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Abstract 

The highly sensitive Attenuated Total Reflection Fourier Thansform Infrared absorption spec
troscopy technique (ATR-FTIR) has been used for in situ measurements of surface and bulk 
hydrides in hydrogenated amorphous silicon (a-Si:H) and microcrystalline silicon (µc-Si:H) films. 
These films, which have important industrial applications, have been deposited at high rates under 
various plasma settings and substrate temperatures using the expanding thermal plasma (ETP). 

Using the theoretica! background of the ATR-FTIR technique, a model has been developed 
to describe the measurements. On the basis of this model we have established a data analysis 
procedure for the ATR-FTIR measurements. This model includes interference effects in the film on 
top of the internal reflection element (IRE) and is different for the two polarization states of light. 
Therefore, measurements with polarized light are essential to obtain the hydrogen content from 
the ATR-FTIR measurements. The data analysis procedure has been verified by comparison of 
the results with results from ex situ transmission FTIR measurements. Furthermore, ion-induced 
desorption has been implemented on the setup and used to reveal the surface composition of the 
a-Si:H and µc-Si:H films in terms of silicon hydrides. 

Using the developed procedures, we have investigated the surface composition in terms of silicon 
hydrides and the hydrogen bonding configurations as a function of the film thickness for various 
deposition conditions. The influence of the substrate temperature on the surface composition has 
been studied under SiH3 dominated a-Si:H growth. The ATR-FTIR experiments reveal a series 
of thermal decomposition reactions from SiH3 to SiH2 to SiH on the surface of a-Si:H films for 
increasing substrate temperature under SiH3 dominated plasma conditions. These surface reac
tions correspond to the decreasing incorporation of hydrogen in the bulk a-Si:H for increasing 
temperature. 

Furthermore, we have investigated the transition from a-Si:H to µc-Si:H that occurs for increas
ing flow ratios of hydrogen over silane. For these high flow ratios, the influence of other radicals 
and atomie hydrogen in the plasma becomes more important compared to the contribution of the 
SiH3 radical. Using spectroscopie ellipsometry (SE) for hydrogen depth profiling, the growth of the 
µc-Si:H film has been studied. The µc-Si:H film growth starts with a thin ('"" 6 nm) incubation 
layer, that may contain small crystallites. After the incubation layer the size of the crystallites 
grows until they make contact at approximately 25 nm. During this stage the amount of grain 
boundaries and therefore the amount of hydrogen on the grain boundaries increases. For films 
thicker than 25 nm, we observe columnar growth of the µc-Si:H material. For the transition of 
a-Si:H to µc-Si:H we have observed a decreasing total hydrogen content in the films. Furthermore, 
we found that the amount of hydrogen in surface-like peaks in the ATR-FTIR spectra of the films 
is an indication for (micro) crystallinity. 
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Chapter 1 

Introduction 

1.1 Technology assessment: silicon-based thin films 

Silicon based thin films like hydrogenated amorphous silicon (a-Si:H) and hydrogenated microcrys
talline silicon (µc-Si:H) have important industrial applications. A-Si:H is for example used in thin 
film transistors (TFT) for displays, in photoreceptors, in detectors and in light emitting diodes. 
An other important application of a-Si:H is in the next generation thin film solar cells. 

Before the successful application of a-Si:H in these devices, especially in large scale production, 
several issues still have to be addressed. We will use the solar cell industry to illustrate some of 
the issues. One of the major issues is to deposit a-Si:H at sufficiently high rates, such thata high 
throughput can be obtained while keeping the investment casts for equipment low. It has been 
shown that a-Si:H can be deposited at relatively high rates using deposition techniques such as 
the expanding thermal plasma (ETP) and hot wire chemica! vapor deposition. However, to obtain 
good material quality at high deposition rates, so far it is necessary to deposit the a-Si:H at high 
substrate temperatures such that the a-Si:H contains a sufficiently low hydrogen content. Such high 
temperatures yield problems with materials and device structures that are incompatible with these 
temperatures. Another issue related to the high deposition rate is the control of the initial layer in 
the film. If there is some kind of incubation layer immediately after the start of the film growth, 
the initial film quality might differ from the bulk film, causing all kinds of interface problems. 

Lately also the interest in other types of silicon thin films has grown. One of these materials 
is hydrogenated microcrystalline silicon (µc-Si:H). The main advantage of this material is that the 
light induced degradation as observed in a-Si:H films, is absent. However the light absorption in 
µc-Si:H materials is smaller than the light absorption in a-Si:H materials, such that thicker films are 
needed to absorb all the incident light. This brings forth the same issues as seen in the deposition 
of a-Si:H, i.e. the need for high rate deposition. 

In general, to further optimize the materials and the deposition techniques, better understanding 
of the growth models of a-Si:H and µc-Si:H is indispensable. In this report some of the issues related 
to the growth models of these materials will be addressed as will be illustrated in the next sections. 

1.2 a-Si:H and µc-Si:H deposited using the ETP deposition tech
n1que 

In order to optimize the material properties and the deposition process further, understanding of 
the growth model of silicon based thin films is essential. Most of the research in the past decade 
was concentrated on characterizing the material properties and the plasma composition. These 
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fields are relatively well known now and lately the emphasis of the research in the group ETP at 
Eindhoven University of Technology has shifted to the interaction between the material and plasma 
during film growth, i.e. the surface and the reactions that take place at or nearby the surface. 

1.2.1 Material properties 

Hydrogenated amorphous silicon (a-Si:H) is a semiconductor alloy of silicon and hydrogen in an 
amorphous matrix (see Fig. 1.1). The hydrogen content in a-Si:H is typically 10 % and in general 
the quality of the material is lower when the hydrogen content is higher. If the material contains 
a (small) crystalline fraction it is called microcrystalline (µc-Si:H) or polycrystalline silicon (poly
Si:H). These kind of materials have a relatively high absorption coefficient in the visible range of the 
spectrum and a-Si:H has a direct optical bandgap, contrary to crystalline silicon. Therefore films 
with a much smaller thickness than in c-Si solar cells are sufficient to absorb all the incident light. 
The bandgap of a-Si:H also matches better with the spectrum of solar light. The amorphous nature 
of the material also leads to a relatively large amount of defect states (mainly dangling honds, i.e. 
"loose" silicon honds) in the film. These defect states cause a deterioration of the quality of the 
a-Si:H film, because they form recombination centers for electrons and holes. 

Figure 1.1: Amorphous silicon is an alloy of silicon (grey) and hydrogen (black) in an amorphous matrix. 
A dangling bond is indicated by the asterisk. 

1.2.2 Radical densities in the ETP 

The a-Si:H and µc-Si:H films used in this research are deposited using the expanding thermal 
plasma (ETP) technique. Compared to other deposition techniques, the major advantage of the 
ETP technique is the high growth rates (typical 10 nm/s compared to 0.1-0.3 nm/s for conventional 
techniques) that can be obtained. Details on the ETP technique can be found in Chapter 2. In 
the last years a lot of effort has been put in the characterization of the radicals in the expanding 
thermal plasma for different argon-hydrogen-silane (Ar-H2-SiH4) gas mixtures [l]. Figure 1.2 shows 
the density of the SiH3, SiH and Si radicals in the plasma as a function of the hydrogen over silane 
flow ratio R. The SiH2 radical is absent in Fig. 1.2, but it is expected that the SiH2 radical 
has a slightly higher density than the SiH radical and follows the same sort of trend [l]. For all 
values of R(=H2/SiH4 flow ratio), the SiH3 radical is the dominant radical, but for increasing R 
the importance of the other radicals increases. Furthermore, there are clear indications that the 
atomie hydrogen flux increases for increasing R [1]. 

1.2.3 a-Si:H or µc-Si:H 

X-ray diffraction (XRD) analysis of materials deposited at various values of R reveal that for high 
values of R the deposited material is microcrystalline. Figure 1.3 shows the differences in the XRD 
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Figure 1.2: The densities of the SiH3 , SiH and Si radicals in the expanding thermal plasma for different 
hydrogen over silane flow ratios R. For low values of R the deposited material is amorphous and for high 
values of R the material is microcrystalline. 

spectra for three values of R. The height of the peaks is an indication for the amount of crystallinity 
of the material. The results indicate an increasing crystalline content in the material for higher 
values of R. 
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Figure 1.3: XRD measurements reveal that the material deposited at higher hydrogen over silane flow 
ratios R becomes microcrystalline. The height of the (111) and (220) peaks is a measure for the amount of 
crystallinity in the material. 
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1.2.4 The growth mechanism of a-Si:H 

A schematic illustration of the surface reactions that can occur during the growth of a-Si:H in SiH3 
dominated plasmas is given in Fig. 1.4 [1]. Sticking of SiH3 radicals on dangling bonds on the 
surface is most likely the cause of film growth. The surface reactions are mainly reactions with (1) 
SiH3 and (2) dangling bonds. 

~ ~ .· ~ ~ ,. $ * ~ ·>r SiH3 reaction: 
Eley-Rideal H-abstraction 

SiH3 reflection 

SiH3 reaction: 
5-fold bonded Si 

dangling bond 

~~eation bt:ono 

ngling bond 
urface diffusion 

. ""). . ' 

\ 

Figure 1.4: Example of some surface reactions that might occur during a-Si:H growth from SiH3 radicals. 
The SiH3 radical that is incident on the surface can be reflected or stick to the surface. Once on the surface 
it can diffuse on the surface until it forms a bond with a dangling bond ("loose" silicon bond). Another 
possibility for an incident SiH3 radical is to abstract a hydrogen atom from the surface leaving a dangling 
bond on the surface. Hydrogen can also be removed from the surface by an ion with sufficient energy (ion
induced desorption of hydrogen). This process leaves a dangling bond that subsequently can diffuse on the 
surface. 

The reactivity of SiH3 on the surface depends on the "nature" of the surface. If the composition 
of the surface in terms of SiH, SiH2 and SiH3 is different, the dominant surface reactions for the 
a-Si:H growth might change. Direct incorporation of the dominant SiH3 radical (hydrogen content 
75 at. 3) into the a-Si:H material would lead to a total hydrogen content in the material that 
exceeds the typical 10 at. 3. This implies that some sort of hydrogen elimination process must 
play an important role on the surface. These observations make the investigation of the surface 
composition in terms of silicon hydrides very interesting. Therefore a study of the hydrogen bonding 
configuration in the bulk and on the surface of a-Si:H and µc-Si:H films can reveal important 
information on the growth model. 

1.3 Attenuated total reflection fourier transform infrared absorp
tion spectroscopy 

Fourier transform infrared absorption spectroscopy (FTIR absorption spectroscopy) can be used 
to probe SiH bonds in a-Si:H and µc-Si:H films. The H atom in the SiH bond can experience 
different kinds of vibrations, e.g. stretching, bending and wagging. These different vibrational 
modes are illustrated in Fig. 1.5 for the SiH2 species in the material. The stretching modes of the 
SiHx species absorb at a frequency of approximately 2100 cm-1 , while the other modes absorb at 
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Figure 1.5: Illustration of the different modes of vibration of the SiH bond in a silicon dihydride. For SiH3 

similar vibrations are possible. The SiH bond itself can only vibrate in the stretching and bending modes. 

lower frequencies of approximately 600 - 900 cm-1 . Our analysis of the SiHx (x=l,2,3) bonds in 
a-Si:H and µc-Si:H films is mainly concentrated on the stretching modes, because the stretching 
modes exist for all the silicon hydrides SiHx (x=l,2,3). The vibrating frequencies of the hydrogen 
bonds in SiH, SiH2 and SiH3, as reported in literature, are given in Table 1.11 . Note that the 
local environment (i.e. bulk or surface) of the vibrating bond is very important for the frequency 
of the vibration. SiHx bonds located at the surface have higher vibrational stretching frequencies 
than bonds in the bulk material. Also the presence of oxygen in the backbonds of the vibrating 
silicon hydrogen bond can cause a higher vibration frequency. In general absorption peaks in 
bulk materials are much broader than absorption peaks at the surface. This makes it possible, in 
principle, to distinguish between surface vibrations and bulk vibrations in the material. 

Table 1.1: Reported infrared peak assignments for bulk and surface silicon hydrides of a-Si:H in the stretch
ing mode region. 

Center peak position (cm-1 ) assignment bulk or surface Reference 
1980 < w < 2010cm- 1 SiH bulk [2, 3, 4, 5] 
2070 < w < 2100cm- 1 SiH2 bulk [2, 3, 4, 5] 
2070 < w < 2100cm- 1 SiH surface [2, 3] 
2100 < w < 2130cm-1 SiH2 surface [2, 3] 
2130 < w < 2140cm- 1 SiH3 surface [2, 3] 

Normal infrared absorption spectroscopy (in transmission/reflection mode) is not sensitive 
enough to probe very thin films ( < 10 nm) or a surface coverage in the order of monolayers. There
fore we use an internal reflection element (IRE, also called Attenuated Total Reflection (ATR) 
crystal) to enhance the sensitivity. Figure 1.6 shows the principle of the enhancement of the ab
sorption by the IRE. Because the beam undergoes multiple total internal reflections at the surface 
of the IRE, the infrared beam passes several times through the film. This technique is in gen
eral referred to as Attenuated Total Reflection Fourier Transform lnfrared absorption spectroscopy 
(ATR-FTIR) and will be described in detail in Chapter 3. Throughout this report the ATR-FTIR 
technique is used to measure the bonding configuration of hydrogen on the surface and in the bulk 
of a-Si:H and µc-Si:H films. 

1The SiH2 stretching vibration is found in the region of 2070-2100 cm- 1
, in this region also surface-like peaks of 

SiH are found and therefore the peak at this frequency is often also assigned to SiH stretching on internal surfaces 
(voids). We will address this matter in Chapter 4. 
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Figure 1.6: The IRE enhances the amount of infrared absorption in the film by multiple total internal 
reflections and can be used in situ during plasma deposition of a-Si:H and µc-Si:H films. 

1.4 Goal of this report 

The central theme of the a-Si:H and µc-Si:H research is very broad. The work in this report, 
however, is focussed on the following research questions: 

• How can we apply the ATR-FTIR technique for in situ film analysis and for the quantitative 
measurement of the hydrogen content in silicon thin films deposited by the ETP deposition 
technique? 

• How does the surface composition in terms of silicon hydrides depend on the substrate tem
perature under SiH3 dominated plasma conditions? And subsequently, how do the properties 
of an a-Si:H films depend on the substrate temperature? What is the link between the surface 
composition and the composition of the silicon hydrides in the bulk material? 

• How is hydrogen bonded in the films and does this bonding configuration change for thicker 
films? What are the differences in the hydrogen bonding configuration as a function of the 
film thickness between a-Si:H and µc-Si:H films? 

• What are the differences in the film growth process between a-Si:H and µc-Si:H? 

We have used in situ ATR-FTIR spectroscopy to find some answers to the questions. The hydrogen 
bonding configuration on the surface has been investigated using ion-induced desorption of hydrogen 
from the surface. Furthermore, the hydrogen bonding configuration as a function of the film 
thickness has been studied by means of in situ ATR-FTIR spectroscopy on films that are deposited 
in steps. 

1.5 Outline of this report 

In Chapter 2 of this report the experimental details will be presented. This chapter is optional 
for readers that are interested in the experimental details of the expanding thermal plasma, the 
ATR-FTIR setup and some experimental procedures. 

Chapter 3 presents the theory of the internal reflection element (IRE) without and with a film 
on top of it. Starting from basic laws of opties, a model will be presented that describes the 
measurements. The complicated nature of this model farces us to use an approximation for the 
determination of the absorption coefficients from the measurements. 

The first part of Chapter 4 focusses on the data analysis methods to obtain the hydrogen 
content. The model of Chapter 3 has been tested using actual measurements and a data analysis 
procedure has been established. Finally the validity of the used procedure has been checked. The 
second part of Chapter 4 treats the data analysis method of the surface specific measurements and 
presents a method to obtain the surface composition of the films from the measurements. 
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In Chapter 5 the methods of Chapter 4 will be applied on experiments that can give some 
answers to the research questions given above. We obtain the surface compositions and depth 
profiles of the hydrogen bonding configuration of a-Si:H and µc-Si:H films. Chapter 5 is divided in 
three sections. (1) The first section will treat a-Si:H deposited at 250 °C in detail. This material 
and its deposition process is the reference material for the next two sections. (2) In the second 
section the effects of a changing substrate temperature on the surface composition and the hydrogen 
incorporation in the material will be discussed, in comparison with the a-Si:H reference material. 
The plasma settings are kept constant in this section so that we primarily look at the change 
in surface reactions. (3) In section three we focuss on the change in important radicals in the 
plasma by increasing the hydrogen over silane flow ratio R, while the substrate temperature is kept 
constant. This will eventually induce the formation of microcrystalline material. We will discuss 
the observed changes in the surface composition and the hydrogen incorporation in the deposited 
material. Chapters 3,4 and 5 contain the essence of the report and Fig. 1. 7 gives the layout of 
these chapters in a schematical way. 

Finally in Chapter 6 the general conclusions of the work will be summarized and recommenda
tions for future work will be given. 

Figure 1. 7: The layout of the chapters that contain the essence of the report. 
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Chapter 2 

Experimental setup 

This chapter is intended as an optional chapter summarizing the experimental details and proce
dures of the used setup and is not necessary for the understanding of the remainder of the report. 
In this chapter we will focuss on the experimental details of the cascaded are deposition setup and 
the ATR-FTIR measurement setup. Furthermore, the generation of a RF plasma pulse in the setup 
is discussed briefly, as is spectroscopie ellipsometry. 

2.1 Expanding thermal plasma deposition setup 

The expanding thermal plasma setup (ETP) has been described in detail elsewhere [1]. Here, only 
the basics of the setup and the issues that are important for the work presented in this report will 
be discussed. The expanding thermal plasma setup is shown in Fig. 2.1. 

Ar+ H2 

SiH4 

injection ring 

loadlock, 
! 

! 

automatic ... 
shutter 

1 magnetic 
transfer arm 

• to roots blowers 
& turbo pump 

Figure 2.1: The ETP setup with the cascaded are plasma source as used for the experiments in this study. 

The setup consists of two separate parts, a thermal plasma source, the cascaded are and a 
low pressure deposition chamber. In the cascaded are, a de discharge in a non-depositing gas is 
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sustained in a plasma channel (diameter 4 mm) between three cathodes and a grounded anode. At 
a pressure of approximately 400 mbar a mixture of argon and hydrogen is introduced in the are. 
The argon flow is fixed at 55 sccs (standard cubic centimeters per second) and the hydrogen flow 
is either 10 or 30 sccs. The de discharge is current controlled at a current of 45 A and the voltage 
between cathodes and anode ranges from 70 V to 140 V depending on the amount of hydrogen 
that is admixed. The plasma in the are has a typical electron density of 1022 m - 3 and the electron 
and heavy particle temperature are both approximately 1 eV. H2 in the cascaded are is effectively 
dissociated due to the high gas temperature. For the deposition conditions used in this report (a 
high fraction of H2 in the Ar-H2 mixture) the cascaded are mainly operates as an intense atomie 
hydrogen source, with only a relatively low fraction of ions (mainly H+) [1, 6]. 

The plasma expands into the low pressure (typical 0.2 mbar) deposition chamber with a velocity 
of 1000 m/s in the direction of the substrate holder. In the low pressure deposition chamber the 
plasma is recombining and the electron temperature ( Te ,...., 0.1 - 0.3 eV) and electron density 
(ne ,...., 1019 cm-3 ) are low in comparison with those in the are. The influence of electrons that 
ionize or dissociate molecules is negligible in the downstream region. 

Silane is injected about 5 cm from the are by means of an injection ring and the silane flow is 
varied between 0.16 and 10 sccs. The injected silane is mainly chemically dissociated by atomie 
hydrogen from the are: 

The produced radicals (mainly SiH3 ) are transported to the substrate holder and interact with 
surface of the sample. This leads to the growth of a silicon film on the sample. 

The substrate holder is positioned at approximately 38 cm from the are exit and is accurately 
temperature controlled between 100 - 500 °C. A small helium backflow between substrate holder 
and sample (IRE) was used to obtain a good thermal contact between the sample and substrate 
holder. On the basis of previous measurements [1], it is expected that the temperature difference 
between sample and substrate holder is smaller than 15 K. 

