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Abstract 

Intrinsic a-Si:H is considered to become the basic material for the next generation fiexible 
thin film solar cells. The amorphous nature of a-Si:H leads to a considerable density of defect 
states ( dangling honds) in the bandgap. These defects play an essential role in a-Si:H films 
with respect to the a-Si:H growth, opto-electronic properties and metastability. To improve 
the insight in the a-Si:H defect incorporation mechanism in the bulk and at the surface a 
new diagnostic technique has been developed to measure dangling honds ex situ as well as 
in situ. 

In this study, it has been demonstrated that the cavity ring down (CRD) absorption 
technique is suitable to detect small absorptions (10-5 

- w-2
) in solid thin films. For the 

first time the subgap absorption related to the defect density in a-Si:H has been measured 
directly. Moreover, it has been shown that the CRD absorption technique is sensitive to 
surface defects and it enables us to measure the surface defect evolution during deposition. 

The infiuence of including additional sample surfaces in the cavity on the absorption 
measured has been studied. Electrical field calculations and light intensity simulations were 
performed and showed that the used cavity configuration can be interpreted as a mirror -
mirror cavity configuration. 

The defect density dependenee on film thickness measured using the ex situ CRD setup 
can be explained by two models. In the first one the surface defects are situated in the first 
monolayers of the surface and that the root mean square ( rms) roughness of the surface 
determines the distribution of the defects. In the second one an exponentially decaying 
distribution is assumed. The obtained surface defect density is "' lOll - 1012 cm-2 and 
corresponds to a surface coverage ()DB = 6 x w-3 up to 2 x 10-4 depending on the deposition 
temperature. The reason for the temperature dependenee of the defect density and dangling 
bond surface coverage for the ETP a-Si:H films is presently not understood. 

The absorption measured on solar grade a-Si:H films deposited with the ETP technique 
has been compared with the absorption measured on solar grade a-Si:H films deposited with 
the rf-PECVD technique. The measurements show that the a-Si:H films deposited with the 
ETP technique have a defect density of the same order as rf a-Si:H films nowadays used in 
solar cells. 

Also measurements using the in situ setup have been performed and compared with the 
ex situ measurements. The preliminary results show that the cavity loss measured during 
the a-Si:H growth can not only be correlated to defect absorption. We have shown by means 
of ex situ measurements that the trapezoid configuration leads to inhomogeneous and rough 
a-Si:H films , which explain the additional cavity losses. 

After air exposure of the deposited a-Si:H films the cavity loss decreased with 6A = 

(1.7 ± 0.5) x w-3 which is equal toa surface defect density of approximately 7 x 1012 cm-2 . 

Although only a fr.action of the surface defect will be oxidized, the valu~ gives an indication 
of the amount of defects at the surface and is in the order of the surface defect density 
obtained by the ex situ measurements. This suggests that indeed additional cavity losses 
due to scattering are present during a-Si:H growth in the in situ cavity configuration. 
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1. lNTRODUCTION 

1.1. Technology assessment 

Hydrogenated amorphous silicon (a-Si:H) is subject of extensive research, as it is more and 
more applied in industry. Intrinsic a-Si:H is considered to become the basic material for 
the next generation fiexible thin film solar cells. In solar cells, a-Si:H is used as the active 
photovoltaic film to convert photon energy into free electron-hole pairs. In comparison with 
c-Si, nowadays used in solar cells, a-Si:H has a higher photo-absorption and therefore films 
with a much smaller thickness than in c-Si solar cells can be used to achieve the same solar 
cell efficiency. Apart from application in thin film solar cells, a-Si:H is also used in thin film 
transistors (TFTs) used in liquid crystal displays (LeDs), light sensing detectors, imaging 
devices, and light emitting diodes (LEDs). 

A disadvantage of a-Si:H is the fact that the amorphous nature of the material leads 
to a considerable density of defect states ( dangling honds) in the bandgap, which limits 
the efficiency of a-Si:H solar cells. An important issue in a-Si:H solar cell technology is the 
light-induced degradation ofthe cell efficiency, the so-called Staebler-Wronski effect [1). This 
effect typically leads to a drop in the solar cells efficiency of 20-30% after prolonged light 
illumination. The degradation arises from the creation of additional dangling honds, which 
are metastable and can be removed by annealing at elevated temperatures ( > 170 oe). Thus 
dangling honds play an essential role in determining final solar cell performance. 

To achieve cost-effective solar cells, deposition on large scale by a roll-to-roll process 
with high deposition rates and at low temperatures (200-400 oe) is desired. At this moment, 
a-Si:H is mainly produced by plasma enhanced chemica! vapor deposition (PEeVD) in radio
frequency (rf) driven parallel plate reactors using a silane (SiH4 ) containing plasma, often 
diluted by other gases, such as argon and hydrogen. A disadvantage of rf PEeVD is the 
relatively low deposition rate of typically 0.1 nm/s, which results in too high production 
costs to implement this technique in large-scale production processes. Another drawback 
is the fact that the three basic aspects of deposition (plasma production, plasma transport 
and deposition) take place in the same volume. This makes it difficult to investigate and 
optimize the different aspects of the process separately. 

For these reasans the expanding thermal plasma (ETP, see next section) technique was 
developed at the Eindhoven University ofTechnology in the group Equilibrium and Transport 
in Plasmas of the Department of Applied Physics. This remote deposition technique is 
capable of depositing good quality a-.Si:H films at high growth rates (typically 10 nm/s). 
The research on the deposition of a-Si:H by the ETP teclmique is not only focuS€d on 
the optimization of the film and process properties but also driven more fundamentally, to 
understand the plasma chemistry and the growth mechanism of the films. Due to the remote 
nature of the technique, the plasma production, plasma transport and deposition processes 
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are separated, which allows independent studies of the different aspects of the process. 
One of the studies is to imprave the insight in the growth mechanism and its correlation 

with the film properties. In the models of the growth mechanism it is commonly believed 
that dangling honds act as growth sites during the deposition of a-Si:H films. In this report 
a new sensitive absorption technique, based upon cavity ring down spectroscopy (eRDS), to 
detect dangling honds in the bulkandat the surface in as-deposited a-Si:H films is presented. 
Moreover, the technique can be applied in situ during deposition to monitor the dangling 
bond evolution during growth. After a brief description of the ETP deposition setup and 
the framework in which the research has been performed, an extensive motivation of the 
research presented in this report will be given. 

1.2. The deposition of a-Si:H by the expanding thermal plasma 

The expanding thermal plasma setup consists of a high-pressure thermal plasma souree 
and a low-pressure deposition chamber as schematically depicted in Fig. 1.1. The plasma 
souree is used to create reactive species for the dissociation of the silane (SiH4 ) precursor 
gas injected into the plasma in the downstream region. The remote plasma is created in a 
De cascaded are by the generation of a subatmospheric (0.4 bar) thermal Ar/H2 plasma, 
which is close to local thermal equilibrium (Theavy c::: Te) and characterized by a high electron 
density ne ~ 1022 m-3, and a low electron temperature Te ~ 1 eV. The high temperature 
of approximately 1 e V leads to almast full dissociation of molecular gases when these are 
injected in the are. 

The pressure gradient between the are and the deposition chamber, which is kept at 
a pressure of 0.1-0.2 mbar, causes a supersonic expansion of the plasma in the chamber. 
After the stationary shock, the plasma expands subsonically towards the other end of the 
deposition chamber. Primarily due to the fact that there is no power input anymore in 
the deposition chamber, the electron temperature decreases to 0.1-0.3 eV and the plasma 
is recombining. Via an injection ring positioned 5 cm from the are outlet, SiH4 is symmet
rically admixed to the plasma after the stationary shock front. The SiH4 is ionized and 
dissociated by the expanding plasma species and the formed mixture of radicals and ions 
expands subsonically towards a temperature-controlled yoke with substrate holder at the 
other end of the deposition chamber, where the deposition takes place. The temperature of 
the substrate holder can be accurately set (6T = 10 oe) in the range of 100-500 oe. The 
substrates are loaded into the deposition chamber through a laadloek system by means of a 
magnetic transfer arm. An automatic shutter is placed in front of the substrate holder to 
screen the substrates from the plasma during plasma ignition and admixing of SiH4 and is 
opened after stabilization of the plasma. 

Using the ETP deposition technique solar grade a-Si:H layers have been obtained at a 
growth rate of 7 nm/s. Using these layers p-i-n solar cells have been produced with an initial 
efficiency of 6.7% at a growth rate of 1.1 nm/s, without any optimization. 

Until now, most of the research has been concentrated on the silane plasma chemistry 
and the species contributing to the film growth in the expanding plasma. From threshold 
i anization mass spectroscopy (TIMS) [2] and cavity ring down spectroscopy ( eRDS) [3] 
measurements it is concluded that for high H2 flows the deposition process is by far dominated 
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Figure 1.1: A schematic picture of the expanding thermal plasma (ETP) used for a-Si:H 
deposition. The setup includes a cascaded are, a low pressure deposition chamber and a laad
loek system. The are operates normally on an Ar flow of 55 sccs (standard cubic centimeters 
per second), diluted by a Hz flow of 0-15 sccs. The current of the are can be set to 10-75 A 
and the voltage over the are ranges from 45 to 150 V. The Ar/Hz plasma with a pressure 
of rv 0.4 bar, expands into the deposition chamber, which is kept at a pressure of 0.1-0.2 
mbar. Through an injection ring positioned 5 cm behind the are outlet a SiH 4 flow of 0-15 
sccs is admixed to the plasma. The formed mixture of radicals and ions expands towards the 
substrates placed on the substrate holder at the other end of the deposition chamber. The 
samples are loaded into the chamber through a laadloek system by means of a magnetic trans
fer arm. The temperature of the substrates can be accurately controlled between 100 and 500 
oe. 

by SiH3 (> 90%). For low Hz flows the contribution of SiH3 decreases and it is expected 
that then highly reactive SiHm (m ~ 2) radicals have a significant contribution to the film 
growth. 

1.3. Motivation of the research and outline of the report 

As mentioned above, the amorphous nature of a-Si:H leads to a considerable density of 
defect states ( dangling bonds) in the bandgap. These defects play an essential role in a-Si:H 
films with resp€ct to the a-Si:H growth., opto-electronic properties [4] and meta.stability. To 
imprave the insight in the a-Si:H defect incorporation mechanism in the bulk and at the 
surface a diagnostic technique is needed to investigate the dangling bonds during and after 
the deposition of a-Si:H films. 
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A continuing research in a-Si:H technology is the study of the Staebler-Wronski effect. 
Light soaking experiments with simultaneous defect detection measurements are desirabie 
but are not possible with current available defect detection techniques. Moreover, these 
techniques can not be applied in situ during a-Si:H growth. A technique which would be 
capable of detecting defects during deposition opens the possibility to study the role of 
the defects at the surface during growth. This would imprave the insight in the growth 
mechanism and its correlation with the film properties. 

For these reasons, a new sensitive and easy-to-use diagnostic technique to measure dan
gling honds ex situ as well as in situ is needed. This technique, based upon cavity ring down 
spectroscopy ( CRDS) will be described in this report. The CRDS technique is a sensitive 
absorption technique, which measures absorptions directly and has sufReient sensitivity to 
detect small absorptions. Furthermore, CRDS is non-intrusive, remote and can easily be 
adapted to in situ measurements. In this research the first measurements with the surface 
CRDS technique on a-Si:H films were performed. The investigations described in this report 
form the basis for future detailed studies on a-Si:H film growth. 

In chapter 2, the role of the defect density in a-Si:H film growth and properties is dis
cussed. The present available techniques used to measure this density are discussed as well. 
In chapter 3, a description of the CRDS technique will be given. First the principle of the 
CRDS will be given, foliowed by the experimental details of the absorption measurements ex 
situ as well as in situ. Finally, the infiuence of the introduetion of additional surfaces in the 
cavity on the absorption measured will be discussed. In chapter 4, the absorption measure
ments on a-Si:H films using the surface CRDS technique ex situ are discussed. These results 
are compared with the absorption measured on the same films using dual beam photocon
ductivity (DBP) [5) and photothermal defiection spectroscopy (PDS) [6). Also, preliminary 
results of the in situ measurements will be given. Furthermore, the defect densities obtained 
from the measurements will be discussed. In chapter 5, the conclusions are presented. 
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2. DEFECTS IN a-Si:H AND THE AVAILABLE 

DETECTION TECHNIQUES 

In this chapter, fi.rst the optical absorption at defects ( dangling bonds) in a-Si:H is dis
cussed in Sec. 2.1. In Sec.2.2 four widely used techniques to detect defects in a-Si:H films 
will be discussed and the results obtained using these techniques as reported in the litera
ture. The techniques discussed are the opto-electronic techniques, the constant photocurrent 
method (CPM) and dual beam photoconductivity (DBP); photothermal defl.ection spec
troscopy (PDS), which is based upon the thermo-optical principle and the electron spin 
resonance (ESR) technique. Except for ESR, which is basedon the detection of the spins of 
the defects, the defect detection techniques are based on optical absorption at the defects. 

2.1. Defects in a-Si:H 

Figure 2.1: A ball and stick picture of an a-Si:H film with dangling bands in the bulk and at 
the surface. 

A defect or dangling bond is a free bond on a silicon atom in the a-Si:H film. The 
defects can be present in the bulk and at the surface as shown in Fig. 2.1. The defects are 
situated in the middle of the bandgap and can be correlated with a small subgap absorption 
in the 0.6 - 1.4 ·eV range of a-Si:H films. There are three different dangling bonds: the 
single occupied D0 (neutral), the double occupied n- (negative) and the unoccupied n+ 
(positive) dangling bond. These defects are recombination centers for the photogenerated 
charge carriers, electrons and holes, which results in a rather small ditfusion length of the 
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charge carriers. Because the efficiency of a-Si:H solar cells is mainly limited by the collection 
of these charge carriers a low defect density ("' 1016 cm-3 , i.e., at the level of <10-6 of the 
Si atomie density of the film) is crudal for the application of a-Si:H in solar cells. 

The optical absorption spectrum, i.e. the absorption coefficient a ( cm-1) versus the 
photon energy hv ( e V), of a-Si:H is widely stuclied to determine the density of states in the 
bulk of a-Si:H films. The absorption spectrum of solar grade a-Si:H films is shown in Fig. 
2.2. The general accepted model of the density of states (DOS) in the bulk for undoped 
a-Si:H as suggested by Street et al. [7] is depicted in Fig. 2.3. It consists of the valenee 
and conduction band with their corresponding exponential tails with slope Eov and Eoc 
respectively and the dangling bond states in the midgap in the form of two peaks D0 and 
u-. Moreover, in Fig. 2.3 the possible transitions between the states are depicted as well. 
These transitions are divided in three groups (A, B, and C) and these groups are related to 
the three regions in the absorption spectrum of a-Si:H as indicated in Fig.2.2. 

10
6 

10
5 c 8 ~ cmo 

10
4 

- 10
3 ,.... . 

E 
10

2 (.) -ö 
10

1 

10° 

10-1 

-2 

10 0.5 1.0 1.5 2.0 2.5 3.0 

Ephoton ( e V) 

Figure 2.2: A typical absorption spectrum of a-Si:H measured using DEP and TR measure
ments. 

The first region (region A) in the absorption spectrum is the so-called high-absorption 
region (103 < a < 105 cm-1) which originates from absorption associated with transitions 
T 1 between the extended states. An electron in the valenee band is excited to the conduction 
bandandas aresult a free hole in the valenee band and free electron in the conduction band 
are created. Thi.-s transitiolil with an energy higher than the optical bandgap of a-Si:H of 
about 1.6- 1.8 eV is responsible for the greater part of the conversion of the energy of the 
photons within the solar spectrum into free electron-hole pairs. 

The second region ( region B) refiects the exponentially falling density of states that extend 
from the valenee and conduction band edges towards midgap and is characterized by the slope 
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Figure 2.3: Distribution of density of bulk states tagether with the optical transitions in a
Si:H. It consists of the valenee and conduction band with their corresponding exponentional 
tails with slope Eov and E0c respectively and the dangling bond states in the midgap in the 
form of two peaks D0 and n-. The dangling bond states n+ are situated in the valenee band 
tail [8]. 

parameter Eu. This region is the so-called Urbach energy region (a "' exp (Ephoton/ Eu)), 
which extends from the bandgap to approximately 1.4 e V and covers up to four orders of 
magnitude in a. The transitions correlated with regionBare from localized valenee bandtail 
states to extended conduction band states (transitions T2) and extended valenee band states 
to localized conduction bandtail states (transition T 3). Thansitions from a localized valenee 
band states to a localized conduction band state are neglected, because the matrix elements 
forthese transitions are small. The Urbach tail is usually measured using photoconductivity 
methods like CPM and DBP. As we will see in Sec. 2.2.1, these techniques will primarily 
measure only transition T 2 and therefore the slope parameter Eu gives the valenee band 
slope Eov· The Urbach slope parameter is also correlated with the structural disorder of the 
amorphous silicon network as a higher slope parameter corresponds to a more disordered 
network. The argument therefore is that the electronic states in the valenee and conduction 
band tail correspond pairwise to bonding configurations that are deviations from the con
struction of an ideally bonded amorphous network. Furthermore, there is abundant evidence 
from opücal data that the Urbach slope Eu and the defect density obtained from sub gap 
absorption measurements are correlated [9]. 

The last region (region C) is the weak absorption region (a < 10 cm-1) or so-called 
subgap absorption region (0.6 -1.4 eV). This absorption is related to the defects or dangling 
honds in a-Si:H. Region C corresponds to transitions from extended valenee band states to 
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the defect states (T4 ) and of the defect sates to extended conduction band states (T5 ). The 
first transition creates a free hole in the valenee band and a trapped electron in the defect 
states and the second transition creates a free electron in the conduction band [8]. Jackson 
et al. [10] showed that the optical transition matrix element can be assumed constant for all 
optical transitions. 

It has been known that a-Si:H has a defect bulk density in the order of 1015 -1016 cm-3 for 
high quality a-Si:H. Figure 2.4 depiets collected data concerning the substrate temperature 
dependenee of the defect density for widely varying deposition techniques: PECVD, very 
high frequency PECVD, the remote hydrogen plasma (RHP), remote PECVD (RPECVD), 
reactive microwave sputtering (RMS), hot wire (HW), photo-assisted CVD and homogeneaus 
CVD [11]. Figure 2.4 shows that there is a minimum in the defect density around 250 oe. 
This is in agreement with studies reported in the literature on the defect bulk density as 
function of the deposition temperature using the rf PECVD technique [12-14]. 

