than the value given in Ch.3. for which saturation can occur. Second, the assumption of a pure 
Lorentzian laser profile bas been investigated. The FWHM of the laser profile is estimated by 
averaging several equivalent measurements and found to be 1.9pm. This approaches the 
specifications of the laser, which state 1.7pm. This result bas also been compared to previous 
measurements performed with a microwave plasma but with the same laser. Although the Si 
temperature is completely different for this plasma source, the FWHM of the laser profile yields 
2pm, which is camparabie to the other values. Still, the possibility ofhaving other contributions 
to the laser profile bas been investigated. Assuming an extra Gaussian contribution to the laser 
profile and an Si temperature of ~ 1500K, the laser profile becomes 2.2pm. This value still 
approaches the specifications and therefore, a small Gaussian contribution cannot be excluded 
and the Si temperature would be overestimated. Previous measurements on a microwave plasma 
souree have shown that this Gaussian contribution is small. Furthermore, it can be noted that 
asymmetries are seen in the Si peaks, which increase the uncertainty ofthe fits. Finally the laser 
profile determined in the measurements in Ch.3. is twice as narrow as the other measured value. 
This could be due to re-alignment of the laser between measurements as nothing else is 
changed, but this doesnotseem to explain it. The laser profile from Ch.3. is also almast twice 
as narrow as the specifications. An explanation for this has not been found. Last, it has been 
checked whether or not the Si radicals are thermalised, which does apply. Therefore, it is 
concluded that the Si radicals will probably have the same temperature as the background 
particles and the Si temperature is equivalent to the kinetic gas temperature. 
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Chapter 5 

The substrate temperature dependenee 
of the SiH3 surface reactivity Ps;n3 and 
the consequences for a-Si:H film growth 

5.1 Introduetion 

In the proposed growth mechanism for a-Si:H films (see Ch.l.) the interaction of radicals 
with the substrate surface is represented by the surface reaction probability /3, which is a 
measure for the loss of a particular radical at the substrate surface. This loss term consists of 
sticking on the surface (s) and recombination at the surface (y). Previous studies2 have shown 
that the SiH3 radical bas the highest gas phase density of all reactive species and is the main 
contributor to a-Si:H film growth. The SiH3 radical reaches the surface and can contribute to 
deposition, as it is not consumed in the gas phase15

, whereas other silane radicals such as Si and 
SiH are often consumed by gas phase reactions before the surface is reached. This results in a 
lower density of these radicals in the gas phase and thus also near the substrate. The surface 
reaction probability f3 of the SiH3 radical (/3s;HJ) bas been measured before for a substrate 
temperature of 200°C and yielded f3siHr0.30±0.0515

• 

Up till now f3s;H3 has not been investigated under different surface conditions although previous 
studies19 have shown that e.g. the substrate temperature influences the surface composition and 
roughness of the deposited materiaL This obviously means that the substrate temperature is a 
very important parameter in film growth. To confirm and refine the proposed growth 
mechanism, f3s;H3 is measured as a function of the substrate temperature in this chapter. To 
measure f3s;H3, a new measurement technique called time resolved cavity ringdown spectroscopy 
('t-CRDS) is presented. It is based on the CRDS technique (see Ch.2.) and measures the 
exponential decay of SiH3 radicals in time after the plasma is tumed off due to diffusion and 
loss at the surface. As a matter of fact, the 't-CRDS technique allows f3s;H3 to be determined 
during deposition of a-Si:H by modulating the deposition plasma in front of the substrate with a 
pulsed rf plasma, which causes only a minor disturbance in the deposition plasma. In order to 
couple the results on f3s;H3 to the growth mechanism, the growth flux of Si atoms r is also 
measured using information on the deposition rate and the film properties as obtained by 
Fourier Transform lnfrared (FTIR) spectroscopy on plasma deposited a-Si:H films under the 
same conditions. 
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This chapter starts offwith a description of't-CRDS, in which the principle ofthe technique and 
the experimental setup are presented (Sec.5.2). In Sec.5.3 the theoretica! background of the 
technique, needed to extract f3s;H3 from the 't-CRDS measurements, is described. The theory is 
refined for the SiH3 radical and measurements are shown to prove that the theory applies in 
practice. The protocol for the analysis of the measurements is also described (Sec.5.4). In 
Sec.5.5 the results are derived of f3s;H3 as a function of the substrate temperature. Finally in 
Sec.5 .6, the results for f3s;HJ are coupled to FTIR results on the growth flux of Si atoms rand the 
influence of these results on the growth mechanism of a-Si:H films is discussed. 

5.2 Experimental Method: Time resolved CRDS 

This section focuses on the experimental method used for the measurements in this chapter: 
time resolved cavity ringdown spectroscopy (•-CRDS). First the principle of this technique is 
described, foliowed by the setup used to apply the technique. Special attention is paid to the 
radiofrequency (rf) system in the setup, the pulsing system and the synchronization between 
different parts of the setup. Finally, an example of a measurement is presented as a proof of the 
't-CRDS principle. 

The principle of time resolved CRDS 
•-CRDS is a measurement technique, which uses CRDS to determine the dynamica! behaviour 
of radicals at the substrate during deposition. In order to determine this dynamica! behaviour, 
the decay of the radical density is monitored in time. During steady state conditions, i.e. during 
deposition of a-Si:H films with the ETP plasma, a radical has a steady state gas phase density in 
front of the substrate. In the 't-CRDS principle this steady state density is modulated by a rf 
power pul se, which is applied to the substrate. The rf power pul se is only a small disturbance of 
the steady state conditions and creates a pulsed rf plasma in front of the substrate and thus a 
build up of additional radicals in front of the substrate on top of the steady state density of the 
deposition plasma. The rf power pulse is created by a rf source, which is connected to the 
substrate and the resulting rf plasma creates a bias on the substrate. The rf system is described in 
more detail further on in this section. 

The 't-CRDS principle is illustrated in Fig.5 .1. Fig.5 .1 shows that when the pulsed rf plasma is 
tumed on during deposition of an a-Si:H film, the steady state density is modulated and an 
additional radical density is built up in front of the substrate. The radical density builds up to an 
amount, which is called the additional radical density nadditional in this report. When the rf bias is 
tumed off again, the additional radical density decays back to the steady state situation due to 
the loss mechanisms of the radicals. This exponential decay describes the dynamica! behaviour 
ofthe radical and is measured point by point using CRDS. The conventional CRDS method, 
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steady state density +---- - - - - - - - --1 1-'------+-
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rfbias on 
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rfbias olf+----::::===--;--+'""ï:::;:'::i::;""1--0 · t laser pulses t 
Figure 5.1: The 't-CRDS principle. A low frequency pulsed rf power is applied to the substrate creating a pulsed rf 
plasma in front ofthe substrate. When the rfpower is tumed on an additional radical density is built up in front ofthe 
substrate. Wh en the rf bias is tumed off at the end of the rf pulse, the additional rad i cal density decays according to 
the loss mechanism of the rad i cal at the substrate. The additional radical density is determined from the difference in 
the ringdown time measured at time ~t in the rf decay ( rA 1) and at a time Jong aft er the rf is tumed off ( rA2), 

respectively. By varying the measurement point ~tin the decay, the loss rate ofthe radicals can be measured point by 
point. 
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which has already been described in Ch.2., measures the ringdown time for a steady state 
situation. The acquired ringdown time is used to calculate the steady state density. In a 't-CRDS 
measurement the same principle is used by measuring the ringdown time TAJ at a certain point ~t 
in the exponential decay and the steady state ringdown time rA2. The two ringdown times TA 1 and 
rA2 are used to calculated the additional radical density nadditionat· The additional radical density is 
calculated using the equation 

= Aadditional = __:!__ [-1- __ 1_] 
n addiaonal I I 

(J (J c r AI r A2 

(23) 

in which the same estimation has been used for the absorption as in Ch.2, Eq.4. In Eq.23. 
nadditionat is the additional radical density, Aadditionat is the additional absorption, dis the lengthof 
the cavity, a is the cross section, c is the speed of light, rA1 is the ringdown time at ~t in the rf 
afterglow and TA2 is the steady state ringdown time. By shifting ~t across the afterglow signal, 
the exponential decay is measured point by point. 