An automatic shutter that covers the substrate holder was used to control the deposition time 
accurately and moreover to protect the sample on the substrate holder during the start of the 
cascaded are. When the shutter is covering the substrate, it located approximately 5 cm from the 
substrate holder. When the shutter moves upwards the deposition starts and at the end of the 
desired deposition time the shutter moves down again to cover the substrate (holder). 

2.2 ATR-FTIR setup 

In Fig. 2.2 the ATR-FTIR measurement setup is shown. By a flat gold mirror (lüxlü cm) and a 
plano convex sodium chloride (NaCl) lens (0=50 mm, focal length 596 mm at 10 µm) the infrared 
light of a Bruker Vector 22 Fourier Transform infrared spectrometer is directed through a NaCl 
window and focussed on the edge of the internal reflection element (IRE). The edge of the galium 
arsenide ( GaAs) IRE is bevelled under an angle of 60 ° with respect to the normal on the surface 
of the IRE. The light, however, is incident under an angle of approximately 68 degrees with respect 
to the normal on the surface of the IRE (See Chapter 3). 

In the IRE the infrared light is internally reflected many times before it exits the IRE on 
the other bevelled edge. Subsequently, the light passes an other NaCl window and is focussed 
on a liquid nitrogen cooled MCT detector (Infrared Associates D313/6M) using a parabolic gold 
mirror (focal length 70 mm). Between the detector and the mirror an Infrared wire grid polarizer 
made from Barium Fluoride (Cambridge Physical Sciences IGP228) is situated, which enables the 
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Figure 2.2: The ATR-FTIR measurement setup as used in the experiments presented in this work. 

measurement of a specific polarization state of the exiting light. The position of the polarizer is 
not ideal, since the polarization state of the beam can be altered slightly on reflection, but such 
effects have not been observed when the polarization state of the beam is analyzed using a crossed 
polarizer, which is situated before the IRE. The signal of the detector is coupled back to the Bruker 
Vector 22 spectrometer, which is controlled by a PC. The measured intensity is converted into an 
interferogram that on its turn can be converted into a spectrum by the application of a Fourier 
transformation. 

2.2.1 Alignment procedure 

The infrared beam emerging from the Bruker Vector 22 FTIR spectrometer has a diameter of 
approximately 4-5 cm. This beam is focussed by a lens with a focal length of 59.6 cm toa diameter 
of approximately 2 cm on the input bevel of the IRE. The broad beam diameter and the fact that 
infrared light is not visible, cause some problems in the alignment procedure. Using an infrared 
camera the broad infrared beam is aligned on the input bevel of the IRE. The width of the input 
bevel is only 0. 7 mm, so a big part of the beam falls directly on the surface of the IRE. This 
causes a direct reflection signal that has to be distinguished from the much smaller transmission 
signal. Therefore the signal of the transmission through the IRE is searched while direct reflection 
is blocked such that it can not reach the detector. This is dorre by covering the front of the IRE. The 
transmission signal can be recognized by the cut off in frequency, that is caused by the transmission 
range of the IRE material. For GaAs the cut off is observed at "' 800 cm-1 . Subsequently the 
components in the beam path are adjusted to optimize the transmission signal. Now the windows 
are partly covered, so that the direct reflection signal is blocked and the transmission signal through 
the IRE remains unaffected. Finally the front of the IRE is revealed again and no change in the 
measured spectrum is observed. 
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2.2.2 Cleaning of the IRE 

Prior to mounting in the deposition chamber 

Prior to the mounting of the IRE in the deposition chamber the IRE is cleaned in a ultrasonic bath 
in a 50 % mixture of isopropanol and acetone for 10 minutes. Afterwards the IRE is rinsed using 
deionized water and blowed dry with argon. 

In situ cleaning of the IRE 

After the deposition of a film on the IRE, the IRE was cleaned in situ by exposing the IRE with 
film to an Ar-CF 4 etching plasma. The used flows for the plasma were 55 sccs of argon and 10 sccs 
of freon and the are current was 45 A. The etching process was monitored using the ATR-FTIR 
setup. The IRE was exposed to the plasma until no features of the deposited film were seen in the 
ATR-FTIR spectra. For a 100 nm amorphous silicon film the typical plasma exposure time was 
100 - 200 s. 

2.3 Creation of a RF-plasma for ion-induced desorption of hydro
gen 

It is also possible to create a plasma excited by RF power in our deposition setup. A schematical 
representation of the RF setup is shown in Fig. 2.3. This setup is usually applied for RF biasing 
during normal operation of the ETP. In RF biasing experiments the ions gain additional energy 
before they reach the substrate. A RF plasma can also be created without ETP operation, as is 
done in the experiments described in this report. 

RFPP 5s Matching Bird Power Substrate 
power source Network meter ( holder 

1 Oscilloscope 1 

Figure 2.3: Schematic representation of the RF setup used for the creation of an RF plasma. 

RF power with a frequency of 13.56 MHz, supplied by the RF power source (RFPP 5s), is 
applied to the substrate via a matching network (L-network). The matching network matches 
the impedance of the load (substrate holder, substrate and plasma) to that of the power source. 
The forward and reflected power are measured using a Bird power meter in between the matching 
network and the substrate. In a stable situation the substrate has developed a negative voltage 
Vbias that is called the self-bias voltage. This voltage is measured using a 1:100 high voltage probe 
connected to a Tektronix TDS 340 A digital oscilloscope. Ions in the plasma are accelerated to the 
substrate and have a mean energy of Emean = eVbias· In the case of an argon plasma, argon ions 
can be used for sputtering or for ion-induced desorption of surface hydrogen. 

2.4 Spectroscopie ellipsometry 

Throughout this report spectroscopie ellipsometry (SE) is used a few times to obtain information on 
the film thickness, surface roughness and the optical constants of the deposited material. Briefly, 
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spectroscopie ellipsometry measures the phase changes and changes in amplitude for both the 
parallel and perpendicular polarized component of light upon reflection. SE measurements are 
aften used to characterize a multilayer system, i.e. a substrate with a film on top of it. Using an 
optical model we can obtain information on (1) the thickness of the film, (2) the surface roughness 
of the film, (3) the refractive index of the film as a function of photon energy and ( 4) the extinction 
coefficient of the film as a function of photon energy. 

Applied in situ and real time during film growth, spectroscopie ellipsometry provides informa
tion on the time evolution of the film thickness, surface roughness and optical constants of the film. 
The data analysis of spectroscopie ellipsometry depends on the chosen optical model to analyse 
the data. We used an optical model that consists of a bulk layer and a surface layer that contains 
50 % voids to analyse our measurements. The spectroscopie ellipsometer used in the experiments 
described in the report is a Woollam M-2000 U. 
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Chapter 3 

ATR-FTIR spectroscopy 

In this chapter the theory with respect to the ATR measurements will be discussed in detail. We 
will focus on the internal reflection element (IRE) in order to present the basic theory that is 
needed to analyse the measurements. On the basis of the IRE (without a film on top) the concepts 
of external and internal reflection, total internal reflection, the evanescent wave and the penetration 
depth of the evanescent wave will be reviewed. Subsequently we will discuss the IRE with a film 
and make a distinction between two measurement modes, the ATR mode and the MTIR mode. 
Furthermore, we will introduce absorption in the film. 

Finally a model to describe the transmission through an IRE will be presented, both for an IRE 
without and with a film. The model includes the absorption in the film, interference effects in the 
film and interference effects in the IRE itself. Moreover, the model provides a way to analyse the 
measurements quantitatively. Throughout this chapter the application of the theory to the specific 
conditions of our experiments will be presented in "boxes". 

3.1 The internal reflection element 

An internal reflection element (IRE) is a piece of infrared transparent material with a high refractive 
index that is cut into a special shape. Infrared light can be coupled into it and undergoes multiple 
internal reflections that enable the probing of the surroundings of the IRE by the evanescent wave 
(see Section 3.2.2). An IRE can be designed for a specific application. Harrick [7] shows several 
examples of IRE designs and their applications. A common IRE that is often used for ATR 
measurements is a trapezoid, as shown schematically in Fig. 3.1. This specific design is often 
referred to as an ATR crystal. 

incident exiting 

beam ~ beam 

~z~ ZSÄ 
Figure 3.1: Schematic representation of an IRE. The path of the infrared light in the IRE is also shown. 

Requirements for an IRE material are a good transmission range in the infrared region, good 
thermal stability and a high refractive index compared to the sample that has to be probed. 
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The IRE used in this work 

The IRE we use in our experiments is a trapezoid made from Gallium Arsenide (GaAs) with a 
length of 50 mm, width of 20 mm and a height of 0.635 mm (see Fig. 3.1). The edge is bevelled 
at an angle of 60 degrees ((} = 60°) and the IRE is polished on top and bottom sides as well as 
on the bevelled edges. 
GaAs has a broad infrared transmission range ( ~ 700 cm -l - 10000 cm - l), a high refractive index 
(n = 3.32) in the infrared and its transmission shows only a small decrease for temperatures up 
to 400 °C. Therefore GaAs is very suitable for use as an IRE (ATR crystal) in our study. 

3.2 Basic opties 

Light can be treated as an electromagnetic wave and from this point of view the basic laws of 
opties can be obtained [8, 9]. In many hooks on opties a distinction is made between external 
reflection (light is incident from the medium with the lowest refractive index, also called the rarer 
medium) and internal reflection (light is incident from the medium with the higher refractive index, 
the denser medium). External and internal reflection are in most cases exactly equal. Internal 
reflection, however, shows for certain conditions a special case in which all the incident light is 
reflected. This reflection is called total internal reflection and is of special interest. Therefore, we 
will make the distinction between ordinary reflection (both external and internal) and total internal 
reflection. 

The basic laws of opties will be explained with the IRE shown in Fig. 3.1 as example. We will 
start with the laws of refraction and reflection, continue with the Fresnel equations and introduce 
the evanescent wave that occurs in the case of total internal reflection. 

3.2.1 Snell's law and the law of reflection 

Two basic laws of geometrical opties describe the direction of light rays in materials. They are 
summarized in Fig. 3.2. We can illustrate these laws by considering the bevelled edge where the 
light beam enters the IRE. 

z 

k~ 

Incident/' 
beam 

Refracted 

Reflected 
beam 

Figure 3.2: Illustration of the laws of reflection and refraction. n1 and nv are the refractive indices of 
the IRE and vacuum, ();, Or and <P are the angle of incidence, angle of reflection and angle of refraction, 
respecti vely. 
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()i, ()r and <Pare respectively the angle of incidence, angle of reflection and the angle of refraction. 
nv and n1 are the refractive indices of vacuum and IRE. The two general laws of reflection and 
refraction are: 

l. Law of reflection 

When a ray of light is reflected specular at an interface dividing two uniform media, the 
reflected ray remains within the plane of incidence, and the angle of incidence equals the 
angle of reflection. 

(3.1) 

2. Law of refraction: Snell's law 

When a ray of light is refracted at an interface dividing two uniform media, the transmitted 
ray remains within the plane of incidence and the sine of the angle of incidence is directly 
proportional to the sine of the angle of refraction according: 

(3.2) 

This law is better known as Snell's law. 

External and internal reflection 

Internal and external reflection are in principle the same. The only difference is the fact that for 
external reflection the light is incident on the interface from the rarer medium, while for internal 
reflection the light is incident from the denser medium. This will lead to the bending of light rays 
towards the normal for external reflection and from the normal for internal reflection. Figure 3.2 
shows an external reflection, because nv < n1. The laws of reflection and refraction (Snell's law) 
can be applied to find the angle of refraction. 

(Normal) incidence at the bevelled edge of the IRE 

For our IRE, infrared light is incident on one of the bevelled edges. In the ideal situation the 
infrared light is incident normal to the bevelled edge and no refraction occurs at the bevelled 
edge. In our situation, however, the infrared light is incident under an angle of 68 degrees with 
respect to the normal on the surface of the IRE, while the edge of the IRE is bevelled under 
an angle of 60 degrees. This implies that the infrared radiation is incident under an angle of 8 
degrees with respect to the normal on the bevelled edge. 
We can now use Snell's law (Eq. 3.2) to calculate the resulting angle of refraction <P inside the 
IRE. The refractive index of the GaAs IRE is 3.32 and the refractive index of vacuum is l. 
Applying Snell's law leads to <P = 2.4°. The angle of incidence on the IRE-vacuum interface is 
now 62.4°. The presence of a film on the bevelled edges has no influence on this angle as can 
be shown by applying Snell's law. Moreover it follows from Snell's law and the law of reflection 
that the exit angle at the output bevel is the same as the angle of incidence at the input bevel. 

Total internal reflection 

In Fig. 3.3 the special case of internal reflection is depicted. We can demonstrate total internal 
reflection by looking at the reflection at the IRE-vacuum interface. 
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Figure 3.3: Total internal reflection, showing the evanescent wave. 

Total internal refiection only occurs if the angle of incidence is larger than a critical angle of 
incidence: ei > Oc. The value of Oc in this condition is obtained from Snell's law, when the sine of 
the angle </; is equal to 1 ( </; = 90°). Therefore we can define the critical angle of incidence for the 
IRE-vacuum interface as Oc = arcsin( ~~). If this condition is satisfied, no light is transmitted into 
the rarer medium and all incident light is refiected. 

Oc for the GaAs/vacuum interface 

For a light beam inside a GaAs ATR crystal (IRE) with a refractive index of 3.32 surrounded 
by vacuum the critical angle can be calculated: ec = 17.5°. In our deposition setup the angle 
of incidence on the IRE-vacuum interface is 62.4 degrees, which means total internal reflection 
occurs at the IRE-vacuum interface. 

The angle of refraction </; for total internal refiection, is a complex angle with a purely imaginary 
eosine, as follows from combining Snell's law and the condition for total internal refiection. The 
meaning of this angle, along with the exponential decaying evanescent wave that is shown in Fig. 
3.3, will be treated in the next section where the strengths of the electric fields in the two media 
will be discussed using the Fresnel equations. 

3.2.2 Fresnel equations 

The Fresnel equations can be obtained from the electromagnetic nature of light, by using the 
boundary conditions arising from the Maxwell equations [8]. Light has two different polarization 
directions, s polarization and p polarization. For s polarization ( often denoted with subscript s) 
the electric field vector lies perpendicular to the plane of incidence. For p polarization ( denoted 
by subscript p) the electric field lies parallel to the plane of incidence. The derivation of the 
Fresnel equations for both polarization directions is based on the same principles, but the results 
are different. Here the Fresnel equations for both s polarization and p polarization are given. For 
the two media in the equations we use the IRE material and the vacuum, i.e. the light is incident 
from the vacuum on the input bevel of the IRE. In the equations n1v = ni is used to simplify the nv 
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expressions. 

Ers cos (}i - ( n7v - sin2 ei)
112 

(3.3a) rs = -'-
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The Fresnel equations give the reflection (r) and transmission (t) coefficients, i.e. the ratio of 
the reflected and transmitted E-field amplitudes (Er and Et) to the incident E-field amplitude (Eo). 
Assumptions in this derivation are plane harmonie electromagnetic waves and planar surfaces. In 
reality nonplanar surfaces will introduce scatter losses. 

The reflectance and transmittance at a plane surface, defined as the fraction of the intensity I 
in the incident beam that is reflected or transmitted, depends on the ratio of the squares of the 
E-field amplitudes. The reflectance and transmittance are given by: 

R 

T 

r2 

cos</> 2 
n1v--(}-t 

cos i 

(3.4a) 

(3.4b) 

The polarized equations for R and T can be obtained by taking the proper Fresnel equation and 
adding the corresponding subscript to equations 3.4. 

External and internal reflection 

For external and internal reflection the reflectance and transmittance are simply given by equations 
3.4. 

Transmittance of light on the bevelled edges 

We can calculate the transmittance T for light that is incident on the bevelled edge of the IRE 
from the vacuum. The light is incident under an angle of 8 degrees with respect to the normal 
on the bevelled edge. Using n1 = 3.32, nv = 1 and (}i = 8° we obtain T8 = 0. 708 and Tp = 0. 715 
for the transmittance at the input bevel. For the bevelled edge, where the light exits the IRE, 
we obtain the same values for the transmittance and reflectance. 

The non zero reflectance at the bevelled edges causes a part of the the light to travel back and 
forth between the bevelled edges. In this way part of the light makes multiple passes in the IRE. 
We assume that the reflections at the IRE-vacuum interface on the top and bottom side of the 
IRE are total, e.g. the reflectance is unity, and that the transmittance and reflectance at both 
bevelled edges are T and R respectively. If the light makes only one pass through the IRE, the 
total transmittance at the exit bevel can be written as T1 = T 2 . We now take into account that the 
reflected light at the exit bevel makes an additional pass back and forth through the IRE and the 
total transmittance of the IRE at the exit bevel can be written as T3 = T1 + T R 2T = T 2 (1 + R 2 ). 
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Adding the part of the light that makes two additional passes back and forth through the IRE, we 
obtain Ts = T3 + T R 4T = T 2 (1 + R 2 + R 4 ). This calculation eventually leads to an infinite sum: 

00 y2 
Ttot = LT2R2N = 1- R2 

0 

(3.5) 

If we divide the total transmittance at the hevels Ttot by the single pass transmittance T1, we obtain 
a measure for the importance of the fact that the light makes multiple passes through the IRE: 

1 
(3.6) 

1-R2 

In this equation R is the reflectance at the bevelled edges. Equation 3.6 can be easily extended to 
the case when the reflectance on the film-IRE interface is not unity, as will be shown in one of the 
next sections. 

Light making multiple passes between the hevels in the IRE 

The coherence length of the glowbar infrared source, used in the FTIR apparatus, is defined 
as Ze ~ >.. 2 /bi.>... For typical values of the wavelength >.. = 5 µm and bi.>.. = 10 µm, we obtain a 
coherence length Ze of 2.5 µm [10]. The coherence length is much larger than the film thickness, 
but is much smaller than the path length of the IR light in the IRE. Therefore interference effects 
only affect the absorption in the deposited films, but do not produce standing waves within the 
IRE. 
The influence of light making multiple passes through the IRE can be estimated for both po
larization directions of light using Eqs. 3.6. In our case, using the single pass approximation 
will result in an underestimation of the total transmittance of the IRE at the output bevel by a 
factor 1.09 for both polarization directions. For a reflectance at the IRE-vacuum interface that 
is smaller than unity, the effect of light making multiple passes in the IRE becomes smaller. This 
holds also when the reflectance at the IRE-(film)-vacuum interface is smaller due to absorption 
in a deposited film on top of the IRE. More and more absorption in the film leads to less effect 
of the multiple passes between the hevels. 

