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1, Introduction 

Amorphous silicon films are used in a variety of devices, like flat panel displays,^ electrographic 
drums for copiers,^ and solar cells? When deposited at room temperature, these films contain 
many defects (point defects, small vacancy clusters, and voids), which influence the film 
properties to a large extent. For instance, they cause a deterioration of the photovoltaic properties 
because of the increased trapping chance and subsequent recombination of electrons and holes. 
In general, films with fewer defects can be produced by raising the substrate temperature, which 
results in a higher surface mobility of tiie deposited atoms. Altiiough films can be grown to high 
perfection in this manner, i t is desirable to reduce tiie deposition temperature in order to suppress 
segregation and diffiision of dopants in the growing film, and to avoid thermal stresses and 
interdiffusion in a multi-layer system. 

A relatively new method (dating fi-om the mid-1970's) to produce tiiin films witii fewer defects 
without raising the temperature, is Ion Beam Assisted Deposition (IBAD), in which an ion beam 
is used to bombard tiie growing film during deposition. Ion-assisted deposition of metals has been 
found lo change a variety of film properties, including adhesion, chemical inertness, diffiision 
properties, friction, surface roughness, resistivity, stress, micro-hardness, and magnetic 
properties.̂ '*'̂  Many studies, on metals, have died to estabhsh what aspects play a dominant role 
in dctcnnining changes in film properties. From these studies i t can be concluded tiiat important 
feamres include porosity, crystallite size, preferred orientation, lattice strain, and impurities. '̂"''̂  
Only ütüe is known about the influence of ion assistance on atomic defects in the film and about 
the mechamsms tiiat control atontic scale properties. Therefore, tiie physics tiiat control the 
fundamental nanometer scale phenomena still needs to be explored. 

This master's tiiesis presents a study of defects in amoiphous silicon films deposited with and 
without ion beam assistance. The experimental technique employed to study tiie defects is 
Thennal Desorption Spectrometry (TDS).^''°'" This technique uses ions of an inert gas as an 
atomic probe to detect tiie presence of defects in a soUd. TDS studies on metals^ '̂'̂  have shown 
thai this method enables the study of small defects like impurities, vacancies, and small vacancy 
clusters in metals. Until now, most TDS studies described in literature have been performed m 
single-crystalline and poly-crystalline metals. 
In our experiments, silicon films are deposited in an apparatus in which IBAD is combined in situ 
witii TDS. AU films are deposited at room temperature and tiieir as-deposited stracture is 
amorphous. Apart from using TDS to reveal as much as possible about tiie defect state of a thin 
film, i t is an additional chaUenge to find out how far the TDS technique can be extended fi-om 
crystalUne materials to amoiphous materials. 
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The purpose of this study is to find answers to the foUowing questions. Is i t possible to study 
defects in amoiphous siticon films with tiie use of TDS? Is i t possible to detect any difference 
between amoiphous siticon films deposited witii and witiiout ion bombardment? What is the 
influence of an annealing treatment on the density and the sizes of defect in an amoiphous silicon 
film? 

This report is stmctured as foUows. Chapter 2 gives a short review of the influence of an ion 
beam on film growtii, the detection of defects witii TDS, and tiie stmcture of amorphous sUicoa 
Chapter 3 describes the experimental set-up, ttie experimental procedure, and tiie error 
estimadon. After which chapter 4 presents and discusses tiie results of Üie experiments. FinaUy, 
chapter 5 presents die conclusions and recommendations for fiirther woric. 
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2. Theory 

This chapter gives a short review ofthe three main subjects discussed in this thesis. Section 2.1 
describes Ion Beam Assisted Deposition (IBAD) of thin films. Section 2.2 describes the 
detection of defects with Thermal Desorption Spectrometry (TDS) and presents the equations 
which are used to interpret the desorption spectra. Finally, section 2.3 describes the defect 
structure of amorphous silicon, in order to gain insight in the types and density of defects that 
are likely to be detected with TDS. 

2.1. Ion beam Assisted Deposition (IBAD) 

Ion beam assisted deposition is the process of simultaneous thin film deposition and directed ion 
bombardment. This technique is used to modify the growth process of the film, and has been well 
described in the Uterature.̂ " '̂̂ '̂̂ ' Here, we wil l only give a brief description 

2.1.1. General description of film growth 

The processes which may occur during film growth from a vapor source are iUustrated in figure 
2.1. Single atoms arriving with an energy of tentiis of eV's at tiie surface, diffuse over tiie surface 
until tiicy are lost by some process such as re-evaporation, formation of a critical size nucleus, 
capture by an existing cluster, or trapping at a special site. 

condensation 

re-eVaporation 

direct impingement 

O 
3D. 

clusters 

v2D 
surface diffusion 

capture of atom by cluster 

a t 

^ ^ ^ i o B «t ~ bsitdfâ l nQcleafIon 

speeidi site suH'aee diffusion 

(step) substrate with temperature Ts 

Figure 2.1: Atomic processes at a surface during nucleation and growth of a thin film. 