1018 
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~ 
)IJ +..a x photo 

E • • • 0 c 
u + 0 JE - • • 'Ê 1016 l}cO ~~~ ++ • • ~~t. + 
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Figure 2.4: Collected data on the defect density as a function of substrate temperature during 
deposition [11]. 

Furthermore, the Urbach slope parameter Eu can be correlated with the defect density 
obtained from sub gap absorption measurements. Most of the published data for Eu and the 
defect density fall into the shaded region of the defect density versus Eu diagram as depicted 
in Fig. 2.5. The correlation between the defect density Ndb and the Urbach slope parameter 
Eu is given by [12]: 

{2.1) 

where N* is the density of states at the beginning of the exponential valenee bandtail at an 
Energy E* and Edb the demarcation energy beyond which valenee bandtail states dissociate 
into dangling honds (see Fig. 2.3). 
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Figure 2.5: Correlation between the Urbach slope Eu and the defect density. Published data 
for doped and undoped a-Si:H prepared under a variety of deposition conditions fall within 
the shaded area [9]. 

The creation of the defects in a-Si:H is not yet completely understood and there are several 
models proposed. There are thermadynamie models which try to explain the formation of 
defects in the bulk. In the models, the defects are considered to arise from the spontaneous 
[12] or thermally activated [15] transformation of weak Si-Si bonds (with an exponential 
distribution in the valence-band-tail) into dangling bonds. In the model initiated by the 
work of Winer and Street [16,17] the thermal equilibrium process is incorporated in the 
growth model. Herein the hydrogen equilibration during deposition is suggested as the 
process for defect creation in the bulk but also at the surface. The formation of dangling 
bonds is attributed to the breaking of weak Si-Si bonds by mobile H that is released from 
Si-H bonds: 

H + weakbond ~ Si-H + dangling bond. (2.2) 

An important issue in a-Si:H solar cell research is the creation of extra defects during 
light exposure, the so-called Staebler-Wronski effect. [1]. The creation of these metastable 
defectsis not yet completely understood. The formation is among other theories attributed 
to the breaking of weak Si-Si bonds present in the band tails by the recombination of light
generated electron-hole pairs [12], to the breaking of strained Si-Si bonds by mobile hydrogen 
atoms released by the recombination of light-generated electron-hole pairs [18], and to the 
formation of dangling bonds by the release of two hydrogen atoms from two Si:H bonds and 
the subsequent formation of two new Si-H bonds by breakinga Si-Si bond [19]. 
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Furthermore, several PDS [20-25] and ESR [26,27] studies revealed that air exposed 
unpassivated a-Si:H films also have a surface region with a high defect density of 1018-1019 

cm-3 distributed with a width of 5-50 nm. It is commonly believed that dangling honds 
play an essential role during the deposition of a-Si:H films. The creation of these surface 
defects can be explained by the surface reactions of the species contributing to the growth 
as described in the so-called MGP growth model [28-32]. 

2.2. Defect detection techniques 

Several techniques are widely used to determine the absorption coefficient a(hv) in the re
gion of the Urbach edge and the subgap absorption in a-Si:H films. As mentioned before, 
the subgap absorption can be related to the defects in a-Si:H. In this section three tech
niques based on optica! absorption in the subgap region to detect defects in a-Si:H and the 
results reported in the literature will be discussed. These techniques are the opto-electronic 
techniques, the constant photocurrent method (CPM) [33] and dual beam photoconductiv
ity (DBP) [5]. Another technique is photothermal deflection spectroscopy (PDS), which is 
based upon the thermo-optical principle [6]. Furthermore, the electron spin resonance (ESR) 
technique [26] will be discussed, which is based on measuring the spins of the defects. More
over, the conversion of the absorption coefficient to defect density is presented. Finally the 
models used to determine the distribution of defects in a-Si:H films, especially to determine 
the bulk and surface defect densities will be given. 

2.2.1. Principle of the constant photocurrent metbod (CPM) and dual beam 
photoconductivity (DBP) 

Both the constant photocurrent (CPM) and dual beam photoconductivity (DBP) are based 
on the photocurrent generated using illumination of the sample to determine the absorption 
coefficient. The transitions primarily measured by CPM and DBP are the transitions which 
contribute an electron to the conduction band. These are the intraband transitions T 1 and 
the transitions T2 from localized valenee bandtail states to the extended states above Ec 
and the transitions T5 from the occupied defect states (D0 , D- , and D+) to the conduction 
band, see Fig. 2.3. Transitions T3 from the extended valenee band states to localized 
conduction bandtail states and transitions T4 from the valenee band to the defect levelscan 
be neglected. This due to the fact that mainly electrans in the conduction band contribute 
to the photocurrent rather than holes in the valenee band, because the electron drift mobility 
in a-Si:H is at least one order higher than the hole drift mobility. 

The photoinduced current Iph is measured using ohmic contacts (secondary photocon
ductivity) and is proportional to the applied voltage for a fixed photon flux. The photo
conductivity aph is defined as the ratio of photocurrent density and the externally applied 
electric field. For uniform illumination the relation between a ph and the absorption A ( = ad) 
can be written as [9J: 

A(hv) 
aph =<I> d ery(hv)J-Lr , (2.3) 
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where <I> is the incident photon flux (photons cm-2 s-1 ), A the absorption, d the sample 
thickness, e the electron charge, 7J the quanturn efficiency for photocarrier generation con
tributing to the current (TJ :::; 1), f..L the drift mobility, T the lifetime of the photocarriers 
and hv the photon energy of the monochromatic beam. It is assumed that the 7J and f..L are 
constant and only the lifetime r, which depends on the concentration of electrons and holes, 
is varyingas a function of the photon energy. Therefore the photoconductivity is a nonlinear 
function of the generation rate A<P and can be expressedas [9): 

~ = a ph ex (A <I> )1
, (2.4) 

with 1 between 0.5 and 1. To derive A(hv) from the speetral dependenee of the photocon
ductivity 1 should be kept constant. Two techniques have been developed to overcome this 
problem. 

CPM 

In the constant photocurrent method (CPM) the photon flux is adjusted to keep a ph constant 
as hv is varied. In this way a constant concentration of photogenerated carriers is generated 
and thus a constant r and I· Under these conditions 1/<I>(hv) is proportional to A. 

DBP 

In dual beam photoconductivity (DBP) measurements an auxiliary d.c. red bias light is 
superimposed on the chopped weak monochromatic beam with a photon flux exceeding the 
a.c. monochromatic beam by at least an order of magnitude. This introduces an extra 
band-to-band carrier generation rate in order to set the energy positions of both quasi-Fermi 
levels, which describe the steady state condition for the electron and hole populations within 
the bandgap. This now ensures constant recombination kinetics, and thus a constant r and 
r · Under these conditions the measured photocurrent Iph is proportional toA. 

Experimental setup 

A typical CPM and DBP setup is shown in Fig. 2.6 [34) . During CPM measurements a 
chopped (0-75 Hz) monochromatic light beam is focused onto the sample and part of the 
light is deflected by a beamsplitter. The deflected beam is fed into a feedback loop together 
with the output of the electrometer. In this way the photocurrent is kept constant by 
adjusting the photon flux while changing the wavelengthof the light . The a.c. photocurrent 
is measured with a lock-in-amplifier with current preamplifier. The setup is similar for 
DBP measurements, only then the signal which is deflected by the beamsplitter is used 
to keep the photon flux constant. In addition an extra bias illumination on the sample is 
used. The monochromatic photon fluxes are usually 1012 - 1015 photons cm-2 ç 1 and the 
bias illumination fluxes are usually 1015 - 1019 photons cm-2 s-1 . The measurements are 
usually performed at room temperature. The DBP setup used for DBP measurements on 
our samples had an auxiliary d.c. red bias light with a photon flux of the same order as the 
a.c. monochromatic beam. 
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Figure 2.6: Schematic diagram of the CPM and DEP setup. In case of DEP an extra bias 
illumination is used. 

Calibration of the CPM and DBP measurements 

The absolute absorption A for both CPM and DBP is obtained by relating the measured 
A to the determined A values by transmission and reflection spectroscopy (TR) measured 
at sufficiently high photon energies where TJ ~ 1 [9). The question is whether the subgap 
absorption coefficient as measured by CPM and DBP is not underestimated due to several 
reasons. 

First of all, CPM and DBP measure only transitions which contribute to the photocur
rent . Therefore mainly transitions T5 leading to an electron in the conduction band are 
detected. As transitions T 4 are not detected the subgap absorption as measured by CPM 
and DBP is lower than the real subgap absorption. Moreover, in the derivation of the re
lation between the absorption and the measured photon flux ( CPM) or photoconductivity 
(DBP) it was assumed that the quanturn efficiency TJ, the drift mobility p, and the lifetime 
of the photocarriers T are constant as a function of the photon energy. However, measure
ments on the generation rate, the electron recombination rates and the excess free-electron 
lifetime T as performed by Schmidt et al. [35) showed that the generation rates are strongly 

-energy dependent in the energy range < 1.3 eV. As a consequence the non constancy of the 
generation rate implies a non-constant electron lifetime. Furthermore, measurements on the 
efficiency-mobility-lifetime product TJJ.lT [36,37) showed that this product is dependent on 
the photon energy in the range from 1.8 eV to below 1.2 eV. The varying generation rates, 
collection efficiency and electron lifetimes on the photon energy invalidate the main premises 
of CPM and DBP, because it is assumed that the efficiency-mobility-lifetime product TJJ.lT 
is constant from 2.0 to 0.9 eV. This suggests that the collection efficiency of charge during 
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DBP measurements differs in the subgap region to that at 1.6-1.8 eV, the energy range in 
which the DBP is fitted to the transmission reileetion (TR) measurements leading to an 
underestimation of the subgap absorption. 

2.2.2. Principle of Photothermal deflection spectroscopy (PDS) 

In photothermal deflection spectroscopy (PDS) a light beam (pump beam) , which is ab
sorbed, incidents on the sample. The sample is immersed in a transparent fluid. Due to 
absorption in the sample, charge carriers are created. The recombination of these photoex
cited carriers causes a temperature rise in the sample due to the conversion of energy in 
phonons. The energy loss due to photoluminescence can be neglected. This introduces a 
temperature gradient in the sample and in the fiuid in front of the sample. Concomitant 
with this temperature gradient is a conesponding index of refraction gradient in the fluid. 
The refractive index gradient is probed with a He-Ne laser parallel to the surface. This leads 
toa deflection of the laser beam by an angle 6<p from its original straight path. By varying 
the wavelength of the pump beam, the absorption spectrum of the sample can be deduced 
from the deflection angle 6<p. It can be shown that the deflection is proportional to the 
absorption A ( = ad) [8] : 

6<p = K · [1- exp(-A)], (2.5) 

where Kis a geometrical factor determined by the setup. Absorptions as smallas 10-8 have 
been detected [38]. Furthermore, in contrast to CPM and DBP, we expect PDS to detect 
also the transitions which leave behind a hole in the valenee band, because all transitions T 1 

up to T5 generate heat. Therefore, in PDS all transitions contribute to the signal 6<p and 
thus to the absorption spectrum measured. 

An example of an PDS set up is shown in Fig. 2. 7 [8] . A chopped, monochromatic pump 
beam Z with chopping frequency w transverses successively through the CC14 fluid, the 
absorbing a-Si:H film and the Corning 7059 substrate. The most commonly used fluid CC14 

has no absorption in the near IR (up to ~ 3 fLm) and a high änf8T of 8 · w-4 K-1, where 
n is the refractive index and T the temperature. The deflection is measured by a position 
sensitive detector. To prevent the interference of dust particles with the He-Ne probe laser, 
the cuvette containing the sample surrounded by CC14 is usually placed in a laminar flow 
hood. 

Conventional PDS experiments are performed at a low modulation frequency, about 10 
Hz, of the intensity of the pump beam. The thermal diffusion length in a-Si:H is then 
much larger than the film thickness, which means that the sample can be considered as 
thermally thin. By operating at a low frequency, the sensitivity of the measurements is 
increased and the signal to noise ratio is optimized. The phase of the PDS signal is in this 
case a constant with respect to the film optical properties, and does not give any additional 
information. In order to discriminate between bulk, surface, and interface absorption in 
the low-energy range, PDS experiments are performed on thick films at a high modulation 
frequency. At high modulation frequencies the thermal diffusion length in a-.:Si:H decreases 
toa value comparable to the film thickness. Under these conditions, the phase of the surface 
temperature depends on the spatial distribution of the heat sourees inside the film. The 
phase of the PDS signal depends now on the optical properties of the film through the phase 
of the surface temperature. For the usual probe-beam-sample configuration, the phase lag 
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Figure 2.7: Schematic presentation of the experimental PDS setup. The inset shows schemat
ically the geometrical configuration of the pump beam Z and the He-Ne laser X. Herein is 
medium 0 the fiuid CCl4 , medium 1 the a-Si:H film and medium 2 a Corning 1059 glass 
substrate. 

of the PDS signal with respect to the exciting beam will be larger if the heat sourees are 
located at the film-substrate interface than if they are localized at the film-free surface, due 
to thermal diffusion across the film. If, on the contrary, the heat sourees are uniformly 
distributed over the film thickness, the phase lag will be equal tosome average of these two 
extreme values. By camparing the values of the phase lag of the PDS signal for front and 
rear illumination of the sample, the position of the heat sourees can be located. As the 
optical absorption coefficient decreases, the penetratien depth of the incident light in the 
material increases and, if the bulk absorption prevails, the spatial distribution of the heat 
sourees wm extend more and more into the film [24]. 

Asano and Stutzmann [22] have introducedan alternative method to analyze PDS mea
surements using a thin film optical model. Measurements have been performed, where the 
light of the pump beam was coming from the film side, or from the substrate side in order 
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to create different intensity profiles of the pump light in the film. These profiles introduce 
enhanced interference contrast between the absorption measured from the film side and the 
absorption measured from the substrate side. The absorption spectra show a diEferenee in 
fringe amplitude, defined as the ratio between a fringe maximum and a fringe minimum in 
the absorption spectra. These fringe amplitudes diEferenee is simulated using a thin film 
optical model in which the diEferenee in fringe amplitude is related to a film,which consists 
of a bulk and a surface region with a bulk and a surface absorption coefficient. In this way 
depth profiling was achieved by which the thickness of the highly defective surface layer 
and the related absorption coefficient could be deduced by analyzing the interference fringes 
contrast of the measured absorption spectrum. 

Calibration of the PDS measurements 

PDS measurements have to be calibrated to determine the absolute absorption coefficient. 
There are two methods used to calibrate PDS. The first method uses the following expression 
for the PDS signal S [39]: 

(2.6) 

where S0 is a constant, a the absorption coefficient, and d the sample thickness. The 
constant S0 is due to thermal properties and can be determined at high photon energy, 
where ad» 1, since then S = S0 . The second method calibrates the PDS signal by fitting 
it to TR measurements at sufficiently high photon energies (1.6-1.8 eV) . 

2.2.3. Electron spin resonance (ESR) 

The neutral dangling honds D0 are paramagnetic and can therefore be detected by the 
electron spin resonance (ESR) technique with great sensitivity. ESR is basedon the electronk 
Zeeman interactions including spin-orbit coupling, the hyperfine interaction and the spin
spin coupling caused by applying an external magnetic field to the paramagnetic materiaL 
The speetral lines are split into components as a consequence of these interactions, with an 
energy diEferenee of 6.E = 91-LBB between the components, where g is the Landé factor, 
1-LB the Bohr magneton and B the magnetic field. By presenting microwave radiation of 
the right frequency, resonant absorption between two split states will occur. There is a 
relation between the g-value and the underlying electronk structure. The effective g-value 
conesponding to the electron spin resonance signalof the neutral dangling honds is 2.0055. 
The area under the ESR signal due to the defects is proportional to the total number of spins 
in the sample. By camparing the deduced area with that of a known amount of a standard 
sample the spin density can be determined. The defect density can be determined directly 
from the electron resonance signal as the number of spins is equal to the number of defects 
in the a-Si:H film. A disadvantage however is the fact that the ESR technique can not probe 
the charged defects n- and n+ [40]. 

A typical ESR spectrum as measured in situ after the deposition of an a-Si:H film with 
rf PECVD technique is shown as curve (a) in Fig. 2.8 [41] . The spectrum (a) is identified 
as a spectrum caused by dangling honds (D0 centers) in a-Si:H, because its peak-to-peak 
width and g value were found to be 0.7 mT and 2.0055, respectively. In curve (b), the 
ESR spectrum for an a-Si:H film deposited using a plasma condition of much lower gas 
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pressure ( < 1 Torr) is shown. In this case again D0 centers were observed, but now also 
additional contributions due to the dangling bondsignalof the substrate of Si02 is observed 
(E' center) as wellas a hyperfine structure with a splitting of 7.4 mT related with E 'centers. 
The difference between the two curves is probably due to the different plasma conditions. 

4mT 

Si dangling bond ( 
(a) 

magnetic field 

Figure 2.8: ESR spectra after film deposition. (a) ESR spectrum of D0 centers in a-Si:H 
after deposition with pressure of 5 Torr, silane flow rate of 5 seem, hydragen flow rate of 50 
seem, discharge microwave power of 20 W. The peak-to-peak width and g-value are 0. 7 mT 
and 2. 0055, respectively. (b) ESR spectrum for the case of relatively low pressure deposition. 
dangling bond signal in a-Si:H, E' center ( dangling bond of Si02) and hydragen hyperfine 
structure with splitting of 1.4 mT related with E' centers are seen [41]. 

2.2.4. Absorption coefficients determined by the DBP, CPM and PDS technique 

A typical absorption spectrum of an a-Si:H film of 3 J1ID measured by means of DBP and 
PDS is shown in Fig. 2.9. As can be observed, the absorption coeffi.cient in the subgap 
region at 1.17 eV measured with DBP is about a factor of 10 smaller than the absorption 
coeffi.cient measured by PDS. There is only one other measurement reported in the literature 
by Roxlo et al. [42], which compares absorption spectrums as measured by DBP and PDS. 
Also in this study the absorption coeffi.cient at 1.17 e V measured by DBP is about a factor 
10 smaller than the absorption coeffi.cient measured by PDS. 