Total internal reflection 

In the case of total internal reflection, no light is transmitted into the rarer medium. The Fresnel 
equations, however, are still valid and can be used to calculate the electric field amplitude just 
outside the interface in the rarer medium. For the derivation it is easier to use the three spatial 
directions, instead of the two polarization directions. One of the spatial directions corresponds 
directly to the perpendicular polarization and the other two to the parallel polarization. Following 
Harrick [7] and using the coordinate system as depicted in Fig. 3.3, the electric field amplitudes 
in the rarer medium for unit incoming amplitude for the s polarized mode and for unit incoming 
amplitude for the p polarized mode are: 
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where nv1 = '.!!ll. is the ratio of the refractive indices of the rarer medium to that of the denser 
n1 

medium (i.e. vacuum and IRE). Eyo corresponds to the electric field amplitude in the y direction 
for perpendicular polarization Es and Exo to the electric field amplitude in the x direction and Ezo 
is the electric field amplitude in the z direction. Together Exo and Ezo form the total electric field 
amplitude for parallel polarization Ep. The total electric field amplitudes for perpendicular and 
parallel polarization, Es and Ep, are now given by: 

Eyo 

(1Ezol2 + 1Exol2)112 
(3.8a) 

(3.8b) 

The angle of refraction </> for total internal reflection is a complex angle, with a purely imaginary 
eosine. When the condition for total internal reflection is satisfied (Oi > Oc) the purely imaginary 
cos </> can be written as follows: 

( 
. 2 (} ) 1/2 ( . 2 (} ) 1/2 

cos</>= (1 - sin2 </>)1/2 = 1 - srn2 i = i sm2 i - 1 
nlv nvl 

(3.9) 

The meaning of this angle becomes clear when we consider the electric field amplitude of the 
refracted wave Et that can be written as: 

E _ E ei(kt·r-wt) 
t - Ot (3.10) 

where kt is the propagation vector of the refracted wave, r is the coordinate in space, w the 
frequency of the wave and t the time. Eot the electric field amplitude just outside the interface in 
the rarer medium and is given by Eqs. 3.8. Using the coordinates chosen in Fig. 3.3 and Figs. 3.2, 
we obtain: 

kt · r = kt ( x sin </> + z cos </>) 

Using Eq. 3.9 we can write the refracted wave as: 

( 

. 2 ) 1/2 
where a is defined as a = kt sm2 ei - 1 . The last exponential factor e-az describes an 

nvl 

exponential decrease in the amplitude of the wave as it enters the rarer medium along the z direct ion. 
The other exponentials in the expression for the refracted wave are harmonie functions with unit 
amplitude. An example of such an exponential decrease in amplitude is depicted schematically in 
Fig. 3.3. 
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The "wave" that exists beyond the interface is called the evanescent wave and all the energy of 
the incident wave returns to the original medium if the rarer medium is not absorbing. This can be 
demonstrated by the fact that the time averaged Poynting vector just outside the denser medium, 
i.e. in the rarer medium, is zero. This means that no energy flows through the interface. For the 
evanescent wave one can define a depth of penetration into the rarer medium, that is the depth at 
which the amplitude of the electric field is decreased by a factor 1/e: 

(3.11) 

In this equation we have used kt = ~:, where Àv is the wavelength of the radiation in the rarer 
medium. 

Depth of penetration of the evanescent wave 

For a light beam with a wavelength of 5 micrometer (w = 2000 cm-1 ) incident on the interface 
IRE-vacuum under an angle of ei = 62.4° the penetration depth can be calculated: dp = 286 
nm. When the vacuum is replaced with a film with a refractive index of 2.6, the penetration 
depth becomes dp = 1500 nm. 

The evanescent wave makes it possible to probe surface species that are a few nanometers 
beyond the surface of the IRE. For most angles of incidence the electric field amplitudes of the 
evanescent wave are approximately equal for both polarization directions. This follows directly 
from Eqs. 3.8. 

3.3 The IRE with film: a three layer model 

In the previous section we have considered the IRE without film extensively. In this section we 
extend the analysis to the situation of an IRE with a deposited film on top. First we make the 
distinction between two different measurement modes, the ATR mode and the MTIR mode. Next 
we explain how absorption in the film has been taken into account by the introduction of a complex 
refractive index. Subsequently we present the resultant transmittance and reflectance of a three 
layer system that includes interference effects. 

In the last part of this chapter a model will be presented that describes the transmittance of 
light through the IRE, without and with a film on top. The model includes interference effects in the 
film and multiple passes in the IRE. Moreover it is valid for both the ATR and MTIR measurement 
mode. Finally a simplified model is used, in combination with a correction factor that accounts for 
the difference between the simplified and complex model, to analyse the measurement data. 

3.3.1 Attenuated total reflection and multiple total internal reflection 

With a film on top of the crystal, the refractive index of the film determines whether total internal 
reflection will occur at the IRE-film interface. If total internal reflection occurs, the film on the 
IRE will be pro bed by the evanescent wave only. On the other hand, if total internal reflection does 
not occur, the wave will be transmitted into the film. In this case we assume that the condition for 
total internal reflection is satisfied at the film-vacuum interface, which means that the wave will be 
totally reflected at this interface. The part of the wave that is transmitted into the film will yield 
absorption. The first situation we call attenuated total reflection mode (ATR-mode) and the second 
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one multiple total internal reflection mode(MTIR-mode). The difference between ATR-mode and 
MTIR-mode is shown schematically in Fig. 3.4. 

evanescent 
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beam 

Figure 3.4: Illustration of the difference between ATR-mode and MTIR-mode. 

ATR-mode 

In the ATR-mode the exponential decaying electric field strength of the evanescent field has to be 
taken into account when the film thickness on top of the IRE increases. This results eventually 
in the situation when an increase in the film thickness will not result in an increase in absorption, 
because the evanescent wave does not probe the additional film thickness. The thickness that can 
be probed with the ATR-mode is approximately equal to the penetration depth (replace nv by n1 
in Eq. 3.11). In this mode the film is probed by the evanescent wave, therefore interference effects 
in the film can only occur in the film on top of the bevelled edges. 

MTIR-mode 

In MTIR mode the incident beam traverses into the film and undergoes an internal reflection at 
the film-vacuum interface. In MTIR mode there is no limit on the thickness of the film that can 
be measured, but effects of interference in the film can not be excluded on the bevelled edges and 
also not on top of the IRE, contrary to the situation in ATR mode. 

3.3.2 Absorption: complex refractive index 

The absorption in the film is taken into account by a complex refractive index that is defined as: 

(3.12) 

n f is the real part of the refractive index and ,.,, is the extinction coefficient. An electromagnetic 
wave that is travelling in a medium with a complex refractive index experiences absorption as can 
be understood by looking at the expression for harmonie waves in the z direction in a material: 

E = Eoei(k·z-wt) (3.13) 

Here E is the electric field amplitude as a function of time and place, E 0 is the electric field 
amplitude at a reference point, k is the wave vector, z is the position in the z direction, w is the 
frequency of the light and t is the time. Because the refractive index is complex, so is the wave 
vector k according 

w w 
k = -N1 = - (n1 + i,.,,) 

c c 

When we use this wave vector in Eq. 3.13, we obtain 

E E -~K,Z i(~n1z-wt) = 0 e c e c 
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By taking the square of the magnitude of both sides, the result describes the intensity, giving: 

I T -2"'-11:z = 1oe c (3.14) 

This result shows that the intensity of a light beam in an absorbing medium decreases exponentially 
with the distance travelled in the medium. This result is often written as I = I 0 e-az. We find that 
the absorption coefficient a is related to the extinction coefficient 11, according: 

2w11, 47r11, 
a=--=--

c À 
(3.15) 

3.3.3 Resultant transmittance and reflectance 

We will consider the IRE that is covered with a film as a three layer system of vacuum-film-IRE. In 
the general case a wave that is incident under an angle fh on such a system will result in a resultant 
transmitted and resultant reflected wave, as is shown in Fig. 3.5. 

Figure 3.5: Schematical representation of the transmittance and reflectance in a three layer model, which 
can be applied to the bevelled edges of the IRE. 

The following equations are valid for both s and p polarization, therefore the subscripts for 
polarization have been omitted for clarity. They can be added later to obtain the equations for the 
different polarization directions of light. We assume that the film has parallel-plane boundaries, a 
film thickness of d and that the film is sandwiched between two semi-infinite media with refractive 
indices nv and n1 respectively (vacuum and IRE in our case). The complex refractive index of the 
film is Nt and accounts for absorption in the film. We assume no absorption in the vacuum and 
IRE, which have purely real refractive indices nv and n1. Furthermore, we assume that all three 
layers are homogeneous and optically isotropic. 

When the incident wave meets the first interface (v-f), part of it is reflected in the vacuum and 
the remainder is refracted into the film, according the Fresnel equations. In general the film-IRE 
interface and the film-vacuum interface do not have a perfect reflectance or a perfect transmittance. 
Therefore the wave that is refracted into the films suffers multiple internal reflections at the film
IRE interface and the film-vacuum interface. Now interference effects can occur in the film between 
the multiply reflected waves. 

Each time the multiply reflected wave in the film strikes the film-IRE interface or the film
vacuum interface, apart of the wave is refracted (leaked) into respectively the IRE or the vacuum. 
Using the Fresnel reflection and transmission coefficients at the interfaces vacuum-film, film-vacuum 
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and film-IRE and taking into account the phase changes of the wave when travelling in the film, 
the successive partial plane waves that make up the resultant reflected wave and the resultant 
transmitted wave, can be written down. 

The resultant reflected wave consists of the following contributions: 
(1) rvf, 
(2) ivfr flt fve-i2f3, 

(3) ivfrflrfvrf1ifve-i4f3, 
( 4) ... 
In the same way the successive partial transmitted waves that make up the resultant transmitted 
waves are: 
(1) ivjijle-if3, 

(2) iv1r11rfvif1e-i3f3, 

(3) ivfrflrfvrflrtvif1e-i5f3, 
( 4) ... 

/3 is the phase change that the multiply-reflected wave experiences as it traverses through the 
film and is defined by: 

d ( 2 2 . 2 ) 1/2 /3 = 27r): Nf - nv sm fh (3.16) 

/3 is also called the film phase thickness and is given in terms of the free space wavelength Àv, the 
film thickness d, the complex refractive index N1 and the angle of incidence (}i that determines the 
direction of the "zig-zag" wave in the film (via Snell's law). It can be shown [11] that summation 
of the separate partial plane waves to infinity leads to the following total reflected and transmitted 
electric field amplitudes R and T: 

R = rvf + rfl exp (-i2/3) 
1 + rvfrfl exp (-i2/3) 

T = ivft fI exp (-i/3) 
1 + rvfrfl exp (-i2/3) 

(3.17a) 

(3.17b) 

The resultant reflectance and transmittance are now given by the square of the resultant refiection 
and transmission coefficients (Eqs. 3.17). The polarized equations can be obtained by adding the 
subscripts s and p to the Fresnel refiection and transmission coefficients that are given by Eqs. 3.3 
and Eqs. 3.17. 
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Application of the three layer system on the bevelled edge of the IRE 

The three layer system is applicable at the IRE-film-vacuum system on the surface of the IRE. It 
is also valid when the refractive index of the film is low enough to satisfy the condition for total 
internal reflection at the IRE-film interface. Furthermore, the system is applicable at the three 
layer system of IRE-film-vacuum at the bevelled edges. We will now discuss the application of 
the model to the input bevel that is covered with a thin absorbing film. 
U sing the equations for the resultant transmission coefficient ( equations 3.17), we can calculate 
the total transmittance of the three layer system at the input bevel of the IRE as a function of 
the thickness of the film. We use nv = 1, n1 = 3.32, Nf = 3.3 + i0.04 (o: = 1000), >.. = 5 µm 

and an angle of incidence of 8 degrees with respect to the normal on the bevelled edge. Fig. 3.6 
shows the total transmittance Tvfl of the three layer system on the bevelled edge as a function 
of the film thickness d for p polarized light. 

0.75 .--~~----.-~----..--~----r--~--. 

Tvfl 

'5 0.65 
1-

0.60 

500 1000 

d (nm) 

········a=O 
······a = 1000 

1500 2000 

Figure 3.6: Transmittance of the input bevel covered with and without an absorbing film of thickness 
d, calculated using Eqs. 3.17. 

The effects of an absorbing film on the bevelled edge can be seen by the decrease in total 
transmittance as a function of film thickness, contrary to the case of a non absorbing film. 
Furthermore, we see interference effects of the multiply-reflected wave in the film, causing the 
oscillating behavior. These interference effects are also present in the film on the output bevel. 
And for the MTIR-mode, similar interference effects are present in the film on the top of the 
IRE. Note that for s polarized light the interference effects are similar, but not the same. 

3.4 Transmittance through the IRE 

On the basis of what we have seen so far, we will construct a model that describes the transmission 
of infrared light through the IRE. We will start with a model that only takes into account the 
absorption in the film on top of the IRE. Subsequently we will add absorption in the film deposited 
on the bevelled edges and finally we will account for multiple passes of the infrared light through 
the IRE. 

The final model is complicated and it is not possible to obtain the absorption coefficient directly 
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from the measurements using this model. Therefore we will use a simplified model and calculate 
a correction factor that accounts for the difference between the simplified and complicated model. 
In this way we can use the simplified model to calculate a and then use the correction factor to 
convert the a obtained from the simplified model into a realistic value. At last we will estimate 
the error that can be induced by this procedure. 

In the derivation of the models, the subscripts fors and p polarized light are omitted for clarity. 
But the difference between s and p polarized light is still there. By using the appropriate Fresnel 
reflection and transmission coefficients, we obtain the model for s or p polarized light. 

3.4.1 The IRE-film-vacuum interface 

The IRE with film can be regarded as a three layer system of vacuum-film-IRE or vice versa. In 
Fig. 3. 7 the IRE is shown again and five important reflectances and transmittances are indicated. 

(1) (2) (3) (4) (5) 

Figure 3. 7: Important transmittances and reflectances in the IRE for the development of the model for the 
ATR measurements. 

All the transmittances and reflectances are defined for unit incoming intensity of the light. 

1. At the bevelled edge where the light enters the IRE we see the resultant transmittance of a 
wave incident from vacuum (via the film) into the IRE Tin· 

2. At the bevelled edge where the light exits the IRE, we define a resultant transmittance of a 
wave incident from the IRE (via the film) into the vacuum Tout· 

3. At the bevelled edge where the light exits the IRE, we can also define a resultant reflectance 
of a wave that is incident from the IRE on the film Rout· In this case a part of the total 
reflected light undergoes multiple internal reflections in the film before it returns to the IRE. 

4. At the bevelled edge where the light enters the IRE, we can define a resultant reflectance of 
a wave that is incident from the IRE on the film Rin· This reflectance is exactly the same as 
the previous one, i.e. Rin = Rout· 

5. At the top of the IRE the most important reflectance occurs: RATR· The light is incident 
from the inside of the IRE on the IRE-film interface. Now it depends on the measurement 
mode, ATR mode or MTIR mode, whether the film is probed by the evanescent wave or 
by a wave that is partially transmitted into the film. In the latter case, we assume that on 
the film-vacuum interface the condition for total internal reflection is satisfied and no light is 
refracted into the vacuum. 

3.4.2 Models to describe the measurement 

In this section we present a model that relates the measured absorbance to absorption coefficient 
a, which is the parameter we want to determine. The model describes the total transmittance of 
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light through the IRE without and with film. We take interference effects in the film on top of the 
IRE and multiple reflections between the bevelled edges in the IRE into account. Unfortunately a 
mathematica! inversion is required to calculate the absorption coefficient a directly from the final 
model. 

To overcome this problem, we present a method that uses a simplified model to calculate the 
absorption coefficient a. The initially determined a is then corrected to the correct value using a 
numerically calculated correction factor. 

Model 1: exact model 

We start the model with the essential part for the measurements: the "single" reflectance RATR of 
the principle light beam at the IRE-film-vacuum interface, where the absorption in the film takes 
place (reflectance "number 5" of the previous section). This reflectance can be expressed by a 
resultant reflectance as described in Eq. 3.17: 

(d) 
1 

rlf + rfv exp (-i2f3ATR) 1
2 

RATR = . 
1 + rlfrfv exp (-i2f3ATR) 

In this equation r 1 f and r fv are the Fresnel reflection coefficients at respectively the !RE-film 
interface and the film-vacuum interface. fJATR is the film phase thickness defined by: 

( ) d ( 2 2 . 2 ) 1 /2 fJATR d = 27T);' Nf - n 1 sm ()i 

fJ AT R ( d) is a measure for the phase difference that the wave undergoes as it traverses through the 
film. This phase difference causes the appearance of interference effects and therefore the expression 
for RATR already includes interference effects in the film. These interference effects can only occur 
when the measurement is performed in the MTIR mode, in ATR mode no real wave is transmitted 
in to the film and no interference can occur. 

If we assume 100 % transmittance at both bevelled edges, we can write the total reflectance of 
a light beam that travels through the IRE as: 

TrnE(d) = RArR(d)M 

In this equation M is the number of reflections at the top surface of the IRE. Furthermore, 
we have assumed that the reflectance at the bottom surface of the IRE is unity. For a light beam 
incident under an angle ()i, the number of reflections on the top surface of the IRE can be calculated 
using: 

(3.18) 

Where LrnE is the length of the IRE and drnE is the thickness of the IRE. 
Now we include the transmittance of the light beam at the three layer system vacuum-film-IRE 

on the bevelled edge Tin, where the light enters the IRE. And also the similar reflectance Tout, on 
the bevelled edge where the light exits the IRE. The transmittances of these systems at the bevelled 
edges, indicated by the transmittances 1 and 2 in Section 3.4.1, are given by: 

where 
d ( 2 2 . 2 ) 1/2 fJin = 27T );' N f - nv sm Oo 
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and 

Taut(d) = 1 t11itv exp (-if3out) 12 
1 + r J 1r fv exp ( -i2f3out) 

with 
d ( 2 2 . 2 ) 1/2 f3out = 27r~ Nf - nv sm Oo 

Oo is the angle of incidence on the bevelled edge. The transmittances Tin ( d) and Tout ( d) also include 
interference effects in the film. These interference effects do occur in both the ATR and MTIR 
measurement mode. The total transmittance through the IRE can now be expressed as: 

Finally we can also introduce multiple passes between the bevelled edges in the IRE, similar to 
the derivation in Section 3.2.2. In the next step we use that the reflectances Rin and Raut (numbers 
3 and 4 from Section 3.4.1) are equal. 

TrnE(d) = Tin(d)RArR(d)MTout(d) 
1 - Raut(d) 2 RArR(d) 2M 

(d) -1 r11 + rfv exp (-i2f3out) 12 

Raut - ( . ) 1 + r J fr fv exp -i2f3out 

(3.19) 

In our measurements we use the absorbance to quantify the absorption in the film. The ab
sorbance is defined as the ratio of the measured intensity of IRE with film to the measured intensity 
of the IRE without film: 

A(d) =-log I(d) = -log TrnE(d) 
Io TrnE(O) 

(3.20) 

In this equation I(d) is the measured intensity of the IRE with film and 10 is the measured 
intensity of the IRE without film. These intensities are equivalent with the total transmittance of 
the IRE with film (TrnE(d)) and the total transmittance of the IRE without film (TrnE(O)). If we 
express our model in terms of absorbance, we come to the following model: 

TrnE(d) 
AModell =-log TrnE(O) 

In this equation TrnE is given by Eq. 3.19. 

Model 2: Simplified model 

(3.21) 

To simplify the analysis of ATR measurements we can construct an optical model by assuming 
no interference in the film (the Fresnel reflection coefficient from crystal to film is zero). We also 
assume no film deposition on the hevels and we neglect the effect of the light reflection at the 
bevelled edges (multiple passes through the crystal). The IR transmission can now be calculated 
by a modification of Lambert-Beers law: 

(3.22) 
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In this equation L is the total length of the light path in the film: L = 2dM /Re (cos ei) and Tin 
and Tout are the transmittances at the vacuum-IRE and IRE-vacuum interface (no film on hevels). 
Again we express the model in terms of absorbance and we obtain: 

AModel
2 

=-log TrnE(d) = o:(w)L = o:(w)2dM 
TrnE(O) ln 10 cos ei ln 10 

(3.23) 

We see immediately that the absorbance depends linearly on the absorption coefficient. 

3.4.3 Comparison of the models 

The main difference between the exact model 1 and the simplified model 2 is that we have neglected 
the effects of interference in the model 2. The question is now whether the simplified model still 
gives a reasonable approximation of the measured absorbance. First we will investigate for what 
conditions interference effects are expected. Next we will compare both model 1 and 2 in our 
explicit situation for both polarization states of light. 

Interference effects 

The effects of interference depend on the angle of incidence. The amount of interference in the film 
is primarily dependent on the Fresnel reflection coefficient from film to IRE. For p polarized light 
this reflection coefficient is minimized at the pseudo-Brewster angle, as can be seen in Fig. 3.8. 
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Figure 3.8: Reflectance from film to IRE as a function of angle of incidence for n1 

3.2 + 0.04i (o: = 1000) for s and p polarization respectively (circles and squares). 
3.32 and N1 

The p polarized curve reaches zero at eb = arctan ~~ ~ 46.0° and no interference effects occur 
in the film at this angle. Therefore one would prefer an angle of incidence nearby the pseudo
Brewster, because it simplifies the ATR measurement analysis considerably, making it possible to 
use the simple model for ATR data analysis. For s polarization there is always a reflection at the 
film-IRE interface and therefore interference effects always play a role. This difference between p 
and s polarized light shows the relevance of using a polarizer in ATR-FTIR experiments. Fujiwara 
et al. [4] perform their measurements at an angle of incidence very close to the pseudo-Brewster 
angle and use a slightly altered version of the simplified model to analyse the measurements. 