From Venables (ref. 20) 
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In the early stages of fflm growth (first -20 A), three different modes are recognized; they are 
presented schematically in figure 2.2. Frank-van-der-Merwe or layer-by-layer growtii involves tiie 
growth of the film layer by layer with complete coverage of tiie surface. Volmer-Weber or island-
type growth results in tiie fonnation and growth of islands of several layere thick, before complete 
surface coverage occurs. Stranski-Krastanov or mixed growtii is an intermediate case, in which 
the fonnation of a monolayer is foUowed by tiie growth of islands. 

iayer-by-layer growth island growth mixed growth | 

Figure 2.2: Three types of film growth 

In general, the type of growdi is controUed by fihn-substrate interactions, producing island 
growth when die condensing atoms are bound more strongly to each otiier tiian to the substrate, 
and layer-by-layer growtii when tiie interaction with tiie substrate is stronger and gradually 
decreases when (subsequent) layers are added. Mbced growtii occure when tiie gradual decrease in 
binding energy is disturbed by some factor such as lattice mismatch or orientation, and island 
fonnation becomes more favorable. The condition of the substrate surface also plays an 
important role. Pollution or initial roughness facilitate the process of nucleation of smaU clustere 
and hence promotes island growtii. A l l tiiree types of growtii occur widely for crystalhne films. 

These types of growtii only occur when tiiere is sufficient adatom mobility to enable 
configurations to approach tiieir equUibrium state. I f tiie adatom difiusivity becomes sufïicienüy 
low, the mode of growtii is controUed by kinetic ratiier tiian tiieraiodynamic factore. Indeed, under 
slow adatom diffiision, clusters wUl fomi even when tiie adatoms are bound more strongly to the 
substrate tiian to each otiier. This result can be explained by the random probabUity statistics 
govemin| die point of attachment of an adatom to the substrate and is described in detaU by 
MachUn. Consequentiy, amoiphous sUicon fihns which grow under low mobUity conditions, can 
be expected to form islands. 

The eariy stages of film nucleation and growtii ultimately influence the microstrucüire of a 
deposited film. For example, tiie island type of growtii is Ukely to induce inhomogeneous, 
columnar film growtii, whUe layer-by-layer growtii is more Ukely to result in homogeneous film 
growth. Movchan and Demchishin^ showed tiiat die microstmcture development is also strongly 
influenced by substrate temperature, expressed as a Auction of tiie melting temperature (T/T^n). 
Their findings are summarized in die Structure Zone Model (SZM) in which tiiree zones (zone 1, 
2, and 3) were identified. Thornton^ extended tiiis model to sputtered crystaUine metal films by 
adding another parameter (sputtering gas pressure) to tiie model and estabUshed a fourth zone 
(zone T). 
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T R A N S I T I O N S T R U C T U R E COUJWNAR GRAINS 
C O N S I S T I N C O f I 
D E N S E L Y P A C K E D 

Figure 2.3 Schematic representation ofthe microstructure and surface 
topography as fiinction ofthe substrate temperature according to the 
Structural Zone Model for Ar-sputtered films. From Thornton (ref 24). 

Figure 2.3 schematicaUy shows the dependence of the microstructure and surface topography on 
die substrate temperature and argon sputtering gas pressure according Thornton's model. Zone 1 
microsirucuires forai at T/T„<0.3 and are characterized by columns with pipes (or low density 
regions) along die grain boundaries. This stmcture results when the adatom diffiision is too 
hmited to overcome die effects of shadowing.^ Shadowing produces open boundaries, 
particulariy under conditions of non-perpendicular flux, because the high points receive more flux 
than the low points (see figure 2.4). Zone T or transition nücrostractures form at T/T^- 0.3-0.5 
and are also dominated by shadowing effects but 
have finer stmctures which appear fibrous. Zone 2 
microstmcuires forai at T/T„>= 0.5-0.8 and are 
dominated by adatom surface diffusion processes. 
The stmcture has columnar grains tiiat are well joint 
at die boundaries. Zone 3 stractures, which form at 
T/Tm ^0.8 are dominated by bulk diffiision proces­
ses. Recovery and recrystallization processes 
typically occur in titis temperature regime, driven by 
die minimization of strain energy and surface energy 
of tiie grains. 

It is important to stress that the SZM is based 
on experimental results for films of micrometer 
Üiickness. However, Hentzell et. al.^ have proposed 
a zone model for tiiinner evaporated metal films, 
which is quite simüar. Although the SZM was 
developed primarily to explain the relation between 
microstracture and preparation conditions in the 
case of crystaltine metallic films, there have been 
several recent reports of its apphcation to 

Figure 2.4 Schematic representation of 
shadowing of intercolumnar regions 
deposited under an angle with respect to 
normal incidence 

23.27 29 

amorphous semiconductor films. 

According to tiiese reports, tiie first two zones (zone 1 and zone T) apply to microstracture of 

amorphous films, whtie zones 2 and 3 apply only to tiie crystaUized layers. 
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2.1.2. Influence of an ion beam on a growing film 

The processes by which energy is transferred from an energetic ion to a soüd are important 
fundamentals for a better tmderstanding of how particle bombardment interacts wiüi die giüwing 
film to modify the microstructure and tiie film properties. These processes are described next. 