There are several studies reported in literature, which campare subgap absorption roea
sured by CPM and PDS on the same samples. PDS detects about a factor 2 up to 10 more 
absorption as CPM [20,24,40,42-44]. The values for the absorption coeffi.cient a at 1.17 
eV reported in the literature for the different techniques ar·e: a = û.1 - 4 cm-1 for CPM, 
a= 0.1- 3 crn-1 for DBP and a= 0.5- 15 cm-1 for PDS. 

The higher absorption measured at 1.17 eV with the PDS technique is related to several 
aspects of the different techniques. PDS measures all transitions possible and CPM and 
DBP measure primarily transitions which contribute to the photocurrent as mentioned in 
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Figure 2.9: Typical PDS and DEP subgap absorption spectrum of an a-Si:H film of 3 J-Lm 
deposited by the ETP technique at 20 Ajs and at a substrate temperature of 250 o C. 

Sec. 2.2.1. Moreover, the absorption as measured with CPM and DBP is underestimated 
due to non-constant efficiency-mobility-lifetime product TJJ-LT as explained in Sec. 2.2.1. 
Therefore, the absorption as measured using PDS is at least a factor 2 higher than the 
absorption measured with CPM and DBP. Furthermore, CPM and DBP predominantly 
detect the defect absorption in the bulk and are insensitive to the surface defects. This is 
due to the fact that the photo-excited carriers in the defective surface layer have a reduced 
contribution to the photocurrent as their lifetime is strongly reduced by the large number 
of defects there. This leads to an absorption measured with DBP and CPM, which is more 
than a factor 2 smaller than the absorption measured with PDS (20]. 

Measurements on the subgap absorption reported in the literature using PDS (20-25] and 
ESR (26,27] show that the defects have no homogeneaus distribution in the a-Si:H films. 
Asano and Stutzmann (22] determined from PDS measurements that there is a defective 
surface layer with a thickness of 10- 60 nm using the method mentioned in Sec. 2.2.2 with 
surface absorption coefficients CXsurf rv 100- 1000 cm-1 . 

So far we have only considered the absorption coefficient, but we want to determine 
the defect density in a-Si:H films. A typical a-Si:H film deposited on Corning 7059 could 
be described as consisting of three regions, namely the free surface region, the bulk region 
and the interface region between the substrate and the bulk layer. It is assumed that the 
three different regions all have their own DOS distribution, in particular different densities 
of defects in the midgap. An absorption spectrum measured by any technique gives a defect 
density which is due to all three regionsas the techniques can notseparate the contributions 
to the absorption of the different regions. By analyzing the phase of the PDS signal, Chahed 
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et al. [24) showed that the subgap absorption related with a defective surface layer is mainly 
due to surface defects rather than interface defects. Therefore, the contribution of the 
interface region to the defect density can be neglected. 

The total defect density N D can be calculated from integrating the measured subgap 
absorption from 0.8 up to 1.25 e V and multiplying it by an empirica! constant according to 
the model of Smith et al. [20): 

Nn = 1.9 x 1016 j a(E)dE, (2.7) 

where the constant was determined from comparing CPM with ESR measurements. In the 
case ofPDS the constant is 7.9x 1015 cm-2eV-1 as deduced from calculations and experiments 
by Jackson et al. [38). From this constant, the dangling bond absorption cross section anB 
can be determined, which results in anB = 2.5 x 10-16 cm-2 . The prefactor in the case of 
CPM is 2.4 times that of PDS consistent with the expectation that PDS detects about twice 
as much absorption. Wyrsch et al. [40) have introduced a different interpretation of the 
subgap absorption in termsof the defect density. CPM and PDS data are compared with 
ESR data and analysed using three different approaches [40) leading toa conversion factor of 
the absorption coefficient into defect density. The conversion factor is defined as: acPM(l.2 
eV) = 1 cm-1 or apns(l.2 eV) = 2 cm-1 equals a defect density of 2.4- 5 x 1016 cm-3 . 

2.2.5. Defect density distribution models 

As mentioned before the defect distribution in a-Si:H is not homogeneaus and the charac
terization as well as the separation of both the surface and bulk defect density is of great 
importance for the applications of a-Si:H. The contribution of the interface region to the 
defect density can be neglected. For the determination of the spadal defect distribution 
in a-Si:H films one has to construct physically reasonable models. Here we will discus the 
two most used models in literature to determine the spatial defect distribution nn (z) in 
a-Si:H films and to obtain the surface defect density Ns and the bulk defect density Nb. To 
obtain the surface defect density Ns and the bulk defect density Nb separately a study of 
the absorption of a range of film thicknesses by techniques such as PDS or ESR is necessary. 
Such a study requires good reproducibility of the deposition from run to run, and uniformity 
throughout the film. 

In the first model it is assumed that the defective free surface layer is two dimensional, 
i.e. no extension in the z-direction. In the second model the defect distribution nn (z) varies 
along the growth axis in a well defined way. 

Model 1: 
In this simple model [23,24,27,45,46) the surface layer is considered as a two-dimensional 

structure with the corresponding surface thickness d0 considered zero. The thickness depen
denee of the defect density Nn is then given by a distribution nn (z) of the form: 

(2 .. 8) 

where Ns is the surface defect density in [cm-2
), Nb the bulk defect density in [cm-3), and 8(z) 

a delta function in [cm-1] and z denotes the direction parallel to the film growth direction. 
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This model is only valid if the total thickness of the film d » d0 . The average defect density 
N D can then be written as: 

d 

N D ( d) = d-1 
· j n D ( z) dz = Ns / d + Nb 

0 

(2.9) 

A plot of the defect density N D as a function of the redprocal film thickness results in a 
straight line. The slope of the straight line corresponds to the surface defect density Ns and 
the intercept with the vertical axis gives the bulk defect density Nb . For very thin films only 
information of the surface defect density can be obtained as the term N 5 /d predominates. 

Model 2: 
In this model introduced by Favre et al. [25], a finite thickness for the defective surface 

layer is taken into account. An exponential decaying distribution is assumed in which the 
surface defect region thickness is characterized by a typical length d0 as depicted in Fig. 
2.10, with the total thickness of the film d » d0 . 

~~ exp(-z/d0) 

c r--z 

Z=Ü --+Z 

Figure 2.10: Schematical representation of the exponential decaying distribution. 

The distribution nn (z) is then given by: 

nn (z) =No· exp( -z/do) +Nb, (2.10) 

with N0 in [cm-3]. Basedon the above distribution the defect density is given by the following 
equation: 

d 

Nn (d) = d-1 
· j nn (z) dz = Nodo [1- exp( -d/do)] /d +Nb (2.11) 

0 

One can see that for thick samples d » d0 the results are equivalent for both models if we 
set Ns = N0d0 . The different parameters in Eq. 2.11 can now be obtained by fitting Eq. 
2.11 to a plot of Nn(d) versus the thickness d for a series of a-Si:H films with thicknesses 
d extending over a large range, see Fig. 2.11. N0 can be obtained from the limiting case 
d ------+ 0 '( ve.ry thin fi!l.ms) and Nb from the limiting case d ------+ oo ( very thick films). The 
characteristic thickness d0 of the highly defective surface layer can now be deduced by fitting 
Eq. 2.11 to the experimental data, with d0 as the fitting parameter. 
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Figure 2.11: A plot of the defect density N D as function of sample thicknes d. N0 can 
be obtained from the limiting case d -----+ 0 (very thin films)and Nb from the limiting case 
d -----+ oo (very thick films). The characteristic thickness d0 of the highly defective surface 
layer can now be deduced by fitting Eq. 2. 8 to the experimental data, with d0 as the fitting 
parameter. The dashed line is a plot of the defect density according to model 1. 

2.2.6. Defect densities determined from the absorptions measured by the differ-
ent techniques 

Several approaches have been discussed in section 2.2.4 and 2.2.5 to determine the bulk 
defect density Nb and surface defect density Ns from the absorption measured by the different 
techniques. Here the obtained defect densities as reported in the literature will be given. 
All measurements have been performed on a-Si:H films deposited with the conventional rf 
PECVD technique. 

DBP measurements performed by Wronski et al. [47] showed a bulk defect density of 
4.5 x 1015 cm-3 using Eq. 2.7. Lee et al. [48] found a bulk defect density Nb= 2- 3 x 1015 

cm-3 using DBP and CPM measurements using a model for the density of states in the 
subgap region. CPM measurements by Siebke et al. [13] showed that the bulk defect density 
has a minimum at Ts = 250 oe, with a density of 1 x 1017 cm-3 . 

Smith et al. used the absorption coefficients measured with CPM to determine the bulk 
defect density using Eq. 2.7. Furthermore, PDS measurements have been performed on 
the same samples and from that the defect density was determined using Eq. 2. 7 with the 
prefactor related to PDS. As CPM measures only bulk defects and PDS measures bulk and 
surface defect.s the difference in defect density times the film thkkness is equal to the surface 
defect density. In this way a bulk defect density Nb = 0.5 - 3 x 1016 cm-3 and a surface 
defect density Ns = 3- 8 x 1012 cm-2 is deduced. Frye et al. [49] found a bulk state density 
of 3.0 x 1017 cm-3 and a surface state density of 2.1 x 1013 cm-2 using the PDS technique 
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Technique Nb (cm -3 ) Ns (cm -2 ) dsurf (nm) methad Ref. 
PDS 4- 50 x 1015 1- 3 x 101:t 5 1 [23] 
PDS 2.5 x 1015 2 x 101:.! 20 2 [25] 
PDS 3 x 1015 1- 5 x 101:.! 10-50 3 [21] 
PDS 1.8 x 101ö 2.7 x 101:t 10-30 3 [50] 
ESR 1.9 x 1010 1.4 x 101:t 20 1 [26] 
ESR 1.9 x 1015 1.5 x 1012 12 2 [26] 
ESR 4.8 x 1015 3.5 x 1012 20 1 [27] 

Table 2.1: The bulk defect density, surface defect denstity and the thickness of the defective 
surface layer as obtained from PDS and ESR studies using three metods todetermine them 

and Eq. 2.7 with the prefactor related to PDS. Furthermore, surfaces oxidation by either 
chemical treatment or in oxygen-containing plasmas show lower densities of Nb= 2.9 x 1016 

cm-3 and N 5 = 2.0 x 1012 cm-2. 

Several PDS and ESR studies of a range of film thicknesses have been performed to obtain 
the surface defect density Ns and the bulk defect density Nb. Three methods are used to 
determine the defect densities from the PDS and ESR data. From the absorption measured 
by PDS the defect density was determined using Eq. 2. 7 with the prefactor related to PDS 
and the ESR measurements give the defect density directly as explained in Sec. 2.2.3. In 
methad 1, the bulk and surface defect densities are obtained by fitting the defect density as 
function of film thickness using model 1 as presented in Sec. 2.2.5. The thickness at which 
the data deviates from the straight-line behavioristaken as the thickness of defective surface 
region. In methad 2, the bulk and surface defect densities and the thickness of the defective 
surface region are obtained by fitting the defect density as function of film thickness using 
model 2 as presented in Sec. 2.2.5. In methad 3, the absorption is measured and analyzed 
using the methad of Asano and Stutzmann described in Sec. 2.2.2. The results of the PDS 
and ESR studies are given in Table 2.1. 

2.2. 7. Conclusions 

The reported values of the bulk defect density and surface defect density in the literature 
obtained by the different techniques and analyze methods are Nb = 1.9- 4.8 x 1015 up to 
3 x 1016 cm-3 and N 5 = 1 - 5 x 1012 cm-2 respectively. Furthermore, several PDS studies 
and ESR studies revealed a high defective surface layer of the film of 5 to 50 nm at the free 
surface. Moreover, PDS measurements showed that the contribution of the substrate- film 
interface defects to the total defect density can be neglected. 

The CPM, DBP ,PDS and ESR technique made it possible to detect defects in a-Si:H 
and have a important contri bution to the understanding of the opto-electronic characteristics 
of the films. However, one main disadvantage of the CPM, DBP, and PDS techniques 
is the fact that they are indirect absorption measurements, i.e. the optical absorption is 
measured by detecting current or a temper.ature gradient and bas to be fitted to transmission 
and reileetion spectroscopy (TR) measurements or calibrated with other methods to obtain 
absolute absorptions. Moreover, only PDS is sensitive to surface defects. The relation of the 
subgap absorption with surface defects opens the possibility to study the role of the defects 
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at the surface during growth. However, the above mentioned techniques can not be applied 
in situ during a-Si:H growth. DBP and CPM can not be used in situ as they need centacts 
on the surface which is of course impossible during deposition. PDS is not applicable in 
situ as the sample has to be submerged in a fl.uid, which is also not possible when the films 
are deposited. ESR is the only defect detection technique which can be used in situ as 
demonstrated by Yamasaki [51], but this technique can not be applied straightforwardly 
on conventional deposition setups. Furthermore, a continuing research in a-Si:H technology 
is the study of the Staebler-Wronski effect. Light soaking experiments with simultaneous 
subgap absorption measurements are desirabie but are impossible with PDS due to heating 
problems. 

Forthese reasons, a new sensitive and easy-to-use diagnostic technique to measure dan
gling bonds ex situ as well as in situ is needed. In this report we propose to use the cavity 
ring down technique (CRD), which has sufReient sensitivity to detect small absorptions. 
Moreover, it can be straightforwardly adapted to study film growth. 
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3. CAVITY RING DOWN SPECTROSCOPY: 

PRINCIPLE AND CHARACTERISATION OF THE 

EXPERIMENTAL SETUP 

In this Chapter, first the principle of the cavity ring down spectroscopy (CRDS) technique 
will be given in Sec. 3.1. This will be foliowed in Sec. 3.2 by the experimental details of 
the ex situ and as in situ absorption measurements performed on a-Si:H. In Sec. 3.3 the 
influence of including additional sample surfaces in the cavity on the absorption measured 
will be discussed. 

3.1. Principle of CRDS 

Conventional absorption techniques used for the determination of the absorption coefficient 
a(>.) are based upon the measurement of a small change of the transmitted intensity at 
a certain wavelength Io.. through the absorbing medium. For a homogenous medium the 
absorption coefficient a(>.) is according totheBeer-Lambert law [52]: 

ft>, = Io.x exp (-ad), (3.1) 

where Io.x is the incident intensity and d the thickness of the absorbing medium. It is 
clear from Eq. 3.1 that the sensitivity is limited by the smallest measurable change of the 
transmitted intensity Io.x - ft.x· As a consequence a very stabie light souree is needed to 
determine very weak absorptions, because intensity instahilities in the light souree limit 
the sensitivity. The sensitivity can be enhanced by increasing the path length of the light 
through the absorbing medium by means of a multipassing cell. A technique which uses this 
principle and which overcomes the problem of a stabie light souree is the cavity ring down 
spectroscopy ( CRDS) technique. 

Cavity ring down spectroscopy (CRDS) is a highly sensitive direct laser absorption tech
nique, which has been introduced in its present form by O'Keefe and Beacon in 1988 [53]. 
CRDS is now widely used for measuring electronic and vibrational absorption spectra in 
the gas phase [52] and plasma environment [54]. CRDS is an absolute absorption technique 
based on the measurement of the decay rate of a light pulse confined in an optical cavity, 
rather than the magnitude of the absorption. The effective multipassing of the laser pulse 
within the optical cavity, makes CRDS much more sensitive than conventional absorption 
techniques [52] . Moreover, the technique is independent of light intensity fluctuations of the 
light souree used, as we will see below. Furthermore, CRDS is non-intrusive, remote and can 
easily be adapted to real time in situ measurements. 
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Figure 3.1: Principle of cavity ring down spectroscopy. 

The optica! cavity (Fig. 3.1) is usually formed by two highly reflective plano-concave 
mirrors with reflectivity R;.. separated a distance L, the so-called cavity length. The absorbing 
sample medium under investigation can be situated in between the mirrors. For the moment 
we assume that light of every frequency can he coupled into the cavity. A small fraction of a 
light pulse is coupled into the cavity from one side, while the rest is reflected. At the other 
side the transrnitted light is monitored by a detector. The injected laser pulse is trapped 
inside the cavity for some period of time as it reflects back and forth between the two mirrors. 
The laser light intensity decays exponentially in time with a charaderistic decay constant 
r, the so-called ring down time, i.e. the time for the intensity to decay 1/e of its original 
value. When the cavity contains no absorbing medium, this decay is solely caused by losses 
at the mirrors, i.e. transmission and scattering losses. The decay constant T)..o for the empty 
cavity is given by [52] ((1- R.\) « 1) : 

L/c L/c 
7

).0 = lln (R).)I ~ (1- R)..)' (3-2) 

where cis the speed of light. The ring down time of an empty cavity can he used todetermine 
the reflectivity of the mirrors R.\ directly. The reflectivity is usually strongly wavelength 
dependent. When there is an absorbing medium present in the cavity, the intensity of the 
laser pulse will decay faster due to additional losses ascribed to absorption and scattering 
introduced by the absorbing medium. In practice, the absorption per pass A.\ is wavelength 
dependent and the scattering in the gasphase or plasma can be neglected as loss souree in 
comparison with the absorption. The ring down timeT).. with absorption is given by [55]: 

L/c 
(3.3) 

By measuring the light intensity transmitted at the back mirror, the cavity ring down timeT).. 
can he deduced. When the reflectivity R;.. is known from measurements of T)..o, the absolute 
absorption per pass A.\ can he determined directly from the ring down time r .\. This is also 
particularly important for measurements in reactive environments, such a:s plasmas, where 
reactive plasma particles can have a large influence on R)... If both T).. and T)..o are measured, 
the wavelength dependent absorption A.\ per pass can he determined from: 

A).. = L (2_ __ 1 ) , 
c l).. l)..Q 

(3.4) 
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which is thus independent of the mirror refl.ectivity. Moreover, equation 3.4 shows that 
CRDS is a direct measurement of the absorption and that the absorption is independent 
of pulse-to-pulse variations of the intensity of the laser light. The smallest measurable 
absorption is given by: 

f:::.T>., 
Amin = (1- R)-, 

T>..o 
(3.5) 

where !:::.T>../T>..o is the relative accuracy of the measured ring down time T>..o of an empty 
cavity. Typical the mirror transmission (1 - R) is 10-3 - w-4 , and the ring down time can 
be determined with a relative accuracy !:::.T>../T>..o of w-2 

- w-3. Thus absorptions per pass 
as smallas w-7 can be measured depending critically on the refl.ectivity of the mirrors and 
accuracy of the determination of T>.. [56]. 