The experimental setup 
The 't-CRDS setup is shown in Fig.5.2 and can be divided into three parts: the pulsing system 
and synchronization system, the rf system and the conventional CRDS system. The rf system is 
described first and second, the pulsing system is described. The CRDS system has been 
described in Ch.2. and is not addressed here. 

The rf system 
The rf system consists of a function generator, a preamplifier, an amplifier and a matching 
network. The function generator (HP8116A) operates at a frequency of 21.1MHz and generates 
a sine wave (1-16V). The preamplifier amplifies the signal power up to lOW. A voltage divider 
and a RC circuit is placed between the function generator and the preamplifier to match the 
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Figure 5.2: The -r-CRDS setup. The conventional CRDS setup is maintained and a rfpulsing system is added. The rf 
system, which consists of a function generator, preamplifier, amplifier and matching network, generates a rf sine 
wave at 21.1 MHz. The rf signa! is coupled to the substrate and results in a bias, which creates additional radical 
density in front of the substrate. Two delay generators pulse the signa! of the function generator and synchronise the 
pulsing to the CRDS measurement. By varying the ót signa!, the exponential decay ofthe additional radical density is 
mapped. 
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output range of the function generator to the input range of the preamplifier and to reduce the 
fall/rise time of the rf power when it is pulsed. Subsequently, the signal is amplified by a rf 
power amplifier (max. lOOW) to a rf signal with a typical input power of 50-80W. The 
matching network is used to couple the rf signal to the substrate as efficiently as possible. It can 
be adjusted manually and for all measurements presented in this chapter the reflected power has 
been reduced to 0.02-0.lW. A power meter (Bird Electronics) in between the matching network 
and the amplifier is used to monitor the input and reflected power. In between the matching 
network and the substrate, the bias voltage Vbias of the rf pul se is monitored on an oscilloscope 
using a high voltage probe (100:1 conversion). The bias voltage is typically between -40V and 
-lOOV. 

A typical rfsignal is shown in Fig.5.3. The figure shows a 21.1MHz signaland a bias ofabout 
~-67V when the rf is turned on. At t=O the rf is turned off and returns to zero bias in about 
~20f-ls. In the following sections, the typical loss rate of the radicals under investigation is 
shown to be a few milliseconds. Therefore, a 20f-ls fall time is much shorter than the loss rate of 
the radicals under investigation ensuring disturbances of the measured ringdown times by the rf 
signal to be minimaL Furthermore, the duty cycle ofthe rfsignal is kept small (2.5%) to prevent 
long-term disturbances of the ETP deposition plasma from taking place, i.e. the percentage of 
time the rf is on during one complete measurement cycle of ringdown times in the afterglow and 
in the steady state is small. 

When a rf bias is applied to the substrate, several difficulties have been encountered because 
part of the rf signal is broadcasted into the lab e.g., other parts of the setup can be disturbed 
because the rf signal is picked up in other electronic circuits or some of the rf power is lost at 
the sides of the substrate allowing a discharge to occur there instead of being restricted to the 
front of the substrate, where the measurement takes place. Shielding electronic systems 
( especially wiring) and shielding the rf souree reduces most of the first problem. The second 
problem can complicate the actual measurement because loss of power at the sides of the 
substrate also means less additional radical density is created in front of the substrate. This 
means that the exponential decay of the additional radicals is harder to measure because the 
signal to noise ratio in the additional radical density decreases. Therefore, a maximum amount 
of the input power must be coupled to the front end of the substrate. A new grounded rf shield is 
designed in order to force all current to remain on the inside of the substrate until the front of 
the substrate is reached. In Fig.5 .4 a simplified cross sec ti on of the substrate with the shield is 
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Figure 5.3: An example of an rf signa! as measured duringa <-CRDS measurement. When the rf is tumed on the 
signa! is a sine wave of frequency 21.1 MHz and creates a bias voltage of about -67V. Once the pulse is tumed off, 
the signa! decays back to approximately zero bias in a fall time of about-20jls. The fall time is much smaller than the 
typical loss rate of the radicals under investigation (-ms) and thus disturbances of the measured ringdown times by 
the rf signa! are minima!. 

36 



rl 

(a) 

• Conductive or biased 

JE3 Grounded or insulating 

~ Current flow (and v.v.) 

Shield 

Figure 5.4: a) A schematic view of the cross section of the new rf shield placed around the substrate. The shield is 
grounded at the back-end of the substrate. The current is forced to flow through the inside of the substrate until it 
reaches the front of the substrate, which prevents a discharge from being created along the side of the substrate. b) A 
photograph of the head-on view of the substrate. The rf plasma is concentrated around the front end of the substrate. 
c) A photograph ofthe back-end view ofthe substrate taken through one ofthe reactor windows. Again the rfplasma 
is concentraled at the front ofthe substrate and some discharge can stillbeseen along the sides ofthe substrate. 

shown. The shield in Fig.5.4 is a replacement of a shield used in previous measurements 
because the old shield still allowed a discharge to occur at the si des of the substrate. The new 
shield does reduce this effect. The main difference between the old and the new shield is mainly 
that the new shield is designed to be as smooth as possible. The number of corners has been 
reduced and an insulating ring is introduced to prevent a discharge from occurring on the inside 
of the substrate. The arrows in Fig.5.4 indicate the current flow and depending on the rf the 
current can flow either way. The light parts are insulating or grounded and the dark parts are 
conductive. Fig.5 .4 also shows photographs of the rf plasma with the new rf shield. The 
photograph on the left is the head-on view of the substrate and the photograph on the right 
shows a back-end view along the substrate. As expected of the new design, the rf plasma is 
concentrated at the front end of the substrate and is still slightly visible at the sides of the 
substrate. No discharges are seen at the outer walls of the reactor anymore. However, the 
additional radical density obtained with this shield, is high enough to perform sensitive -r-CRDS 
measurements. 

The pulsing and synchronisation system 
The pulsing and synchronisation system is the part of the setup that controls the low frequency 
pulsing of the rf power and synchronises the laser system with the rf pulsing to ensure the 
CRDS measurement takes place at the correct .1t in the exponential decay. The pulsing system 
consists of a Stanford delay generatorand a homemade delay generator. The synchronisation, 
the resulting rf pulses and the (time dependent) additional radical density is shown in Fig.5.5. 
The homemade generator triggers the Nd: Y AG laser at a frequency of 1OHz (Q-switch and 
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lamp-switch), while the Stanford delay generator is triggered at 5 Hz at the same time. The 
homemade delay generator ensures synchronisation between the pulsing of the rf and the CRDS 
measurement. The Stanford delay generator is used to turn the rf pulse on and off. Three 
channels are used of which two are input channels and one is the output channel. The first input 
channel is TO, which is triggered by the homemade delay generator. This channel defines the 
beginning of a measurement cycle. The second input channel is the ~t channel, which is defined 
by the user at the computer (via a GPIB interface) and defines which point of the exponential 
decay is measured. A third parameter, which is needed on the Stanford delay generator is the 
duty cycle and must be programmed manually on the front panel and remains constant during a 
t-CRDS measurement. As mentioned before, the duty cycle is the percentage of time that the rf 
is on during one t-CRDS measurement cycle. A measurement cycle is equivalent to one 
measurement of the ringdown time in the afterglow and one in the steady state, or in other 
words two laser pulses on channel 1 of the homemade delay generator. Using ~t, the duty cycle 
and TO, A (rf on) and B (rf off) are known and the Stanford delay generator can control the rf. 
Subsequently, the additional density arises when the rf is tumed on and decays after the rf has 
been tumed off again as shown before in Fig.5.1. If ~t is varied at the computer, the computer 
calculates A-TO and sends the value to the Stanford delay generator. In combination with B, 
which is fixed by the duty cycle on the Stanford delay generator, the measurement point ~t is 
defined again. Finally, the measurement is automated with a Labview programme code. The 
~t's are communicated to the Stanford delay generator by a GPIB protocol. 