Some examples of die influence of an ion beam on tiie processes during film growtii are 
dluslraied schematicaUy in figure 2.5. The incoming ion loses energy by inelastic coUisions 
which produce electronic excitations, and by elastic coUisions, which replace atoms fiom dieii^ 
lattice positions. Inelastic coUisions dominate in die MeV regime (which is much higher tiian the 
ion energies used in die experiments described in tiiis report) and are neglected in diis tiiesis 
Elastic coUisions dominate in tiie range of a few tentiis of eV's to keV's. The displaced atoms 
produce additional coUisions and each atom continues to undeigo coUisions until tiie energy drops 
below die level needed to displace an atom fiom its lattice position (-22 eV for sUicon).^ The 
remaining energy is dissipated as heat in lattice vibrations. Such a series of coUisions is caUed a 
colUsion cascade. 

© 

secondary electrons backscaffering 

spuf tering 

break . p , f , _ . i ,c.rp.rat i„8 of 

^mWAmm ^ ^ ^ J Oi„erf gas atoms 

defect creation colitsion t^&n^h^ \ 
o 

Figure 2.5 Atomic processes at and below the surface during ion bombardment of a growing film 

Cascades near tiie surface can sputter atoms fiom tiie surface and cause desoiption of adsort)ed 
species. Just below die surface, coUision cascades increase die kinetic energy of tiie film atoms. 
A part of dus energy can be transfen'ed to atoms at die surface, which results in an increase of 
die adatom mobUity. Most important are head-on coUisions between tiie energetic ions and 
adatoms. Through diese colhsions die mobUity of die adatoms is hicreased, which enables tiiem to 
find energedcaUy more favorable positions.^^' ll is dierefore often claimed^'' tiiat ion beam 
assistance results in more regularly stacked films containing fewer defects (Uke point defects, 
vacancy clusters, voids) tiian fihns prepared widiout ion bombardment 

Apart from die increase in energy of die surface layers, sputtering of adatoms, and increase 
m mobihty of tiie adatoms, tiiere are two additional effects of tiie ion beam assistance, (i) 
Bombardment of a smaU atomic cluster (formed during die early stage of tiie film growtii) by an 
energetic ion can lead to dissociation of die cluster. Ousters reduced to sub-critical size are 
energedcaUy unfavorable and wUl spontaneously dissociate to fonn adatoms, some of which 
desorb or diffuse towards larger clusters.'' (Ü) A coUision sequence can lead to coalescence of 
voids near die surface and to die coUapse of ledges overhanging imtial vdds.'"'^^ This process, 
know as forward sputtering, is iUustrated in figure 2.6. 
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The ability to control the additional supply of energy is 
essendal for growing IBAD fflms widi varying degrees 
of imperfection. The influence of an ion beam on the 
growth of a film and on its resulting physical properties 
depends on the energy and mass of die bombarding 
ions, the substrate temperature, and the flux ratio of the 
ions and deposited atoms (normaUy defined as lon-to-
Atom anival Ratio (lAR)). The role of ion 
bombardment on die fundamental processes during fihn 
growth is not generally understood, mainly because die 
influence of the separate parameters is hard to 
investigate on atomic scale. However, some general 
remarks about the influence of tiie different parameters 
can be made. 
• The energy used in IBAD is on die order of a few 
tens to a few hundred eV. This energy should be high 

enough to increase die mobihty of a large number of figure 2.6 Forward sputtering: 
surface atoms, yet low enough to prevent a large coalescence of voids and collapse of 
fraction of die ion energy being lost deeper in tiie lattice overhanging ledge 
and leaving vacancies that carmot be filled by arriving 
vapor species. 
. In principle, an appropriate ion of any mass can be used, h i practice heavier masses may be 
preferred for two reasons. First, since heavy ions have larger mteraction radti tiian hght ions, they 
are able lo displace multiple adatoms in one coUisioa Secondly, die penetration depüi of heavier 
ions is ShaUower, so that buUc defects, i f created, are also shaUower, and hence can more easUy 
migrate to die surface where they annihilate.^* 
• In general, an increase in lAR causes a more regular arrangement of atoms resulting in a fihn 
containing fewer defects. This is easUy understood because higher lAR results in more displaced 
atoms at die surface and hence m a higher surface mobUity. Caution should be taken when 
bombarding witii high energy ions, hi tids case an increasing lAR can lead to an increased 
incorporation of die bombarding ions, which can be unfavorable to tiie fihn properties (Uke 
conductivity). 
• An increase in substrate temperature during deposition causes an increase in atom moWhty. 
As is shown in tiie SZM a change in fihn stmcture fiom columnar fihns at low substrate 
temperatures to more homogeneous fihns at a higher substrate temperatore is observed. 

2.2. Thermal Desorption Spectrometry (TDS) 

2.2.1. Description of a TDS experiment 

Thennal desorption spectrometry is weU described in die hterature,'*"^ and here only a brief 
description is given. In a TDS experiment ions are used as an atomic probe to detect tiie presence 
of defects in a sohd. hi die experiments described m tiiis tiiesis, hehum is used as probe atom 
because of its mertness and smaU atomic radius. The latter property enables hehum to be bound 
to very smaU defects. 