In the derivation of Eq. 3.4 it was assumed that every wavelength can be coupled into 
the cavity. This is only true if the cavity configuration has a quasi-continuurn eigenmode 
distribution. A cavity formed by two mirrors with the same curvature radius r at a distance 
L apart has a quasi-continuurn mode distri bution if L < 2r, except for the cases that the 
transverse freespeetral range (FSR) fits an integer number i in the longitudinal FSR. A cavity 
with L > 2r will be unstable. The conditions for a quasi-continuurn mode distribution are 
given by [56]: 

2 ( L ) . L < 2r except for - arctan J = L, 
7r L (2r- L) ~ 

(3.6) 

where i,j = 1, 2, 3 .... Equation 3.6 is only valid for small i and j. The advantage of a 
quasi-continuurn mode distribution is the fact that the cavity length does not have to be 
tuned. This results in a simple and easy-to-use CRDS setup, where only the laser needs to 
be scanned to get wavelength dependent information. 

3.2. Experimental details for the subgap absorption measurements 
during and after the deposition of a-Si:H films 

As already mentioned CRDS is widely used for measuring absorption in gas phase and 
plasma environments. So far, the CRD technique has been used only twice on surfaces and 
condensed matter. The absorption spectrum of solid C60 on a ZnSe substrate has been 
measured using a cavity as depicted in Fig. 3.1 [57] and the number density and orientation 
of I2 molecules at the surface of a total-internal-refl.ection-ring minicavity [58]. In Ref. [57] 
there is no discussion about the infl.uence of the introduetion of additional sample surfaces on 
the measured absorptions. A concern is whether the mathematica! description of a two mirror 
cavity (Eq. 3.3) still holds, because the additional sample surfaces within the cavity cause 
multiple light ray trajectories and possibly two or more optical cavities in series. Another 
concern is whether light scattering at the surfaces due to a rough a-Si:H film or substrate 
surface can be n~glected, sirree this would result in an additional cavity loss tha.t cannot be 
distinguished from the film absorption. Befare the infl.uence of the introduetion of additional 
sample surfaces in the cavity on the absorption will be discussed, the experimental details 
of the setups used to measure the absorption will be presented. 
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Two different setups have been used to measure the subgap absorption. First the ex situ 
setup for subgap absorption measurements on as-deposited a-Si:H samples will he presented. 
Then the in situ setup to monitor the defect evolution during a-Si:H growth will he given. 
For the measurement of the subgap absorption a single wavelength of 1064 nm or 1.17 e V 
has been used. 

3.2.1. Ex situ 

The cavity used for ex situ measurements is a mirror-sample-mirror configuration as depicted 
in Fig. 3.2. The cavity consistsof two highly reflective plano-concave Newport supermirrors 
with 1 m curvature (R ~ 0.9997 at 1064 nm) mounted on flexible bellows for accurate 
alignment. The cavity length has been varied between 110 mm and 360 mm. 

Nd:YAG 
laser 

c-Si filter 
Coming + a-Si:H film 

Coming 

1 
--+---+~ 

Mirror L Mirror 

Figure 3.2: Schematic representation of the ex situ surface cavity ring down setup. 

The fundamental output of a Nd:Yag (Spectra Physics, Quanta Ray DCR-11) laser at 
1064 nm was used as a light source. Because the infrared light is invisible, a part of the laser 
light is frequency doubled to 532 nm with KDP (Potassium di-Hydrogen Phosphate) crystals 
and used for the rough alignment. The laser produces light pulses at a repetition rate of 
10 Hz with a typical pulse energy of 275 mJ and a pulse duration of 8 ns, which is much 
smaller than the ring down times measured. Diaphragms and prisms are used for alignment 
of the laser beam into the cavity and to select the appropriate part of the laser spot. The 
final pulse used for the absorption measurements has an energy of a bout 1 fl,J. During the 
measurements also the laser light of 532 nm was coupled into the cavity. Measurements with 
a c-Si filter in front of the cavity to block this light, showed that the additional 532 nm pulse 
had no influence on the measured absorption. 

The light transmitted through the back mirror of the cavity is measured by a photomul
tiplier tube (PMT, Hamamatsu R5108), which is connected toa high voltage power supply 
operating at 600-1000 V. The PMT is shielded from the bacl\ground light by a c-Si filter. 
The photomultiplier signalis measured by a data acquisition system (TUeDacs) [59], which 
is triggered by the Nd:Yag laser. The detection system is depicted in Fig. 3.3. The TUeDacs 
consists of a 12 bit analog/ digital convertor (Thansient Recorder) with a sampling rate of 100 
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Figure 3.3: Schematic representation of the deieetion system. 

MHz and a Digital Signal Processing Unit (DSP). The TUeDacs system has a fixed input 
voltage range of -1 up to 1 V, while the output voltage of the PMT is only linear up to 100 
mV. Therefore a transimpedance amplifier with a bandwidth of rv 47 MHz has been used to 
match the output range of the PMT totheinput range of the TUeDacs. This means that 
only ring down times larger than 20 ns can he measured. A more detailed description of 
this amplifier can he found in Ref. [60]. The TueDacs system can calculate the ring down 
time T real time by means of the DSP up to a repetition rate of rv 2 kHz. Also complete 
transients (1000- 10000 12 bit data points) can he sent in real time to the computer. The 
ring down time T can then he determined on the computer for every measurement cycle up 
to a repetition rate of rv 100 Hz. The ring down time T is determined from the transient 
by applying a weighted least-squares fit of the logarithm of the transient data [61]. Because 
the TUeDacs system can calculate the ring down time for each transient signal real time, 
a selective averaging procedure has been used to filter the so-called "bad transients", i.e., 
transients that have a ring down time which is not within the expected Gaussian distribution 
in the ring down time. The filter gates used to select the bad transients are set before a 
measurement. Usually the average of 100 measured ring down times is taken. A computer 
program, written in the graphical programming language Labview (National Instruments, 
Version 5.1, Full develop System), is used to control the TUeDacs system, to calculate the 
ring down time T and to make time scans of the subgap absorption. 

The subgap absorption is measured by situating a deposited a-Si:H film on Corning 
7059 (C7059) substrate in the middle of the cavity. To determine the absorption of the 
Corning for each sample, half of the Corning substrate surface was covered during deposition. 
The additional absorption of the a-Si:H film can he deduced from a Corning absorption 
measurement and an absorption measurement of the a-Si:H film on Corning. To increase the 
accuracy in the absorption and to check for possible scattering at the mirrors and the surface 
of the film, the ring down time T has been measured as a function of the cavity length. The 
ring down time of an empty cavity, a cavity with a Corning 7059 sample inside and for an 
a-Si:H film on Corning in the cavity has been measured for all samples. The results on 
a 30 nm and a 1000 nm a-Si:H film deposited at 20 Á/s and at a substrate temperature 
of 250 oe are shown in Fig. 3.4. The ring down time for all three cavity configurations 
has a linear dependenee on the ·ca.vity length, which means tha.t the scatter losses at the 
mirrors and the sample surfaces may be neglected. Scattering from thè additional surfaces 
would result in an increasing cavity loss with increasing cavity length as more light could he 
scattered out of the cavity when the cavity length is increased. Also light can he scattered 
at volume heterogeneity in the bulk a-Si:H as described by Vanecek et al. [62]. The linear 
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dependenee on the cavity lengthof a 1 11-m a-Si:H film deposited at 20 Á/s and at a substrate 
temperature of 250 oe depicted in Fig. 3.4, shows that this can be neglected as well. All 
samples measured so far with the cavity ring down technique show a linear dependenee of 
the ring down time with the cavity length. Scatter losses arealso not expected because the 
a-Si:H root mean square (rms) roughness W of typically 1 up to 6 nm is much smaller than 
the laser wavelength, W « À (= 1064 nm) . From the above it can be concluded that the 
scatter losses can be neglected. 

Following Eq. 3.4 the absorptions are then determined from the slopes (Fig. 3.4) by: 

(3.7) 

where A1 is the absorption of the a-Si:H film, St is the slope of the absorption-cavity length 
dependenee for the a-Si:H film on Corning and Sc the slope of the absorption-cavity length 
dependenee for Corning. 
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Figure 3.4: The measured ring down time as a function of the cavity length for an empty 
cavity, a cavity with a Corning substrate and for a cavity with a Corning substrate with on 
top a 30 nm and a 1000 nm a-Si:H film. The three fits are linear and start in the origin. 

The mirror refiectivity deduced from the measurements of an empty cavity showed that 
the refiectivity of the mirrors was R = 0.99976±0.00003 at the b~ginning of the experiments. 
Due to in situ measurements in which the mirrors were affected by reactive plasma particles, 
the refiectivity decreased to R = 0.99948 ± 0.00003. In Sec. 3.3.2 the infiuence of this 
difference in mirror's refiectivity on the measured absorption will be discussed and will show 
that these refiectivities are suitable to be used in the CRD setup. The found absorptions per 
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pass due to the Corning 7059 substrates varied from 6.4 x 10-4 up to 1.5 x 10-3 for different 
Corning thicknesses. This corresponds to absorption coefficients of 0.01 to 0.02 cm-1 , which 
are in agreement with reported values [63), but higher than values reported in Ref. [50). 

3.2.2. In situ 

For the in situ measurements the expanding thermal plasma (ETP) deposition setup has 
been equipped with a mirror-trapezoid (suprasil)-mirror cavity of 1.1 m length as shown in 
Fig. 3.5. The trapezoid is placed on the substrate holder and is depicted in more detail in 
Fig. 3.6. The trapezoid is made of suprasil, because this material has only a small absorption 
in the near infrared (lo-6 [58]). The injected 1.17 e V laser light pulse has a normal incidence 
on the two trapezoid surfaces (5.4 x 5.4 mm2), on which the a-Si:H film is growing, while the 
light has a total internal reflection at the trapezoid backside with an incident angle of 70°. 
The absorption loss of the mirror-trapezoid mirror cavity is A = 1 x 10-2 . The absorption 
loss is too high to determine whether total reflection occurs at the trapezoid backside. The 
same optical setup and detection system is used as in the ex situ measurements. The only 
difference is that now the average of 8 - 32 measured ring down times is taken. 
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Figure 3.5: Schematic representation of the expanding thermal plasma (ETP) deposition 
setup tagether with the in situ cavity ring down setup. 

The absorption during deposition is monitored by making a time scan of the absorption. 
At t = 0 s, :t 0 is measured for the in situ cavity configuration and the absorption during 
deposition can be determined from Eq. 3.4. As an a-Si:H film is deposited on both sides of 
the trapezoid, the measured absorption has to be divided by two to obtain the absorption 
of the deposited a-Si:H film on the sides of the trapezoid. 
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Figure 3.6: Schematic representation of the trapezoid during an a-Si:H deposition. The length 
of the trapeziod is 15.6 mm, the hight is 5 mm and the surfaces are 5.4 x 5.4 mm2 

Since the a-Si:H subgap absorption is measured on both trapezoid surfaces, the radicals 
during growth have an incident angle of 70° to the growth surface. In this respect, the in 
situ a-Si:H growth stuclied differs from the deposition geometry of the samples used for the 
ex situ measurements, in which the radicals have an incident angle of oo. This could lead to 
a-Si:H films with different properties than the films deposited on the horizontally oriented 
substrates. For example, due to a rougher or inhomogeneous a-Si:H film scattering of the 
laser beam on the incident on the film surface could occur. Furthermore, the deposition of 
a-Si:H films on the trapezoid could lead to a-Si:H films richer in defects. Since the length 
of the in situ cavity configuration can not be varied, the scatter losses at the surface of the 
a-Si:H films can not be determined. Because the in situ cavity is longer than the cavity used 
ex situ, the scatter losses would be larger as more light can be scattered out of the cavity 
when the cavity length is increased. 

A better configuration would be a trapezoid with the longest side towards the extended 
plasma in comparison with the configuration now used and depicted in Fig. 3.6. When a 
material for the trapezoid is used with the same refractive index as the a-Si:H film, the light 
beam would be reflected at the top surface of the a-Si:H films and the absorption at the 
dangling honds in the evanescent electric field.at the surface could be measured. The a-Si:H 
film used for the measurements would now be deposited in the same configuration as the 
films deposited on the horizontally oriented substrates used for the ex situ measurements. 
However, this configuration could not be installed on the current deposition setup as the 
laser can not be inj€cted with a normal incidence on a trapezoid in such a configuration. 
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3.3. The influence of the introduetion of additional surfaces in the 
cavity 

As already mentioned, a concern is whether the mathematica! description of a two mirror 
cavity (Eq. 3.3) still holds for the ex situ configuration depicted in Fig. 3.2. Due to the 
sample inside the cavity, the three additional surfaces cause multiple light ray trajectories. 
To investigate the infl.uence of the multiple light ray trajectodes on the measured absorption, 
analytica! calculations and light intensity simulations were performed using the ex situ cavity 
configuration. In the calculations, the electric field of light leaking out of the empty cavity 
is compared to the electric field when a non-absorbing infinitesimal film is situated in the 
center of the cavity. In this way it can be checked if the transmitted electric field changes 
due to the additional surface. The analysis of a cavity with an absorbing film inside with 
a finite thickness would require a special computer program to calculate the electric field, 
because the description of such a cavity is to complicated to handle analytica!. Such an 
analysis was not possible at the time of this research. Therefore a simulation of the light 
intensity evolution in time was performed on a cavity system containing an absorbing film 
with a finite thickness. 

3.3.1. Calculations 

In this section an analysis is presented of an optica! cavity with a non-absorbing infinitesimal 
thin film inside to investigate the infl.uence of introducing extra refl.ective and transmittive 
surfaces. For the calculations in this analysis the mathematica! software program Maple is 
used. The analysis of the excitation of an empty optica! cavity and of a cavity containing 
absorbing gaseous species has already been presented by Lehmann and Romanini [64]. The 
analysis described hereis basedon that paper. The behavior of the cavity will bedescribed 
mainly in the frequency domain instead of the time domain, where the frequency domain 
is the Fourier transformation of the time domain. The main advantage of the frequency 
representation is the fact that the spectrum of the "output" of a passive device can be simply 
written as a system response function times the spectrum of the "input" . Furthermore, in 
the frequency representation there are no restrictions on the type of light pulse as long as 
the total extent in time of the input radiation is itself much shorter than the cavity decay 
times, a condition which is usually fulfilled for the pulsed lasers used in CRDS experiments. 
Thus the frequency domain analysis of the electromagnetic fields inside and transmitted by 
an optica! cavity is substantially simpler than the time domain representation. 

Consider now the empty ex situ cavity presented in Fig. 3.2, formed by two mirrors with 
radius of curvature r, separated by a distance L (L < 2r to have a stabie cavity). The round 
trip time of the cavity is defined by tr = 2

;, where c is the speed of light in the medium 
between the mirrors. The electric field refl.ectivity and transmittivity of the mirrors are R 
and T respectively. The more familiar intensity refl.ectivity and transmittivity are given by 
Ti = ITI 2 and ~ = ·IRI 2

• W.e will assume that RandT are constant over the bandwidth of 
input radiation. 

Light of arbitrary electric field Ei (t), as measured at the input mirror of the cavity, is 
coupled into the cavity. For simplicity we assume that the radiation is mode matched to 
the TEMoo mode of the cavity. In these conditions the transverse beam profile is stationary 
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and the problem can be treated as one dimensional along the optica! axis. The electric field 
of light leaving the cavity can be calculated by adding up all paths that lead to output, i.e. 
which make 1, 3, 5, etc. passes through the cavity. For the case of an empty cavity the 
electric field E0 (t) measured at the back mirror of the cavity can be expressedas [64]: 

Eo(t) = t,T2R2nEi (t- (n+ ~)tr) . (3.8) 

The spectrum of this field in the angular frequency w can be calculated by computing the 
Fourier transform (FT). The spectrum of the light transmitted by the cavity Ë0 (w) is given 
by [64]: 

2 ( i ) _ T exp --zwtr _ 
Eo(w) = 1 R2 ( . t ) Ei(w), - exp -'lW r 

(3.9) 

where Ëi(w) is the FT of the input radiation. The speetral density I0(w) is proportional to 

IËo(w),
2

, which gives [64]: 

T4 
Io(w) = 2 2 ( ) Ii(w). 

(1- ~) + 4~ sin ~wtr 
(3.10) 

Now a non-absorbing infinitesimal thin film with a transmission T2 and a reileetion R2 

is placed in the center of the cavity. The conditions under which the following derivation 
is valid, are T > 0.5 and R < 0.5, conditions which are usually fulfilled for a-Si:H films on 
Corning substrates. The electric field of light transmitted through the back mirror can again 
be calculated by adding up all paths that lead to output, which are now not only the odd 
passes but also the even passes. This is because a cavity with an infinitesimal thin film in 
the center also transmits light which makes even passes in the cavity as showed in Fig. 3. 7. 

To make the problem simpler the electric field from the odd passes and the one from the 
even passes are treated separately. The derivation of the following equations can be found 
in Appendix A. The electric field of the odd passes can be expressed as: 

(3.11) 

where cis given by: 

(3.12) 

x 1 is given by: 

(3.13) 

and x2 is given by: 

R~+Ti+2 
(3.14) 
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Figure 3.7: All possible paths possible in an empty cavity and in a cavity with an infinitesimal 
thin film inside for the first three passes. 