The ringdown times are acquired from single CRDS transients collected by the TU/eDACS 
transient recorder and sent to the computer real time. The fact, that collecting single transients is 
possible in this setup is actually unique in comparison to most other data acquisition systems 
used for CRDS. From each ~t, 128 additional absorptions are averaged and plotted on the 
screen of the computer. ~t is scanned through the rf pulse decay to map the exponential decay 
ofthe radical. 
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Figure 5.5: The synchronisation ofthe t-CRDS experiment. The homemade delay generator triggers the laser and the 
Stanford delay generator. The Stanford delay generator uses the manually set duty cycle (=rfpulse length), trigger TO 
from channel I of the homemade delay generator and ót from the computer to turn the rf signa! on and off. 
Accordingly the additional density arises and decays as the rf is tumed on and off respectively. 

Proof of principle: an example of a t-CRDS measnrement 
In Fig.5 .6, an example of a t-CRDS measurement is shown. The graph shows the absorption per 
pass by the SiH3 radical as a function of time. The absorption per pass is calculated from the 

38 



(a) 

25 
Ar/H,ISiH =27.5/2.5/lsccs, 1=22.5A, pff =0.45mbar/300"C 

(b) 
Ar/H,ISiH =27.5/2.5/lsccs, 1=22.5A, pff =0.45mbar/300'( 

~ 

[ 
20 ~;; 0 

~ 9 

"' 
15 

0 

·~ 0 
0 10 0 
~ 
-.; 5 
"' 0 . ." 
:;; 

0 -o 
< 

0 

~~--~--~----~--~--~--~ 
0 2 4 6 

-I 0 -8 -6 -4 0 2 4 6 8 I 0 ~~ (ms) 
~~ (ms) 

Figure 5.6: a) An example of a time resolved cavity ringdown measurement of the SiH3 rad i cal. The graph shows the 
additional absorption per pass due to the rf as a function of time ~t. Every point is an average of 128 additional 
absorptions that in trun have been deduced from the difference in ringdown time during and long after the rf pul se. 
The increase in additional absorption after the rf bias is tumed on at ~t=-5 J..lS and the decay after the rf bias is tumed 
off at ~t=ÜJ..lS, can clearly be seen. b) The samedata as plot a) for ~t>O on a semi-log scale. The single exponential 
decay is clearly seen from the apparent linear fit ofthe data. 

measured ringdown times according to Eq.23. The measurement conditions are equal to 
Ar/H2/SiH4=27.5/2.5/lsccs, I=22.5A, p=0.45mbar, Tsubstrate=300°C, dc=2.5% and Prf,inpu1=63W. 
The reason for choosing relatively low gas flows is to minimise the amount of a-Si:H deposited 
on the walls. The measurements take about half an hour and large amounts of deposition can 
peal off of the wall and disturb the measurement. The pressure and the substrate temperature 
have been varied in this work and Fig.5 .6 simply shows one example. Fig.5 .6a clearly shows an 
increase of absorption when the rf is tumed on at L'lt=-5).!s and an exponential decay after it is 
tumed off at L'lt=O).!S. The figure on the right is the same plot for L'lt>O on a semi-log scale. The 
single exponential decay is clear from the apparent linear fit of the data. 

The final step to complete the t-CRDS technique is the determination of a fitting protocol for 
the measured data to extract the loss rate r. Before the fitting protocol is described, three 
striking effects in the t-CRDS measurements are presented. These effects are explained below 
and are used to determine a fitting protocol for the measurements in Sec.5 .4. 

The first effect that occurs sometimes is disturbance of the measurement in the rf pul se. This is 
shown in Fig.5.7a. The data points during the rf pulse (L'lt<O) are scattered and do not 
correspond to the measurement shown in Fig.5.6. An explanation for the disturbance is that 
during rf operation, the measurement equipment picks up the rf signal in the lab and is 
disturbed. A second effect is the occurrence of two exponential decays in the rf afterglow. This 
is shown in Fig.5.7b. The second exponential is expected to be due to deposition of SiH3 

radicals at the substrate during regular deposition of a-Si:H. The first exponential (O<L'lt<0.5ms) 
shown in the figure becomes most evident at high pressures while at low pressures this 
exponential is usually absent. An explanation for the first exponential decay could be that the rf 
has a certain influence on the deposition process that does not stop immediately after the rf is 
tumed off. The rf signal induces a negative bias at the substrate which, in turn, induces ion 
bombardment at the substrate. Ion bombardment can cause the deposition surface to become 
more reactive. If it takes some time for the ETP to restore the surface to steady state conditions 
after the rf is tumed off, the SiH3 radicals could deposit faster onto the surface in this first 
period after the rf pulse than they would when the surface is restored to its condition during 
regular ETP operation without rf. The fact that the first exponential becomes more evident at 

39 



higher pressures, can also be explained by this process because the ion flux and thus the ion 
bombardment rate is higher at higher pressures, which causes more damage to the surface and a 
possible increase of the reactivity of the surface. Therefore at high pressures, it will take the 
ETP longer to restore the surface, which could explain why two exponentials appear especially 
at high pressures in comparison to low pressures. The third and final effect is possible 
disturbance on longer time scales (Fig5.7c). The longer the time scale of a data point in the rf 
afterglow, the larger the scattering of the data points. A clear explanation for this is not known 
yet. 

The final fitting protocol for the 1-CRDS measurements is described in Appendix A. In 
summary, fitting is done on a semi-log scale, with an apparent linear fit (as shown in the 
apparent linear fit ofthe second exponential in Fig.5.7b). A semi-log scale is chosen because the 
two exponentials and the disturbances on a large time scale become evident and a fitting range 
can be chosen that eliminates these effects from the analysis. The apparent linear fit is weighted 
with the errors of the absorptions, which are equal for all points and equal a bout 2x 1 o-s /pass. 
The loss time of the radicals is equal to 1/e-time of the exponential decay and can be calculated 
from the slope ofthe linear fit. 
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Figure 5.7: Three striking effects that can occur during time resolved cavity ringdown measurements. The effects are 
a) disturbances during the rfpulse, b) two exponentials in the decay ofthe afterglow plasmaand c) disturbances on a 
long time scale. 
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At this point, it is possible to measure the exponential decay of an additional radical density due 
to diffusion to and deposition at the wall using 1-CRDS. The typical loss rate r of the 
exponential decay can be determined from the measurements. In order to extract f3siH3 from the 
data, more understanding of the diffusion to and deposition at the wall is needed. Therefore, a 
diffusion theory is described in the next section, which is used to determine f3siH3. 

5.3 Theoretical background: diffusion theory for 
the effects of deposition on radical concentration 

P.J.Chantry14 bas used diffusion theory to decribe the effects of destruction at the wall on the 
concentration of active species in a scattering gas. The diffusion theory is used in this section to 
describe the loss of radicals at the vessel walls in the ETP deposition setup. In particular the 
theory will be refined to the decay of SiH3 in the pulsed rf afterglow at the end ofthis chapter. 

The variation of the additional radical density after the rf plasma is tumed off versus time is 
equal to allloss processes in the vessel: 

dn 
-=-loss. (24) 
dt 

Apart from the loss of radicals to the pump, which is not the case bere, there are two types of 
loss processes in the vessel. The first type of process is the gas phase reaction and the loss term 
is generally described by 

k,nnx (25) 
in which k, is the gas reaction ra te coefficient, n is the density of the radical under consideration 
and nx is the density of the possible gas phase reaction candidate. The second type of loss 
processis diffusion to and reactions at the wall. At the wall the radical is lost due to sticking (s) 
or recombination (y), which is described by the surface reaction probability f3=s+y. The loss 
term for diffusion is described by 

D \12 n ::::. D_!!__ 
n - A2 

(26) 

in which D is the diffusion constant, \1 2 n In is the spatial density distribution and A is the 
effective diffusion length of the fundamental mode of the partiele distribution inside a certain 
control volume. The fundamental mode is the lowest order eigenfunction of the density 
distribution and is applicable if the loss processes are a linear function of the density. 