A TDS experiment exists of Üuee successive steps, miplantation, trappmg, and desorption of 
helium. During the implantation step, hehum is hnplanted into tiie fihn witii low energy, creating 

f o r w a r d spu t t e r i ng 

4? v V 

AFTER 
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little or no extra damage. The direshold energy for damage producdon is given by 

_ {m + Mf 

"~ ' AmM (2.1) 

where E, is die displacement energy for sUicon (= 22 eV), m is die mass of die implanted ion aad 
M IS the atomic mass of die solid. It can be calculated fiom eq. (2.1) tiiat tiie for die 
implanladon of helium into siticon is about 50 eV. 

Subsequent to die implantation, hetium ions which now have become atoms, get trapped in 
die film. In contrast widi die results for metals, tiie solution endialpy of mteretitial hehum in 
sdicon IS low ( 0.5 eV), while die hehum migration energy is large (1.2 eV). These values have 
been reported by Wieringen and Wamioltz^ on die basis of pemieation measurements in 
crystalline silicon. Because of tiiis relatively high migration entiialpy, tiie hnplanted hehum is 
expected to be immobüe at die hnplantation temperature of about 300 K, and wiU become mobile 
dunng die heating step, at about 400 K."-''^ Consequentiy, foUowing die hnplantation aU hehum 
atoms are expected to become trapped hi defects or mterstitial positions hi die fihn 

E! / 

rv 
Figure 2.7 Energy diagram of helium atoms in a film with a defect that acts as a trap 

The energetic picture of hehum m a defect tiiat can act as a trap is shown hi figure 2.7. h i order 
to bnng heUum from die vacuum mto an mterstitial position m a crystal, hehum has to ovenx)me 
an energy barrier, which is tiie sum of tiie mterstitial fonnation endialpy E/, and die mteretitial 
migration endialpy . I f the endialpy of hehum m a sohd is larger tiian E„' it can migrate over 
mterstitial positions tiirough tiie sohd. A hehum atom is dissociated fiom a trap i f its entiialpy 
exceeds die dissociation entiialpy E^, which is tiie sum of die bmdmg endialpy to tiie trap E. and 
the migration entiialpy. ' 

During the desorption step, die fihn is heated widi a constant heating rate. Hehum dissociates 
from die defects, is released at die surface, and can be measured by a mass spectrometer 
Measurement of die hehum release rate as a 
function of tiie temperature results in 
desorption peaks, which correspond to release 
of helium from tiie different defects present in 
die sample. An example of a desorption 
spectrum is given in figure 2.8. The area of the 
desorption peak yields hifomiadon on defect 
concentrations. The position of tiie desorption 
peak on die temperature axis gives infomiation 
on dissociation entiialpy and attempt fi-equency 
of helium in a defect. The shape of die peak 
gives information about die release mechanism 
involved. 

Figure 2.8 Example of a desorption spectrum 
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A TDS experiment gives unambiguous results when defect densities are low, tiius when hehum 
diffiision lengtii to die surface is smaUer tiian tiie average distance between die defects. At higher 
defect densities, retrapping of dissociated hehum plays a role, which effects tiie shape of the 
desorption peak. Smce hi such cases tiie distribution of traps over tiie deptii of die fihn is also 
hnportant, tiie mterpretation of tiie desorption spectra becomes more comphcated. 

2.2.2. Basis equations describing a TDS experiment 

This section presents a brief tiieoretical description of a TDS experiment. A more general review 
is given by Hoondert.^* The Üuee processes of a TDS experiment, hnplantation, trappmg, and 
desorption can be described by die foUowing equation. 

Let Ci=Ci(x,t) denote die concentration of lattice sites of type i accessible for hehum atoms, at 
deptii X below die surface of die sample, at time t. h i general tiiere are many different types hi a 
sample, for example mterstitial positions and different kmds of defects hi which tiie hehum atoms 
can be trapped witii different bmdmg energies. Let N denote Üie number of site-types. Let 
ftirthennore ni=ni(x,t) denote die concentration of hehum atoms m tiie lattice sites of type i, 
and Vij=Vij(x,t) denote tiie jump firequency of hehum atoms out of a site of type i mto a site of 

type j. 
Then die hehum concentration in die sample can be described by die N coupled partial 

differential equations 

l ^ - . X ^ . ^ - - ^ ^ ^ ^ J - c^j^n^^B^ ^^^^^ 

ii = \,2,....,N) 

where 

(2.3) 

is tiie diffusion coefficient for i->j jumps (X behig die typical jump distance), and v,v can be 

expressed as 

=v^exp I k J exp 
kT 

=Vo,i,exp ' Em} 
kT 

(2.4) 

m which v<i is die typical Debye frequency (lO"^' s'̂ ), k tiie Boltzmann constant, ASy tiie entropy 
difference associated witii a hehum atom jumphig finom an i-site to a j-site, and E^ij die 
dissociation energy associated witii such a jump. The Debye frequency and die entropy factor are 
often combined mto a 'frequency factor' Vo. FhiaUy, Bi=Bi(x,t) hi eq. (2.2) is die hehum 
hnplantation rate profile i.e., tiie concentration of hehum atoms havhig slowed down to tiiennal 
energies into sites of type i per unit time. Qearly, when tiie hehum ion beam is off, Bi=0. When 
tiie hetium beam is on, we assume tiiat Bi(x) is proportional to tiie local concentration of /-sites, 
i.e., that 