The speetral density I(w) is then given by: 

I (w) 
((x2)~ + (x2)-~f + ()h + x1x~12 )

2

-
~~~· ~) 2 

t t [1- (x1x2 +~)cos(wtr)+xîcos2 (wtr)-xîsin2 (wtr)t + 

2 ((x2)~ + (x2f~) (~ +x1x~12) cos(wtr) 
2 . 

[ ( X1X2 + ~)sin (wtr) - 2xî sin (wtr) cos(wtr)] 

The electric field of the even passes can be expressed as: 
00 

(3.15) 

E(t) = T 2 L d (x3t (r:rH (x4t + Tin+4 (x4)-n + 4eTin+4 (x4t + 6Tin+2 (x4t R~ 
n=O 

-2Tin+2 (x4)-n R~ + rr (x4t Ri +Tin (x4)-n Ri- 4eTin (x4t Ri) 
Ei( t - ( n + 1) tr) , (3.16) 

where d is given by: 

(3.17) 
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and e is given by: 

X3 is given by: 

and x4 is given by: 

e= 

§.Ti T.2- 2 
(Ti-~)2 2 

X4=--------~--~~~~--~--------
Ti-R~ 

The speetral density I ( w) for the even passes is then given by: 

I(w) 

(3.18) 

(3.19) 

(3.20) 

(3.21) 

In the limit T2 = 1 and R2 = 0 the odd output speetral density J(w) for the cavity with 
the non-absorbing infinitesimal thin film inside is equal to the output speetral density of the 
empty cavity as would be expected if there is no absorption in the infinitesimal thin film, 
Eq. 3.10. Theeven output speetral density J(w) is forthese limitations equal to the output 
speetral density of the empty cavity times R2 . This can be explained by the following. In 
the limiting case the even passes do not contribute to the field leaking out of the cavity. 
The even output speetral density is now the density as would be measured outside the input 
mirror. The factor R2 corrects for the fact that the even passes are refiected twice at the 
mirrors before they are back at the input mirror. 

To show that the cavity ring down time is the same for an empty cavity and for the cavity 
with a non-absorbing infinitesimal thin film, the electric field leaving the cavity is calculated 
as a function of time. Both the contributions of the odd and even passes to the electric field 
are taken into account. The input electric field Ei(t) is a Gaussian function with a width of 
2x 10-10 s. The dectric field leaving the cavity with an non-absorbing thin film inside, with 
Rz = 0.3 and T2 = 0.7 is calculated and is given in Fig. 3.8. The cavity length is 300 mm 
and the refiectivity of the mirrors is 0.99. The cavity ring down time is semi equal to that 
deduced for the empty cavity, if we neglect the first few pulses leaking out of the cavity, with 
an error smaller than the accuracy of the determination of the ring down time during the 
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experiment, which is about 3%. By neglecting suflident pulses, the ring down time is even 
exactly the same. During these first pulses the light intensity distribution is build up in the 
cavity and therefore the cavity is not "ringing" properly as shown in Fig. 3.9. 

In Fig. 3.10 the time to build up the light intensity distribution in the cavity and to 
obtain the proper cavity ring down time is given as a function of the refiectivity of the thin 
film in the center of the cavity. The cavity length is 360 mm and the refiectivity of the 
mirrors is taken 0.99976, a value close to the experimentally obtained value. For higher R2 it 
takes more time initially to build up the light intensity distribution in the cavity compared 
to the empty cavity. From the calculations it can be concluded that the electric field leaking 
out of the cavity with a non-absorbing infinitesimal thin film inside is semi equal to an 
empty cavity with an error smaller than the accuracy of the determination of the ring down 
time during the experiments, when the first pulses necessary to build up the light intensity 
distribution in the cavity are neglected. 

6e-05 

Time (ns) 

Figure 3.8: The signal amplitude of the electric field leaking out of the cavity as a function 
of timefora cavity of 300 mm with a surface in the center with R2 = 0.3 and T2 = 0.7 and 
a reflectivity of the mirrors of 0.99. 

3.3.2. Simulations 

As mentioned earlier, the analysis of the electric field leaking out of a cavity with an absorbing 
film inside with a fini te thickness could not be performed. Therefore a simulation of the light 
intensity evalultion in time was performed on a cavity system cantairring an absorbing film 
with a finite thickness to study the multiple ray trajectories. The simulation program has 
been written in the programming language Thrbo Pascal and is given in Appendix B. In the 
simulation, a laser pulse represented by a block function is injected in the cavity and the 
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Figure 3.9: The signal amplitude of the electric field leaking out of the cavity as a function of 
time for the first pulses fora cavity with a surface in the center with R2 = 0.3 and T2 = 0.7 
for a cavity of 300 mm with a surface in the center with R2 = 0.3 and T2 = 0.7 and a 
refiectivity of the mirrors of 0. 99. 

multiple trajectories of this pulse are simulated for 5000 passes through the cavity. To test 
the validity of Eq. 3.3, a simulation of the light intensity evolution in time is performed on 
a cavity system containing three surfaces ij between media i and j, with ij = vacuum/ a
Si:H (va), a-Si:H/Corning (aC) and Corning/vacuum (Cv). Each surface has it own typical 
transmission coeffi.cient Tij and refiection coeffi.cient ~j depending on the complex refractive 
index of both media i and j, so multiple refiections within the film and substrate are included 
in the simulation. The thin solid a-Si:H film has a single pass absorption A film ( = ad with 
d the a-Si:H film thickness). The deviation between the fitted ring down time Tsim from 
the simulated transient and the ring down time T obtained with Eq. 3.3 is calculated for 
different sets of cavity parameters and is given by: 

d 
. . IT- Tsiml w 

evzatwn = x 100 ;o. 
T 

(3.22) 

The simulations are performed using mirror refiectivity R = 0.99976 and using typical values 
of Rva , Rac and Rcv: Rva ;:::; 0.30, Rac ;:::; 0.16 and Rcv ;:::; 0.04 (na-Si:H = 3.5, ncorning = 
1.5). 

First the infiuence of the refiectivity of the mirrors R on the measured ring down time 
was stuclied for different absorptions. In Fig. 3.11 the deviation is shown as a function 
of the mirror's reflectivity for 4 different film .ahsorpüon values. This figur.e shows that 
even for a smaller mirror's refiectivity than used for the experiments, the systematic error 
for absorptions up to 0.1 is only 2.5%. This error is smaller than the accuracy of the 
determination of T during the experiment, which is 3%. It can be concluded that mirrors 
with a refiectivity down to 0.999 can be used for the experiments. 

38 



100 I I 

• 
80. 

- 60 • . 
(/) 
c ..._ 
Q) • 
E 40 . 
~ • 

20 • • 
• 

0 I 

0.6 0.7 0.8 0.9 

R2 

Figure 3.10: The time to build up the light intensity distribution in the cavity as a function 
of the refiectivity of the surface R2 situated in the center of the cavity. The cavity length is 
360 mm and the refiectivity of the mirrors is 0. 99976. 

Secondly, the influence of the reflectivity of the a-Si:H film Rva on the measured ring down 
time was stuclied for different absorptions. In Fig. 3.12 the deviation is shown as a function 
of the mirror's reflectivity for 4 different film absorption values. From this figure it can be 
concluded that if the reflectivity Rva of the a-Si:H film is lower than 0.9 the error for the 
obtained absorptions up toa value of 0.01 is smaller than the accuracy of the determination 
of T during the experiment. For an absorption of 0.1 the reflectivity of the sample has 
to be between 0.3 and 0.65 to have an error in the measured absorption smaller than the 
accuracy of the determination of T during the experiment . For reflectvities higher than 0.9 
for absorptions up to 0.01 of the a-Si:H film, Eq. 3.3 is violated, because then two or more 
separated cavities in series are created. For an absorption of w-1 this occurs already for 
reflectivities higher than 0.65. 

When the light trajectory evolution within the cavity is described using Maxwell's equa
tions , interference effects occur in the thin film depending on the optical path nd and the 
used wavelength À. Since the CRD technique measures only cavity loss (absorption) rather 
than effective sample transmissions and reflections, these interference effects do not influ
ence the deduced absorption as long as the transmission (1- Rsample) of the sample is larger 
than those of the cavity mirrors: (1- Rsampze) » (i- R}. In the case of an a-Si:H fiim on 
Corning substrate this condition is always satisfied in the subgap range. From this it can be 
concluded that the CRD technique can be used on the a-Si:H films to determine the subgap 
absorption. 
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4. RESULTS 

In this chapter, first the ex situ subgap absorption measurements performed at samples 
deposited at three different substrate temperatures and coveringa thickness range of 30 to 
3000 nm will he discussed. These results will he compared with DBP and PDS measurements 
on the samesamples in Sec. 4.1. In Sec. 4.2, the defect densities and a new defect distribution 
model todetermine these densities are presented. In Sec. 4.3 initia! results using the in situ 
technique will he discussed. 

4.1. Ex situ measurements on thin a-Si:H films 

The eRD measurements have been performed on as-deposited a-Si:H samples. The samples 
were deposited at substrate temperatures Tsub of 100, 250 and 400 oe at a growth rate of 
20 ± 2 Á/s. The samples were deposited under the following plasma conditions: 55 sccs 
Ar flow, 5 sccs H2 flow, 3. 7 sccs SiH4 flow, an are current of 25 A, and a chamber pressure 
of 0.15 mbar. These conditions are not the optimal conditions with which a-Si:H solar cells 
have been produced with good quality. . 

The samples are measured as-deposited and therefore the absorption could he affected by 
a oxide layer on top of the a-Si:H films. To study the oxidation of the surface of the a-Si:H 
film when exposed to air X-ray pboton-electron spectroscopy (XPS) measurements have been 
performed on the as-deposited a-Si:H samples deposited at a substrate temperature of 250 
oe. With this XPS technique oxygen can he detected in the first 10 nm of the films as this 
is the maximum depth from which photoelectrons can still escape. The oxygen fraction in 
the upper 10 nm of the a-Si:H film is given as a function of the film thickness in Fig. 4.1. 
The oxygen fraction for the10 nm a-Si:H film is higher than for the 30 nm a-Si:H film, which 
is due to the Si02 of the eorning substrate. The XPS analysis revealed that an up to 2.5 
nm thick native oxide layer is present on the air-exposed a-Si:H films increasing with film 
thickness. This implies that the free surface is increasing with film thickness and that part 
of the dangling honds present at the surface region could he passivated due to air exposure 
[49]. 

In Fig. 4.2 the absorption per pass through the film (ad) is given as a function of 
the a-Si:H film thickness d for a substrate temperature of 100 oe, 250 oe and 400 oe. 
Results of DBP measurements performed at the Delft University on the same samples are 
presented in Fig. 4.2 as well. Also PDS measurements performed at the Utrecht University 
on the samples deposited at 250 oe are shown. The sensitivity of the D.BP technique was 
insuflident to measure the thinnest films. The DBP and PDS measurements have been 
calibrated with transmission reflection (TR) measurements in the 1.6-1.8 eV range, to obtain 
absolute absorption values. The PDS measurements at large thickness are in agreement with 
the absorptions as obtained by the eRD technique. This agreement confirms that to a 
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Figure 4.1: The fraction of oxygen intheupper 10 nm of a-Si:H films as function of the film 
thickness obtained by XPS. The a-Si:H films were deposited at 20 Ajs and at a substrate 
temperature of 250 o C. 

good approximation all absorbed subgap energy is converted into heat in an a-Si:H film. 
Furthermore, Fig. 4.2 illustrates that eRD is sensitive over three orders of magnitude of 
absorption and is able to measure the absorption in very thin films (10 nm). Moreover, as 
is clear from Fig. 4.2 the absorption as measured using DBP is systematically smaller than 
the absorption measured using eRD. 

For thick films (> 1 J.Lm) surface defects do not contribute significantly to the absorption 
and can be neglected in/to the first order (Sec. 2.25) and the bulk dominated absorption 
should have a linear dependenee on the film thickness corresponding to a slope 1 in a double 
logarithmic plot . Figure 4.2 shows that the DBP results have a slope 1 dependenee over the 
entire film thickness region studied. The eRD results also converge to a slope 1 for thick 
films. Figure 4.2 also shows that the difference between eRD and DBP depends on the 
deposition temperature. The 250 oe samples show about a factor 10 difference, while it is a 
factor 3 at 400 oe and a factor 2 at 100 oe. 

The difference between DBP and eRD for thick filmscan partly be explained by the fact 
that DBP measure primarily transitions which contribute to the photocurrent and in termsof 
the colleetien efficiency of the light induced charge as mentioned in Sec. 2.2.1. The colleetien 
efficiency of charge during DBP measurements differs at 1.17 eV to that at 1.6-1.8 eV, the 
energy range i!J. which the DBP is fitted to the transmission refiection (TR) measurements 
to obtain the absolute absorptions. Therefore the subgap absorption as measured by DBP 
is underestimated by at least a factor of two. As can be observed, the difference between 
DBP andeRDis more than a factor two for the 250 oe and 400 oe samples. This suggests 
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Figure 4.2: The subgap absorption as a function of the film thickness as obtained by CRD 
and DEP measurements on a-Si:H films deposited at 100 o C, 250 o C, 400 o C. The dashed 
lines are the plot of the absorption versus thickness assuming a homogeneaus distribution of 
defects in the bulk with film thickness. 

that there has to be another effect which is growth temperature dependence. 
For thin films the absorption as measured with eRD has a non-linear dependenee on film 

thickness and shows an additional absorption, which is not detected by DBP. The additional 
absorption is due to defects in the surface region for which the DBP technique is known 
to be less sensitive (see. Sec. 2.2.4). Furthermore, for small film thickness the difference 
between eRD and DBP measurements is larger than for thick films. The difference is about 
a factor 40 for the 250 oe samples, a factor 5 at 400 oe and a factor 3 at 100 oe. A factor 
two difference is again correlated with the transitions measured by DBP and the collection 
efficiency. For thin films the extra difference related with the temperature is even larger. 
Before we discuss this temperature dependent difference in more detail, first the conversion 
of the absorption to defect density will be given. 
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4.2. Conversion of the absorption to defect densities 

In Sec. 2.2.5, two models which are currently used to obtain the surface and bulk defect 
density from the measured absorption were presented. According to model 1 the subgap 
absorption can be expressed by the following equation: 

(4.1) 

where Nbulk is the volume dangling bond density in the bulk, N;urf the surface dangling bond 
density, a DB the dangling bond absorption cross section and d the film thickness. Here we 
will assume that the dangling bond absorption cross section a DB at the surface is equal to 
the one in the bulk. This has not been confirmed yet by measurements. Equation 4.1 for the 
effective absorption has been fitted to the CRD data ( dashed line in Fig. 4.3) as measured 
for the 250 oe samples. Figure 4.3 shows that the model can not describe the absorption 
dependenee at small thicknesses. This suggests that the surface defect distribution cannot 
be explained by a quasi-2d dimensional model and that there is a certain surface defect 
distribution in the film. 
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Figure 4.3: The absorption coefficient a {1.17 e V) as a function of the film thickness as 
obtained by CRD and fitted with the three models. 

Better results are obtained with a model in wh.ich two absorption coefficients to describe 
the defect evolution in the a-Si:H films are used. The first one is for the subgap absorption in 
the surface area CXsurf = NsurfClDB, where Nsurf is the volume dangling bond density in the 
surface region. The second one is for the subgap absorption in the bulk abulk = NbulkaDB, 

where Nbulk is the volume dangling bond density in the bulk. 
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In model 2, Sec. 2.2.5, an exponentially decaying distribution is assumed and the subgap 
absorption is in this model described by the function: 

A= o:d = O:bulkd + O:surfW [1- exp ( -d/W)], (4.2) 

where W is the width of the exponential decaying surface defect distri bution "' exp(- z jW), 
with z the distance from the surface. The main advantage of this model in contrast to 
the simple model described by 4.1 is the fact that the relation accounts for a finite surface 
thickness W at small film thicknesses d. This equation has been fitted reasonably to the CRD 
data as shown in Fig. 4.3 (dotted line). The best fit is obtained for O:surf = (1.0± 0.2) x 103 

cm-I, W = 8 ± 3 nm and O:bulk = 31 ± 2 cm-1
. A disadvantage of this model is that O:surf 

and Ware deduced by fitting Eq. 4.2 to the measured data. If possible it would be better to 
determine W independently of O:sur f. Furthermore, an exponentially decaying distri bution 
can not evolve instantaneous. 
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Figure 4.4: The measured rms roughness as obtained by AFM (squares) and RCE (circles) 
versus the a-Si:H film thickness. 

An additional assumption can be made in which the width of the homogeneously dis
tributed defects in the surface region W(d) is assumed to vary with thickness. The subgap 
absorption is then expressed by: 

( 4.3) 

We assume that all surface defects are situated in the first monolayers of the surface as 
demonstrated by PDS experiments [22,24] and that the root mean square (rms) roughness of 
the surface determines the distri bution of the defects. This means that we assume a Gaussian 
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Tsub (
0 e) (3 

100 0.49 ± 0.05 
250 0.27 ± 0.03 
400 0.13 ± 0.02 

Table 4.1: The dynamica! sealing exponent (3 of the a-Si:H films for the three substrate 
temperatures and deposietd at 20 Ajs. 

Tsub DBP CRD eRD eRD eRD 
(oe) Nbulk ( cm-3

) abulk ( cm-1
) D:sur f ( cm-1

) Nbulk (cm-3 ) Nsurf ( cm-2
) 

100 1.2 x 1017 40±5 1 x 10J 1.6 x 1017 3 x 101:.! 

250 1.5 x 101
(j 31 ± 2 5 x 10J 1.24 x 1017 6 x 101:.! 

400 1.9 x 101(j 14 ± 1 1 x 10:.! 5.6 x 101() 2 x 1011 

Table 4.2: The bulk defect density Nbulk obtained by DBP, the absorption coeffi.cients of the 
bulk a bulk and surface D:sur 1 using Eq. 4.3 and the bulk defcet density Nbulk and surface 
defect density Nsurf deduced from the eRD data. 

distribution around the mean film thickness for the surface defects. For W(d) we use the 
root mean square (rms) roughness as obtained from in situ ellipsometry (ReE) and ex situ 
atomie force microscopy (AFM) measurements on the same samples. Thus in this model the 
width of the surface defect distribution is determined by the surface roughness. In Fig. 4.4 
the root mean square (rms) roughness of the a-Si:H films measured by AFM and (ReE) [65] 
as a function of film thickness is presented for the 250 oe samples. The rms roughness for 
a-Si:H during growth increases with W(d) "'df3, where (3 is the dynamica! sealing exponent 
linked with the smoothening mechanism at the surface [66]. The main advantage is that 
si nee W ( d) has been measured independently, the D:sur 1 is the only unknown parameter for 
the surface. 

The fit of Eq. 4.3 (solid line in Fig. 4.3) is in good agreement with the CRD results. It can 
be concluded that the last two modelscan be used to deduce D:bulk and D:surf from the subgap 
absorption as measured with eRD. Therefore, it is not possible to distinguish whether the 
suface region absorption is related to the surface roughness or to an exponentially decaying 
surface defect distribution into the bulk. But because in the last model D:surf is the only 
unknown parameter for the surface, we use this model to determine the defect densities. The 
(3 values measured with ReE for the a-Si:H films deposited at 100 oe, 250 oe and 400 oe 
are given in Table 4.1. In Fig. 4.5 the eRD data is fitted using Eq. 4.3 and shows that the 
model fits the eRD data reasonably well for the three thickness series. 

The obtained D:bulk and D:surf from the fits of the CRD data using Eq. 4.3 are presented 
in Table 4.2. Also presented is the defect density of the bulk deduced from the DBP mea
surements using Eq. 2.7 and the bulk defect density using D:bulk· The defect absorption cross 
section IJ DB used is 2.5 x 10-16 cm-2 . In Table 4.2, the surface defect density for d = 1 J.Lm is 
given using ·&.surf and the rms roughness .at d = 1 p,m film thickness. The bulk defect density 
measured with DBP shows a minimum bulk defect density at a deposition temperature of 
250 oe in contrast to the CRD bulk results that show a decreasing Nbulk with deposition 
temperature. This minimum at 250 oe as detected by DBP is also observed in stuclied 
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Figure 4.5: The absorption as function of the film thickness as obtained by CRD and fitted 