For films where interference effects play a role, the simplified model always introduces an error. 
This can be seen in Fig. 3.9, where the ratio of the absorbances calculated using the exact model 
1 and the simplified model 2 have been plotted as a function of film thickness. 
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Figure 3.9: Ratio of absorbance calculated using model 2 over absorbance calculated using model 1 for 
s and p polarization at different angles of incidence. In these calculations, n1 = 3.32, n1 = 3.3, nv = 1, 
o: = 1000 cm-1 and À= 5 µm. 

Only the p polarized case with angle of incidence at the pseudo-Brewster angle shows little 
deviation between the two models [4]. The deviation that is still present is due to the effect 
of multiple passes of the light between the bevelled edges in the IRE. When the multiple passes 
between the bevelled edges are taken into account in model 2, we obtain perfect agreement between 
model 1 and 2 for the conditions mentioned above. For all other conditions we need to use model 1. 

Unfortunately our current setup does not allow us to do experiments at the pseudo-Brewster 
angle as angle of incidence. Our angle of incidence is 62.4° and therefore we have to use model 
1 (Eq. 3.21). 

Measurement analysis using model 1 and 2 

The objective of the construction of the model was to quantitatively analyse the measurements and 
obtain a value for the absorption coefficient a. Unfortunately a mathematical inversion is required 
to obtain a directly from model 1, i.e. it is only possible to calculate the absorbance using aas input 
for the model 1. To analyse the measurements directly with model 1, we need to iteratively "fit" 
the measured absorbance with the proper parameters, such as the refractive indices, the thickness 
of the film, the angle of incidence and the wavelength of the light to obtain a. This procedure is too 
time consuming. We suggest two methods to overcome the problem of the mathematica! inversion: 

1. Use model 1 to obtain the maximum absorption coefficient amax(w, d) for the maximum 
absorbance of a film with thickness d and scale the other absorbances A(w, d) linear in a 

according: a(w) = AA wt) d X amax(w). 
max w, 

If the absorbance is linear in the absorption coefficient a this method is exact. For both s 
and p polarized light a different amax(w, d) is calculated from model 1. In this calculation the 
refractive index of the IRE, film and vacuum as well as the wavelength of the incident light 
are used. 
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2. Calculate a correction factor C(7r, d) for a well chosen a (typically a = 1000) that converts 
the measured absorbance into a value that gives correct results using model 2: 

Amodel2(w, 1f, d) = C(7r, d)Ameas(w, 1f, d) (3.24) 

Here C(7r, d) is given by C = 1modelz,calc~rr,:~, where 7r is the polarization state of the light and 
model 1,calc 1r' 

d the film thickness. Now we can express the absorption coefficient a(w) as a function of the 
measured absor bance Ameas ( w, 7r, d): 

( ) 
_ ln(lO)C(7r,d)Ameas(w,1f,d)Re(cosOi) 

a w - 2dM (3.25) 

Correction factors for our measurement configuration 

For our measurement configuration the correction factors have been calculated for different 
refractive indices of the film (n1 = 2.6 to n1 = 3.6) as a function of the film thickness d. The 
typical absorption coefficient used is a = 1000 cm-1, n1 = 3.32, nv = 1 and ei = 62.4°. The 
results are given in the following figure for s and p polarization: 
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Figure 3.10: Correction factors for s and p polarization for different refractive indices of the film. 

From these figures it can be seen that the influence of interference is bigger for s polarization 
than for p polarization, as was expected on the basis of Fig. 3.8. 
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Chapter 4 

Data analysis procedures for 
ATR-FTIR measurements 

In this chapter the data analysis procedure for ATR-FTIR measurements will be discussed. The 
data analysis has proved to be very important to obtain correct results from the measurements. 
This chapter is the connection between the theory and the results that are discussed in the next 
section. 

The chapter is divided in two main sections. The first section deals with the determination 
of the absolute bulk hydrogen content and the second section explains the determination of the 
hydrogen surface coverage. 

4.1 Determination of the hydrogen content 

First the measurement procedure is explained. We will discuss the experimental procedure for 
in situ ATR-FTR measurements on the deposited films, the conversion to absorbance and the 
baseline correction. We will continue with the data analysis part that involves peak fitting and the 
complementary peak assignment. The model, introduced in the previous chapter is used to obtain 
the absorption coefficient for the a-Si:H films. Finally the absolute hydrogen content is calculated. 

Furthermore, we show that no difference between p and s polarized measurements is observed. 
We also compare the hydrogen content determined from ATR-FTIR measurements with the hydro
gen content determined from ordinary FTIR measurements. Finally the accuracy of the method 
and the influence of errors on the trend in the measurements will be discussed. 

4.1.1 Measurement procedure 

The ATR-FTIR measurement procedure of a deposited amorphous or microcrystalline silicon film 
on an IRE consists of three main steps that are enumerated below. We will discuss these steps 
separately. 

1. ATR-FTIR measurement 

• Measure spectrum T ( 0) (background spectrum) 

• Deposit film 

• Measure spectrum T(d) (sample spectrum) 

2. Conversion to absorbance and baseline correction 
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ATR-FTIR measurement 

We measure the spectrum of a clean IRE (i.e. without a film on top of the IRE) by averaging 100-
1000 scans of the FTIR spectrometer. The spectrum we obtain is called the background spectrum 
or the reference spectrum T(O). An example of a background spectrum is shown in Fig. 4.1. The 
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Figure 4.1: The spectrum of a clean GaAs IRE without a film on top of it. This spectrum is used as 
background spectrum in cases that the bulk hydrogen is monitored. 

spectrometer is used for in situ measurements and the infrared beam path lies partially in air. This 
causes the H2 0 absorption and C02 absorption that can be seen in Fig. 4.1. Furthermore, one can 
see the cut off in the background spectrum of the GaAs IRE, T ( 0), at approximately 800 cm -l. 

N ow a film of thickness d is deposited on top of the IRE using the expanding thermal plasma. 
After the deposition the system is allowed to reach a steady state by leaving it alone for approxi
mately 7 minutes. 

Next the spectrum of the IRE with film is measured, again by averaging 100-1000 scans of the 
FTIR spectrometer. This spectrum is normally referred to as the sample spectrum T(d). 

Conversion to absorbance and baseline correction 

Automatically the sample spectrum is divided by the reference (background) spectrum. Now we 
obtain the ratio of the transmitted intensity of the IRE with and without film. This ratio is 
a measure for the amount of light absorption in the film. A more convenient measure for the 
absorption in the film is absorbance, because the absorbance depends linear on the number of 
absorbers for ordinary FTIR measurements, while the transmission ratio shows an exponential 
decreasing behavior. The absorbance is defined in the same way as in Chapter 3: 

T(d) I(d) 
A(w) =-log T(O) = -log I(O) (4.1) 

T(O) and T(d) are the transmissions of the IRE without and with film of thickness d on top 
of the IRE. J(O) and J(d) are the transmitted intensities of the IRE without and with a film of 
thickness d on top as measured by the detector. 

After the conversion to absorbance usually a baseline correction is necessary to correct for the 
shift in the baseline of the absorption peaks. This baseline correction is in most cases rather small. 
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Resulting spectrum 

A typical baseline corrected absorbance spectrum of an a-Si:H film is given in Fig. 4.2. In the 
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Figure 4.2: Absorbance spectrum of an a-Si:H film (d = 120 nm) deposited on a GaAs IRE. 

spectrum the region from 800 to 950 cm-1 is attributed to deformation and wagging modes of 
SiHx (x=2,3) groups. The region from 1850 to 2200 cm-1 is attributed to SiHx stretching modes 
(x=l,2,3). Also a peak of C02 is present at approximately 2348 cm-1 that indicates changes in the 
ambient. In the wavenumber range above 2500 cm-1 no absorbing species are present for silicon 
based films. 

The same measurement procedure is applied for both s and p polarizations of light. This results 
in two spectra, one for s the polarized measurement and one for the p polarized measurement. In 
general these spectra will be different, due to the different influence of interference (Chapter 3). 

4.1.2 Peak fitting and the assignment of the peaks 

To obtain more quantitative information from the spectra, the SiHx stretching features in the 
spectra are deconvoluted into several separate Gaussian peaks. In Fig. 4.3 an example of a part of 
the spectrum in the SiHx stretching region is given. 

We can identify three separate peaks, two big ones at approximately 2002 and 2077 cm-1 and 
a smaller one at 2132 cm-1 . The assignment of the bulk peaks as reported in literature will be 
summarized in Table 4.1. The peak centered at 2002 cm-1 is usually assigned to SiH species in 
the bulk. We will call this peak the lower stretching mode (LSM). The assignment of the peak 
centered at 2077 cm-1 is less clear. This peak is sometimes only assigned to SiH2, but in many 
cases it assigned to SiH on internal surfaces or voids and to SiH2. Literature is still not consistent 
on the assignment of this peak. We will assign it to SiH2 in the bulk and to SiH on internal surfaces 
( voids) in the material. This peak will be called the higher stretching mode (HSM). Finally the 
peak at 2132 cm-1 is assigned to SiH3 . These peaks are also identified in bulk spectra of other 
a-Si:H and µc-Si:H films. 

It is well known that the center peak position of the peaks does depend on the local environment 
of the vibrating group. An example of this effect is the difference in frequency between SiHx groups 
at the surface and in the bulk. The origin of this effect is not completely understood, but it is most 
likely related to the bulk environment of the silicon hydrides [5]. 

Bulk peaks are also much wider than surface peaks, typically a FWHM of 80 cm-1 for bulk 
peaks and around 15 cm-1 for surface peaks. This broadening of the bulk peak is caused by the 
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Figure 4.3: Deconvolution of the spectrum into three Gaussian peaks (dotted lines) in the SiHx stretching 
region. 

fact that bulk peaks consist of several (narrow) peaks in different local bonding environments that 
have different frequencies. The convolution of all these peaks result in one bulk peak. The local 
bonding environment of the surface peaks however, does not vary as much as that of the bulk peak. 
Therefore the width of the surface peak is much smaller than that of the bulk peak. 

Table 4.1: The peak assignments used for bulk SiHx (x=l,2,3) stretching modes in a-Si:H and µc-Si:H films. 
Center position w (cm-1 ) Species Reference 

1980 < w < 2010 SiH bulk LSM [2, 3, 4, 5] 
2070 < w < 2100 SiH2 bulk and SiH on (internal) surfaces HSM [2, 3, 4, 5] 
2132 < w < 2140 SiH3 bulk/surface [3, 2] 

From the fitting procedure we obtain the width, center peak position and the integrated ab
sorbance J A(w)dw for the different peaks that correspond to the SiHx species (x=l,2,3). 

4.1.3 From absorbance to absorption coefficient: 
using the model 

The hydrogen content in the film can be determined from the absorption coefficient a of the film. 
In Chapter 3 the measured absorbance is linked to the absorption coefficient using two different 
models. The simple model is polarization independent as can be seen from Equation 3.23. The 
extensive model, however, does give different results for s and p polarized measurements, because 
it includes interference effects in the film. 

In the Fig. 4.4 (a) the measured spectra for s and p polarization are shown for an amorphous 
silicon film of approximately 160 nm thick. The Fig. shows the difference between s and p polarized 
measurements. The difference between s and p polarized measurements immediately implies that 
the simplified model (model 2) is not applicable, if we assume that the amorphous film is isotropic. 
Therefore we must use model 1 in combination with the in Chapter 3 suggested method to overcome 
the mathematical difficulties. This model predicts the higher absorbance in the s polarized case 
compared with the p polarized case. 

In Fig. 4.4 (b) we have used Equation 3.25 to convert the measured absorbance into the 
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Figure 4.4: (a) The absorbance spectra fors and p polarized measurements of the same a-Si:H film in the 
SiHx stretching modes. (b) The absorption coefficient determined from (a) using model 1 and the method 
presented in Chapter 3 for s and p polarization. 

absorption coefficient a. Equation 3.25 is repeated below for clarity: 

( ) 
_ ln(lO)C( 7r, d)Ameas (w, 7r, d)Re( cos Oi) 

a w - 2dM 

The correction factor C is calculated numerically for each measurement. From Fig. 4.4 we conclude 
that the determined absorption coefficients are now in agreement with each other, as is expected 
for amorphous materials. In Table 4.2 the differences between the two models are illustrated by 
this example. Besides the difference in the absorption coefficients a that result from the s and 
p polarized measurements using model 2, we observe that the absorption coefficients determined 
using model 2 are substantially lower than the absorption coefficients determined using model 1. 
The difference in the determined absorption coefficient for s and p polarization is 4 3 and can easily 
be caused by a slight deviation in the actual film parameters (i.e. deposition rate, refractive index) 
from the used film parameters. This can cause a slight difference in the absorption coefficients as 
determined by using the model. 

Table 4.2: Illustration of the difference in the determined absorption coefficients o:, determined from model 
1 and model 2 

Gmodell Gmodel2 

p polarization 1798 cm-1 999 cm- 1 

s polarization 1731 cm-1 1431 cm-1 

4.1.4 Calculation of the hydrogen content 

The absorption in a film depends linearly on the density of the absorbing species. Therefore we can 
expres the total density of a specific infrared bonding mode Ni in terms of the absorption coefficient 
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by: 

J ax(w) Px J 
Nx = Px -w-dw ~ ~ ax(w)dw (4.2) 

Px is the proportionality constant for the different silicon-hydride bonding modes x (i.e. x = LSM, 
HSM). If we use Equation 4.2 it follows that: 

N ~ ln(10)C(7r, d)PxRe(cos (}i) JA ( d)d 
x ~ 2dMw meas,x w, 1f, W (4.3) 

The integral part is the integrated absorbance as is obtained from the fitting procedure. Fur
thermore, the density Nx of the bonding mode depends on the proportionality constant Px, the 
correction factor C ( 7r, d) with 7r the polarization state, the eosine of the angle of incidence cos (}i, 
the thickness of the film d, the number of reflections on the IRE-film interface M, and the frequency 
w. 

For many decades, data has been gathered on the values of the proportionality constant Px for 
the LSM and HSM, nevertheless they are still under discussion. In Table 4.3 we give a summary 
of the reported values for the proportionality constants. 

Table 4.3: Proportionality constants as reported by Smets, Kessels et al. and Langford et al. [5, 12, 13]. 
Proportionality constant Smets Kessels et al. Langford et al. 

PLsM 9.0 x 101!.J cm-:L 9.0 x 101!.J cm-:L 9.0 x 101 !.J cm-:L 

PHsM 9.0 x 10 1 ~ cm-~ 1.5 x 1o~u cm - 2 2.2 x 10~u cm-~ 

Contrary to the values determined by Langford et al. [13], Kessels et al. [12] use recalibrated 
values that are lower for the HSM. Smets [5] fi.nds better agreement with experiments for even lower 
values of the proportionality constant of the HSM. 

The hydrogen content CH,x in atomie percents for a certain bonding mode x can now be 
calculated according: 

Nx 
CH,x = -N X 100% 

tot 
(4.4) 

In this equation is Ntot the atomie number density of the a-Si:H film1 (5.0x1022 atoms/cm-3 ). The 
total hydrogen content is obtained by adding the hydrogen content in the LSM and the HSM. We 
can calculate the total hydrogen content for both polarization states of the light and they should 
give the same result: CH = CH(7r = p) = CH(7r = s). 

4.1.5 Feasibility of the method 

s and p polarization 

The total hydrogen content has been calculated for films deposited under different conditions for 
s and p polarized light. The differences between the deposited materials are discussed in the next 
chapter. In this chapter it is only important to know that the different materials have hydrogen 
contents in a fairly braad range. In Fig. 4.5 the hydrogen content as determined from the p 
polarized measurements is plotted against the hydrogen content determined from the s polarized 
measurements. The line in Fig. 4.5 indicates when the hydrogen content determined from s and 

1To obtain the hydrogen content in atomie percents, we assume a constant total density Ntot· If the actual 
total density is lower/higher than the assumed one, we underestimate/overestimate the hydrogen content. The same 
mistake is made when the total density changes as a function of film thickness. For example if the total density is 
lower in the first few nanometers of film growth, we will underestimate the hydrogen content there. 
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Figure 4.5: Hydrogen content determined from ATR-FTIR measurements for s and p polarization plotted 
against each other. The line indicates when C H, 8 pol = C H, P pol· 

p polarized measurements are identical. From this figure we conclude that there is no difference 
between s and p polarized measurements. For amorphous materials this is expected, because the 
materials are in general entirely isotropic, but also for microcrystalline bulk materials we do not see 
any significant evidence for anisotropy. Based on this observation we will not make the distinction 
between s and p anymore in the determination of the hydrogen content. Most important these 
results confirm the validity of the used model. 

Comparison with ordinary FTIR 

In the Figs. 4.6 the hydrogen content as determined from our ATR measurements are compared 
with the values obtained with ordinary ex situ FTIR measurements of the films. Because of the 
fact that the absorption coefficients of the "ordinary" FTIR measurements were not available, 
the comparison has been carried out using hydrogen contents instead of absorption coefficients 
(which would be more direct). We give the comparison for two different proportionality constants 
for the HSM, namely PHsM = 1.5 x 1020 cm-2 and 9.0 x 1019 cm-2 (see discussion in Section 
4.1.4). Clearly we see that for PHsM = 1.5 x 1020 cm-2 the hydrogen content determined by ATR
FTIR measurements does not agree with the hydrogen content determined from ex situ FTIR 
measurements. For PHsM = 9.0 x 1019 cm-2 , however, the hydrogen content determined by ATR
FTIR shows good agreement with the FTIR measurements. These results confirm the observations 
of Smets [5]. Therefore we will use PHsM = 9.0 x 1019 cm-2 to calculate hydrogen concentrations 
in the rest of this report. 

4.1.6 Accuracy in the determination of the hydrogen content 

In this section we will give an estimation of the accuracy of the procedure that is used to determine 
the hydrogen content. The procedure depends on a lot of parameters and in order to analyse 
possible sources of errors we give the equation for the total hydrogen content, that can be obtained 
by combining Eqs. 4.4 and 4.3. 

C _ ln(lO)C(7r,d)PxRe(cosOi) IA ( d)d 
H,x - 2dMwNtot meas,x w, 7r, W 
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Figure 4.6: Comparison of hydrogen content determined by FTIR and ATR-FTIR, for two different pro
portionality constants PHsM. 

In Chapter 5 we will use the discussed procedure to obtain the hydrogen content as a function of 
the film thickness. Therefore will discuss the errors and investigate whether they have an infl.uence 
on the determined hydrogen content and especially on the observed trend in the hydrogen content 
as a function of thickness. We will not discuss all the sources of error, but focus on the most 
important ones. 

1. We will start our discussion with most complex parameter in the determination of the hydro
gen content, the correction factor C(7r, d)(Equation 3.24). The correction factor is calculated 
using measured values for the refractive index film, the angle of incidence and the film thick
ness. We will evaluate how possible errors in these values infl.uence the determined hydrogen 
content. Furthermore, the infl.uence of the assumption of a typical absorption coefficient 
( a = 1000 cm -l) on the determined hydrogen content is addressed. 

• Refractive index of the film. The error in the determination of the refractive index of the 
film is smaller than 4 %. This leads to a maximum error in the correction factor of 4-7 
% for p polarized and 4-14 % fors polarized measurements fora film with a thickness in 
the range of 0-200 nm. The error becomes smaller for thinner films. An overestimation 
of the refractive index leads to an overestimation of the absorption coefficient. This error 
can have an infl.uence on the trend in hydrogen content. 

• Film thickness d. The error in the deposition rate and therefore the film thickness is 
smaller than 10 %. This leads to a maximum error in the correction factor of 4 % for 
the refractive index range of interest. This error does not affect the trend in hydrogen 
content dramatically, if the error itself is systematic2 . 