5,.(x) = ac;(x)exp 
AR 

(2.5), 

p J 
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where, Rp is the so-called projected range, of which die RMS widÜi is AR^, die straggle, and a is 

chosen hi such a way diat jB.(x)dx corresponds to die total flux of hnplanted hehum ions. The 
0 

Gaussian shape is discussed in the next sectioa 

In diis dieoretical description only one dhnension is considered, because m die TDS experiments 
tiie^ion-beam diameter (lO-'-lO"^ m) is much larger dian die ion-hnplanted deptii range (10"^°-
10 m), we assumed tiiat die relevant fihn properties do not vary rapidly widi die hi-nlane 
coordinates y and z. ^ f 

In all cases presented here we assume diat E,^j and AŜ ^ do not depend on die type of die 
receiving latüce sitey, so tiiat we can write AS,-, v,-, and hence also D,-, mstead of E^j, ASy v . 
and Dij, respectively. Furdiemiore we assume hi most cases tiiat die trap concentrations c', are 
fimctions of x only (not f). 

In tiic followmg it is explamed how diese equations are used to describe die hnplantation and die 
desorption of helium in a TDS experiment. 

2.2.3. Ion implantation 

During the hnplantation step, hehum atoms are ionized m an ion source, accelerated to die 
sample, and stopped at a certam depdi m die fihn. The resulting hnplantation profile, B(x) can be 
calculated usmg die Monte Carlo program TRIM (TRansport of Ions m Matter/ ' A few 
drawbacks of TRIM must be mentioned. TRIM assumes die target stmcture to be completely 
random and hence die sequence of coUisions of die hnplanted projectiles and die recoU atoms is 
treated as a random process m which die distance between two successive coUisions is constant 
In practice die atoms m a crystaUme sohd are ordered hi periodic stmcture and even atoms hi 
amoiphous sUicon are not completely randomly ordered but are placed hi a Continuous Random 
Network (which is described m more detad 
below). In both cases die distances between two ^ ' ' ; 
successive coUisions varies through die material 
and tiius die constant value chosen by TRIM is 
only an approximation. Moreover, m 

•D 
C ra c 

ra (X 

crystalhne material the mcoming ion can move 
great distances diough channels fonned hi die 
ciystallographic directions, which is not possible 
hi the random model used by TRIM. 
Furthermore, TRIM evaluates die coUisions o k 
by one (die bmary coUision approxhnation). This 
approxhnation can only be apphed at high ion 
energies when die stoppmg range is mahdy due to 
electronic excitations, and die nuclear coUisions 
are very far apart. At low ion energies die bmary 
coUision approximation breaks down, because 
tiie nuclear coUisions occur at short distance 
from each other and are no longer mdependent. Figure 2.9 Average implantation depth as 
Therefore, with TRIM no calculations can be function of the implantation energy for the 
perfonned witii hnplantation energies below 100 implantation of helium into silicon as 
eV, and even die values near 100 eV are not very calculated with TRIM. The symbols Ddenote 
•""̂ ^̂ ble. the projected range Rp, the symbols * indicate 

the range Rp+ARp to Rp-ARp 

TRIM, He* -> Si 

1—r- ~r"i 1 r 

-

(A 

• 

X 

1 i_ 

10' 5 10' 2 

Ion Energy (eV) 
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It turns out that B(x) as calculated widi TRIM can be reasonably approximated by a Gaussian 

funcdon of which die average implantation deptii ties at x=Rp, Rp and ARp for die implantation of 

hedum into siticon, are calculated as fimction of tiie implantation energy and are shown hi figure 

2.9 and table 2.1. 

Table 2.1: Average Implantation depth Rp , straggle ARp and 
number of vacancies created per implanted ion, for the implan­
tation of helium into silicon versus implantation energy,calcu­
lated with TRIM. The input values used are, helium mass: 4.0026 
amu, density of silicon 2.321 grlcm\ displacement energy 22 eV, 
lattice binding energy 1,2 eV, number of calculated ions 5000. 

Implantadon 
energy feV] 

Rp[A] ARp [A] vacanciesAon 

100 31 18 0.4 

200 48 27 2 
500 69 53 4 
800 136 75 7 
1000 164 89 8 

TRIM can also be used to calculate die amount of vacancies created during hnplantation. The 
number of defects created by hnplantation of hehum hi shicon is calculated widi TRIM for a 
range of implantation energies. The results of diese calculations are shown hi table 2.1. ft should 
be noted diat TRIM neglects die effect of die recomhmation of a Frenkel pah. Therefore, die 
values calculated by TRIM should be divided by 10 which hi general gives a much better 
approxhnation. The values shown hi table 2.1 are die uncon-ected values. 