using Eq. 1.3 (solid line). The dotted and dashed lines are the contribution of the surface 
and bulk absorption, respectively. 

reported in the literature [12-14] although these measurements were performed at samples 
deposited at a growth rate of 1 Á/s using the rf PEeVD technique. The surface defect values 
of Table 4.2 correspond approximately to a dangling bond surface coverage of 6 x w-3 at 
250 oe down to 2 x w-4 at 400 oe. 

In section 4.1 a difference of more than a factor two in the absorption measured by eRD 
and DBP has been observed, which is related to the substrate temperature. Moreover , this 
difference is higher for thin films ( < 1 J-lm) than for thick films. The measured difference in 
absorption and its dependenee on the substrate temperature can be explained in terms of 
the surface defect density. If the total defect absorption is mainly due to the surface defects 
the absorption as measured by DBP is smaller in comparison with eRD because DBP is less 
sensitive for surface defects. The difference between eRD and DBP is the largest for the 
250 oe samples, which suggests that these samples have the highest surface defect density 
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as can be observed in Table 4.2. The samples deposited at 100 oe and 400 oe have a lower 
contri bution of the surface defects to the total defect absorption and therefore the difference 
between the DBP and eRD measurements is smaller than for 250 oe. Furthermore, the defect 
absorption measured by eRD for thin films shows an additional absorption due to surface 
defects, which is not detected by DBP. For thick films, the surface defectscan be neglected 
and the defect absorption is dominated by the bulk defects. Therefore, the difference in 
absorption measured by eRD and DBP is higher for thin films ( < 1 J.Lm) than for thick 
films. This possible dependenee of DBP on the opto-electrical properties of the films is also 
expressed by the photoconductivity, which is the largest at 250 oe (a AM1.5 = 3.7 X 10-6 

(Ocmr1
) and the smallst at 100 oe (a AM1.5 = 2 x 10-8 (Ocm)-1

) as measured for a-Si:H 
films with a thickness of 500 nm. 

The reason for the temperature dependenee of the defect density and dangling bond 
surface coverage for the ETP a-Si:H films is presently not understood. The defect density at 
the surface could possibly be correlated with the Si-H configuration at the surface. Kessels et 
al. [67] showed that as function of the substrate temperature the fraction of Si-H, Si-H2 and 
Si-H3 during growth on the surface changes. The data shows that the fraction of Si-H3 on 
the surface decreases monotonically with increasing temperature, while the fraction ofSi-H 
on the surface increases. At Tsub = 100 oe the surface is Si-H3 dominated and forTsub = 400 
oe the surface is Si-H dominated. Furthermore, the fraction of surface Si-H2 dominates for 
Tsub = 250 oe. However, the a-Si:H films have been deposited under conditions in which 
SiH3 is the dominant growth precursor. This suggests the presence of a thermally activated 
decomposition reactions leading to the transition from dominant Si-H3 at low Tsub to Si-H2, 
and finally to Si-H at high Tsub· During the transitions from dominant Si-H3 at low Tsub to Si
H2, and finally to Si-H at high Tsub the defect density could be changed due to the thermally 
activated decomposition reactions. This could introduce the temperature dependenee of the 
defect density as observed. 

Finally, we campare the absorption measured on the a-Si:H films deposited with the ETP 
technique with the absorption measured on a-Si:H films deposited in an rf-PEeVD system 
at the Delft University. This system produces a-Si:H films nowadays used in solar cells. In 
Fig. 4.6 the absorption per pass (ad) is given as a function of the a-Si:H film thickness d 
for the substrate temperatures of 400 oe for the ETP a-Si:H films and for rf a-Si:H films 
deposited at a temperature of 250 oe. At these substrate temperatures solar grade a-Si:H 
films are deposited with the two deposition techniques. As can be observed the absorption 
measured for the rf samples shows a different dependenee on the film thickness then the 
absorption measured for the ETP a-Si:H films. Furthermore, for thin films ( < 300 nm) 
the rf samples have a higher subgap absorption than the ETP samples. This suggests that 
a-Si:H films deposited with the rf PEeVD technique have a highly defective surface region. 
Only rf a-Si:H films with a thickness of 300 and 700 nm show an absorption smaller than 
the ETP films deposited at 400°C. This indicates that the a-Si:H films deposited with the 
ETP technique have a good quality in comparison with a-Si:H films nowadays used in solar 
cells. Furthermore, Fig. 4.6 shows that the absorption of the rf a-Si:H films as measured 
using DBP is systematically smaller than the absorption measured using eRD. This has also 
been observed on the ETP a-Si:H films as shown in Fig. 4.2. At least a factor two difference 
in measured absorption between eRD and DBP is again correlated with the transitions 
measured by DBP and the collection efficiency. Because the rf a-Si:H films have a highly 
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defective surface region the difference is substantial more than a factor 2, since DBP is less 
sensitive for surface defects. 
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Figure 4.6: The subgap absorption as a function of the film thickness as obtained by CRD 
measurements on ETP a-Si:H films deposited at 400 o C and by CRD and DEP measurements 
on rf a-Si:H films deposited at 250 o C. 
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4.3. In situ measurements 

The pioneering work of Yamasaki (51] has revealed that dangling bond densities during 
growth can he measured using the in situ ESR technique. Figure 4. 7 shows the dangling 
bond ESR signal intensity as a function of elapsed time for a-Si:H growth at 150 oe using 
the rf PECVD technique. AB can he observed, at the initial stage of the deposition the signal 
intensity increased quickly, which was foliowed by a relatively slow increase of signal intensity 
over the whole deposition time due to an increase of film thickness. After the deposition was 
stopped, the signal intensity decayed with two distinct time constants; a quick decrease just 
after stopping the plasma, foliowed by a slow decrease. The fast decay after the deposition 
is related to the existence of a subsurface region during deposition, where the defect density 
is much higher than in the bulk region. This subsurface region disappears quickly after the 
deposition is stopped and therefore the fast decay is attributed to a fast thermal surface 
relaxation process. The slow decay over many hours originated from structural relaxation in 
the bulk region of the film. 
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Figure 4. 7: Dangling bond ESR signal intensity as a function of elapsed time of a deposition 
at 150 oe [51]. 

In this section preliminary results using the in situ CRD setup will he presented and 
compared with the ex situ measurements. The a-Si:H films were deposited on the trapezoid 
at a growth rate of 2 Ajs. The plasma parameters at this growth rate are given in Table 
4 .. 3. The growth rate .is a factor 10 lower than the one used for the deposition of the samples 
stuclied ex situ. We used such a low growth rate to obtain more data points during the in situ 
measurements as the laser produces light pulses at a repetition rate of 10 Hz. During the in 
situ measurements an average of 8 ring down times is taken (see Sec. 3.2.2), which means 
that about every 0.8 s a data point is generated. Using this growth rate the deposition times 
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Parameter Deposition value 
Ar flow 35 sccs 
H2 flow 2 sccs 
SiH3 flow 0.92 sccs 
I are 12.5 A 

Table 4.3: Plasma parameters for the depositions at a growth rate of 2 Á/s. 

varied between 70 and 110 s and in this time a thin film of 15- 20 nm has been deposited 
on both trapezoid surfaces. A typical cavity loss measurement is shown in Fig. 4.8 for the 
initial a-Si:H growth at Tsub = 33 oe. 
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Figure 4.8: Example of a typical in situ cavity loss measurement as a function of the elapsed 
time of a deposition at 2 Ajs; The a-Si:H film is deposited at a trapeziod temperature of 33 
o C. The ins et (b) shows a close up of the cavity loss evolution during the deposition. 

At t = 0 s the shutter is opened and the cavity loss increases until the shutter is closed 
after 75 s. As shown in Fig 4.8b, during the deposition the cavity loss increases and becomes 
linear in time after the first 35 s. After the deposition is stopped, the cavity loss decreases 
in a time of 4 minutes with .6A ~ 10-3 and remains constant for the next three hours. 
This fast decay after the deposition was also observed by Yamasaki and can be attributed 
to a fast thermal surface relaxation process. However, the trapezoid temperature increases 
about 50 oe during deposition and decreases again after the deposition is stopped as shown 
in Fig. 4.9: This increase in temperature could cause a small temperature induced cavity 
misalignment, which disappears as the temperature decreases leading to a quick decay in 
cavity loss. 
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Figure 4.9: The temperature of the a-Si:H film as a function of the elapsed time. 

The slow decay observed by Yamasaki is notpresent in the in situ CRD measurements 
performed during this study. As mentioned earlier, the in situ CRD measurements only 
monitored the defect evolution for films with a thickness up to 20 nm. The ex situ results 
(Sec. 4.1) illustrated already that the subgap absorption is mainly dominated by the surface 
defects for film thicknesses much smaller than 1 p,m. Therefore it may be concluded that 
for the thin film depositions measured in situ only surface defects are monitored and as a 
consequence the bulk relaxation is not observed. 

The above suggests that the in situ CRD measurements show a surface defect density 
that did not reach its saturated value yet and which would still increase with growth after 
75 sof deposition. The initia! defect evolution observed with in situ ESR (68) showed that it 
takes some minutes before the surface defect density is formed, although these measurements 
were performed at a growth rate of 1 Á/s using the rf PECVD technique. Moreover, the 
surface region with a higher defect density compared to the bulk as measured by Yamasaki 
has a thickness of at least 15 nm and is probably several lOs of nm. If this is also true for 
the a-Si:H films deposited with the ETP technique, the measured cavity loss would become 
even higher. However, the cavity loss as measured for the deposition of a film of 20 nm 
has already reached the upper limit of the cavity loss, which can be detected with the CRD 
setup. This is due to the fact that at film thicknesses larger than 20 nm, the measured 
ring down times ar-e lower than 60 ns and such small ring down times can not be aocurately 
measured by the ring down time detection system. 'The large cavity losses measured suggest 
that the cavity loss during deposition is not only related to defect absorption, but could 
also be caused by an additional loss in the cavity, such as scattering at the surfaces. This 
scattering could be excluded for the ex situ measurements by measuring the ring down time 
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as a function of the cavity length, but that does not mean that it can also be excluded for 
the in situ measurements, because of the different cavity configuration used. 

As mentioned in Sec. 3.2.2, the in situ a-Si:H growth stuclied differs from the deposition 
geometry of the samples used for the ex situ measurements. This could lead to a-Si:H films 
with different properties and scattering of the laser beam could occur due to a rougher or 
inhomogeneous a-Si:H film on the facet of the trapezoid. Furthermore, the deposition of 
a-Si:H films on the trapezoid could lead to a-Si:H films richer in defects. In order to check 
this, the length of the in situ cavity configuration should be varied, which is not possible. 

To study the infiuence of the deposition geometry, a-Si:H films with a thickness of 20 
nm and 50 nm were deposited on Corning substrates at a growth rate of 2 Á/s and under 
the same plasma conditions as used for the in situ experiments. These substrates were 
placed on the horizontally oriented substrate holder used for the deposition of samples for 
ex situ measurements and on a trapezoid substrate holder, with the same dimensions for the 
trapezoid as used for the in situ measurements as depicted in Fig. 4.10. 

trapezoid 

substrate substrate 

Figure 4.10: Schematic representation of the substrates on a trapeziod substrate holder, with 
the same dimensions for the trapeziod as used for the in situ measurements and on the hori
zontally oriented substrate holder used for the deposition of samples for ex situ measurements. 

In Fig. 4.11 the ring down time as a function of the cavity length is given for an ap
proximately 20 nm thick a-Si:H film deposited on a horizontally oriented substrate. The 
a-Si:H film shows a linear dependenee on the ring down time with cavity length as expected 
from the ex situ measurements. It is clear from Fig. 4.11 that the samples deposited on the 
trapezoid structure do not have a linear dependenee on the cavity length. The ring down 
time has been measured for 4 positions on the a-Si:H film. Furthermore, the ring down time 
at the bottorn of the a-Si:H films is higher than at the top. This indicates that the deposited 
films are nonuniform. Moreover, the absorption of the a-Si:H films deposited on the hori
zontally oriented substrates is also a factor 10 smaller than the absorption as measured on 
the a-Si:H films deposited on the trapezoid structure. The above implies that the different 
deposition geometry used during in situ measurements leads to inhomogeneous a-Si:H films 
with most probably a high roughness , which introduces additional scattering. Furthermore, 
the deposition of a-Si:H films on the trapezoid could lead to defect rich a-Si:H films. The 
scattering leads to an apparent higher cavity loss during the growth of a-Si:H films. 

The difference between in situ and ex situ measurements could also partly be caused by 
surface oxidation as the ex situ samples have been exposed to air. The XPS measurements 
on the samples deposited at 250 oe revealed that an up to 2.5 nm thick native oxide layer 
is present on the air-exposed a-Si:H films increasing with film thickness. This implies that 
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Figure 4.11: The ring down time as a function of the cavity length fora 20 nm thick a-Si:H 
film on Corning substrate deposited on a trapeziod substrate holder. 

part of the dangling honds present at the surface region could be passivated due to air 
exposure leading to a lower absorption. The samples stuclied in situ have been exposed 
to air after deposition. The surface oxidation of an a-Si:H film as measured in situ after 
deposition is shown in Fig. 4.12. At t = 825 s the film is exposed to a constant air pressure 
of 10 mbar. The cavity loss decreased within 1 minute with 6A = (1.7 ± 0.5) x 10-3 and 
remained constant for the next three days. If this cavity loss decrease is due to oxidation of 
surface defects, it means that approximately 7 x 1012 cm-2 surface defects become oxidized. 
Although only a fraction of the surface defect will be oxidized, the value gives an indication 
of the amount of defects at the surface. The surface defect density as deduced from the 
oxidation is in the order of the surface defect density obtained by the ex situ measurements 
at about the same substrate temperature, suggesting that there are indeed additional cavity 
losses due to scattering. Therefore, at this moment the best way of obtaining an indication 
for the surface defect density under these conditions is by oxidation afterwards of the surface 
instead of deducing it from the measured cavity loss during deposition. 

54 



16 
Depo 'ition - 14 -· (') 

'o 
T"" 12 -en 10 en 
0 

...J 8 
>. -·;:;: 6 
ctl 
ü 4 Air exposure: 

2 
PAir= 10 mba~ 

0 

0 500 1 000 1500 

Time (sec) 

Figure 4.12: The measured a-Si:H surface oxidation at a trapeziod temperature of 210 °C. 

The evolution of the cavity loss during film growth was stuclied as a function of substrate 
temperature (23 oe - 330 oe). From these measurements an absorption coefficient a' was 
determined by dividing the slope of the cavity loss by the growth rate of 2 Á/s and is pre
sented in Fig. 4.13. The absorption coefficient a' is an overestimation of the real absorption 
coefficient. The absorption coefficients a' measured during growth can be compared with 
the surface absorption coefficients asur f as measured with the ex situ set up for the same 
substrate temperatures (see Table 4.2). The difference between the surface absorption co
efficients is about a factor 10 at 100 oe, a factor 2 at 250 oe and a factor 100 at 400 oe. 
Moreover, the absorption coefficient in Fig. 4.13 is almast independent of the growth tem
perature. The a-Si:H films deposited at the different substrate temperatures probably have 
a slightly different roughness, which would explain the slight dependenee of the absorption 
coefficient on the substrate temperature. This suggests that the cavity loss is besides a 
small contribution due to defects mainly due to scattering losses at the film induced by the 
roughness and inhomogeneity of the a-Si:H films. 

The evolution of the cavity loss during film growth was stuclied as a function of the H2 

flow (0 - 20 sccs) and the increase in the cavity loss per time (s-1 ) is presented in Fig. 
4.14. The a-Si:H films are deposited at a trapezoid temperature of 210 oe and the plasma 
conditions are 35 sccs Ar, 2 sccs H2, 0.92 sccs SiH4 and an are current of 12.5 A. The cavity 
loss per time measured for the film deposited without hydragen is very high in comparison 
with the cavity loss per time measured for the films deposited with a H2 flow. This is 
expected since this material is known to exhibit a very porous structure and thus roughness 
and film inhomogeneity. Figure 4.14 shows that the increase in the cavity loss per time 
increases as a function of the H2 flow. However, the growth rate changes with the amount 
of H2 flow used during deposition. To be able to interpret the data correctly, the cavity loss 
per time has to be corrected for this change in growth rate. The measured cavity loss per 
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Figure 4.13: The absorption coefficient a' as a function of substrate temperature as deter
mined from the slope of the measured cavity loss as a function of time. 

time has to be divided by the growth rate, which gives an absorption coefficient. As there 
is no data available on the growth rate as a function of the H2 for the plasma conditions 
used, the absorption coefficient can not be determined. Because the cavity loss is mainly 
attributed to cavity losses due to scattering, the increase of the measured cavity loss during 
growth as function of the H2 flow can not be interpreted. 

After deposition the same films were etched with an Ar /H2 plasma. The used plasma 
conditions areanAr and H2 flow of 35 and 2 sccs, respectively and an are current of 12.5 A. 
A typical cavity loss measurement during etching is shown in Fig. 4.15 for a film deposited 
with a H2 flow of 2 sccs. Figure 4.15 shows that the cavity loss decreases with time during 
etching and at a certain time it becomes constant. When the H2 plasma is turned off the 
cavity loss shows a quick decay related to surface relaxation or due to a small temperature 
induced cavity misalignment. That the temperature could play a role in this quick decay is 
illustrated in Fig. 4.16 in which the temperature of the trapezoid as a function of the elapsed 
time is shown. Figure 4.16 shows that during Ar/H2 plasma treatment of the a-Si:H film the 
temper at ure increases a bout 50 oe. When the Ar /H2 plasma is turned off, the temperature 
decreases about 50 oe. This increase in temperature during Ar/H2 plasma treatment could 
cause a small temperature induced cavity misalignment, which disappears as the temperature 
decreases leading to a quick decay in cavity loss. Because the measured cavity loss is besides 
a small contribution due to defects mainly due surface roughness and film inhomogeneity, 
the quick decay can not be correlated with either of the two explanations. 

Furthennore, Fig. 4.15 shows that the difference between the signal before the deposition 
was started and after relaxation is very small, indicating that the a-Si:H film is almost etched 
away. By applying an ArjeF4 plasma the last layers of a-Si:H can be cleaned away and the 
signal becomes equal to the signal before deposition. The a-Si:H film is not completely etched 
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Figure 4.14: The cavity loss during film growth as a function of the H 2 flow during a-Si:H 
deposition. 

away by the Ar /H2 plasma, because the plasma can easily break Si-Si bonds, but is unable 
to break Si-0 bonds, the bonds between the trapezoid material and the a-Si:H film. The 
etching by the Ar/CF4 plasma is not shown in Fig. 4.15 because shutters are placed in front 
of the mirrors to prevent the darnaging of the mirrors due to the reactive Ar/CF4 plasma. 