• Angle of incidence. The correction factor is sensitive for changes in the angle of incidence. 
An error in the angle of incidence of three degrees, (e.g. 68 ± 3°) leads to an error 

2 The film thickness is often determined by a multiplication of the deposition time and deposition rate. An error 
in the deposition rate then leads to an error in the film thickness. This error is systematic and will not influence the 
observed trend in the data. 
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of approximately 3 3 in the correction factor. This error is systematic and does not 
depend on film thickness, refractive index or absorption coefficient and therefore it will 
not influence the observed trend in hydrogen content. 

• The assumption of a constant absorption coefficient a. In Chapter 3 the origin of this 
assumption is explained. This error could be avoided by an iterative procedure that 
"fits" a to the measured absorbance for given parameters. However this procedure is 
very time consuming and therefore we have chosen for an other solution that involves 
the assumption of a typical a. The error that is introduced by this assumption can 
be calculated for absorption coefficients between 200 and 3000 cm-2 (all determined 
absorption coefficients are in this range). The maximum error that is introduced by 
assuming a = 1000 cm-1 is 6 3 and depends on both film thickness and refractive 
index of the film. Especially for films with high or low hydrogen contents this error can 
influence the trend in the measurements. 

2. The assumption of a constant Ntot· This assumption leads to an underestimation of the 
hydrogen content in less dense environments. The introduced error can influence the trend 
in hydrogen content if the density of film is not constant as a function of film thickness. 

3. The film thickness d. An error in the film thickness will lead directly to an error in the 
hydrogen content. This error does not influence the determined trend in hydrogen content 
if the error itself is a systematic error, i.e. the error remains the same in percentage (See 
footnote 2). 

4. The proportionality constant. The proportionality constant is still under discussion3 and 
obviously influences absolute value of the hydrogen content, but not the observed trend as a 
function of thickness. 

5. The angle of incidence (}i and the number of reflections M. The angle of incidence is approx
imately 68 ± 3° and the corresponding error in cos (}i is approximately 4 %. The number 
of reflections also depends on the angle of incidence. The dimensions of the IRE are known 
accurately and thus the angle of incidence determines the error in the number of reflections. 
It turns out that the error in the eosine of the angle of incidence and the error in the number 
of reflections partly cancel each other out. This results in a combined error of approximately 
2.5 %. 

6. Measured absorbance Ameas(w, 7r, d). The error in the measured absorbance is small compared 
to the other errors. Therefore we will neglect this error. 

Total error 

In Table 4.4 we give an overview of some errors in the determination of the hydrogen content and 
we will also give the errors affecting the observed trend in the hydrogen content. If the error in 
the film thickness is systematic, it does not affect the observed trend. The total errors of 32.5 and 
39.5 3 are maximum values and for most conditions the errors in the measurements are expected 
to be smaller than 15 %. The errors in the observed trend in hydrogen content are expected to be 
smaller than 10 3 for p polarized measurements. This analysis shows that although the absolute 
error in the procedure can be rather large (32.5 %), that the observed trends are accurate within 
10 %. 

3 See the discussion in Section 4.1.4 
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Table 4.4: Summary of the total error in the determination of the hydrogen content and the error that can 
influence the trend in hydrogen content as a function of thickness for both polarizations of incident light. 

Source Error 7r= p (s) Error affecting the trend 7f = p ( s) 
Correction factor C ( 7f, d) 20 % (27 %) 9 % (16 %) 
Film thickness d 10 % (10 % ) no influence if systematic error 
Angle of incidence ei 2.5 (2.5 %) no influence 
Total error 32.5 % (39.5 %) 9 3 (16 3) 

4.2 Ion induced desorption of surface hydrides 

The goal of these experiments is to measure the SiHx hydrides on the surface. In a normal ATR
FTIR experiment (as described in the previous sections) it is impossible to distinguish surface 
species from bulk species, because the absorbance from the surface species is overwhelmed by the 
bulk absorbance. Therefore we perform a measurement of an a-Si:H film with a hydrogen covered 
surface and of the same film of which surface hydrogen is removed by argon ions accelerated to the 
surface. These argon ions are generated in a RF-plasma pulse. 

4.2.1 Measurement procedure 

The measurement procedure for the ion-induced desorption experiments is in principle similar to 
that of the bulk hydrogen determination. 

1. Preparation of the film 

• Deposit film 

• Cool down to 100 °C 

2. ATR-FTIR measurement 

• Measure spectrum with film (background spectrum) 

• Remove surface hydrides by ion-induced desorption 

• Measure spectrum (sample spectrum) 

3. Conversion to absorbance and baseline correction 

Prepare film 

A film of approximately 100 nm is deposited on the IRE using the ETP deposition technique. 
Initially ion-induced desorption carried out at the deposition temperature, revealed that for certain 
conditions also some bulk hydrogen was removed from the films. Therefore it was decided to cool 
the IRE with film down to 100 °C. At this temperature the amount of hydrogen removed per 
RF-pulse was approximately equal to or smaller than the amount of surface hydrogen. This allows 
better control of the amount of removed hydrogen by the variation of the number of applied RF 
plasma pulses. 

ATR-FTIR measurement 

First the spectrum of the IRE with film and with surface hydrogen was measured at a temperature 
of 100 °C. The spectra were averaged 2000 times to obtain sufficient signal to noise ratio to observe 
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the removed surface species. This spectrum is used as a reference spectrum for the difference 
measurement. 

Subsequently a RF puls is applied to the IRE. Argon ions that are accelerated to the substrate 
collide with the hydrogen atoms at the surface and actively desorb the hydrogen from the surface, 
leaving dangling bonds on the surface. In the introduction we have already introduced this surface 
reaction (Fig. 1.4). The RF settings and pressure in the reactor have been adjusted such that the 
bias voltage Viias was approximately - 20 V. For the ion energy associated with this bias voltage the 
ion induced desorption of hydrogen occurs, while no substantial sub-surface damage to the film is 
clone. Fora RF-power of 20 Watts and a pressure of 1 mbar, the bias voltage equals approximately 
the required - 20 Volts. Although the duration of the plasma pulses was set to 1 second, the time 
before plasma ignition was not constant, leading to a variation in the actual duration of pulses. 
This makes the exact reproducibility of the amount of removed hydrogen from the surface almost 
impossible. Therefore it is desirable to apply several pulses before all the hydrogen is removed 
from the surface, so we can control the amount of hydrogen removed. In this way we can remove 
approximately one equivalent monolayer of hydrogen on a Si(lll) surface for all conditions [14]. 
After the application of the plasma pulse the spectrum of the IRE with film but without surface 
hydrides is measured by averaging 2000 scans of the spectrometer. 

It is important to mention that the surface species are probed in the ATR-mode by the evanes
cent wave. The strength of the local electric field at the surface species is given by Eqs. 3. 7 in 
combination with Eqs. 3.8. From these equations it follows that the strength of the electric field 
that probes the the surface hydrides is larger by a factor of 1.4 for p polarization than for s polar
ization for the same incoming field amplitude. This implies that we probe the p polarized surface 
hydrides with more sensitivity than the s polarized surface hydrides by a factor 1.4. We indeed see 
this difference, but we do not need to correct for it because we are only interested in the relative 
surface composition and not in the absolute surface coverage. 

Conversion to absorbance and baseline correction 

Ina similar way as in the "ordinary" ATR-FTIR measurements the absorbance is calculated from 
the transmission ratio (See Equation 4.1). After conversion to absorbance a small baseline correction 
is applied. 

Resulting spectrum 

In Fig. 4. 7 an example of a measured spectrum is shown. The negative peaks in the spectrum 
correspond with removed species and the positive peaks indicate newly created species. The noise 
in the H20 and C02 peaks in the spectrum is substantial and caused by changes in the ambient in 
the lab. Furthermore, we see clearly the effects of oxidation in the spectrum by the presence of the 
strong Si-0 stretching band at approximately 1000-1200 cm-1 and the SiHx that is backbonded to 
oxygen (at 2160 cm-1). The oxygen atoms originate from the background pressure in the reactor 
that was not optimal during these experiments. The oxygen related peaks have a larger cross 
section for absorption, which means that their presence is much more prominent in the spectra. 
The large peak at 1000-1200 cm-1 (2) might be due to a lower density of absorbing species than 
the small SiHx stretching peak (5). 
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Figure 4. 7: Spectrum of the surface hydrides SiHx. Several regions can be distinguished: (1) SiHx (x=2,3) 
deformation and wagging mode, (2) Si-Ox stretching modes (3) H20 bands (4) SiHx stretching modes, (5) 
the SiHx stretching mode with the silicon atom backbonded to one or more oxygen atoms and (6) the C02 
peak. 

4.2.2 Peak fitting and the assignment of the peaks 

Peak fitting 

The SiHx features in the surface spectra have also been deconvoluted into several Gaussian peaks. 
In Fig 4.8 an example of such a deconvolution is shown. The fitting procedure involves an iterative 
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Figure 4.8: An example of the SiHx stretching features for the surface hydrides. The deconvolution is also 
shown. 

approach in which multiple spectra were fitted using the mean square error as a measure for the 
quality of the fit. The center frequency of the peaks are based on reported literature and on their 
consistent appearance in the spectra under various conditions and thicknesses. The parameters of 
the peaks in the fitting procedure are not completely free to vary, but are constraint within certain 
ranges. These ranges are deducted from reported values in the literature. For instance, widths of 
surface peaks are not allowed to become wider than 15 cm-1 , which is small compared to the width 
of the bulk peaks (60-80 cm- 1 ). 

In the spectra we see two regions: (1) The negative features that correspond to the removed 
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SiHx and (2) the positive features that correspond to SiHx backbonded to oxygen. Due toa broken 
turbo pump the base pressure in the reactor was not optimal during the experiments. Therefore 
some of the silicon atoms were replaced by oxygen atoms during the cooling process that takes 
approximately 30 - 40 minutes. Because oxygen has a higher electron affinity than silicon the 
frequency of the SiHx stretching modes is shifted to higher wavenumbers (energies)[15]. 

Peak assignment 

Kessels et al. [3] have reported similar measurements and find correspondence of the surface peak 
positions on crystalline silicon and on amorphous silicon. They divide the absorption band in three 
ranges w < 2100cm- 1 , 2100cm-1 < w < 2130cm- 1 , w > 2130cm-1 , assigned to SiH, SiH2 and 
SiH3 stretching vibrations on the surface, respectively. We also use this assignment for the SiHx 
stretching region. The assignment is summarized in Table 4.5. Sometimes we see a small peak at 
2060 cm- 1 in the spectra (see Fig. 4.8). This peak has not been observed on c-Si. Because of 
the low center peak position, we assign the peak to minor changes in the sub-surface layer of the 
material. Therefore this peak has not been taken into account in the determination of the surface 
composition in terms of silicon hydrides. 

Table 4.5: Peak assignments used for the SiHx stretching modes on the surface of a-Si:H and µc-Si:H films. 
Center peak posi tion w (cm - 1 ) Corresponding species Reference 

2070 < w < 2100 cm- 1 SiH [3, 2] 
2100 < w < 2130 cm- 1 SiH2 [3, 2] 
2130 < w < 2140 cm-1 SiH3 [3, 2] 

The peak positions of the SiHx stretching vibrations backbonded to oxygen have been reported 
by Han et al. and Shih et al. [15, 16] and are indeed higher than the "normal" SiHx modes, as is 
expected (higher electron affinity of oxygen). Based on these publications and the consistency of 
the peaks for different number of pulses we come to the peak assignment given in Table 4.6. 

Table 4.6: Peak assignments used for the oxygen backbonded region of the SiHx stretching modes on the 
surface of a-Si:H and µc-Si:H films. The backbonds of the silicon hydride are given in parenthesis. 

Center peak position w (cm - 1 ) Corresponding species Reference 
~ 2127 cm- 1 SiH(Si20) [15, 16] 
~ 2160 cm-1 SiH2(SiO) [15, 16] 
~ 2200 cm-1 SiH(Si02) [15, 16] 
~ 2210 cm-1 SiH3(0) [15, 16] 
~ 2250 cm-1 SiH2(02) [15, 16] 

Complications in the peak fitting and assignment 

When the peaks obtained from the fitting procedure have their center peak positions around 2100 
cm-1 , e.g. the switching point from SiH to SiH2, it is very difficult to assign the peaks to the proper 
species. Therefore we also used the deformation and wagging modes of the SiH2 and SiH3 species 
on the surface (see Fig. 4.7). SiH does not have a deformation or wagging mode, so we obtain only 
information about SiH2 and SiH3 species. The peak assignment that we used for the deformation 
and wagging region is based on the work of Marra et al. [2] and Lucovsky et al. [17], hut also takes 
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into account the frequency shift to higher wavenumbers for surface species with respect to bulk 
species. In Table 4. 7 we give the peak assignment used for the deformation and wagging modes: 

Table 4. 7: Peak assignments used for the deformation and wagging modes of SiHx (x=2,3) of a-Si:H and 
µc-Si:H films. 

Center peakposition w ( cm- 1 ) Corresponding species Reference 
840 < w < 850 cm- 1 SiH2 [2, 17] 
859 < w < 890 cm-1 SiH3 [2, 17] 
900 < w < 905 cm-1 SiH2 [2, 17] 
912 < w < 915 cm- 1 SiH3 [2, 17] 

For peaks whose assignment is rather difficult, we use the following consistency check for the 
assignment procedure: 

1. Compare the center peak positions in bath polarization directions. If the peak assignment in 
one polarization direction is clear, assume the same peak assignment for the unknown peak 
in the other polarization direction. 

2. Compare the region with SiHx backbonded to oxygen with the "normal" region. If the 
assignment in oxygen backbonded region is clear, choose the assignment in the "normal" 
region that matches the hydrogen content, determined from the oxygen backbonded region, 
best. 

3. Compare the SiH2 over SiH3 ratio as determined from the wagging and deformation modes 
with that determined from the "normal" region. Now choose the peak assignment for the 
"normal" region that matches the ratio from the deformation and wagging modes best. 

4.2.3 Surface composition in terms of silicon hydrides 

For the calculation of the surface composition of the films, we want to use a measurement in which 
the amount of hydrogen removed is approximately one equivalent monolayer. To obtain an estimate 
of the amount ofhydrogen removed, we compared the total integrated absorbance (f A(w)dw) of the 
spectra with the total integrated absorbance that an ideally terminated Si(lll) surface would give 
[14] (f A(w)dw=2.27 x 10-3 per reflection for experiments with p polarized light). We found that 
depending on the deposition conditions we remove 0-1 monolayer per RF plasma pulse of 1 second. 
For some conditions we desorb the hydrogen easily, for other conditions more pulses are needed to 
remove the same amount of hydrogen. We have chosen the measurements for the determination of 
the surface composition, such that they correspond to the removal of approximately one equivalent 
monolayer of hydrogen on the ideally terminated Si(lll) surface. We use the term equivalent 
monolayer, because the surface of amorphous silicon and microcrystalline film is not completely 
flat. 

In (ATR-)FTIR studies we probe the silicon hydrogen bond (H-Si) in different bonding environ
ments such as SiH, SiH2 and SiH3. If the silicon atom is bonded to x hydrogen atoms, we probe x 
different silicon-hydrogen bands on the same silicon atom. Therefore in order to obtain the fraction 
of silicon atoms that is bonded to x hydrogen atoms, we have to divide the measured absorbance 
for the SiHx species by x. 

The total integrated absorbance of the SiHx species has been determined by summing the 
integrated absorbances (obtained from the fitting procedure) of the individual peaks that have 
been assigned to a particular surface hydride. We divide the total integrated absorbance of the 
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SiHx species by the number of SiH bands on the silicon atom x. We assume the same absorption 
cross sections for all three the surface hydride species [2]. Now we can calculate the fraction of 
silicon atoms on the surface that is bonded to 1, 2 or 3 hydrogen atoms. 

In Fig. 4. 9 we show an example of the surface composition of SiHx as determined from the 
measurements. 
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Figure 4.9: The fraction of Si atoms at the surface that is bonded as a SiH, SiH2 or SiH3 group for a 
µc-Si:H film. We see that the silicon atoms on the surface are mainly bonded to one hydrogen atom. 

4.2.4 Validation of the method and error analysis 

The presence of oxygen is undesirable, because it influences the accurate determination of the SiH2 
component on the surface. However the region with oxygen backbonded SiHx stretching can also 
be used to determine the surface composition in the same way as in the "normal" region, using 
the peak assignment presented in the previous sections. By comparing the results for both regions 
we can validate the determination of the surface composition and obtain an estimate of the error 
in this procedure. Also the deformation and wagging modes can be used for the estimation of the 
error. 

If we also assume that the surface is isotropic, s and p polarized measurements should give the 
same surface composition. Three comparisons now give information on the errors and uncertainties 
in the procedure: (1) The differences between both polarization directions give information about 
the accuracy of the measurement. (2) The differences between the compositions determined from 
the "normal" SiHx stretching region and the SiHx stretching region with oxygen backbonds give 
information about the error in the peak assignment procedures. (3) The same holds for the differ
ences between the composition determined from the SiHx deformation and wagging modes and the 
composition determined from the "normal" SiHx stretching modes. 

Table 4.8: Comparison of the surface compositions for a µc-Si:H film determined from the normal and 
oxygen backbonded SiHx stretching region for measurements with both s and p polarized light. 

SiH SiH2 SiH3 
Normal SiHx stretch. reg. p pol. 61 % 30 % 9% 
Normal SiHx stretch. reg. s pol. 54 % 39 % 7% 

Ox. backb. SiHx stretch. reg. p pol. 65 % 31 % 4% 
Ox. backb. SiHx stretch. reg. s pol. 59 % 34 % 7% 
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In Table 4.8 we show the surface composition of a µc-Si:H film determined from the "normal" 
SiHx stretching region and from the SiHx stretching region with the oxygen backbonds for measure
ments with s and p polarized light. The maximum error between s and p polarized measurements 
is thus 9 3 (absolute) and the difference between the normal value and the oxygen backbonded 
value is 5 3 (absolute). 

To be able to compare the results of the wagging and deformation modes with the results from 
the stretching modes (both oxygen backbonded and normal region), we calculate the percentage 
of SiH2 and SiH3 such that they are 100 3 together (See Table 4.9). We also find reasonable 
agreement for these values. 

Table 4.9: Comparison of the surface compositions for a µc-Si:H film determined from the normal and 
oxygen backbonded SiHx stretching region and the wagging and deformation region for measurements with 
both s and p polarized light. The total percentage of SiH2 + SiH3 has been set to 100 %. 

SiH2 SiH3 
Normal SiHx stretch. reg. p pol. 77 3 23 3 
Normal SiHx stretch. reg. s pol. 85 3 15 3 

Ox. backb. SiHx stretch. reg. p pol. 89 3 11 3 
Ox. backb. SiHx stretch. reg. s pol. 83 3 17 3 

Normal SiHx wag./deform. reg. p pol. 82 3 18 3 
Normal SiHx wag./deform. reg. s pol. 77 3 23 3 

Finally, based on comparison of s and p polarized measurements for all experiments, we can 
estimate that the error in the measurement itself is approximately 9 %. The maximum total error 
found from comparison of the SiHx stretching region with oxygen backbonds and the "normal" 
SiH stretching region is 11 %. The results for the surface composition obtained from all three the 
regions are consistent with each other within the error of 11 %. Therefore we conclude that the 
method gives reasonably good results in the determination of the surface composition of hydrogen 
with an accuracy of approximately 113 percent. (See Appendix A) 
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Chapter 5 

Results: surface and bulk hydrides of 
a-Si:H and µc-Si:H films 

In the previous chapter we have discussed methods to obtain the hydrogen content and the surface 
composition from ATR-FTIR measurements. In this chapter we will discuss the results of the 
ATR-FTIR measurements on thin a-Si:H and µc-Si:H films. Central theme in the chapter is the 
measurement of the surface composition in terms of silicon hydrides and the measurement of the 
hydrogen bonding configuration as a function of film thickness. The chapter is divided into three 
sections: 

1. Amorphous silicon deposited at 250 °C 

The amorphous silicon deposited at 250 °C is the starting condition in our studies and will be 
discussed in detail in the first section. The composition of the surface of this a-Si:H film wil 
be discussed in terms of silicon hydrides, subsequently the depth profile of the a-Si:H film will 
be treated. Furthermore, the influence of the particular method used for the depth profiling is 
addressed. Finally we will summarize the silicon hydride composition in the plasma (radicals), 
on the surface and in bulk material of the film and introduce some interesting issues that are 
addressed in the remainder of this chapter. 