FoUowhig die hnplantation and tiiennahzation (slowing down to tiiennal energies), hehum is 

u-apped by an mterstitial position or a defect. The resulting trapped particle profile can be 

calculated witii eq. (2.2). 

2.2.4. Desorption 

2.2.4.1. first-order desorption kinetics 
Subsequent to the hehum hnplantation and ttapphig die sample is heated. During die heating 
cycle tiie foUowhig processes take place. First die hehum atoms hi die mterstitial positions 
become mobUe and start to diffuse tiU tiiey become trapped hi a defect or are released at die 
surface. At higher temperatore hehum atoms dissociate from die 'traps', start to diffiise and leave 
die sample. These processes, called desorption are described by eq. (2.2). 

If, for die sake of shnphcity, die system is assumed to consist of only two types of tt^pphig 

sites, mterstitial sites widi a concentration of ahnost unity (c,„r=l) and 'fraps' witii a very low 

concentration ( c ^ « l ) , and i f die mterstitial diffiision is so fast (Di„,is large) tiiat diere is virtuaUy 

no interstitial hehum hi die sample («,«=0), tiien eq. (2.2) can be rewritten mto die shnphfied 

form 

^ A, f ^ (26) 

where N denotes die total number of hehum atoms frapped m die sample per unit area. 
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This equation can be solved for tiie known temperaüire program 

m = T, + ^t (2.7), 

witii To the starting temperature (300 K) and p die heating rate (10 K/s or 40 K/s) after which die 
hehum desoiption flux L, i.e. tiie desorption spectrum, can be calculated as 

« ^ < ' » = ^ (2.8). 

This process is called first order desoiption and describes hehum dissociation from a defect m a 
single activated jump. 

A fierst order desorption peak can be recognized by its peak shape. When Vo/p is not too far 
from 10 K-\ the fiiU widtii at half height, ATm is to a good approxhnation equal to 0.078 T„^. 
Where T^nax is tiie temperature at which tiie maxhnum of die desoiption flux occurs, fts value can 
be obtained from 

^Voexp 
kT, 

max J 
(2.9). 

Helium interactions witii defects hi shicon difier considerably from diose m metals (much lower 
solution enthalpy and much higher migration entiialpy), and h is reported by van Veen" diat 
entropy effects play an hnportant role. Van Veen argues diat die dissociation energy of hehum 
from any defect hi sdicon should not exceed 1.7 eV (behig die sum of die solution entiialpy of 
interstitial hehum m shicon (0.5 eV) and die hehum migration entiialpy (1.2 eV)), assummg tiiat 
die van der Waals bmdmg of hehum widi sdicon can be neglected Applymg die fiist order 
desorption equation (2.6) witii Vo of tiie order of die Debye frequency ( lO' ' s"'), desoiption 
temperatures T ^ , no higher tiian 650 K would be expected. However, desoiption specfra derived 
by van Veen show hehum desorption at temperatures as high as 1200 K . " Van Veen explahis die 
difference between expectation and result by die fact tiiat entropy effects are so hnportant tiiat 
Vo=10^ S-' is a much to high value. As can be seen from eq. (2.4), a negative entropy dhference is 
needed to explain die discrepancy, ft is reasoned tiiat hehum atoms m a defect have a relatively 
high entropy, upon leavmg tiie defect hehum arrives at an mteretitial state where h can be 
considered as a hannonicaUy vibrating particle hi a deep potential weU widi a low entropy. 

I f one is sure diat histrumental errors have been removed from die experimental desoiption 
peak, and that die conditions for first-order desoiption apply, Ei and Vo can be detemdned by die 
time derivative of solution of Nit) of eq. (2.6) to tiie experimental data. An alternative metiiod, 
less prone to errors, is to measure a desorpdon peak widi dhferent heating rates p. The relation 
between T^^ and p is given by eq. (2.9), which becomes after takmg die logaritiim, 

l n - ^ = ln 
max kT„ (2.10). 

Thus, i f a variation of heating rate is perfonned, E^ and Vo can be detemdned fiom an Arrenhius 

plot in which /nf p/ ) is plotted agamst 1/T^. 

2.4.4.2. Numerical analyses using the computerprogram HOP 
Anal)tical solutions for eq. (2.2) can only be derived for simple cases, hke die one tteated m die 
previous paragraph. Under practical conditions, which are often more comphcated, one has to 
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rely on numerical methods to solve drese equations. Hoondert has described how eq. (2.2) is 
made suitable to implementation in die computer program HOP (Hopping Of Particles). One of 
die benefits of using computer algoritiims to calculate die desorption spectra is tiiat die diffusion 
process can be described more precisely, tii analytical solutions i t is assumed tiiat atomic 
diffusion is a continuous process. This is an approximation since tiie distance between two 
intersddal positions (typicaUy X;=2 A) is not negtigible smaU in comparison to tiie implantation 
depth of die ions (typicaUy Rp=50 A). The diffiision process is therefore better described by a 
scries of jumps back and forth over discrete positions. Moreover, tiie equations can be solved for 
almost any conceivable experimental condition. For distance, high and non-uniform defect 
concentrations and an arbitrary number of dhferent traps, witii a variety of bindhig energies, 
concentrations, and distributions. Thus, by usmg HOP h is possible to calculate desorption 
spectra, given any trial combhiation of experimental conditions, and compare diem witii die 
experimental spectra. 