In situ ESR measurements, however, showed an increase in the surface defect density during 
H2 plasma treatment. A possible explanation could be that in situ ESR measurements also 
detect the dangling bonds of the gasphase H atoms in the H2 plasma. 
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5. GENERAL CONCLUSIONS 

5.1. Conclusions 

In this study, it has been demonstrated that the CRD technique is suitable to detect small 
absorptions (lo-s -10-2) in solid thin films. For the first time the subgap absorption has been 
measured directly. The measured subgap absorption can be related to the defect density in 
a-Si:H. Moreover, the CRD absorption technique is sensitive to surface defects and it enables 
us to measure the surface defect evolution during deposition. 

The infiuence of including additional sample surfaces in the cavity on the absorption 
measured has been studied. The ex situ measured ring down time has a linear dependenee on 
the cavity length, which shows that the scatter losses at the mirrors and the sample surfaces 
and bulk can be neglected. The three additional sample surfaces cause multiple light ray 
trajectories. Electrical field calculations and light intensity simulations were performed using 
the ex situ cavity configuration. The calculations showed that the electric field leaving the 
cavity with a non-absorbing infinitesimal thin film inside is semi equal to an empty cavity, 
when the first pulses necessary to build up the light intensity distribution in the cavity are 
neglected. The analysis of a cavity with an absorbing film inside with a finite thickness have 
not been performed, because the description of such a cavity is to complicated to handle 
analytica! and would require a special computer program to calculate the electric field. 

The simulation of the light intensity evolution in time showed that mirrors with a re-
fiectivity down to 0.999 can be used for the experiments. It can be concluded from the 
simulations that if the refiectivity of the a-Si:H film is lower than 0.9 the mathematica! de
scription of a two mirror cavity still holds. Moreover, interference effects do not infiuence 
the deduced absorption as long as the transmission (1 - Rsample) of the sample is larger 
than those of the cavity mirrors: (1 - Rsample) » (1- R). In the case of an a-Si:H film on 
Corning substrate this condition is always satisfied in the subgap range. From this it can he 
concluded that the CRD technique can be used on the a-Si:H films to measure the subgap 
absorption directly. 

The CRD results measured ex situ on the a-Si:H films show larger absorptions for the 
bulk in comparison with DBP. This is due to several reasons. CRD measures all transitions 
possible and DBP measures primarily transitions which contribute to the photocurrent. 
Moreover, the absorption as measured with DBP is underestimated due to non-constant 
efficiency-mobility-lifetime product 'f/f.lT. Furthermore, DBP predominantly detects the de
fect absorption in the bulk and is insensitive to the surface defects . Therefore, DBP results 
in a smaller absorption than the absorption measured with CRD. 

The PDS measurements performed on the samples with a large thickness are in agreement 
with the absorptions as obtained by the CRD technique. This agreement confirms that to a 
good approximation all absorbed subgap energy is converted into heat in an a-Si:H film. 
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A new model was introduced to explain the defect distribution in oxidized a-Si:H in which 
the surface defects are situated in the first monolayers of the surface and that the root mean 
square (rms) roughness of the surface determines the distribution of the defects. The ex situ 
measurements can be explained by this model. However, the model in which an exponentially 
decaying distribution is assumed also describes the measured defect absorption reasonably 
well. Therefore, it is not possible to distinguish whether the surface region absorption is 
related to the surface roughness or to an exponentially decaying surface defect distribution 
into the bulk. The obtained surface defect density is "' 1011 - 1012 cm-2 in range of values 
reported in literature and corresponds to a surface COVerage 0 DB = 6 X 10-3 Up to 2 X 10-4 

depending on the deposition temperature. The reason for the temperature dependenee of 
the defect density and dangling bond surface coverage for the ETP a-Si:H films is presently 
not understood. The defect density at the surface could possibly be correlated with the Si-H 
configuration at the surface. 

The absorption measured on solar grade a-Si:H films deposited with the ETP technique 
has been compared with the absorption measured on solar grade a-Si:H films deposited with 
the rf-PECVD technique. The measurements show that the a-Si:H films deposited with the 
ETP technique have a defect density of the same order as rf a-Si:H films nowadays used in 
solar cells. 

Also measurements using the in situ setup have been performed and compared with the 
ex situ measurements. The preliminary results show that the cavity loss measured during 
the a-Si:H growth can not only be correlated to defect absorption. Measurements performed 
on the different deposition geometry used during in situ measurements showed that the 
deposition on a trapezoid leads to inhomogeneous a-Si:H films with most probably a high 
roughness, which introduces scattering. Furthermore, the deposition of a-Si:H films on the 
trapezoid could lead to defect rich a-Si:H films. Therefore, an apparent higher absorption 
during a-Si:H growth is measured. 

Furthermore, the samples studied in situ have been exposed to air after deposition. The 
cavity loss decreased with 6A = (1.7 ± 0.5) x w-3 which is equal toa surface defect density 
of approximately 7 x 1012 cm-2 . Although only a fraction of the surface defect will be 
oxidized, the value gives an indication of the amount of defects at the surface. Moreover, 
this surface defect density is in the order of the surface defect density obtained by the ex situ 
measurements at about the same substrate temperature, suggesting that indeed additional 
cavity losses due to scattering are present. 

5.2. Recommendations 

The in situ CRD setup has to he improved to be able to measure the dangling bond evolution 
during a-Si:H growth. First of all, the trapezoid material should have the smallest absorption 
in the near infrared available nowadays to achieve the largest background ring down time To. 
Secondly, studies have to be performed to determine the best deposition geometry to be used 
for in situ me~ur€ments. For example, a better configuration would he a trapezoid with the 
longest side towards the extended plasma in comparison with the configuration now used. 
When a material for the trapezoid is used with the same refractive index as the a-Si:H film, 
the light beam would be refl.ected at the top surface of the a-Si:H films and the absorption 
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at the dangling honds in the evanescent electric field at the surface could be measured. 
The CRD technique opens up the possibility to perform for the first time light soak

ing experiments with simultaneous defect detection measurement to study the creation of 
metastable defects as a result of the Staebler-Wronski effect. Furthermore, with the in situ 
CRD technique the role of the defects at the surface during growth can be studied. Such 
measurements could improve the insight in the growth mechanism and its correlation with 
the film properties. 

Moreover, speetral a-Si:H absorption measurements can be performed to improve the 
current density of states model. Forthese measurements aso called MOPO system can be 
used. 

The CRD technique can also be used to study weakly absorbed radicals at the surface. 
All these possibilities make the CRD technique a very promising technique to study defects, 
not only for a-Si:H films, but also for other semiconductor films and wide bandgap materials. 

61 



BIBLIOGRAPHY 

[1] D. L. Staebler and C. R. Wronski, Appl. Phys. Lett. 31, 292 (1977). 

[2] W. M. M. Kessels, M. C. M. van de Sanden, and D. C. Schram, J. Vac. Sci. Technol. A 
18, 2153 (2000). 

[3] W. M. M. Kessels, M. G. H. Boogaarts, J. P.M. Hoefnagels, M. C. M. van de Sanden, 
and D. C. Schram, J. Vac. Sci. Technol. A 19, 1027 (2001). 

[4] R. A. Street, Hydrogenated Amorphous Silicon, Cambridge University Press, 1991. 

[5] S. Lee, S. Kumar, and C. R. Wronski, J. Non-Cryst. Solicis 114, 316 (1989). 

[6] W. B. Jackson, N. M. Amer, A. C. Boccara, and D. Fournier, Appl. Opties 20, 1333 
(1981). 

[7] R. A. Street, J . Zesch, and M. J. Thompson, Appl. Phys. Lett. 43, 672 (1983). 

[8] H. Curtins and M. Favre, in Amorphous Silicon and Related Materials, edited by 
H. Fritzsche, pages 329 - 363, Workd Scientific, 1989. 

[9] L. Ley, in Properties of Amorphous Silicon and its Alloys, edited by T. Searle, pages 
113-138, Short Run Press, London, 1998. 

[10] W. B. Jackson, S. M. Kelso, C. C. Tsai, J. W. Allen, and S. J. Oh, Phys. Rev. B 31, 
5187 (1985) . 

[11] R. J . Severens, M. C. M. van de Sanden, H. J. M. Verhoeven, J. Bastiaanssen, and D. C. 
Schram, Mat. Res. Soc. Symp. Proc. 420, 341 (1996). 

[12] M. Stutzmann, Philos. Mag. B 60, 531 (1989). 

[13] F. Siebke, W. Beyer, J. Herion, and H. Wagner, J. Non-Cryst. Solicis 137-138, 339 
(1991). 

[14] F . Siebke, W. Beyer, J. Herion, and H. Wagner, in 11 Th E.C. Photovoltaic Solar 
Energy Conference, page 100, 1992. 

[15] Z. E. Smith and S. Wagner, Phys. Rev. Lett . 59, 688 (1987). 

[16] K. Winer, Phys. Rev. B 41, 7952 (1990). 

[17] R. A. Street, Phys. Rev. B 43, 2454 (1991) . 

62 



[18] H. M. Branz, Phys. Rev. B 59, 5498 (1999). 

[19] H. Fritzsche, Mat. Res. Soc. Symp. Proc. 467, 19 (1997). 

[20] Z. E. Smith, V. Chu, K. Shepard, S. Aljishi, D. Slobodin, J. Kolodzey, S. Wagner, and 
T. L. Chu, Appl. Phys. Lett. 50, 1521 (1987). 

[21] G. Amato, G. Benedetto, L. Boarino, and R. Spagnolo, Appl. Phys. A 50, 503 (1990). 

[22] A. Asano and M. Stutzmann, J. Appl. Phys. 70, 5025 (1991). 

[23] W. B. Jackson, D. K. Biegelsen, R. J. Nemanich, and J. C. Knights, Appl. Phys. Lett. 
42, 105 (1983). 

[24] L. Chahed, M. L. Theye, D. Fournier, J. P. Roger, A. C. Baccara, Y. M. Li, W. A. 
Thrner, and W. Paul, Phys. Rev. B 43, 14488 (1991). 

[25] M. Favre, H. Curtins, and A. V. Shah, J. Non-Cryst. Solids 97- 98, 731 (1987). 

[26] T. Shimizu, X. Xu, H. Kidoh, A. Morimoto, and M. Kumeda, J. Appl. Phys. 64, 5045 
(1988). 

[27] X. Xu, A. Morimoto, M. Kumeda, and T. Schimizu, Jap. J. Appl. Phys. 26, 11818 
(1987). 

[28] A. Matsuda, K. Nomoto, Y. Takeuchi, A. Suzuki, A. Yuuki, and J. Perrin, Surf. Sci. 
227, 50 (1990). 

[29] J. R. Doyle, D. A. Doughty, and A. Gallagher, J. Appl. Phys. 71, 4727 (1997). 

[30] J. R. Doyle, D. A. Doughty, and A. Gallagher, J. Appl. Phys. 71, 4771 (1997). 

[31] J. Perrin, Y. takeda, N. Hitano, Y. Takeuchi, and A. Matsuda, Surf. Sci. 210, 114 
(1989). 

[32] M. C. M. van de Sanden, W. M.M. Kessels, A. H. M. Smets, B. A. Korevaar, R. J . 
Severens, and D. C. Schram, Mat. Res. Soc. Symp. Proc. 557, 13 (1999). 

[33] M. Vanecek, J . Kocka, J. Stuchlik, Z. Kozisek, 0. Stika, and A. Triska, Sol. Energy 
Mater. 8, 411 (1983). 

[34] J. Kocka, M. Vanecek, and A. Triska, in Amorphous Silicon and Related Materials, 
edited by H. Fritzsche, pages 297- 327, World Scientific, 1989. 

[35] J. A. Schmidt and F. A. Rubinelli, J. Appl. Phys. 83, 339 (1998). 

:[36] G. Moddel, D. A. Anderson, and W. Paul, Phys. Rev. B 22, 1918 (1980}. 

[37] W. B. Jackson, R. J. Nemanich, and N. M. Amer, Phys. Rev. B 27, 4861 (1983). 

[38] W. B. Jacksen and N. M. Amer, Phys. Rev. B 25, 5559 (1982). 

63 



[39] A. C. Baccara, D. Fournier, W. Jackson, and N. M. Amer, Opt. Lett. 5, 377 (1980). 

[40] N. Wyrsch, F. Finger, T . J. McMahon, and M. Vanecek, J. Non-Cryst. Solids 137 -
138, 347 (1991). 

[41] S. Yamasaki, T. Umeda, J. Isoya, and K. Tanaka, Appl. Phys. Lett. 70, 1137 (1997). 

[42] C. B. Roxlo, B. Abeles, C. R. Wronski, G. D. Cody, and T. Tiedje, Solid State Commun. 
47, 985 (1983). 

[43] K. Pierz, W. Fuhs, and H. Mell, Philos. Mag. B 63, 123 (1991). 

[44] A. K. Sinha and S. C. Agarwal, Philos. Mag. B 77, 945 (1998). 

[45] F . Boulitrop, N. Proust, J. Magarino, E. Criton, J. F. Peray, and M. Dupre, J. Appl. 
Phys. 58, 3494 (1985). 

[46] T . Shimizu, H. Kidoh, A. Morimoto, and M. Kumeda, Jap. J. Appl. Phys. 28, 586 
(1989). 

[47] C. R. Wronski, B. Abeles, T. Tiedje, and G. D. Cody, Solid State Commun. 44, 1423 
(1982). 

[48] S. Lee, M. Gunes, C. R. Wronski, N. Maley, and M. Bennett, Appl. Phys. Lett. 59, 
1578 (1991). 

[49] R. C. Frye, J. J. Kumler, and C. C. Wong, Appl. Phys. Lett. 50, 101 (1987). 

[50] F. Leblanc, Y. Maeda, K. Onisawa, and T. Minemura, Phys. Rev. B 50, 14613 (1994). 

[51] S. Yamasaki, Mat. Res. Soc. Symp. Proc. 609, Al.l.1 (2000). 

[52] K. W. Busch and M. A. Busch, editors, Cavity-Ringdown Spectroscopy: An Ultratrace
Absorption Measurement Technique, American Chemical Society, Washington, DC, 
1999. 

[53] A. O'Keefe and D. A. G. Deacon, Rev. Sci. Instrum. 59, 2554 (1988) . 

[54] R. Engeln, K. G. Y. Letourneur, M. G. H. Boogaarts, M. C. M. van de Sanden, and 
D. C. Schram, Chem. Phys. Lett. 310, 405 (1999). 

[55] G. Meijer, M.G. H. Boogaarts, R. T . Jongma, D. H. Parker, and A.M. Wodtke, Chem. 
Phys. Lett. 217, 112 (1994). 

[56] A. H. M. Smets, Cavity lling Down Spectroscopy on Expanding Plasmas, Master's 
thesis , Eindhoven University of Technology, December 1997. 

[57] R. Engeln, G. von Helden, A. J. A. van Roij, and G. Meyer, J. Chem. Phys. 110, 2732 
(1999). 

[58] A. C. R. Pipino, Phys. Rev. Lett. 83, 3093 (1999) . 

64 



[59] R. Smeets and F. C. van Nijmwegen, internal report BLN 99-15 UM, Eindhoven Uni
versity of Technology, July 2000. 

[60] J. P. M. Hoefnagels, Cavity Ringdown Study of the Densities and Kinetics of SiHx 
Radicals in a Remote SiH4 Plasma, Master's thesis, Eindhoven University of Technology, 
August 2000. 

[61] P. J. Böcker, Cavity-Ringdown Spectroscopy on Methyl and Silyl Radicals, Master's 
thesis, Eindhoven University of Technology, October 1999. 

[62] M. Vanecek and A. Poruba, in Properties and Applications of Amorphous Materials, 
edited by M. F. Thorpe and L. Tichy, pages 401 - 432, Kluwer Academie Publishers, 
2001. 

[63] D. R. G. Rodley, D. I. Jones, and A. D. Stewart, Philos. Mag. Lett. 59, 149 (1989). 

[64] K. K. Lehmann and D. Romanini, J. Chem. Phys. 105, 10263 (1996). 

[65] A. H.M. Smets, D. C. Schram, and M. C. M. van de Sanden, J. Appl. Phys. 88, 6388 
(2000) . 

[66] A. H. M. Smets, D. C. Schram, and M. C. M. van de Sanden, Mat. Res. Soc. Symp. 
Proc. 609, A 7.6.1 (2000). 

[67] W. M. M. Kessels, A. H. M. Smets, D. C. Marra, E. S. Aydil, D. C. Schram, and 
M. C. M. van de Sanden, Thin Solid Films 383, 154 (2001). 

[68] S. Yamasaki, U. K. Das, T. Umeda, J. Isoya, and K. Tanaka, J . Non-Cryst. Solids 
266-269, 529 (2000) . 

65 



A. CALCULATIONS 

A surface with a transmission T2 and a refl.ection R2 is placed in the center of the cavity. 
The electric field of light leaving the cavity at the back mirror is given for the first 6 passes by: 

1 pass: 

(A.1) 

2-passes: 
(A.2) 

3-passes: 

(A.3) 

4 passes: 
(A.4) 

5 passes: 

(A.5) 

6 passes: 
(A.6) 

The electric field of light leaving the cavity can he calculated by adding up all paths of the 
odd passes and even passes separately. The coefficients of the electric field in front of the 
input electric field for the odd passes can he expressed as: 

n 

n 

n 

0 

1 

2 

T2T2, 

T2 (Ti R2 + 3T2R2 R~), 

T2 (r~ R4 + 10Ti R4R~ + 5T2R4R~), 

where n is integer. These coefficients can he expressed by the following summation: 

The second summation can be evaluated and the expression becomes: 

T2 ~ T.2n+l R2n l:ff (-~) 114 (1- R~)n LegendreP (n ~ ---"-~-+~1 ) 
L...t 2 V 

11 r,2 r,2 ' 2 ' _ ~ ' 
n=O 2 2 1 r;t 

2 
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(A.7) 

(A.8) 

(A.9) 



where LegendreP is an associated Lengendre function and the expression can be further 
simplified to: 

r?-m 

By using the following abbreviations for the different parts of the equation, 

( ~)1/4 1 T2 r;t 

the summation of the coefficients can be simplified to: 

(A.lO) 

(A.ll) 

(A.l2) 

(A.13) 

(A.14) 

Combining the coefficients with the incoming electric field leads to an expression for the 
electric field leaving the cavity: 

(A.l5) 

The spectrum of this field in the angular frequency w is given by: 

(A.16) 

(A.l8) 
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where Ëi(w) is the FT of Ei(t) . This equation can now further be written as: 

(A.19) 

Ë(w) T2cexp (~i wt,.) Ë;(w) [ (x2)t t. (x1x, exp ( -iwt,) )" 

+ (x2f2 L -1 
exp ( -iwtr) , 

1 
00 (X )n] 

n=O X2 
(A.20) 

E (w) = T 2cexp -wtr Ei(w) + . - ( -'/, ) - x2 2 x2 2 . [ ( )1 ( )_l l 
2 1- X1X2 exp ( -iwtr) 1- i; exp ( -iwtr) 

(A.21) 

The speetral density J(w) is proportional to IË(w)l
2

, which gives: 

(A.22) 

(A.23) 

2 

(x2)~ + (x2f~- C1h + x1x~12 ) (cos (wtr)- i sin (wtr)) 
I(w)=~2c2h(w) ---(~----~)----~~----~----------------~2 ' 

1- X1X2 +i; (cos (wtr)- i sin (wtr)) +XI (cos (wtr)- i sin (wtr)) 

(A.24) 

I (w) 
[(x2)~ + (x2f~ - (xx

2
1}2 + x1x~12) cos (wtr)] + 

Ti
2 c2 I i ( w) -=---,...=----,.------.::.--=----~------'~--=--

[ 1- ( X1X2 +i;) cos (wtr) +XI cos2 (wtr)- X1 sin2 (wtr)) + 

(A.25) 

I (w) 
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Th is can be rewri tten to the fin al expression for the speetral densi ty I ( w) for the odd passes 
as given by: 

((x2)~ + (x2r~f + ( ~h +x1x~12)
2

-
I(w) T? c2 !i ( w) x

2 
2 

[ 1- ( X1X2 +i;) cos (wtr) +x~ cos2 (wtr) -x~ sin2 (wtr)] + 

2 ((x2)~ + (x2)-~) (~ + x1x~12) cos (wtr) 
2' 

[ ( x1x2 + i;) sin (wtr) - 2x~ sin (wtr) cos(wtr)] 
(A.27) 

The coefficients of the electric field in front of the input electric field for the even passes can 
be expressed as: 

n 

n 

n 

0 

1 

2 

T2T2RR2, 

T2 ( 4Ti R3 R2 + 4T2R3 R~) , 

T2 ( 6T~ R5 R2 + 20Ti R5 R~), (A.28) 

where n is an integer. These coefficients can be expressed by the following summation: 

(A.29) 

The second summation can be evaluated and the expression becomes: 

(A.30) 

where LegendreP is an associated Lengendre function and the expression can be further 
simplified to: 

T.2n+4 
2 

( (
R~ +Ti+ 2 

Ti- R~ 
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R~+Ti+2 l§.Tf 2 
( 2 2)2T2 - 2 

+4Tin+4 
T2-~ 

T:j- R~ 

m+r?+2 !§.Ti T,2- 2 

+6Tin+2 
(Ti-!§.)2 2 

T:j-R~ 

R~+Ti+2 !§.Ti T,2- 2 

-2T.2n+2 
(Ti-!§.)2 2 

2 T:j -R~ 

/§Ti T,2- 2 
(Tf-!§.)2 2 

-4T.2n 
2 

R~+Ti+2 

(
R~+Ti+2 

T:j-R~ 

!§.Ti T,2- 2 
(Tf-!§.)2 2 

T:j-R~ 

n 
!§.Tl 2 

(Tf-!§.)2~ mr:t 
(T:j- R~) 2 

n 
!§.Ti 2 

(Ti-!§.)2~ 
R~ 

-n 
!§.Ti R2 

(Ti-!§.)2 2 
~ 

By using the following abbreviations for the different parts of the equation, 

e= 

R~+Ti+2 
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(A.31) 

(A.33) 

(A.34) 

(A.35) 



the summation of the coeffi.cients can be simplified to: 

(X) 

T 2 2::: d (x3t (Tin+4 (x4t + Tin+4 (x4rn + 4eTin+4 (x4t + 6Tin+2 (x4t ~ 
n=O 

-2Tin+2 (x4)-n ~+Tin (x4t Jli + Tr (x4)-n Jli- 4eTin (x4t Jli). (A.36) 

Combining the coeffi.cients with the incoming electric field leads to an expression for the 
electric field leaving the cavity: 

(X) 

E(t) = T 2 2::: d (x3t (Tin+4 (x4t + Tr+4 (x4)-n + 4eTin+4 (x4t + 6Tin+2 (x4t R~ 
n=O 

-2Tr+2 (x4)-n R~ +Tin (x4t Ri +Tin (x4)-n Ri- 4eTin (x4t Ri) 

Ei ( t - ( n + 1) tr) . (A.37) 

The spectrum of this field in the angular frequency w is given by: 

- 1 J E (w) = y?;IT E (t) exp ( -iwt) dt (A.38) 

E (w) ~ j T 2 fa d (x3t (Tin+4 (x4t + Tin+4 (x4)-n + 4eTin+4 (x4t 

+6Tin+2 (x4t R~- 2Tin+2 (x4)-n R~ +Tin (x4t Ri +Tin (x4)-n Ri 

-4eTin (x4t RiEi (t- (n + 1) tr)) exp ( -iwt) dt 

(X) 

E (w) 2::: d (x3t (Tin+4 (x4t + Tin+4 (x4)-n + 4eTin+4 (x4t + 6Tin+2 (x4t R~ 
n=O 
-2Tin+2 (x4)-n R~ +Tin (x4t Ri + Tr (x4)-n Ri- 4eTr (x4t Ri) 

exp (-i (n + 1) wtr) Ei(w) (A.39) 

where Ei(w) is the FT of Ei(t). This equation can now further be written as: 

(X) 

E (w) = T 2dexp ( -iwtr) Ei(w) 2::: (x3t (Tin+4 (x4t + Tin+4 (x4rn + 4eTin+4 (x4t 
n=O 

+6Tin+2 (x4t R~- 2Tin+2 (x4rn R~ +Tin (x4t Ri +Tin (x4)-n Ri 

-4eTin (x4t Ri) exp ( -inwtr), (A.40) 

E (w) = -T 2dexp ( -iwtr) Ei(w) [ri fa (Ti (x3) {x4) exp ( -iwtr} r 
+Tf fa (Ti~::~ exp ( -iwt,) r +4eTf fa ( (x3 ) (x,) Ti exp ( -iwt,)) 
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+6Tim t. (Ti (x,) (x<) exp(-iwt,))"- 2Tim t. (Ti~::; exp (-iwt,) r 
+flit. (Ti (x,) (x<) exp ( -iwt,))" +flit. (Ti~::; exp ( -iwt,) r 
-4efli t. (Ti (x,)(x<) exp ( -iwq r l , (A.41) 

E(w) T2d (-. ) E-·( ) [Ti+ 4eTi + 6T:fm + .Ri- 4e.Ri - exp ~wtr t w --=------:::2=----=---=-----==----=-
1- T2 (x3) (x4) exp ( -iwtr) 

+ 2 2 .. "2 2 . T.4 - 2T.2 R2 + R4 l 
1 - T:j ~~!~ exp ( -iwtr) 

(A.42) 

The speetral density I(w) is proportional to I.E(w)l
2

, which gives: 

I (w) 

I(w) 

2 
Ti + 4eTi + 6T:j R~ + Ri - 4e.Ri + Ti - 2T:j m + .Ri 

1 -Tl (x3) (x4) exp ( -iwtr) 1 -Tl~~!~ exp ( -iwtr) ' 
(A.43) 

(Ti + 4eTi + 6T:j m + Ri - 4eRi) (1 - T:j ((xX
3
4)) exp ( -iwtr )) 

- T? d2 Ii( w) --------,,.....--------:---:->:-----'~-----'-
1 - (Tl (x3) (x4) +Tl~~!~) exp ( -iwtr) 

+(Ti- 2T:j R~ + Ri) (1- T:j (x3) (x4) exp ( -iwtr)) 
2 

+Ti (x3)2 [exp ( -iwtr )]2 (A.44) 

(Ti+ 4eTi + 6T:j R~ + Ri- 4eRi) (1- T:j ((x
3

)) (cos (wtr)- i sin (wtr))) 
- T2 d2 Ii ( w) X4 

t 1 - (Tl (x3) (x4) +Tl ~~!D (cos (wtr) -i sin (wtr)) 

I (w) 

+(Ti - 2T:j m + Ri) (1 - T:j (x3) (x4) (cos (wtr) -i sin (wtr))) 
2 

+Ti (x3) 2 (cos (wtr) -i sin (wtr) )2 

(Ti+ 4eTi + 6T:j R~ + Ri - 4eRi) (1 - T:j ((x
3

)) cos (wtr )) 
~~~-~) ~ 