2. Substrate temperature dependence of amorphous silicon 

In the experiments discussed in this section the plasma settings are kept constant and the 
substrate temperature is changed with respect to the starting condition (1). Changing the 
substrate temperature only influences the surface reactions and does not change the radicals in 
the plasma. First the surface silicon hydride composition will be discussed for three different 
substrate temperatures. Next the depth profiles of the bulk silicon hydride composition will 
be considered. Finally the link to the growth model is made and the importance of the surface 
reactions is demonstrated. 

3. Difference between amorphous and microcrystalline silicon 

In the experiments in this section, the substrate temperature has been kept constant and the 
ratio of the hydrogen flow to the silane flow (R=H2/SiH4) in the cascaded are is changed 
with respect to the starting condition (1). It is known that for low R the deposited materials 
are amorphous and for high R the deposited materials are microcrystalline. Therefore we 
investigate the influence of the changing plasma on the deposited materials. We will briefly 
review the important radicals in the plasma and then discuss the surface composition in terms 
of silicon hydrides. Subsequently we will discuss the hydrogen depth profile of the materials 
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and continue with silicon hydrides in the bulk material. In the last part we will focuss on the 
growth of µc-Si:H. 

5.1 Amorphous silicon deposited at 250 °C 

Amorphous silicon deposited at 250 °C is used as a starting point in this study. Therefore we 
will first discuss this material and its deposition process in detail. In Table 5.1 the deposition 
condition, the corresponding deposition rate and the refractive index n f (based on ex situ FTIR 
measurements) are given for a-Si:H deposited at 250 °C. We will start with some general properties 
of a-Si:H deposited at 250 °C. Next we will review the important radicals in the plasma and 
discuss the surface silicon hydride composition. Then we will continue with the depth profile of the 
hydrogen content, that will be combined with in situ spectroscopie ellipsometry measurements of 
the surface roughness and the bulk thickness. We will consider the implications of the used method 
to measure the depth profile. Finally we will summarize the results of this section and point out 
the importance of the two remaining sections. 

Table 5.1: Deposition parameters and refractive index in the infrared for a-Si-H deposited at 250 °C. 
T8 Ar2 flow H2 flow SiH4 flow Iarc Dep. rate n1 (in ir) 
250 °C 55 sccs 10 sccs 10 sccs 45 A 8.1 nm/s 3.3 

5.1.1 Properties of a-Si:H deposited at 250 °C 

The bulk properties of amorphous silicon deposited at 250 °C from the ETP plasma have been 
subject of research for many years now and are therefore well know. Figure 5.1 shows the ATR
FTIR spectrum of a 160 nm thick a-Si:H film deposited at 250 °C. Typical in the spectrum of a-Si:H 
deposited at 250 °C is the dominance of the HSM over the LSM1. In general the ratio of HSM over 
LSM depends critically on the deposition rate and the substrate temperature. Furthermore, it is 
often observed that the opto-electronic properties of intrinsic a-Si:H improve when the absorption 
in the HSM is smaller. The small peak at 2160 cm-1 is assigned to SiH that has one oxygen 
backbond [15]. 

From the spectrum in Fig. 5.1 the total hydrogen concentration can be calculated using the 
methods described in Chapter 4. This results in a hydrogen content of 18 at. 3 using the ATR
FTIR technique. Ordinary transmission FTIR measurements of the similar condition result also in 
a hydrogen content of 18 at.%. 

The plasma for the deposition of amorphous silicon is dominated by the SiH3 radical, while the 
bulk a-Si:H deposited at 250 ° is composed of mainly SiH and SiH2. These observations raise the 
following question: 

How is the SiH3 radical in the plasma converted into a bulk silicon film containing mainly SiH and 
SiH2 bands? 

To find the answer to this question we have investigated the surface composition of the material 
in terms of silicon hydrides. Furthermore, we have measured a depth profile of the hydrogen content 
and the hydrogen bonding configuration in the film. 

1 As a reminder we point out that the LSM absorption is assigned to isolated SiH stretching, while the HSM 
absorption is assigned to both SiH2 and SiH on internal surfaces (voids). The assignment of the HSM is, however, 
still under discussion. 
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Figure 5.1: An ATR-FTIR spectrum of a 160 nm thick a-Si:H film deposited at 250 °C using the ETP 
plasma. 

5.1.2 Surface hydrides of a-Si:H deposited at 250 °C 

Ion-induced desorption of surface hydrides has been used to reveal the surface composition of the 
a-Si:H film in terms of silicon hydrides. The exact method is described in Chapter 4. Figure 5.2 
shows the measured surface spectrum and the corresponding surface composition in terms of silicon 
hydrides for the a-Si:H film deposited at 250 °C. The exact deposition conditions are given in Table 
5.1. 
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Figure 5.2: (a) The surface spectrum of the a-Si:H film deposited at 250 °C using the ETP plasma. The 
spectrum is measured by ATR-FTIR spectroscopy using ion-induced desorption of hydrogen to remove the 
surface hydrogen. (b) The surface composition in terms of silicon hydrides as determined from the surface 
spectrum (a). 

We find that '""" 87 3 of the silicon atoms at the surface is bonded to one hydrogen atom only. 
The other'""" 13 3 are bonded to two hydrogen atoms. Moreover we have found no evidence for the 
existence of Si atoms that are bonded to three hydrogen atoms on the surface of the a-Si:H film. 
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For a-Si:H films, similar experiments have been carried out by Kessels et al. [3]. At 230 °C they 
find a surface coverage in terms of silicon hydrides of approximately 25 % SiH, 50 % SiH2 and 25 
% SiH3. However, Chiang et al. [18] found a pure monohydride surface coverage at 200 ° for a-Si:H 
films. As we will discuss in the next section these results are in line with a thermally activated 
series of decomposition reactions on the surface starting with a SiH3 radical, where SiH3 --+ SiH2 

--+ SiH for increasing temperature [19]. 
The dependence on substrate temperature of the surface composition in terms of silicon hydrides 

for our a-Si:H films will be addressed in second part of this chapter. 

5.1.3 Hydrogen depth profiling of a-Si:H deposited at 250 °C 

In this section the hydrogen bonding configuration as a function of the film thickness will be 
discussed. This depth profile will be combined with spectroscopie ellipsometry measurements of 
the evolution of the surface roughness and bulk thickness for the a-Si:H films. 

Deposition in steps 

The high deposition rate of the films deposited using the ETP plasma, makes the accurate real 
time measurement of ATR-FTIR data impossible with our current setup. The deposition rate in 
our setup is approximately 7 nm/s, while the minimum time to measure an accurate spectrum is 
approximately 30 seconds. Therefore we have used step by step deposition, that makes it possible 
to measure the infrared spectra after each deposition step. In this way we obtain the infrared 
spectra as a function of the deposition time (film thickness). 
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Figure 5.3: The spectra of the a-Si:H film deposited at 250 °C in the SiHx stretching region, measured 
after the successive deposition steps. The total deposition time is given in the legend. 

The spectra, measured after the successive deposition steps are given in Fig. 5.3. The film 
thickness can be calculated from the deposition time, if we assume a constant deposition rate as a 
function of time. Following the procedures described in Chapter 4, we can calculate the hydrogen 
content in the film as a function of film thickness. In this way we obtain a depth profile of the 
hydrogen bonding configuration in the film. 
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Hydrogen depth profile for a-Si:H deposited at 250 °C 

Figure 5.4 (a) gives the hydrogen content as a function of film thickness as can be obtained from the 
spectra in Fig. 5.3. Both measurements with s and p polarized light result in a similar depth profile, 
as is expected from the observations in Chapter 4. The hydrogen content has been determined for 
the LSM and HSM using the methods described in Chapter 4. Furthermore, Fig. 5.4 (b) gives 
the evolution of the surface roughness and bulk thickness as determined by SE as a function of the 
total film thickness2 . 
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Figure 5.4: (a) Depth profile of the hydrogen content in the a-Si:H film deposited at 250 °C. The total 
hydrogen content and the hydrogen content in the LSM and HSM and are shown as a function of the film 
thickness. (b) The bulk thickness and surface roughness as a function of the film thickness, measured by SE. 

Figure 5.4 (a) shows that the HSM is dominant for all film thicknesses. In the first 25 nm of the 
film we see an increase in the hydrogen content of both the LSM and HSM and therefore also in 
the total hydrogen content. After the initial increase, the hydrogen content continues to increase 
as a function of the film thickness, first slightly then at a higher pace. 

In Fig. 5.4 (b) we see a linear increase in the bulk thickness that corresponds to a deposition 
rate of 9.2 nm/s. This rate is slightly higher than the rate determined by ex situ transmission FTIR 
measurements of 8.1 nm/s. Furthermore, we observe a gradual increase of the surface roughness 
that reaches a value of '"" 4.5 nm at a film thickness of 68 nm. In the next 100 nm the surface 
roughness increases slightly to a value of'"" 5.5 nm at 175 nm film thickness. For a thicker film the 
surface roughness continues to increase slightly, which is normal for plasma deposited films. 

The frequency shift of the HSM and LSM as a function of film thickness also provides information 
about the bonding environment of the silicon hydrides. Figure 5.5 shows the frequency shift for the 
LSM and HSM peaks as a function film thickness. We observe a decrease in the frequency in first 
25 - 45 nanometers for both peaks. After the initial increase the frequency of the LSM remains 
constant, while the frequency of the HSM decreases slightly as the film becomes thicker. 

The downward shift in frequency of the LSM and HSM has been observed before [20] and is 
attributed to a densification of the deposited material. This densification in the initial phase of the 
deposition also explains the increasing hydrogen content that we observe in Fig. 5.4. The hydrogen 
content is calculated with the assumption of a constant total density Ntot of 5.0 x 1022 atoms/cm-3 

2 Total film thickness = bulk thickness + 1/2 surface roughness. 
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Figure 5.5: The frequency shift of the LSM and HSM for the a-Si:H film deposited at 250 °C as a function 
of film thickness. 

over the whole film. If the initial layer is less dense, the averaged total density in the first layer is 
smaller than 5.0 x 1022 atoms/cm-3 . This will lead to an underestimation of the hydrogen content 
of the initially deposited material3 . Therefore it is in principle possible that the material deposited 
in the initial layer has approximately the same hydrogen content as the bulk material. 

Figure 5.4 also shows that the hydrogen content does not saturate for thick films, but continues 
to increase. Although we can not exclude a real physical reason for this behavior, a hydrogen 
content that continues to increase is not expected. The behavior might be caused by an artefact in 
the measurement procedure. In the next section we will show that a film deposited in steps is more 
porous than a film deposited in a continuous way. This observation leads to a possible explanation 
for the continuously increasing hydrogen content in the depth profile: 

l. The film will become more dense as the film thickness increases, because the duration of the 
separate deposition steps becomes larger (i.e. from ls to 10 s). If we use the constant atomie 
density of 5.0 x 1022 atoms/cm-3 over the whole film thickness, we obtain a higher hydrogen 
content for more dense materials. 

2. Porous material at the interface leads to a lower refractive index for this material. For a lower 
refractive index of the initial film, the correction factor that is used in the determination of 
the hydrogen content (see Chapter 4), is higher as can be seen in Fig. 3.10. This higher 
correction factor leads to a higher hydrogen content. If we use the bulk refractive index 
and its corresponding correction factor over the whole film thickness, we underestimate the 
hydrogen content in the part of the film with a lower refractive index, i.e. the first part. 

3. The deposition in steps might cause a smaller actual deposition time, due to the movement 
of the shutter in front of the IRE in each deposition step (see Fig. 2.1). It is possible that 
the IRE is not exposed to the plasma for the full time that has been set on the timer. This 
results in a lower actual deposition time and therefore we use an overestimated film thickness 
in the calculation of the hydrogen content. This leads to a hydrogen content that is too low. 

3 1n Section 4.1.4 we have already mentioned the error that can be made by the assumption of a constant total 
atomie density. 
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Figure 5.6: The optical constants t:1 = n 2 - k 2 and t:2 = 2nk for the film deposited in 1 x 10 seconds (solid 
line) and for the film deposited in 10 x 1 second (dashed line), determined from SE measurements. nis the 
refractive index and k is the extinction coefficient. We still see a large influence of the silicon substrate in 
the optical constants. 

Influence of the deposition in steps 

The influence of the deposition in steps has been characterized by combining spectroscopie ellipsom
etry (SE) measurements with FTIR measurements. The ATR-FTIR spectra of amorphous silicon 
films deposited in 1 step of 10 seconds and in 10 steps of 1 second have been measured4 . We also 
carried out SE measurements on these films. 

Figure 5.6 (a) and (b) show that the optical constants E1 and E2 are substantially lower for the 
"stepped film". This observation has been seen for other a-Si:H and µc-Si:H films as well. This 
indicates a more porous material for the "stepped film" than for the "continuous film". The optical 
constant E1 of the "continuous film" decreases below that of the "stepped film" for high photon 
energies. This indicates a higher extinction for the "continuous film" at high photon energies. 

The ATR-FTIR spectra of the "stepped" and "continuous film" are given in Fig. 5.7 that shows 
that the "continuous film" has a slightly higher absorbance and therefore contains more hydrogen 
than the "stepped film". This difference can in principle be explained by a slightly lower deposition 
time of the film deposited in steps. Due to the movement of the shutter in front of the IRE, it is 
possible that the IRE is not exposed to the plasma for the full time set on the timer. This results in 
a lower actual deposition time and therefore in a lower measured absorbance for the film deposited 
in steps. 

The more porous nature of the material deposited in steps, suggests the existence of an interface 
layer formed at the beginning of each deposition step. However, from the almost equal absorbance 
in the ATR-FTIR spectra we conclude that the interface layer does not have a large influence on 
the measured infrared data for the a-Si:H films deposited at 250 °C. 

To obtain an estimate of the thickness of the interface layer we have fitted the SE data according 
a multilayer model. For simplicity of the fit a film deposited in three steps of 10 seconds has been 

41n the remainder of this section we wil! call the film deposited in a continuous way the "continuous film" and the 
film that is deposited in steps the "stepped film". 
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Figure 5.7: The absorbance spectra for a-Si:H films deposited in one step of 10 seconds ("continuous film") 
and in 10 steps of 1 second (" stepped film"). The "continuous film" contains slightly more hydrogen than 
the "stepped film" . 

used. For these films we found no difference in the ATR-FTIR spectra. The model used for the 
fitting of the SE data is shown in Fig. 5.8. From the fitting of the SE data, we conclude that the 
interface layer is approximately 4 nm thick, assuming a void fraction of 30 %. 

Surface roughness 10 nm 

a-Si:H bulk 85 nm 
Interface layer 4nm 
a-Si:H bulk 89 nm 
Interface layer 4nm 
a-Si:H bulk 93 nm 
Initia! layer 8nm 
Si02 2.4 nm 

Si substrate 1 mm 

Figure 5.8: The model used for the fitting of the SE data of an a-Si:H film deposited in three times 10 
seconds (3xlüs). 

The consideration above is based on a-Si:H deposited at 250 °C that has a rather high deposition 
rate. We have also investigated the influence of the interface layer for other deposition conditions. 
Figure 5.9 shows the difference in hydrogen content between films deposited in steps and films 
deposited in a continuous way as a function of the deposition rate. The difference is given in terms 
of a percentage of the total hydrogen content that is divided by the number of deposition steps 
(interface layers) 5 . We can see that the influence of the deposition in steps on the measured infrared 
absorption increases for lower deposition rates. This can relatively simple be explained by assuming 

5 An a-Si:H film deposited in a continuous way has a hydrogen content of 15 3. A similar a-Si:H film is deposited 
in 15 steps and has a hydrogen content of 18 3. We use as a measure for the influence of the interface layer the 
difference in hydrogen content (i.e. 3 3 absolute) in percentage between the two films (3/15*100 = 20 3 relative) 
divided by the number of interface layers formed (15). In this case we would have obtained a difference of 1.3 3 
relative per step. 
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a constant thickness of the interface layer. For conditions with a lower deposition rate the interface 
layer has a larger influence, because of its large thickness compared to the bulk thickness deposited 
in the deposition step. 

3.5 

3.0 

~ 2.5 
~ 

J: 
ü 2.0 

.5 
<1> 1.5 0 
c 
<1> .... 

1.0 ~ es 
0.5 

Microcrystalline conditions 

0 
• 

2 3 4 5 6 

Dep. Rate (nm/s) 

7 8 9 

Figure 5.9: The difference in hydrogen content between a film deposited in steps and in a continuous way 
in terms of percentage of the total hydrogen content per deposition step (interface layer). 

We also observe much more influence for the microcrystalline conditions. This might be caused 
by the fact that the bulk hydrogen content of these materials is substantially lower than the bulk 
hydrogen content of a-Si:H films. An interface layer created in every deposition step has therefore 
a large influence on the total hydrogen content that is measured. 

5.1.4 Issues in the growth of a-Si:H 

To obtain information about the deposition process, the plasma, surface and bulk material have 
to be related to each other. Figure 5.10 shows the fractions of silicon atoms that are bonded to 
1,2 and 3 hydrogen atoms in the plasma (i.e. the plasma radicals), on the surface and in the bulk 
of the film. The fraction of SiH2 on the surface is smaller than in the bulk. This is caused by 
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Figure 5.10: The fractions of the SiHx radicals in the plasma, SiHx hydrides on the surface and SiHx 
hydrides in the bulk of an a-Si:H film deposited at 250 °C. We have assumed that the HSM corresponds 
completely to SiH2 , which is most probably not the case. 
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the assumption that the HSM corresponds completely to SiH2 species, which is most probably not 
correct. The HSM is also attributed to SiH on internal surfaces and therefore the fraction of SiH2 

will be overestimated and the fraction of SiH will be underestimated in the bulk. The assignment 
of the HSM has been discussed in section 4.1.2. 

Figure 5.10 shows that the plasma is SiH3 dominated, while the surface consists of SiH2 and 
SiH species. This indicates that the plasma-surface interaction and the surface reactions are very 
important. To gain more insight in this part of the deposition process, we have investigated the 
substrate temperature dependence of the deposited materials. The substrate temperature has 
usually a large infl.uence on the surface composition and on the bulk SiHx honds. 

Furthermore, we will change the plasma conditions from conditions where we deposit a-Si:H to 
conditions where we deposit µc-Si:H. Changing the plasma conditions basically changes the plasma 
composition in terms of plasma radicals, etc. In the transition from a-Si:H to µc-Si:H we will 
investigate the surface composition and the depth profile of the hydrogen honds in the films. 
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5.2 a-Si:H films deposited at various substrate temperatures 

The substrate temperature has a major influence on the deposition process and a-Si:H film qual
ity. Many surface reactions are temperature dependent and so are surface diffusion mechanisms. 
Therefore we have investigated the growth of a-Si:H for three different substrate temperatures. 
The substrate temperatures have been chosen in the range from 100 °C to 400 °C to cover a large 
temperature window. The plasma settings are kept constant and the dominating radical in the 
plasma is SiH3 . Table 5.2 shows the exact plasma settings, the deposition rate and the refractive 
index n f ( determined from ex situ FTIR measurements). First the composition of the surface in 

Table 5.2: The plasma settings, the deposition rate and the refractive index in the infrared of the a-Si:H 
films for the three different substrate temperatures. 

Ts Ar2 flow H2 flow SiH4 flow Iarc Dep. rate n f (in ir) 
100 °C 55 sccs 10 sccs 10 sccs 45 A 11.5 nm/s 2.6 

250 °C 55 sccs 10 sccs 10 sccs 45 A 8.1 nm/s 3.3 

400 °C 55 sccs 10 sccs 10 sccs 45 A 7.1 nm/s 3.6 

terms of silicon hydrides as a function of the substrate temperature will be discussed. Then the 
hydrogen depth profiling and the bulk properties will be discussed for the three different substrate 
temperatures. Finally the implications of the observations on some issues related to the growth 
model will be considered. 