2.3. Amorphous silicon 

For a better understandhig of die resuhs to be presented hi chapter 4, dds section gives a brief 
review of some stmctural features of amorphous sUicon fihns. Section 2.3.1 describes die 
arrangement of sUicon atoms hi die amorphous sihcon network, and the khid of defects tiiat might 
exist in tiiis network. Section 2.3.2 describes structure development during die growdi of tiiin 
amorphous silicon films. 

2.3.1. Atomic structure and defects 

The stmcture of amorphous materials exhibits only short-range order i.e die regions where a 
I predictable arrangement of atoms occurs are 

reports bond lengtii distortions are hisignificant (~ 1%). 
A CRN describes an 'ideal' random network, in which aU bonds are connected. It has been 

shown that die stmcture of 'real' amorphous sUicon is not ideal and consists many defects such 
as point defects, smah vacancy clusters and voids. Examples of point defects are atoms tiiat 
contain less tiian four bonds (undercoordhiated atoms), self-hiterstitials, and hnpurities. There is 

very smaU. Wititin a very few atomic spachigs, 
this order breaks down, and no long-range 
correlation in die geometric positioning of 
atoms is preserved The physical state of 
amorphous sihcon is beheved to be best 
represented by a continuous random network 
(CRN).^ The CRN of amorphous sUicon as 
consdiicted by PoUc* is shown in figure 2.10. 
In the ideal CRN model for amorphous sihcon, 
each atom is fourfold coordinated and in this 
respect, the short-range order of die 
amorphous phase is equal to that of die 
crystaUine phase. The lack in long-range order 
arises fiom die variation in bond angles hi the 
amorphous structure, which deviate roughly 
7° to 13° ( i .e . 6-12% of die ideal value of 
die bond angle of 109.5°). Accordhig to most 

Figure 2.10 The Continuous Random Network 
(CRN) of amorphous silicon as build by Polk 
(1971 ).From Polk (ref 50). 

Theor}' 1 4 



good evidence for die beUeve diat die main defect in amoiphous sdicon is die danghng bond 
(a 3-coordmated group IV atom). TTie density of danghng bonds hi device quahty amoiphous 
sUicon films is about lO" cm'l Examples of undercoordhiadon of shicon atoms m die network 
are shown in figure 2.11. Also, 5-coordhiated atoms have been suggested as a defect 
candidate, but the existence of dds defect has not yet been proven experimentaUy. 

Another charcterisdc of die amorphous 
sihcon structure is die distribudon of 5-, 6-
and 7-membered rings of sUicon atoms (see 
also fig. 2.11). CiystaUme sUicon is solely 
build up of 6-membered rings. 

The amorphous films studied m this 
report are deposited at room temperature by 
electron beam evaporation. These films are 
known to contain mterconnected voids.^''^"^^ 
These voids can be removed by annealing at 
about 480 K for a period up to one hour.̂ ^ It 
is recently estabhshed tiiat furtiier anneals 
below the ciystaUization temperature 
(-1000 K) induce changes hi die amoiphous 
sUicon network stmcture, which lead to a 
reduction in free energy of die amorphous 
stmcture.^^ This process is known as 
stmctural relaxation. The major 
contribution to tins reduction in fiee energy 
is due to a decrease of die bond angle 
distortion " 

Figure 2.11 Schematic representation ofthe 
covalent bonds in amorphous silicon. T2, T3, and 
T4 represent silicon atoms with 2,3, and, 4 
bonds, respectively. The black circles have a 
bond pointing upwards. From Moller (ref. 3). 

5 5 
Dunng stmctural relaxation die number of danghng bonds is found to decreases 

roughly with a factor of tiiiee.^^ Roorda^ has shown diat dds decrease m number of dangUng 
bonds contributes only about - 1 % to die total energy release. 

It was mitially beheved tiiat stmctural relaxation could solely be ascribed to a decrease of die 
bond angle distortion, leadhig to a decrease hi stmctural disorder m die amoiphous sUicon 
network. More recentiy, h has been suggested tiiat stmctural relaxation of amoiphous sUicon is 
ennrely ^controUed by die disappearance of 'vacancy-hke' defects m die amoiphous shicon 
network . These 'vacancy-hke' defects are expected to be accompanied by a strata field 
(disordered bonds), similar to tiiat sun-oundmg pohit defects m crystaUme sUicon. Consequentiy 
tiie decrease m defect population mduces a decrease m bond angle distortion, wMch explams die 
large energy release. 

2.3.2. Growth of thin amorphous silicon films 

In die initial stage (first 10 A) of tiie growdi of amoiphous sUicon fihns, smaU two dhnensional 
localized islands are fonned on die substrate (see section 2.1.1). The subsequent development of 
die amoiphous stmcture is dependent on die angle of mcidence of die sUicon vapor̂ *-̂ ' and die 
substrate temperature. 