Combining Eq. 24-26 results in 

-=-n -+k n dn [D ] 
dt A2 r x 

(27) 

which can be solved and gives 

n(t) = n(t = 0 )exp( ~~} r=(.!l_+k n )-
1 

A2 r x 
(28) 

in which n(t) is the density as a function of time after the rf plasma is tumed off, n(t=O) is the 
density at time ~t=O when the rf is tumed off, ris the characteristic loss ra te. F or the calculation 
of Eq.28 it is noted that the additional radical density returns to zero after infinite time, i.e. the 
additional radical density decays back to the steady state ETP density that is present before the 
rf is tumed on. This occurs because the additional radicals are lost due to diffusion to and 
deposition at the wall but no production takes place anymore after the rf is tumed off. The first 
term in the resulting loss ra te of the additional radical density r gives information on the loss of 
radicals due to diffusion and deposition, i.e. it gives information on f3 and the second term gives 
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information on the gas phase losses. In order to measure fJ in a 1-CRDS measurement more 
insight in the parameters in Eq.28 is needed. 

The effective diffusion length A is connected to the spatial density distri bution of the species in 
a well-defined geometrie volume. 1t can bedescribed by an empirica! analytica! approximation14 

A2 =A~ + 10 2 (29) 

in which Aa is the effective diffusion length when the zero of the fundamental mode of the 
density distribution coincides with the vessel wall and laA is a correction factor for the effective 
diffusion length when the zero of the fundamental mode does not coincide with the wall. The 
correction factor la is the volume to surface ratio and "A is the extrapolation length. If A= Aa the 
fundamental zero coincides with the wall meaning the density of radicals at the wall is zero or in 
other words all radicals are lost at the surface (ft=l ). In this case, the effective diffusion length 
only depends on the geometry of the vessel. However, if fJ =t- 1 the effective diffusion length can 
be described by Eq.29, in which laA is the correction term for fJ =t- 1. The density distribution is 
shown in Fig.5 .8. for fJ = 1, fJ < 1 and fJ-+ 020

• The smaller fJ, the larger the correction factor 
should be, which can be seen in the tigure by the increase of the extrapolation length A. 

The fundamental mode of the density distribution depends on the geometry of the control 
volume. For the measurements described in this chapter, the diffusion geometry of the ETP 
setup is not exactly known. However, the cylindrical geometry of the vessel is used as the 
diffusion geometry is used as an approximation. In Ref.l4 the fundamental diffusion mode 
distribution for a cylindrical geometry has been calculated and it is shown that the effective 
diffusion length becomes 

A' ~A; +i,l~((; r +e~05rr + 2;:R)l (30) 

in which H is the height of the cylinder, R is the radius of the cylinder and la is the volume to 
surface ratio. The extrapolation length is described by 

A = ~ rJp (1 + r) - 4 D 1 - fJ I 2 
3 D (1- r) - vthe fJ (31) 

in which iltis the diffusion mean free path, ris the reflection probability (=1-/3), Dis the 

diffusion constant and Vrhe is the thermal velocity ~8k8T hr:m . 

At this point there are six unknown variables left in Eq.28: the diffusion coefficient D, the 
geometrie parameters R and H, the kinetic gas temperature T needed to calculate the thermal 
velocity, the surface reaction probability fJ and the gas phase reaction coefficient kr. The surface 

n(r)/n(t=O) 

Figure 5.8: The spatial density distribution in a well-defined geometrie volume. The wall is depicted as a shaded 
rectangle. The smaller fJ is, the larger the extrapolation length À. A Jonger extrapolation length results in a larger 
density of particles at the wall because notall particles are consumed if {J<l. 
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reaction probability fJ is the parameter under investigation. The other five need to be 
determined. In order to do this, the parameters are looked into and a measurement methad is 
developed that eliminates the parameters, leaving fJ the parameter that can be determined from 
the measurements. Because this chapter concentrates on SiH3 radicals, the measurement methad 
is described and refined for this radical in the next section. 

5.4 't-CRDS for SiH3 and data analysis 

In this section the diffusion model of Sec.5.3. is refined for the SiH3 radical resulting in a 
measurement methad that eliminates as many unknown parameters as possible. Once the 
measurement methad is described, an example of a measurement is presented. Finally a fitting 
protocol is presented for the measurements, in which the emphasis is on the pressure range that 
should be fitted. 

The diffusion model refined for SiH3 

The first parameter that is discussed is the gas phase reaction coefficient k,. If gas phase 
reactions occur for SiH3, SiH4 is expected to be the most probable gas phase reaction candidate. 
Therefore, the loss rate r of the SiH3 radicals has been measured in previous studies1s as a 
function of the SiH4 flow at standard pressure. These measurements show, that the loss rate r 
remains constant as a function of the SiH4 flow and therefore SiH3 does not react with SiH4 in 
the gas phase. Furthermore, no gas phase reactions with other plasma species are expected to 
occur for the SiH3 radicals. This means that SiH3 is only lost due to diffusion and deposition at 
the wall. 

The diffusion coefficient D can be calculated1s 

_1.36 x I0-
6 
T

167 
[ 2 -1] 

Ds;H
3 

- m s (32) 
Pambicml 

in which T is the kinetic gas temperature, Pambient is the ambient pressure (mbar) and the factor 
1.36x 1 o-6 is derived from the Lennard-Jones parameters and is specific for the SiH3 radical in 
the gas mixture under investigation. Therefore, the loss rate depends on the ambient pressure 
and Eq.28 re-written to 

A~ 410 (1- fJ/2) 
i SiHj = 1.36 x I o-6 T/.67 p ambient + vthe fJ . (33) 

'------v----' 
Slope Offset 

Eq.33 shows that the loss rate ofthe SiH3 radicals is linearly dependent on the ambient pressure 
Pambient· By measuring the loss time rs;H3 as a function of the pressure, the presence of a linear 
dependenee can be used to check the diffusion theory and the slope and the offset can be used to 
determine the surface reaction probability f3s;HJ· 

To calculate f3s;HJ two unknown parameters are left: the kinetic gas temperature T and the 
volume to surface ratio 10 of the control volume. The kinetic gas temperature has been discussed 
extensively in Ch.4. and is assumed to be 1500K in this chapter. The surface to volume ratio la 
depends on Hand R. It is assumed that H is much smaller than R and R is probably of the same 
order as the vessel radius -0.25m. Previous studies1s have shown that assuming R~oo does not 
make a significant difference in results and is the most logical assumption to make and therefore 
this assumption is also made in this section. Using this assumption, Eq.30 simplifies to 

A~ = (H hr Y + (H I 2 )À . The slope of one T-Pambient dependenee can be used to determine Aa 

and thus H, according to Eq.30. In turn la can be calculated. Finally, f3s;H3 can be determined 
from the offset ofthe T-Pambient dependence. 
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An example of a r-CRDS measurement of Ts;m versus Pambient 
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Figure 5.9: a) An example of a series of 't-CRDS for varying pressure, measured at a substrate temperature of 1 00°C. 
The slopes of the linear fits are used to determine the loss times Ts;HJ for each pressure. The resulting linear 
dependenee of Ts;H3 versus Pambienr is shown on the right. The offset of the linear fit is used to calculate the surface 
reaction probability /3s;H3· 

An example of a measurement of Ts;H3 as a function of the ambient pressure is shown in 
Fig.5.9a. Fig.5.9a shows the semi-log plots of 1-CRDS measurements for several pressures 
tagether with the linear fits. The pressure drops from the top to the bottorn and the slope 
increases as can be seen. This corresponds to a decreasing TsiH3 as the pressure drops .. The 
eventual T·Pambient dependenee is shown in Fig.5 .9b The linear dependenee is clear from 
Fig.5.9.b. 