5.2.1 Surface composition of a-Si:H 

It is expected that the plasma-film interface is very important for the growth of thin amorphous 
or microcrystalline silicon films. At the surface of the film the interaction between plasma radicals 
and film (i.e. the deposition process) takes place. It is known that the substrate temperature has a 
large influence on the surface reactions and on possible surface diffusion mechanisms. Ion induced 
desorption of hydrogen has been used to reveal the surface composition of a-Si:H films deposited 
at different substrate temperatures. Other groups have done similar experiments as a function 
of the substrate temperature [2, 21] on films deposited with inductively coupled plasmas and RF 
excited plasmas. The measurement procedure has been described in Chapter 4. Figure 5.11 gives 
the surface spectra for the three substrate temperatures. 

The negative part of the spectra corresponds with the removed surface hydrides, and the positive 
part corresponds to newly generated silicon hydrides that are created by backbonds of the silicon 
hydrides to one or more oxygen atoms (see Chapter 4). The number of RF plasma pulses has been 
chosen such that we desorb approximately 1 equivalent monolayer (ML) of hydrogen on a Si(lll) 
surface [14]. The small differences in the amount of desorbed hydrogen that are still present 
have been eliminated by normalization of the spectra to an equivalent thickness of 1 monolayer of 
hydrogen on the Si(lll) surface. 

From Fig. 5.11 it is evident that the surface spectra are different for the three substrate 
temperatures. The region where the surface hydrides are concentrated is shifting from 2100 -
2160 cm-1 at 100 °C to 2075 - 2104 cm-1 at 400 °C. A similar shift can be seen in the the oxygen 
backbonded part of the spectrum, from 2260 - 2160 cm-1 at 100 °C to 2139 - 2106 cm- 1 at 400 °C. 

From the peak fitting and peak assignment step as outlined in Chapter 4, we can calculate the 
relative surface composition for the different substrate temperatures. The results are given in Fig. 
5.12. 

59 



1.0 

'?~ 0.5 
0 

~ 0.0 
(J) 
0 
c: -0.5 <Il -e 
0 -1.0 Ul 
.c 
<( 

-100°c -1.5 
-250°c 

-2.0 -4oo•c 

1950 2000 2050 2100 2150 2200 2250 

wavenumber ro (cm-1
) 

Figure 5.11: Surface spectra of 100 nm thick a-Si:H films for different substrate temperatures. The spectra 
were cooled down to 100 °C after deposition and measured at this temperature to reduce the amount of 
hydrogen desorbed by the ions. 
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Figure 5.12: The surface composition of an a-Si:H films in terms of the fractions of Si atoms that are 
bonded to either 1, 2 or 3 hydrogen atoms (SiH, SiH2 , and SiH3 respectively) as a function of the substrate 
temperature. 

At 100 °C the substrate is primarily covered with the higher silicon hydrides SiH2 and SiH3. 
When the temperature is increased, the amount of higher hydrides on the surface of a-Si:H films 
decreases and more and more of the surface is covered with monohydrides. At 400 °C the higher 
hydrides are complete gone from the surface that is now covered with monohydrides only. This 
observation supports the thermally activated, series of decomposition reactions from a SiH3 radical 
to lower silicon hydrides, where SiH3 ---t SiH2 ---t SiH for increasing temperature. Other groups [19, 
18] have seen similar decomposition reactions, but never for conditions that are almost completely 
SiH3 dominated_ 

This surface composition is confirmed by the peaks observed in the deformation and wagging 
modes region in the spectrum, as can be seen in Fig. 5.13. The absence of peaks at 400 °C, the 
small peak at 250 °C and the large peaks at 100 °C confirm our previous conclusions on the surface 
composition as a function of substrate temperature. At 100 °C the surface is covered with SiH2 
and SiH3, while at 250 °C the surface is primarily covered with SiH, but also a small contribution 
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Figure 5.13: The surface spectra in the deformation and wagging mode region for the three different 
temperatures. We clearly see large peaks at 100 °C, at 250 °C we still see a small peak whereas at 400 °C 
no wagging modes are present. 

of SiH2 is seen. The surface of the film deposited at 400 °C is only covered with SiH species and no 
SiH2 or SiH3 silicon hydrides are present on the surface. Peak fitting and assignment of the peaks 
in the deformation and wagging mode region and subsequent calculation of surface compositions 
gives good agreement with the values obtained from the stretching mode region (See Chapter 4 
and Appendix A) 

We conclude that the increased temperature promotes the decomposition of the higher hydrides 
according: SiH3 --+ SiH2 --+ SiH. This result has also been found by Marra et al. [19] for the a-Si:H 
films grown by means of an inductively coupled plasma. Here we have demonstrated it for plasma 
conditions that are almost completely SiH3 dominated and where the influence of ions and atomie 
hydrogen is almost negligible. 

5.2.2 Hydrogen depth profiling 

Now we have information on the composition of silicon hydrides in the bulk and on the surface 
of a-Si:H films, but only at one thickness. To obtain dynamic data on the growth process, the 
bonding configuration of the silicon hydrides and the total hydrogen content in the films has been 
measured as a function of deposition time and consequently as a function of film thickness. Figure 
5.14 gives the total hydrogen content and the hydrogen content in the LSM and the HSM peaks 
separately, as a function of the film thickness for the depositions with a substrate temperature of 
250 °C (reference condition, Section 5.1) and 400 °C. Unfortunately we do not have a depth profile 
for the deposition at 100 °C. 

First of all the hydrogen content for films deposited at a substrate temperature of 250 °C is 
much larger than the hydrogen content for films deposited at 400 °C, which is a well known effect. 
Furthermore, the averaged hydrogen content keeps increasing in both cases as the film thickness 
increases. As argued previously, this effect might possibly be caused by the more porous structure 
of the initial layer combined with the assumption of a constant atomie density over the whole film. 
The effect seems to be less for the 400 °C case, which might possibly be caused by the smaller 
amount of deposition steps used to the deposit the film. 

For 250 °C the HSM is dominant for all thicknesses and the hydrogen content in both the HSM 
and LSM shows an increase in the first 25 nm. For 400 °C, however, the hydrogen content in the 
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Figure 5.14: Depth profiles of the hydrogen content in the a-Si:H films for two different substrate temper
atures. 

HSM seems to be present instantaneously and decreases slightly in the first 50 nm of the film, 
while the hydrogen content in the LSM gradually increases. In Fig. 5.15 the ratio of the hydrogen 
content in the HSM over the LSM is plotted for both substrate temperatures. 
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Figure 5.15: The ratio of the hydrogen content in the HSM over the hydrogen content in the LSM for 
substrate temperatures of 250 °C and 400 °C. 

We clearly see that for thin films deposited at 400 °C the HSM is dominant over the LSM, while 
for thicker films the opposite is true. For 400 °C the situation has reached a steady state after 
approximately 50 nm. For 250 °C the HSM is always dominant over the LSM, but we do see a 
decrease in the importance of the HSM. Also for the 250 °C case, the ratio HSM over LSM should 
saturate for thick films. 

In the 400 °C case, also a small SiH surface peak is present, that decreases from 0.5 at.% at the 
start of the deposition to 0.05 at.% for 200 nm film thickness. This peak is not given in Fig. 5.14, 
because it is too small to be seen properly. In the spectra of films deposited at lower temperatures 
this peak is most likely also present, but in those spectra it is impossible to resolve the peak due 
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Figure 5.16: Frequency shifts of the LSM and HSM center peak positions as a function of time for two 
a-Si:H films deposited at different substrate temperatures. 

Figure 5.16 gives the frequency shift of the LSM and HSM peaks as a function of the time. 
From the downward frequency shift of the center peak positions in Fig. 5.16 we can conclude again 
that a less dense initial layer with a thicknesses of approximately 25-45 nm and"' 50 nm is present, 
for the 250 and 400 °C respectively. 

Furthermore, the center position of both peaks at the start of the deposition is substantially 
lower in the 400 °C case, and also the bulk peak positions are lower in the 400 °C case. This 
indicates that the a-Si:H is more dense when deposited at a surface temperature of 400 °C. 

5.2.3 Bulk hydrogen in a-Si:H 

In this section the substrate temperature dependence of the bulk hydrides (SiHx, x=l,2,3) will be 
reviewed. Both the fractions of the hydrogen content in the LSM and HSM in the film and the 
absolute hydrogen content of the films will be presented as a function of substrate temperature. 
The chosen deposition conditions are given in Table 5.2. 

Figure 5.17 gives the measured spectra of the a-Si:H films deposited at the different substrate 
temperatures and shows a decrease of the total absorbance as the temperature increases. Therefore 
the total hydrogen content determined from the spectra is also decreasing for higher substrate 
temperatures. This observation is in agreement with the observations in the depth profiling. 

When we take a closer look at the spectra we can also see that HSM is the most important 
peak for low substrate temperatures, while for high substrate temperatures, the LSM peak is more 
important. We have already seen this trend in the depth profiles for the films deposited at 250 °C 
and at 400 °C, but here we show that for 100 °C this trend continues. The third observation in the 
spectrum is the downward shift in center peak position that can be seen for both the LSM and the 
HSM. Table 5.3 gives the decrease in total hydrogen content and the change in importance from 
HSM to LSM when the substrate temperature increases. At higher substrate temperatures, more 
and more of the hydrogen in the bulk is bonded as a monohydride instead of as higher hydrides 
like di- and trihydrides. We conclude that the thermally activated series of decomposition reactions 
from SiH3 to SiH, that has been observed on the surface, results in a decreasing amount of SiH3 
and SiH2 in the bulk of the a-Si:H films for increasing substrate temperature. 
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Figure 5.17: The bulk spectra in the SiHx stretching region of a-Si:H films for different substrate temper
atures. 

Table 5.3: The hydrogen content in the LSM and HSM as well as the total hydrogen content in a-Si:H films 
deposited at different substrate temperatures. 

Ts CH(LSM) (at.%) CH(HSM) (at.%) CH(SiH3) (at.%) CH(Total) (at.%) 
100°c 3.9 24.9 0.5 29.3 
250 °C 6.0 11.8 0 17.8 
400 °C 6.0 0.4 0 6.4 

5.2.4 Link to growth model 

In this section we will compare the composition of the plasma in terms of the fractions of SiHx 
radicals, with the surface composition in terms silicon hydride (SiHx) fractions and with the bulk 
composition, also in terms of SiHx fractions. These compositions have been illustrated in Fig. 5.18 
for the three different substrate temperatures. From Fig. 5.18 we can conclude the following: 

(1) We clearly see the influence of the deposition temperature on the surface composition. These 
differences are caused by the thermally activated series of decomposition reactions from SiH3 --+ 

SiH2 --+ SiH on the surface for increasing substrate temperature. This means that the hydrogen 
elimination process on the surface is more efficient at higher temperatures. 
(2) As a result of the decomposition reaction observed on the surface of the films (1), we see 
the same behavior as a function of temperature in the bulk material of the films. For increasing 
substrate temperatures we observe a decreasing amount of SiH3 and SiH2 in the bulk of the a-Si:H 
films. 
(3) The decreasing bulk hydrogen content for higher substrate temperatures also supports the more 
efficient decomposition reactions on the surface. Less incorporation of higher hydrides automatically 
implies less hydrogen content in the films. Furthermore, the films become less dense when higher 
hydrides are incorporated in the material, because the higher hydrides take up more space in the 
material. This densification of the material is also observed in the downward shift in center peak 
positions of the SiHx bulk hydrides for higher substrate temperatures. This is also in line with the 
more efficient hydrogen elimination. 

Furthermore, we summarize the results of the depth profiling in the following conclusion: 
( 4) In the beginning of the deposition, we observe the formation of an initial layer with a thickness 
of approximately 50 nm, that is less dense than the rest of the film. This observation is supported 
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Figure 5.18: The influence of the substrate temperature on the plasma, the surface and bulk silicon hydrides 
for substrate temperatures of 100 °C, 250 °C and 400 °C. For the silicon hydride composition of the bulk 
materials we have assumed that the HSM corresponds completely to SiH2 , which is not the case. 

by the change in hydrogen content, the change in center peak position, and for the 400 °C film by 
the change in HSM over LSM ratio in the first 50 nm. 
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5.3 Transition from a-Si:H to µc-Si:H 

Lately the interest in other "variants" of thin silicon based films has increased. Hydrogenated micro
crystalline silicon (µc-Si:H), which is a-Si:H with a certain fraction of crystallites in it, is of special 
interest as its bandgap is lower than that of amorphous silicon. Furthermore, microcrystalline 
silicon does not show light induced degradation, contrary to amorphous silicon. In this section we 
will vary the plasma settings and keep the substrate temperature constant. It is known that an 
increasing amount of hydrogen in the plasma with respect to silane causes substantial changes in 
the deposited material. Therefore we will vary the flow ratio of hydrogen to silane R=[H2]/[SiH4] 
from 1 to 187.5. For the highest flow ratio we expect to grow microcrystalline material, while the 
low flow ratio corresponds to the deposition of amorphous silicon, that are discussed in detail in 
the previous section. 

We concentrate our analysis on three conditions to show the differences between the deposition 
processes. The used conditions are given in Table 5.4. First we will review the influence of the 
changed plasma settings on the important radicals in the plasma. Next the surface composition in 
terms of silicon hydrides of the deposited materials will be discussed. Subsequently we treat the 
depth profiling of the materials, where we will especially focuss on the growth of the µc-Si:H film. 
We conclude with the composition of the bulk materials as a function of R. 

Table 5.4: The various deposition conditions that are used to investigate the transition from a-Si:H to 
µc-Si:H at a substrate temperature of 250 °C. 

Ts Ar2 flow H2 flow SiH4 flow Iarc [H2]/[SiH4] Dep. rate nf 
250 °C 55 sccs 30 sccs 0.16 sccs 45 A 187.5 1.4 nm/s 2.9 
250 °C 55 sccs 10 sccs 2.0 sccs 45 A 5.0 3.2 nm/s 3.2 
250 °C 55 sccs 10 sccs 10 sccs 45 A 1.0 8.1 nm/s 3.3 

5.3.1 Plasma composition 

Here we will summarize the important changes in the plasma composition. For increasing R, 
the fraction of the SiH3 radicals in the plasma decreases, while the fractions of SiH2, SiH and Si 
increase (see Section 1.2.2). For R=l87.5 (µc-Si:H), the contributions of the SiH3 radicals and the 
other radicals (SiH2, SiH and Si) to the film growth become equally important. Furthermore, it is 
expected that the density of atomie hydrogen in the plasma increases for increasing flow ratios of 
hydrogen over silane. 

5.3.2 Surface composition 

The surface composition in terms of silicon hydrides has been measured using the method of ion
induced desorption of hydrogen. Figure 5.19 shows the surface spectra of the three conditions in 
the transition from a amorphous material (R=l) toa microcrystalline material (R=187.5). 

For the microcrystalline material (R=187.5) the surface spectrum is dominated by one peak, 
while we see a combination of peaks for the other conditions. In the measurement of the surface 
spectrum of the intermediate condition (R=5) the substrate temperature was not reduced to 100 
°C before the application of the RF plasma pulse. The braad peak centered at approximately 2000 
cm - l in the surface spectrum of this condition is therefore most likely bulk hydrogen that is removed 
from the subsurface layer. We also do not observe the presence of the oxygen backbonded region 
in the intermediate spectrum and we conclude that the oxidation of the backbonds is enhanced 
during the cooling process. 
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Figure 5.19: The surface spectra of the films in the transition from a-Si:H (R = 1) to µc-Si:H (R =187.5) 
films. 

From peak fitting and assignment procedures, described in Chapter 4, we can calculate the 
fraction of Si atoms on the surface that is bonded to either 1,2 or 3 hydrogen atoms. These 
fractions are shown in Fig. 5.20. The broad feature in the spectrum for the intermediate material 
(R = 5) has not been taken into account in the determination of the surface species, because it is 
most likely a bulk feature. 

100 
SiH 

90 

80 

70 

- 60 
~ 
~ 
c: 50 
0 
u 40 
<Il .:: 30 

20 

10 

0 
R=187.5 R=5 R=1 

µc-Si:H a-Si:H 

Figure 5.20: The surface composition of the films in the transition from a-Si:H (R=l) to µc-Si:H (R=187.5). 

Figure 5.20 shows that the amount of SiH3 and SiH2 is increasing for increasing R. The films 
deposited at hydrogen to silane flow ratios of R=l and R=5 are both amorphous, but it is clear 
that there are more SiH3 and SiH2 silicon hydrides on the surface of the R=5 film. The higher 
fraction of SiH3 on the surface might possibly be related to the higher density of atomie hydrogen 
in the plasma. We also state that the surface composition of the film deposited at a flow ratio 
of R=5, shows a better correspondence to the surface composition of the a-Si:H film measured by 
Marra et al. [19] in an inductively coupled plasma. 

The difference in the surface composition of the films deposited at R=187.5 and R=5 is not 
big, but if we compare the surface spectrum of the microcrystalline film with the amorphous ones 
(See Fig. 5.19), we see some differences. The absorbance in the microcrystalline film (R=187.5) 
is much more concentrated in one peak than the absorbance of the amorphous films (R=l and 5). 
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Figure 5.21: Depth profile of the hydrogen content and the frequency shift of LSM and HSM for a-Si:H 
(R=5). 

This observation points to a more organized surface, which is expected for microcrystalline films. 

5.3.3 Hydrogen depth profiling 

In the first section of this chapter the depth profile of the amorphous silicon condition has been 
discussed in detail. In this section we will concentrate on the other two conditions and especially 
on the microcrystalline silicon condition as this condition shows big differences with the amorphous 
case. We remark again that also for the microcrystalline films, we obtain a similar depth profile 
from measurements carried out with s and p polarized light. The results of the hydrogen depth 
profiling will also be combined with real time spectroscopie ellipsometry measurements of the surface 
roughness and the bulk thickness in the deposition process. 

a-Si:H deposited at a flow ratio R=5 

Figure 5.21 shows the depth profile and the frequency shift of the LSM and the HSM for the a-Si:H 
film deposited at a flow ratio of R=5. The figure shows that the total hydrogen content in the film 
seems to saturate for thick films. Comparison of the total hydrogen content in both a-Si:H films 
(R=l and R=5) learns that the hydrogen content in the R=5 film is somewhat higher than the 
hydrogen content in the R=l case [22]. 

Furthermore, we observe a gradual increase of the hydrogen content in the LSM, while the 
hydrogen content in the HSM is immediately present. We also observe that the hydrogen content 
in the HSM is higher than that in the LSM for all film thicknesses. This is shown explicitly in Fig. 
5.22 that gives the ratio of the HSM over LSM for both a-Si:H conditions (R=5 and R=l) as a 
function of the film thickness. We observe that the HSM over LSM ratio is slightly lower for R=5, 
which means that the HSM is more dominant in the R=l case. Figure 5.22 also shows a sharp 
initial decrease in the HSM over LSM ratio for the R=5 case. A similar decrease in the HSM over 
LSM ratio can also be present for the R=l case for very small film thickness. 

Figure 5.21 (b) gives the peak frequency shift in the R=5 case. For the HSM and LSM we 
see a similar shape of the peak shift, that occurs mainly in an initial layer with a thickness of 
approximately 35 nm. The peak shift as a function of film thickness in the LSM is exactly the same 
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Figure 5.22: The ratio of hydrogen content in the HSM over the hydrogen content in the LSM for two 
a-Si:H films deposited at flow ratios of R=l and R=5. 

for both a-Si:H films, 2019 -f 1997 cm-1 (R=5) and 2017 -f 1997 cm-1 (R=l). In the HSM we 
see a somewhat different peak shift for the two films, 2095 -f 2084 cm-1 (R=5) and 2093 -f 2076 
cm-1 (R=l). 
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Microcrystalline silicon µc-Si:H (R=187.5) 

Observations 

The ATR-FTIR spectrum of µc-Si:H looks different from the spectra of the a-Si:H films. The LSM 
is almost vanished and in the fitting of the µc-Si:H spectra additional surface-like peaks at 2097 
cm-1 and 2080 cm-1 (both assigned to SiH) are needed in addition to the LSM and HSM peaks. 
Figure 5.23 (a) and (b) show the difference in spectra and corresponding fits for a 200 nm thick 
a-Si:H (R = 1) and µc-Si:H (R =187.5) film. 
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Figure 5.23: The differences in the fits for approximately 200 nm thick films of (a) a-Si:H and (b) µc-Si:H. 
In the µc-Si:H film additional peaks are needed to obtain a decent fit. These peaks correspond to the so-called 
surface-like SiHx modes, possibly due to silicon hydrides on internal surfaces. 