t t 1 - (Ti (x3) (x4) +Ti ~~!D cos (wtr) 

+(Ti - 2T:j R~ + Ri) (1 - T:j (x3) (x4) cos (wtr)) 

+Ti (x3)2 cos2 (wtr)- Ti (x3)2 
sin2(wtr) 

+i [(Ti+ 4eTi + 6T:j R~ + Ri- 4eRi) Ti~ sin (wr) 

+i [(Ti (x3) (x4) +Ti ~~!D sin (wtr) 

+(Ti- 2T:j R~ + Ri) T:j (x3) (x4) sinwtr] 
2 

-2Ti (x3)2 sin (wtr) cos(wtr) J 
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(A.46) 



This can be rewritten to the final expression for the speetral density I(w) for theeven passes 
as given by: 

I (w) 

(A.47) 
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B. SOFTWARE PROGRAM FOR THE SIMULATION OF 

AN OPTICAL CAVITY 

The software program for the simulation of an optica! cavity with an absorbing film between 
the mirrors, written in the programming language Turbo Pascal. 

PROGRAM crds; 

USES 
dos, crt; 

CONST 
length = 100; 
pulse = 500; 
ndata = 500; 

TYPE 
ray = ARRAY [O . .length] OF real; 
data= ARRAY [1..500] OF real; 
file_ name_ type = string[40]; 

VAR 
ab, rs, rll, rlr, r2l, r2r, r3l, r3r: real; 
distr, distl, histr, histl: ray; 
x, y: data; 
input: ARRAY [O .. pulse] OF real; 
i, j, k, max: integer; 
xl, x2, x3: integer; 
f, g, h: text; 
step: longint; 
crdt, crdtinp, a, b, siga, sigb, chi2, sigcrdt, diff, pro: real; 
naampje: string[8]; 
filenaam, filenaam2: file_ name_ type; 
cl, c2: char; 

PROCEDURE fit (VAR x, y: data; 
VAR max: integer; 
VAR a, b, siga: real; 
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VAR sigb, chi2: real); 

VAR 
i: integer; 
t, sy, sxoss, sx, st2, ss, sigdat: real; 

BEGIN 
sx:= 0.0; 
sy:= 0.0; 
st2:= 0.0; 
FOR i:= 1 TO max DO 
BEGIN 

sx:= sx + x[i]; 
sy:= sy + y[i]; 

END; 
ss:= max; 
sxoss:= sxjss; 
FOR i:= 1 TO max DO 
BEGIN 

t:= x[i] - sxoss; 
st2:= st2 + t*t; 
b:= b + t*y[i]; 

END; 
b:= b/st2; 
a:= (sy- sx*b)/ss; 
siga:= sqrt((l.O + sx*sx/(ss*st2))/ss); 
sigb:= sqrt(l.O/st2); 
chi2:= 0.0; 
FOR i:= 1 TO max DO 
BEGIN 

chi2:=chi2 + sqr(y[i] - a- b*x[i]); 
END; 
sigdat: =sqrt ( chi2 / ( max - 2)); 
siga:= siga*sigdat; 
sigb:= sigb*sigdat 

END; 

FUNCTION exist (filename: file_name_type): boolean; 

VAR 
S: string[20]; 
filexist : boolean; 

BEGIN 
S:= FSearch(filename,'C:\DATA \') ; 

75 



filexist:= S<>"; 
IF filexist THEN exist:= true 
ELSE exist:= false; 

END; 

FUNCTION maxi (y: data): integer; 

VAR 
j: integer; 

BEGIN 
j:= 0; 
REPEAT; 

j:= j+1; 
UNTIL (yUJ = 0) OR (j = ndata); 

IF j = 500 THEN 
BEGIN 

maxi:= j 
END 
ELSE 
BEGIN 

maxi:= j- 1; 
END; 

END; 

{**************HOOFDPROGRAMMA*****************************} 

BEGIN 
rs:= 0.99976; 
r1r:= 0.9; 
rll:= 0.9; 
r2r:= 0.16; 
r21:= 0.16; 
r3r:= 0.04; 
r31:= 0.04; 
x1:= 40; 
x2:= 50; 
x3:= 60; 
ab:= 0.0001; 
assign(g,'c:\DATA \result.dat'); 
rewrite(g); 
writeln(g,' ab crdtinp crdt sigcrdt pro'); 
assign(h,'c:\DATA \tabel.dat'); 
rewrite(h); 
WHILE ab <= 0.1 DO 
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BEGIN 
crdtinp:= length/((1- rs) + ab); 
naampje:= 'simabl '; 
cl:= 'a'; 
c2:= 'a'; 
filenaam2:= naampje+ cl + c2 +'.dat'; 
filenaam:= 'c:\DATA\' + filenaam2; 
IF exist (filenaam) = true THEN 
REPEAT 

IF c2 = 'z'THEN 
BEGIN 

cl:= char(ord(cl) + 1); 
c2:= 'a'; 

END 
ELSE 
BEGIN 

c2:= char(ord(c2) + 1); 
END; 
filenaam:= 'c:\DATA\'+ naampje+ cl+ c2 +'.dat'; 

UNTIL exist(filenaam) = false; 
assign(f, filenaam); 
rewrite( f); 
FOR i:= 0 TO length DO 
BEGIN 

distr[i] := 0; 
distl[i] := 0; 
histr[i]:= 0; 
histl[i] := 0; 

END; 
FOR step:= 1 TO 500000 DO 
BEGIN 

FOR i:= 0 TO length DO 
BEGIN 

distr[i]:= 0; 
distl[i] := 0; 

END; 
distl[O] := histl[l]; 
IF step < pulse THEN 
BEGIN 

distrfO]:= 1; 
END; 
distr[l]:= histr[O] + rs*histl[O]; 
distl[l] := histl[2]; 
FOR i:= 2 TO xl - 2 DO 
BEGIN 
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distr[i]:= histr[i- 1]; 
distl[i]:= histl[i + 1]; 

END; 
distr[x1- 1]:= histr[x1- 2]; 
distl[x1- 1]:= (1 - rll)*histl[x1] + r1r*histr[x1]; 
distr[x1]:= histr[x1 - 1]; 
distl[x1]:= (1- ab)*histl[x1 + 1]; 
distr[x1 + 1]:= (1- r1r)*histr[x1] + rll*histl[x1]; 
distl[x1 + 1] := histl[x1 + 2]; 
FOR i:= x1 + 2 TO x2- 2 DO 
BEGIN 

distr[i] := histr[i - 1]; 
distl[i]:= histl[i + 1]; 

END; 
distr[x2- 1]:= histr[x2- 2]; 
distl[x2- 1]:= (1 - r2l)*histl[x2] + r2r*histr[x2]; 
distr[x2]:= (1- ab)*histr[x2- 1]; 
distl[x2]:= histl[x2 + 1]; 
distr[x2 + 1]:= (1- r2r)*histr[x2] + r2l*histl[x2]; 
distl[x2 + 1]:= histl[x2 + 2]; 
FOR i:= x2 + 2 TO x3 - 2 DO 
BEGIN 

distr[i]:= histr[i- 1]; 
distl[i]:= histl[i + 1]; 

END; 
distr[x3- 1]:= histr[x3- 2]; 
distl[x3- 1]:= (1- r3l)*histl[x3] + r3r*histr[x3]; 
distr[x3] := histr[x3- 1]; 
distl(x3] := histl[x3 + 1]; 
distr[x3 + 1]:= (1 - r3r)*histr[x3] + r3l*histl[x3]; 
distl[x3 + 1]:= histl[x3 + 2]; 
FOR i:=x3 + 2 TO length- 2 DO 
BEGIN 

distr[i] := histr[i- 1]; 
distl[i]:= histl[i + 1]; 

END; 
distr[length- 1]:= histr[length- 2]; 
distl[length- 1]:= rs*histr[length]; 
distr[length]:= histr[length- 1]; 
distl[length]:= 0; 
IF (step)MOD(1000) = ü THEN 
BEGIN 

writeln(f, step,' ', (1- rs)*histr[length]); 
k:= (step)DIV(1000); 
x[k]:= step; 
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y[k]:= (1 - rs)*histr[length]; 
END; 
FOR i:= 0 TO length DO 
BEGIN 

histr[i] := distr[i]; 
histl[i]:= distl[i]; 

END; 
END; 
close(f); 
max:= maxi(y); 
FOR i:= 1 TO max DO 
BEGIN 

y[i] := ln(y[i]); 
END; 
a:= 0; 
b:= 0; 
fit(x, y, max, a, b, siga, sigb, ehi2); 
erdt:=-1/b; 
diff:=erdtinp - erdt; 
pro:=diff/ erdtinp; 
sigerdt: =sigb / (b*b); 

•t l ( b ' ' dt• ' ' d ' ' . dt ' ' ) wn en g, a , , er mp, , er t, , s1ger , , pro ; 
writeln(h, ab,' ',filenaam); 
ah:= ab + 0.001; 

END; 
close(g); 
close(h); 
writeln('done'); 
repeat until keypressed; 

END. 
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