The fitting protocol 
In the previous section, the derivation of f3siH3 from the linear fit in the TsiHrPambient plot has been 
described. However, befare this can be done the fitting protocol of the T·Pambient dependenee 
must be determined. The main issue here is the pressure range that is included in the fit because 
a few effects have been observed in the T·Pambient dependenee that are nat expected from Eq.33. 
The measurement depicted in Fig.5.9 only shows data points between 0.23 and 0.41 mbar, 
which is the pressure range that is chosen for the fitting protocol. The reason for choosing this 
pressure range is given below in Fig.5.10, which shows loss times for the full range ofpressures 
that could be measured. The figure shows that the loss times at very low pressures are scattered 
and strongly deviate from the expected linear behaviour in the pressure. Although Fig.5.10 
seems to show a trend at low pressures, other measurements have shown random ringdown 
times, which are always higher than the linear dependenee that is expected. An explanation for 
this is that the signal to noise ratio (SIN ratio) is very small at low pressures because the 
additional SiH3 density created by the rf plasma are decreases rapidly. When fitting a noisy 
signal, the linear fit always tends to give an overestimated loss time. At high pressures, the 
ringdown time always shows a decreasing trend. One possible explanation could be that the gas 
phase reaction of SiH3+SiHr~Si2H6 arises at high pressures, despite the fact that the gas phase 
reaction of SiH3 with SiiL is assumed to be the most probable reaction and does nat occur 
(shown earlier in this chapter). The reaction could be initialized because the SiH3 density is very 
high and thus the number of collisions between the SiH3 radicals increases rapidly as the 
pressure increases. Another possibility could be that the diffusion geometry i.e., the control 
volume (and thus Hand R) changes at high pressures because the plasma beam emanating from 
the cascaded are plasma souree is compressed to a diameter, which is narrower than the 
substrate. Therefore, the assumption that R-foo may nat apply anymore forthese high 
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Figure 5.10: The Ts;H3-Pambiem dependenee of SiH3 at a substrate temperature of 400°C. At pressures lower than 0.23 
mbar the ringdown times are usually seattered and vary between measurements. At pressures higher than 0.41 mbar 
the Ioss times start to deerease again. Repeated measurements have shown a reprodueible range in between these two 
pressures. Th is range gives a linear dependenee of T versus Pambient in aeeordanee with Eq.33. 

pressures. Furthermore, the measured f3 is measured across the whole substrate on which the 
deposition becomes non-uniform and the measurement averages out this effect. These two 
issues need further attention in the future. A fitting range is chosen that excludes the effects at 
low temperatures and high temperatures (0.23mbar<p<0.41mbar). This region shows a 
reproducible linear dependenee of r versus Pambient. which strongly indicates that the diffusion 
theory formulated in Eq.33 is valid. The linear fit is weighted by the error of the separate data 
points. 

5.5 Results: J3 versus substrate temperature 

As mentioned before the final goal of this chapter is to determine f3s;H3 as a function of the 
substrate temperature because the substrate temperature is a very important parameter for a-Si:H 
film growth. In this section, the rs;HrPambient dependenee is presented for six substrate 
temperatures. To determine f3s;HJ from the measurements, more information on the kinetic gas 
temperature is needed, because the slope of the rs;HJ-Pambienr dependenee depends on the kinetic 
gas temperature as shown in Eq.33 in Sec.5.4. Therefore, it is important to know whether the 
substrate temperature or the pressure influence the kinetic gas temperature, because these 
parameters are varied in 1-CRDS measurements in this section and this could subsequently 
influence the slope of the measurement. On the other hand, if there is no influence, the kinetic 
gas temperature remains constant for all measurement conditions, which means that all of the 
measurements can be fitted with the same slope. This will increase the sensitivity in the offset of 
the measurements and thus in f3siHJ· In the following paragraphs several arguments are discussed 
to support a constant kinetic gas temperature, starting with the possible influence of the 
substrate temperature and then the influence of the pressure. 

The determination of the kinetic gas temperature bas been discussed in Ch.4 extensively: the 
measurements of the Si temperature show no influence of the substrate temperature and the Si 
radicals are thermalised. Therefore, it is likely that the kinetic gas temperature also does not 
depend on the substrate temperature. This is the first reason to assume no influence of the 
substrate temperature on the kinetic gas temperature. The second reason is basedon Fig.5.11, in 
which the steady state SiH3 radical density nsteady State, i.e. the ETP radical density before the rf is 
turned on and an additional radical density is created, is depicted as a function of the substrate 
temperature for several pressures. The measurements show no clear dependenee of the steady 
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Figure 5.11: The steady state SiH3 rad i cal density nsteady state, which is present in the vesse1 before the rf is tumed on is 
shown as a function of the substrate temperature for several pressures. 

state SiH3 radical density on the substrate temperature, as the graphs are almost horizontaL At 
least it can be concluded that the influence of the substrate temperature if present at all is very 
small. A third reason is that the measurements in the next section show that the slopes of the r
Pambïent dependences measured for several substrate temperatures only slightly differ from each 
other when fitted freely. The deviation of the free slope from the shared slope is usually within 
the error of the free slope. If an influence of the substrate temperature is present, this argument 
shows it certainly is a very small influence. 

To visualize which effect a large influence of the substrate temperature would have on the r
Pambïent dependenee a simulation is shown in Fig.5 .12 for six substrate temperatures. In this 
figure the kinetic gas temperature is assumed to be equal to the substrate temperature, R and H 
are assumed to remain the sameasin the measurements and f3 is assumed to be 0.3. In Fig.5.12 
it is seen that the slope of the r-Pambïent dependenee changes significantly as the kinetic gas 
temperature changes. This large effect is definitely not seen in practice as is shown later in this 
section. Moreover, Fig.5.12 can be interpreted the other way around by looking at the 
simulations for high kinetic gas temperatures. For kinetic gas temperatures around T=1500K, 
which is the case according to Ch.4., a change in kinetic gas temperature results in a much 
smaller change of slope and offset than the lower temperatures. Therefore, if an influence of the 
substrate temperature on the kinetic gas temperature is present, the influence on the slopes is 
small because the kinetic gas temperature is high as shown in Ch.4. 
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Figure 5.12: A simulation of the T·Pambicnt dependenee of six substrate temperatures for which it is assumed that the 
kinetic gas temperature is equal to the substrate temperature. The geometrie parameters are assumed to be equal to the 
geometrie parameters assumed in the measurements and f3 is assumed to be 0.30. The resulting slopes differ 
substantially as the substrate temperature changes. This effect is not seen in the experiments presented in this chapter. 
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A reason for assuming the gas temperature is independent of the pressure is the fact that the 
measurement shown in Fig.5.9 on the right-hand side, like the other measurements show a clear 
linear dependence. If the pressure influences the kinetic gas temperature, the slope will change 
for each data point in the measurement and the linear dependenee disappears. A second reason 
for assuming the pressure does not influence the kinetic gas temperature is shown in Fig.5.11 
again. The figure shows that the dependenee of the steady state SiH3 radical density on the 
substrate temperature does not change clearly as the pressure increases and thus the influence of 
the pressure on the kinetic gas temperature if present at all is small. 

The four arguments stated above are used to conclude that the influence of the substrate 
temperature or the pressure on the kinetic gas temperature, if present at all is very small. 
Therefore, the measurements of r versus Pambient are assumed to have the same kinetic gas 
temperature and thus a shared slope. The kinetic gas temperature is assumed to be T=1500K 
based on the results in Ch.4 for the -r-CRDS conditions. 

In Fig.5 .13 the T-Pambienr graphs are shown for six substrate temperatures. The graphs almast 
coincide and have been fitted with a shared slope. The shared slope of the linear fits, shown in 
the figure equals (5.03±0.18)x 10-3s/mbar. 

The surface reaction probability can be calculated using Eq.33 with a kinetic gas temperature of 
1500K and for the assumption that R-'>- oo, mentioned earlier in this chapter. A substrate 
temperature dependenee is clearly absent in Fig.5 .14 and this result is a rather striking because 
the substrate temperature is a very important parameter in film growth. The absence of a 
substrate temperature dependenee of f3s;H3 and the condusion that the kinetic gas temperature is 
constant actually means that the T-Pambient dependences in Fig.5 .13 should coincide. The 
consequence of this is that the difference between the measurements in Fig.5.11 is simply 
scattering in the measurements. Therefore, the data points in Fig.5.13 can be averaged for each 
pressure and subsequently f3s;H3 can be determined from the averaged graph. This yields a 
surface reaction probability of SiH3 radicals f3s;H3 = 0.30±0.03, which is independent of the 
substrate temperature. This result is in good agreement with values reported in literature by 
Matsuda and co-workers (f3s;H3 = 0.26±0.05)21 and Perrin and co-workers (f3s;H3 = 0.28±0.03f2

• 

The main result derived from Fig.5.14, that f3sm3 is independent of the substrate temperature, is 
an important refinement of the growth model of a-Si:H, which is discussed in the next section. 
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Figure 5.13: The T-Pambiem measured for six substrate temperatures. The graphs are fitted linearly with a shared slope 
assuming a constant kinetic gas temperature according to the arguments listed earlier in this section. The shared slope 
yields (5.03±0.18)x I o·3s/mbar. The offsets are used todetermine fJsiHJ as a function ofthe substrate temperature. 
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Figure 5.14: The surface reaction probability fJ as a function of the substrate temperature Tsubstrare· The top graph 
(/3=0.31±0.05) is ca1cu1ated assuming a kinetic gas temperature of 1500K and the bottorn graph assumes a kinetic gas 
temperature of 700K. 