Figure 5.24 (a) and (b) and 5.25 (a) and (b) show the depth profile of the hydrogen content 
in the µc-Si:H film and the evolution of the surface roughness and bulk thickness in the µc-Si:H 
film, respectively. In the depth profile we also give the summed hydrogen content in the additional 
surface-like peaks, needed for the fitting of the µc-Si:H ATR-FTIR spectra. 

We can roughly divide the deposition process in three stages, (1) 0-12 nm, (2) 12-25 nm and 
(3) 25 - 180 nm (basically > 25 nm) and summarize the observations that can be made from the 
Figs. 5.24 and 5.25 for the three stages. Later it will become clear why these three stages have 
been chosen. 
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Figure 5.24: (a) Depth profile of the hydrogen content in the µc-Si:H film. The total hydrogen content, 
the hydrogen content in the LSM and HSM and the hydrogen content in the surface-like peaks are shown as 
a function of deposition time. (b) The bulk thickness and surface roughness as a function of the total film 
thickness as measured by SE. 
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Figure 5.25: Data of Fig. 5.24 zoomed in on the 0 - 50 nm region. 

1. 0 to 12 nm 

• SE data From the SE data, we observe that the surface roughness shows a large increase 
to ,.__, 9 nm until a total film thickness of ,.__, 6 nm. Then the surface roughness remains 
constant until the total film thickness is rv 12 nm. In this stage the bulk thickness 
becomes more and more important compared to the surface roughness. 

• FTIR data After the first 3-4 nm the initial surface-like modes are admitted in the HSM. 
From this point on the hydrogen content in the summed surface-like modes increase 
linearly with the film thickness. The hydrogen content in the LSM remains zero and the 
hydrogen content in the HSM mode remains constant at approximately 1.6 at.% after 
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the first three seconds. 

2. 12 to 25 nm 

• SE data The surface roughness increases further and reaches its maximum value of ,..._, 
12 nm at a film thickness of ,..._, 25 nm, while the bulk thickness increases linearly in the 
total thickness. 

• FTIR data The hydrogen content in the LSM and HSM starts to increase gradually 
for films thicker than ,..._, 15 nm. The hydrogen content in the summed surface-like modes 
increases linearly until it reaches its maximum value of,..._, 2.9 at.% at a film thickness of 
,..._, 25 nm. 

3. 25 to 180 nm (> 25 nm) 

• SE data First the surface roughness decreases from ,..._, 12 nm to ,..._, 6 nm at ,..._, 56 nm film 
thickness and subsequently it increases gradually again. The bulk thickness increases 
linearly as a function of the total thickness. 

• FTIR data The hydrogen content in the LSM and HSM as well as in the summed 
surface-like modes is approximately constant. Not much is happening in the ATR-FTIR 
spectra from this point on, the hydrogen content has reached a steady state. 

SE data 

On the basis of SE data only, models have been proposed [4] for µc-Si:H growth. On the basis of 
our SE data we come to the model in Fig. 5.26. We can explain the model using the SE data and 
the division in stages from the observations that are enumerated above: 

..__.,........L,-....,.i....,...~__,...r...,.--~..,........iL..,-....,.L....,......i,.__,....1....,,--~..,..i; ....... ...+ 

Continuous growth 
in columns 

+-- "-.J 25 nm 
contact of crystallites 

+-- "-.J 6 nm 
interface layer 
contact of nuclei 

Figure 5.26: The proposed model for the µc-Si:H film growth based on the SE data. 

(1) The film growth starts with the formation of growing nuclei on the substrate that cause the 
initial increase in surface roughness while the bulk thickness remains zero. At a film thickness of 
approximately 6 nm the nuclei make contact and the film roughness remains constant until ,..._, 12 
nm. 

(2) From 12 nm to 25 nm the surface roughness increases again. This corresponds to the growth 
of the size of the crystallites present in the material. When the crystallites make contact at a film 
thickness of 25 nm, the maximum surface roughness of ,..._, 12 nm is obtained. 
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(3) From 25 to 180 nm the surface roughness first decreases just after the crystallites have made 
contact and then the surface roughness increases again. The decreasing surface roughness is caused 
by a smoothing effect after the crystallites have made contact. The following "slight" increase in 
surface roughness for thicker films is often seen for a-Si:H or µc-Si:H films. Films usually tend to 
roughen slightly for increasing thickness. 

ATR-FTIR data 

Now we will use the ATR-FTIR data to refine the proposed model. 
(1) In the first 12 nm, we do not see hydrogen content in the LSM, because the bulk micro

crystalline growth has not yet started. The HSM is present in the initial layer layer, just like in 
the initial layer of a-Si:H films, but remains approximately constant. Furthermore, the distinction 
between surface-like modes and the HSM is not clear in the first 4 nm of the film growth. In this 
stage the surface-like modes already increase, which points to the start of crystallite formation in 
the material. 

(2) The hydrogen content in LSM and HSM increases, because bulk µc-Si:H materials is starting 
to form. From the increase in the hydrogen content in the surface-like modes we conclude that 
grains form around the crystallites in the material. At '""' 25 nm the crystallites make contact and 
the area of the grains and consequently the hydrogen content in the surface-like modes does not 
increase any further. 

(3) In this stage not much is happening in the ATR-FTIR data. The hydrogen contents in 
the LSM, HSM and the summed surface-like modes are approximately constant. We see a high 
contribution of the surface-like modes that corresponds to hydrogen on grain boundaries of the 
crystallites. 

Conclusions 

• We see correspondence of the ATR-FTIR data and the SE data. 

• The interface layer is not pure a-Si:H, but already contains a fraction of small crystallites 
that is growing as a function of the film thickness. We can conclude this on the basis of 
the increasing amount of hydrogen content in the surface-like peaks in the film for increasing 
film thickness. This observation is very different from the observations of Fujiwara et al. [4]. 
They see a much thicker incubation layer of pure a-Si:H ('""' 11 nm compared to '""' 6 nm in 
our case) and subsequently also a thicker mixed layer in w hich the crystallites form ('""' 95 nm 
compared to '""' 25 nm in our case). 

• The bulk µc-Si:H growth appears to be columnar, because the hydrogen content on the grain 
boundaries (hydrogen content in surface-like peaks) remains approximately constant. This 
observation is confirmed by cross sectional transmission electron microscopy measurements. 

• The LSM and HSM appear to be present in the bulk µc-Si:H material, but the hydrogen 
content in the LSM is very small. This observation is also very different from the observations 
of Fujiwara et al. [4]. They observe a higher hydrogen content in the LSM than in the HSM 
for µc-Si:H growth. 
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5.3.4 Composition of the hydrogen in the bulk 

In this section we will discuss the bulk hydrogen content of films deposited at various flow ratios 
R. Films deposited for more different values of R have been used in this analysis. To illustrate the 
bulk changes we have plotted the bulk spectra for the three conditions used in the depth profiling. 
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Figure 5.27: Bulk spectra of thin silicon films showing the changes in the spectra between the a-Si:H thin 
film and the µc-Si:H thin film. The spectra are normalized to a thickness of 200 nm. 

From the measured bulk spectra we can determine the hydrogen content. Fig 5.28 gives the 
hydrogen content of the films determined for the different peaks as a function of R. Some of the 
spectra contain both the LSM and the HSM and surface-like peaks. 
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Figure 5.28: Total hydrogen content and the hydrogen content in LSM, HSM and surface-like modes as a 
function of the ratio of hydrogen flow over silane flow R for bulk films (d > 160 nm). 

From Fig. 5.28 we observe that the total hydrogen content decreases with increasing R. Fur
thermore, we see for low values of R and for high values of R that the HSM is dominant over the 
LSM, but for intermediate values of R the LSM becomes dominant over the HSM. Especially for 
µc-Si:H films we see that the HSM is dominant over the LSM, which has almost vanished. 

Furthermore, at higher values of R surface-like peaks are needed for an accurate fit of the 
measured spectra. The contribution of these surface-like peaks increases as R increases. Especially 
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Figure 5.29: Total hydrogen content and the hydrogen content in LSM, HSM and surface modes as a 
function of the ratio of hydrogen flow over silane flow R 10 nm thick films. 

the presence the SiH surface-like peak at 2097 cm- 1 in the spectra is an indication for hydrogen 
on grain boundaries in the material. 

We also give a similar plot for films of 10 nm thickness to see if the hydrogen is bonded in 
a different way in the beginning of the deposition. Fig. 5.29 shows the plot of the hydrogen 
content in the different peaks for thin films of,....., 10 nm. At this thickness we see a smaller total 
hydrogen content. Especially the start of the deposition of µc-Si:H films contains much less hydrogen 
compared to the bulk films. As argued before this effect can also be caused by the assumption of 
a constant total atomie density, where the film is in fact porous and the total atomie density is 
much less than the assumed one. For µc-Si:H films we observe also that the hydrogen content in 
the LSM is absent, as we have already seen in the depth profile. It is also evident that the HSM is 
relatively more important for thin films than for thick films, which might be related to the initial 
layer in film growth. 
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Chapter 6 

Conclusions and recommendations 

In this last section the conclusions from the work presented in this report are given. Finally some 
recommendations for future experiments are given. 

6.1 Conclusions 

The work in this report can roughly be divided in two parts: (1) the development of data analysis 
procedures for ATR-FTIR measurements and (2) the investigation of surface and bulk hydrides in 
the deposition of a-Si:H and µc-Si:H films. 

6.1.1 Data analysis procedures for ATR-FTIR measurements 

The main conclusions that follow from the development of the data analysis procedures for the 
ATR-FTIR measurements are: 

• Carrying out ATR-FTIR measurements with polarized light is essential for the quantitative 
analysis of ATR-FTIR data. Interference effects in the film depend on the polarization state 
of the light that is used in the experiment. Fujiwara et al. [4] have already pointed to such 
differences in ATR-FTIR experiments carried out with s and p polarized light. 

• A data analysis procedure for the determination of the hydrogen content from the ATR
FTIR measurements on thin films has been established. This procedure gives reasonably 
good agreement with the hydrogen content determined from ex situ FTIR experiments. 

• Ion-induced desorption of hydrogen on the surface in combination with ATR-FTIR measure
ments can be used to probe the surface silicon hydrides of a-Si:H and µc-Si:H films deposited 
using the expanding thermal plasma. Ion-induced desorption uses a radio frequency (rf) ex
cited plasma to create an argon ion bombardement on the surface that causes the desorption 
of hydrogen from the surface. 

• Real time ATR-FTIR measurements during growth are impossible with the current setup, 
because of the high deposition rate of the ETP deposited films. Nevertheless, to obtain depth 
information of the hydrogen bondings in the film, the depositions have been carried out in 
steps. A difference has been observed between the deposition of a film in steps and the 
deposition in a continuous way. This difference is caused by a more porous interface layer 
that originates in the beginning of each deposition step. The influence of the interface layer 
is decreasing for higher deposition rates. Furthermore, the thickness of the interface layer is 
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approximately 4 nanometers for a-Si:H films. In the ATR-FTIR spectra little evidence for the 
more porous interface layers is observed. Therefore we can conclude that the depth profile 
obtained by the deposition in steps is a good approximation of the depth profile that would 
be obtained by continuous deposition. 

6.1.2 lnvestigation of surface and bulk hydrides in the deposition of a-Si:H and 
µc-Si:H 

Information on the surface hydride composition and the time evolution of the bulk hydrides in 
the a-Si:H and µc-Si:H films has been obtained using ATR-FTIR. The dependence of the surface 
reactions on the substrate temperature has been investigated. In order to study the deposition of 
µc-Si:H films rather than a-Si:H films, we changed the plasma composition. 

• For both hydrogenated amorphous silicon and microcrystalline silicon, no diff erence has been 
observed between measurements of the hydrogen content and hydrogen bonding configuration 
in the materials using s and p polarized light. For the experiments revealing the surface 
composition, also no difference between s and p polarization is observed. These observations 
indicate that a-Si:H and µc-Si:H are both isotropic. 

• The growth of both a-Si:H and µc-Si:H starts with the formation of an initial layer (incubation 
layer). The thickness of this layer is in the range of 25 - 50 nm, depending on the deposition 
conditions. 

• For a SiH3 dominated plasma, the surface composition of the a-Si:H films changes from mainly 
SiH3 and SiH2 to only SiH for increasing substrate temperatures. This observation supports 
the thermally activated, series of decomposition reactions from SiH3 to lower silicon hydrides 
for increasing temperature (e.g. SiH3 --> SiH2 --> SiH). Such reaction series has been observed 
before, but is now also found for the SiH3 dominated plasma. This observation enables further 
understanding of the surface reactions when the SiH3 radical sticks at the surface. 

• For the transition from a-Si:H to µc-Si:H the surface composition of the deposited films 
changes. For high values of the hydrogen over silane flow ratio ( deposition of µc-Si:H material), 
more SiH2 and SiH3 hydrides are observed on the surface. Atomie hydrogen might play a role 
in this process. 

• Based on SE data combined with ATR-FTIR data, a model for the growth of µc-Si:H films 
deposited by the ETP technique has been given. The deposition process can be divided in 
three stages. In the first stage the growth starts with a nucleation layer of a few nanometers 
thick, that may already contain small crystallites, contrary to the large incubation layer of 
pure a-Si:H that is observed by other groups. Subsequently we observe a stage wherein the 
size of the crystallites grows until they eventually make contact to each other. From this 
point on we observe columnar growth of the material. Evidence for the columnar growth of 
the material is found in the hydrogen content in the surface-like peaks, that corresponds to 
hydrogen on the grain boundaries of the crystallites. 

• The bulk properties of the materials deposited for increasing hydrogen to silane ratio (R) 
changes. For increasing R we observe that the total hydrogen content is decreasing. Further
more, we see a larger fraction of the surface-like peaks in the ATR-FTIR spectra for films 
deposited at higher values of R. The first presence of the surface-like peaks has been observed 
for a hydrogen to silane flow ratio of R= 5. These surface-like peaks might be an indication 
of the amount of crystallinity in the films. 
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• In the initial layer of film growth, the hydrogen content is lower than in the bulk for all 
deposited films. This is especially the case for the µc-Si:H films. Furthermore, the contribution 
of the HSM to the total hydrogen content is higher in the initial layer. 

6.2 Recommendations 

In this section a few recommendations for future research are given. Some recommendations are 
based on the improvement of the experimental setup, others suggest new experiments to increase 
the understanding of the growth model of a-Si:H and µc-Si:H films. 

• The depth profile and surface composition of the silicon hydrides needs to be measured for 
films deposited at more different plasma conditions and substrate temperatures. This study 
is the starting point for a more systematic use of in situ ATR-FTIR measurements of the 
surface composition and the hydrogen bonding configuration of the deposited films. 

• The setup can be improved on several aspects. (1) The use of a closed nitrogen or dry air 
purged beam path will eliminate the changes in ambient and therefore the H20 and C02 
contaminants in the ATR-FTIR spectra. (2) Using an angle of incidence of 45° as well as (3) 
covering the bevelled edges of the IRE from deposition, will reduce optica! interference effects 
in the film. When p polarized light is used, model 2 can then be used for the data analysis of 
the ATR-FTIR data. 

• Carry out in situ ATR-FTIR measurements combined with in situ spectroscopie ellipsome
try. More accurate thickness and roughness information, as well as information on the optical 
constants corresponding to the ATR-FTIR measurement, simplifies the interpretation of the 
measurements. Furthermore, the use of a faster FTIR apparatus can make real time mea
surements of in situ ATR-FTIR combined with in situ SE possible. This method eliminates 
the small effect of the interface layers. 

• Try to observe the series of thermal decomposition reactions on the surface, by the use of 
a fast FTIR apparatus with a high time resolution. This gives more insight in the exact 
dynamics of the decomposition reactions on the surface. 
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Appendix A 

Comparison of different methods to 
calculate surface fractions 

In the first two tables we compare the surface compositions as calculated from the SiHx stretching 
region with those calculated from the SiHx stretching region that contains oxygen atoms in the 
backbonds. 

Table A.1: Comparison of the surface compositions in terms of SiH, SiH2 and SiH3 for p polarization 
determined from the SiHx stretching region and SiHx stretching region with silicon backbonds replaced by 
oxygen atoms. 

Condition SiHx stretching SiHx stretch,ox backbonds 
SiH SiH2 SiH3 SiH SiH2 SiH3 

a-Si:H R=l, Ts = 100 °C 0% 44 % 56 % 0% 52 % 48 % 
a-Si:H R=l, T8 = 250 °C 87 % 13 % 0% 76 % 24 % 0% 
a-Si:H R=l, T8 = 400 °C 100 % 0% 0% 100 % 0% 0% 
a-Si:H R=5, T8 = 250 °C 66 % 23 % 11 % 
µc-Si:H R=187.5, T8 = 250 °C 61 % 30 % 9% 65 % 31 % 4% 

Table A.2: Comparison of the surface compositions in terms of SiH, SiH2 and SiH3 for s polarization 
determined from the SiHx stretching region and SiHx stretching region with silicon backbonds replaced by 
oxygen atoms. 

Condition SiHx stretching SiHx stretch,ox backbonds 
SiH SiH2 SiH3 SiH SiH2 SiH3 

a-Si:H R=l, T8 = 100 °C 0% 45 % 55 % 0% 57 % 43 % 
a-Si:H R=l, T8 = 250 °C 83 % 17 % 0% 76 % 24 % 0% 
a-Si:H R=l, Ts = 400 °C 100 % 0% 0% 100 % 0% 0% 
a-Si:H R=5, Ts = 250 °C 59 % 32 % 9% 
µc-Si:H R=l87.5, T8 = 250 °C 54 % 39 % 7% 59 % 34 % 7% 

In the last two tables we compare the fractions of SiH2 and SiH3 on the surface determined 
from the SiHx stretching region, from the SiHx stretching region with oxygen backbonds and from 
the SiHx wagging and deformation modes to each other. 

I 



Table A.3: Percentage of SiH3 and SiH2 on the surface for p polarization determined from the SiHx stretch
ing region, the SiHx wagging and deformation region and the SiHx stretching region with silicon backbonds 
replaced by oxygen atoms. Please note that the fraction SiH2 and SiH3 together is 100 3. 

Condition SiHx stretching SiHx wag/ def. SiHx stretch,ox bb 
SiH2 SiH3 SiH2 SiH3 SiH2 SiH3 

a-Si:H R=l, T8 = 100 °C 44 3 56 3 47 3 53 3 52 3 48 3 
a-Si:H R=l, T 8 = 250 °C 100 3 03 100 3 03 100 3 03 
a-Si:H R=l, T8 = 400 °C 03 03 03 03 03 03 
a-Si:H R=5, T 8 = 250 °C 74 3 26 3 67 3 33 3 
µc-Si:H R=187.5, Ts = 250 °C 773 23 3 82 3 18 3 89 3 11 3 

Table A.4: Percentage of SiH3 and SiH2 on the surface fors polarization determined from the SiHx stretch
ing region, the SiHx wagging and deformation region and the SiHx stretching region with silicon backhands 
replaced by oxygen atoms. Please note that the fraction SiH2 and SiH3 together is 100 3. 

Condition SiHx stretching SiHx wag/ def. SiHx stretch,ox bb 
SiH2 SiH3 SiH2 SiH3 SiH2 SiH3 

a-Si:H R=l, T 8 = 100 °C 45 3 55 3 49 3 51 3 57 3 43 3 
a-Si:H R=l, T 8 = 250 °C 100 3 03 100 3 03 100 3 03 
a-Si:H R=l, T8 = 400 °C 03 03 03 03 03 03 
a-Si:H R=5, Ts = 250 °C 78 3 22 3 68 3 32 3 
µc-Si:H R=187.5, Ts = 250 °C 85 3 15 3 77 3 23 3 83 3 173 
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