Finally it can be noted that Fig.5 .14 also shows the results for f3s;H3 if a kinetic gas temperature 
is assumed of T=700K. This kinetic gas temperature is based on the results of fluid dynamic 
simulations done ofETP, although performed at different plasma conditions. Even though it has 
been shown in Ch.4 that there is no reason to assume this temperature, it is shown here to 
indicate the influence that the kinetic gas temperature has on the results for f3siHJ· Fig.5 .14 shows 
that the influence is relatively small. 

As mentioned before, previous studies have shown that the surface roughness and composition 
change as the substrate temperature is varied. Therefore, this result is important for the 
re finement of the growth model, which is addressed in the next section. 

5.6 Discussion on the growth model 

As mentioned before, previous studies2 have shown that the SiH3 radical is the main 
contributor to growth. The measurements in the previous section show that the surface reaction 
probability of the SiH3 radical f3s;H3 is independent of the substrate temperature, yet previous 
studies have also that the surface composition and roughness depend strongly on the substrate 
temperature. Obviously the results shown in the previous section must have an impact on the 
proposed growth mechanism of a-S:H and this is discussed in this section. 

Because f3s;H3 is a combination ofthe sticking probability ssiH3 and the recombination probability 
rs;HJ, the result on f3s;H3 alone is not enough to discuss the actual processes that take place at the 
surface. Therefore, additional measurements are performed to determine the substrate 
temperature dependenee of ss;HJ and subsequently combine these results with the results on f3siH3 
to gain information on the surface temperature dependenee of rsiH3· However, ss;H3 is very 
difficult to measure directly. Therefore, the substrate temperature dependenee of this parameter 
is obtained indirectly from the contribution to film growth. Eq.1 in Ch.l is repeated in Eq.34 
and consists of f3s;HJ, ss;H3 and Rgps;, which is equal to the growth flux of Si atoms IS; of Si 
atoms on the a-Si:H film. By measuring Fs; as a function of the substrate temperature, the 
substrate temperature dependenee ss;H3 can be determined because the other parameters in Eq.34 
have already been determined as a function of the substrate temperature. Moreover, assuming a 
SiH3 dominant growth mechanism, an estimation can be made for ss;HJ by assuming the 
con tribution to growth equal to 100%. 
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nvthe s 1 
Contribution to growth = 

4 (1- fJ/2) R Ps· g l 

(34) 

To measure the growth flux IS; as a function of the substrate temperature, the deposition rateRg 
of the a-Si:H films is measured using the Fourier transform infrared (FTIR) spectroscopy. This 
experimental technique is described in detail in Ref. I 7 and will not be described bere. However, 
the deposition rate, which is determined in these measurements, only gives information on the 
number of nanometres of material that is grown per second. In other words, Rg is not the same 
as the growth flux IS; and does not give information on the amount of Si atoms that actually 
sticks to the surface. Therefore, in order to obtain the growth flux Fs;, the deposition rate is 
multiplied by the atomie density ofthe film Ps;, which can be calculated using the equation16

: 

n2 -1 3 
Ps; = 2 2 c (35) 

n + 4;r(2aSi-Si 
1 

H (aSi-H + lj2aSi-S;)) 
-eH 

in which n is the refractive index of the film, asi-Si is the bond polarizability in the amorphous 
phase (1.96xl0-30 m\ as;-H is the bond polarizability ofthe Si-H bond (1.36x 10-30 m3

) and eH is 
the hydrogen content of the film. Previous measurements 18 have shown that the content of 
hydrogen in the bulk changes as a function of the substrate temperature. If the amount of 
hydrogen in the bulk changes, this influences the growth flux of Si atoms implicitly because the 
film density depends on the H content of the bulk as shown in Eq.35. The H content is 
determined from the SiHx peak at about 640cm-1 in the FTIR spectrum. The results of these 
measurements are shown in Appendix B along with the results on the refractive index of the 
film. Using these results for the H content, the density Ps; is calculated using Eq.35. The 
resulting growth flux IS; as a function of the substrate temperature is shown in Fig.5 .15 for 
p=0.27 and 0.36 mbar measured under standard •-CRDS conditions. The graphs show no clear 
trend as a function of the substrate temperature, as bas been seen before for measurements under 
other conditions23

. The results in Fig.5.15 also make a rough estimation of ss;H3 possible. With 
Fs;, the steady state density in Fig.5.12, fJ= 0.30 and vthe = 1060m/s (assuming T=1500K), ss;H3 
can be calculated using Eq.34 and yields 0.22<ss;H3<0.27. It is noted that these values are rough 
estimations because especially the assumed steady state densities can have a large error. 
However, it indicates that the measurements do combine to give values that are possible. 
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Figure 5.15: The growth flux of Si atoms r (m-2s-1
) as a function of the substrate temperature for two r-CRDS 

measurements conditions. The growth flux of Si atoms ris determined from the deposition rate, which has been 
corrected for the refractive index and the H content ofthe film according to Ref. IS. 
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Using Eq.34, the substrate temperature dependenee of ssiHJ can be derived because the substrate 
temperature dependenee of other parameters is known. The measurements of fJs;HJ and IS; show 
no significant substrate temperature dependence. The results in Ch.4 and this chapter have 
shown that the substrate temperature does also not influence the kinetic gas temperature or at 
least the effect is very small. Therefore, the thermal velocity is also independent of the substrate 
temperature. Furthermore, Fig.5 .11 in Sec.5 .5 shows that the steady state SiH3 radical density is 
nearly independent of the substrate temperature. Thus Eq.34 shows that the substrate 
temperature does also not influence ssiHJ· If fJsiHJ and ssiHJ do not depend on the substrate 
temperature, then rsiHJ is also independent of the substrate. 

These results can be projected to the actual processes that can take place at the surface. In,an 
attempt to explain the substrate temperature independenee of f3s;H3, Ss;HJ and rs;HJ, two surface 
processes can be introduced in accordance with processes suggested in literature24

'
25

. It is 
assumed that an a-Si:H surface consists of Si atoms, which are strongly bonded together and the 
Si atoms have a certain amount of H-atoms andlor dangling bonds, i.e. unpaired electrons. 
Dangling bonds are highly reactive and a SiH3 radical impinging on the surface at the location 
of a dangling bond, will always stick to the dangling bond. However, if a SiH3 radical impinges 
on the surface and no dangling bonds are available, it is believed that the SiH3 radical can be 
physisorbed and will diffuse across the surface until a dangling bond is found or it is reflected 
back into the gas phase. The first possibility contributes to Ss;HJ and the second possibility 
influences fJs;HJ= l-rs;H3 .. The number of dangling bonds determines whether growth takes place 
or not. lt is believed that SiH3 radicals can also create dangling bonds. In this case, the process 
that takes place is the abstraction of a H atom from the surface by a SiH3 radical, resulting in a 
dangling bond on the surface and a SiH4 molecule leaving the surface (Eley-Rideal H 
abstraction process). Naturally, this process contributes to rsiHJ· These processes are depicted in 
Fig.5 .16a, b and c. 
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Figure 5.16: a) A SiH3 radical that impinges on the a-Si:H surface in the vicinity of a dangling bond. The SiH3 always 
sticks to the surface if a dangling bond is available. b) Physisorption of a SiH3 radical on the a-Si:H surface. As soon 
as a dangling bond is available, the SiH3 diffuses across the surface and sticks to the dangling bond as shown in 
tigure a. c) The abstraction of a H atom from the a-Si:H surface by a SiH3 radical, which recombines to a SiH4 

molecule and is reflected back into the gas phase. A dangling bond is created on the surface. d) The insertion of a 
SiH3 radical in a strained Si-Si bond on the a-Si:H surface. 
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The fact that the results in this chapter show that SsiH3 is independent of the substrate 
temperature, means that the amount of dangling bands on the surface must be the same as the 
substrate temperature is changed, allowing an equal amount of SiH3 radicals to stick. This is 
possible ifthe creation of dangling bands by H-abstraction is substrate temperature independent, 
which corresponds to a substrate temperature independent r. This means that H-abstraction is 
the limiting process in a-Si:H film growth, i.e. a dangling bond must be created by H
abstraction independent of the substrate temperature and only then can a SiH3 radical stick to the 
surface (after having diffused across the surface). It is noted that the H-abstraction process has 
been observed in Molecular Dynamics simulations revealing a very low activation energy for 
the process25

• Therefore, a temperature independent abstraction ra te can also be expected. 

However, as mentioned before, the surface composition changes as the substrate temperature is 
varied. In particular the number of H atoms per Si atom at the surface reduces as the substrate 
temperature is increased and this can imply several things. The number of H atoms available for 
H-abstraction is lower at higher substrate temperatures. However, the results in this chapter 
show that apparently this does not influence the sticking process. Again, this can be explained 
by assuming that H-abstraction is the limiting process. If this is the case only one H atom has to 
be available, which is abstracted from the surface and immediately replaced by a SiH3 radical. 
The SiH3 radical brings along three new H atoms and the process can start over again. There is 
also a second possible sticking process that can occur that does not need dangling bands e.g., 
SiH3 radicals can be inserted into a strained Si-Si bond on the surface and no dangling bands are 
required for this process. This process is depicted in Fig.5 .16d. Ho wever, it is expected that this 
reaction is certainly dependent on the substrate temperature, meaning other sticking processes 
would have to counteract this process exactly because ssiHJ is independent of the substrate 
temperature. In summary, the two processes presented in this chapter can describe the substrate 
temperature independenee of f3siHJ, ssiH3 and rsiH3 and the results presented in this section give 
more insight into the growth mechanism of a-Si:H films. However, several issues remain to be 
resolved. 

5. 7 Conclusions 

The surface reaction probability f3siHJ has been measured using a new technique called time 
resolved CRDS ( 1-CRDS). It has been shown that 1-CRDS is a sensitive technique that can be 
used to monitor the dynamica! behaviour of radicals due to diffusion and deposition. A diffusion 
theory has been coupled to the decay of the additional radical density and refined for the SiH3 

radical. It has been shown that the loss time of SiH3 radicals rsiHJ is a linear function of the 
ambient pressure in the vessel and f3siHJ can be derived from the offset of this linear dependence. 
An experimental example of the loss rate rsiHJ has been shown as a function of the ambient 
pressure and the linear dependenee is clear. 

It has been shown that the results differ from this linear dependenee at high and low pressures. 
At low pressures, the sensitivity of the measurement technique is too low to get reliable results 
because the signal-to-noise ratio is too small. At high pressures the loss rates decrease which 
could be explained by gas phase reaction between SiH3 radicals that creates Si2H6. However, a 
second explanation could be that the geometrie control volume used to model the diffusion 
process is no long er constant (H,R change), due to the smaller radius of the plasma beam 
emanating from the cascaded are at high pressures. A fitting protocol has been presented, which 
excludes these effects by decreasing the fitted pressure range to the region, in which a linear 
dependenee is reproducible. 

The T-Pambient dependenee and thus f3siHJ is measured as a function ofthe substrate temperature. 
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The measurements almost coincide even though the substrate temperature is varied. Because the 
kinetic gas temperature is needed to derive /Js;H3 from these measurements, the possible 
influence of the substrate temperature and pressure on the kinetic gas temperature bas been 
investigated. Several arguments have been presented, which support the assumption that the 
kinetic gas temperature does not depend on the substrate temperature or the pressure. Therefore, 
the kinetic gas temperature is assumed to be constant and equal to 1500K for all of the 
measurements, based on results shown in Ch.4. The final result for fJs;H3 as a function of the 
substrate temperature shows no dependenee on the substrate temperature and yields 
f3siH3 = 0.30±0.03. 

Measurements of the deposition rate have been performed to determine the growth flux of Si 
atoms JS; as a function of the substrate temperature and the results show no clear dependence. It 
is shown that a direct consequence of this result, combined with the substrate temperature 
independenee of fJs;H3, is that ss;H3 and YsiH3 is also independent of the substrate temperature. 
These results have been coupled to the growth processes that can take place at the substrate. A 
possible growth mechanism, that can explain the results presented in this chapter consists of two 
processes in which a SiH3 radical creates a dangling bond on the surface by H-abstraction and 
subsequently, a SiH3 radical can stick to the dangling bond. The substrate temperature 
independenee of fJs;H3, ss;H3 and YsiHJ can be explained if the growth process is limited by the 
amount of dangling honds that are created by H abstraction. However, previous results show 
that the surface composition changes significantly with the substrate temperature and that 
possible other processes can take place at the surface. Therefore, on one hand the results on 
f3siH3, ssiH3 and YsiH3 are striking results, which give very important information on the growth of 
a-Si:H films. On the other hand, these results also introduce new issues to be investigated in the 
future. 
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Chapter 6 

General conclusions 

In order to refine the proposed growth mechanism for a-Si:H films the surface reaction 
probability Ps;H3 of SiH3 radicals on a-Si:H has been measured as a function of the substrate 
temperature. The measurements have been performed using a new time resolved CRDS (-r
CRDS) technique, in which the decay due to diffusion and deposition of an additional SiH3 

radical density in front of the substrate is monitored in time. It has been shown that Ps;H3 can be 
determined by measuring the linear dependenee of the loss rate r as a function of the ambient 
pressure Pambient· Therefore, the T-Pambient dependenee is measured as a function of the substrate 
temperature to de termine the influence of the substrate temperature on PsiH3· 

Before the -r-CRDS measurements are performed two important issues for (-r)-CRDS 
measurements have been investigated: optical saturation in CRDS and determination of the 
kinetic gas temperature. Measurements have shown that saturation occurs for Si radicals for 
laser light intensities in the cavity above 5 x 1 o-4 lm. The area of the Si peaks clearly decreases 
above this value due to saturation, as is expected from theory and the FWHM does slightly 
broaden although only one data point supports this. In this region the density of the probed state 
will be underestimated and the temperature of the Si radicals overestimated. However, if the 
laser energy is kept below 5x10-4 lm this will not disturb the CRDS measurements. This 
condition is held in the measurements shown in this report and has been held in the past. 
Moreover, it is discussed that the chance that saturation occurs for SiH3 measurements is much 
smaller than for Si measurements because the cross section of SiH3 is much smaller. The second 
issue, the kinetic gas temperature has been determined by measuring the temperature of Si 
radicals using CRDS. It has been shown that the measured absorption line profiles are a 
convolution of the Doppier profile, which is used to determine the Si temperature and the laser 
profile. The Si temperature is measured as a function of the substrate temperature, the pressure 
and the SiH4 flow and no clear dependenee is seen. The substrate temperature series at a 
distance of 0.5cm from the substrate yields a temperature of (1850±400) K. The kinetic gas 
temperature is equal to the Si temperature because it has been shown that the Si radicals are in 
thermal equilibrium with the background gas, i.e. have the same temperature as the background 
particles. The value mentioned above is assumed to be an upper limit and in the -r-CRDS 
measurements a kinetic gas temperature of 1500K is assumed, also based on earlier 
measurements on the SiR radical. 

The T-Pambient dependenee is measured as a function of the substrate temperature. To derive Ps;H3 

from these measurements, the kinetic gas temperature is needed and it has been shown that the 
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kinetic gas temperature can be assumed to be constant and equal to 1500K. The final results for 
/Js;H3 as a function of the substrate temperature shows no dependenee on the substrate 
temperature and yields fJs;HJ = 0.30±0.03 fora kinetic gas temperature of 1500K. 

Measurements of the deposition rate have been performed to determine the growth flux of Si 
atoms IS; as a function of the substrate temperature and the results show no clear dependence. 
Combining the results on /Js;H3 and Fs;, it has been shown that the sticking probability ss;HJ is 
also independent of the substrate temperature. Thus rs;HJ is also independent of the substrate 
temperature. These results can be coupled to the growth processes that can take place at the 
substrate. A possible growth mechanism that can explain the results on /Js;H3, Ss;H3 and rs;HJ 

consists of two processes. First, a SiH3 radical creates a dangling bond by abstracting an H atom 
from the surface and recombines to SiH4, which is reflected back into the gas phase. 
Subsequently a SiH3 radical sticks to the dangling bond. The creation of the dangling bond is the 
limiting process, meaning the number of dangling bonds determines the growth. However, it is 
known that the surface composition changes as the substrate temperature changes, but 
apparently this does not influence the processes mentioned above. Furthermore, there are 
several other processes that can take place, e.g. insertion of SiH3 in a strained Si-Si bond 
although this should be substrate temperature dependent and if it occurs, other processes must 
counteract to explain the substrate temperature independenee of ss;HJ and rsiHJ· Therefore, the 
results on fJsiHJ and ss;H3 are striking results, which give a lot of information on the growth of a
Si:H films. On the other hand, these results also introduce new issues, which will be 
investigated in the future. 
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Appendix A 

The fitting protocol for t-CRDS measurements 

In this appendix the fitting protocol, needed to extract the loss rate r of the additional SiH3 

radical density from a t-CRDS measurement, is presented step by step. This fitting protocol is a 
result of extensive data analysis of the time resolved cavity ringdown (t-CRDS) measurements 
performed in Ch.5. It is not only the easiest way to fit the data but also found to be the most 
appropriate. The programme used to fit the data is Microcal Origin 6.1. 

Step 1 

All of the measured data points in a t-CRDS measurement i.e., the absorption per pass as a 
function of time ~t have the same error bar independent of the time ~t at which the points have 
been measured. The error depends on the error of each separate 't determined during a 
measurement. In turn this depends on the accuracy of the alignment of the CRDS set-up. The 
minimum error has been found to be a bout 2.10-5s/pass. The calculation is shown in Table A.1, 
in which, Lmin is the minimum detectable absorption, L0 is the averaged loss that is measured, 't 

is the measured loss rate, at is the standard deviation in 't, d is the length of the cavity, c is the 
velocity of light and N is the number of averaging. 

Table A.I. The calculation ofthe error on the loss rate rmeasured in a t-CRDS measurement 

Minimum detectable absorption (loss Lmin) 

N=128, cr/t=1 %, L0=(dlct)=0.01 

On the face of it, the absorption error bar will be a bout 2cr ::::: 2 * 1 o-s /pass 

The error bars must be included in the plot of the transient before starting to fit, as shown in 
Fig.A.1. Depending on fluctuations in the alignment, the error may be slightly larger (up to a 
maximum of a bout 5.1 o·5s). The importance of including error bars is explained later. 



Figure A. I: An example of a 't-CRDS measurement plotted on a linear scale including the error bars. 

Step 2 
The SiH3 often includes two exponentials. An example of this is shown in Fig.A.2. The first 
exponential clearly covers the first 0 to 0.3, 0.5ms and the second exponential covers the rest of 
the measurement. The second exponential is the decay due to diffusion to and deposition at the 
wall. In order to determine the correct fitting range the data can be plotted on a log-scale. The 
second exponential decay becomes evident and the fitting range can be selected using data 
markers, as shown in Fig.A.2. The irregularities, that occur on long time scales and ofwhich the 
origin is unknown yet, are excluded from the fitting range. The most frequent fitting range is 
0.5-4 ms. 

····Q~q 

i' i't l 
2 exponentials Î · .. ············· .... 

2 3 4 
D.t (ms) 

Figure A.2: An example of two exponential contributions to the decay of the additional SiH3 rad i cal density, plotted 
on a semi-log scale. The second exponential contribution is due to the diffusion to and deposition at the wall. The 
data markers mark the range of fitting. 

After the fitting range has been chosen, the fitting can begin. Two different fitting methods can 
be chosen, either on a linear scale (expdecl) or on a log scale (apparent linear fit). The log scale 
is preferred, as it is easier and quicker. The linear scale is necessary under certain conditions, 
which will be explained in step 4. It has been checked that the apparent linear fit and the 
exponential decay give the same fitting results. Both of the fitting methods are identical only 
one is done on a log scale and the other on a linear scale. 

Step 3 
In principle fitting on a semi-log scale is always tried first. The plot on a log scale is fitted with 
an error weighted apparent linear fit (menu:tools, linear fit. Check 'apparent', 'error weighted' 
and 'use reduced chi2

'). The slope ofthe linear fit gives the ringdown time 1 (slope=-log(e)/'t). 
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At this point the error bars become important. On a log scale the error bars become larger for 
longer time scales than for shorter time scales whereas the error bars are equal on a linear scale. 
The error weighted apparent linear fit weighs each data point with 1/(error bar). The larger the 
apparent error bar the less important the data point is to the fit. Finally the option 'use reduced 
chi2

' is used. This option weighs the error in the apparent linear fit with the reduced chi2
, which 

is a measure for the quality of the fit. This means that if the error bars are small, the reduced chi2 

will be large because the fit is more difficult to make. The option 'use reduced chi2
' introduces a 

correction for this by increasing the error in the apparent linear fit. This ensures that the error in 
the ringdown time is virtually independent of the magnitude of the error bars as long as all the 
error bars are equal. An example of an error weighted apparent linear fit of 1-CRDS data is 
shown in Fig.A.3. 

3 4 5 6 
.1t (ms) 

Figure A.3: An example of an error weighted apparent linear fit of t-CRDS data points within the fitting range 
determined as described above. 

Step 4 
A problem that can occur is negative data points. At high pressures, irregularities occur on long 
time scales, including negative data points. However, these points fall outside the fitting range. 
At low pressures the ringdown times become very short. This means that the negative points can 
fall inside the fitting range. These points are excluded on a log scale, which influences the fit. 
Negative data points usually occur at low pressures. In such a case the data have to be plotted 
on a linear scale although the log scale can still be used to determine the fitting range. The data 
can be fitted with an exponential decay y=A+Bexp(-1/t) (menu 'Analysis, non-linear curve 
fitting, fitting function ExpDec 1 ). The data are fitted without offset and using instromental 
weighting. Again the error· in the exponential decay is weighted by the reduced chi2

• An 
example of an error weighted exponential fit is shown in Figure A.4. 
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Figure A.4: An example of an error weighted exponential fit of t-CRDS data points. The exponential fit is used 
because several data points are negative (due to large scattering on the data) and are excluded on thesemi-log scale. 
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Appendix B 

The results of FTIR measurements during a-Si:H 
film growth 

As mentioned before, the FTIR technique is discussed in detail in Ref.l7. Fig.A.l shows 
the results of the FTIR measurements discussed in Ch.5, which are performed to determine the 
depastion rate of the a-Si:H films under t-CRDS conditions. Fig.A.la shows the refractive 
index of the film as a function of the substrate temperature for two pressures (0.27 and 
0.36mbar). The refractive index of the film increases slightly as the substrate temperature is 
increased. In F ig.A.l b, the H content (%) is shown as a function of substrate temperature for the 
same two pressures. The H content(%) is derived from the SiHx peak at about 640cm·1 in the 
FTIR spectrum. Fig.A.l b shows that the H content (%) of the film decreases as the substrate 
temperature increases. The H content is needed to calculate the density of the film Psi· The 
density of the film is multiplied by the deposition ra te Rg, resulting in the density growth flux r 
of Si atoms on the surface of the a-Si:H film. 
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Figure B.l: a) The refractive index of the deposited a-Si:H films as a function of the substrate temperature for two 
pressures measured with FTIR under standard t-CRDS conditions. The refractive index increases slightly as the 
substrate temperature increases. b) The H content (%) as a function of the substrate temperature for two pressures 
derived from the SiHx peak around 640cm·1 in the FTIR spectrum measured under standard t-CRDS conditions. The 
H content(%) decreases drastically as the substrate temperature is increased. 
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