According to die hterature, m ahnost aU amorphous sUicon films deposited at low 
temperatures (near room temperature) a large defect density is found.^'•^''^'^'•^^^ ^.^^^^ 
been associated witii tiie existence of a network of microvoids which develops during die growdi 
of the material. The origm of tiiese voids has been attributed to a lack of surface mobUity of die 
deposited atoms. In later smdies, die void stmcture m amoiphous sUicon fihns has been studied 
by electron microscopy,® low-angle x-ray scattering,^ and porosity measurements.^ From diese 
studies it was concluded diat die amoiphous sUicon fihns deposited at low temperatures consist of 
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columns with low density regions between die columns. These results are in accordance widi die 
Structure Zone Model (SZM) (described in secdon 2.3.1), which shows diat a high substrate 
temperature result in uniforai films, whde columnar growdi becomes more favorable at low 
temperatures. Columnar growdi is also favored by increasing angle of incidence. * 

It is shown by Messier diat die size of die columns and die voids between die columns in 
amorphous sdicon films (prepared at T/T„ < 0.5) depends on die film diickness.̂ '"^^ TWs 
conclusion is based on extensive preparation and characterization studies of botii tidn and thick 
films (0.01 to 30 pm) of tiie tetrahedrahy bonded amoiphous semiconductors. An example of the 
findings described by Messier^^ is given hi figure 2.12. This figure shows a schematic 
representation of hiterrelated stracfiiral units along witii representative micrographs for 
amorphous gemianium (a-Ge) fihns. From a series of a-Si:H fihns, prepared at T/T™=0.27 under 
low bombardment conditions, Messier derived tiiat as a fimction of fihn tiiickness five distinct 
levels of physical smicture could be identified. The five characteristic column sizes are 1-3,5-20, 
20-40, 50-200 and 200-400 nm. The first appear hi die first 100 A of die fihn, the second 
in die'range of 100 to 1000 A, die tidrd h i fihns of 1000 to 10000 A etc. It should be noted 
however, that accordhig to Messier die appearance of distinct levels may be hdluenced by die 
finite number of observations. 

The columnar structore appears to consists of nearly paraUel, rod shaped regions of high 
density that are surrounded by voids (actuaUy lower density regions). The smaUer voids and 
columns are still present witiihi tiie larger columns. This process continues to repeat itself witii 
yet larger column and void sizeŝ .̂ 

Figure 2.12: Schematic representation ofthe general physical structure of a 
thin film repared under low mobility conditions.The scanning electron, 
transmission electron, and field ion micrographs are for sputtered amorphous 
germanium films. From Messier (ref. 57). 
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3. Experimental 

This chapter provides information about the instrumentation used in the experiments, the 
experimental procedure, and the error estimation. The experimental procedure is a 
combination of two processes: deposition of films (with or without ion beam assistance) and 
investigation of the defect structure of the deposited films with Thermal Desorption 
Spectroscopy (TDS). Both facilities are combined in one apparatus, developed by TF. Huijgen 
and J van der Kuur. The experimental set-up and the experimental procedure of Ion Beam 
Assisted Deposition''' (IBAD), and of TDS"'"''''''' are both well documented in literature. 
Here, we will give only a brief description. This chapter is structured as follows. Section 3.1 
describes the experimental set-up. Section 3.2 describes the experimental procedure. Section 
3.3 describes the error estimation. Finally, section 3.4 gives a short review about the additional 
techniques which are employed to estimate the impurity concentration, and to characterize the 
surface morphology, of both an amorphous and a crystallized layer. 

3.1. Experimental set-up 

The experimental set-up is shown schematicahy hi figure 3.1. h i addition figure 3.2 gives a 
schematic presentation of tiie complete IBAD system witii ah tiie mterconnected devices. The 
TDS system is attached to die IBAD system and togetiier tiiey are placed hi a vessel diat is 
connected to a pump system. The base pressure of die system is 10'^° mbar after bakmg to about 
520 K. These ultra high vacuum conditions are requhed because during desoiption die partial 
pressure of tiie hehum gas to be detected is low, and die signal-to-noise ratio should be as high as 
possible. 

Sihcon fihns are deposited (witii a typical deposition rate of ~2 A/s) on a substrate, 
positioned in a ceramic sample holder (shown hi figure 3.3), which is placed at position 1 hi fig. 
3.1. The substrate consists of a polycrystaUhie molybdenum bottom part of 3 mm tiiickness and 
10 mm diameter. The first amorphous sdicon fihn is deposited on die clean molybdenum surface. 
After TDS i.e. heating to 1400 K a crystaUized sUicon fihn ori^ates on top of die molybdenum 
substrate. AU experiments described hi tids tiiesis are perfonned on die same substrate, and hi 
this way a tidck crystaUized sUicon layer (witii a final tidckness of 5 pm) is produced on top of 

the molybdenum substrate. 
Sdicon lumps are placed m a water-cooled copper holder and are evaporated witii a 4 kW 

electron beam evaporation source. A carbon cup has been hiserted as a diffusion barrier between 
die sdicon pieces and die copper holder as shown hi figure 3.4a. ft turned out diat m tids way 
only very htde sUicon could be placed hi die copper holder, hrfonnation obtahied later mdicated 
that the diffdsion barrier was not süicdy necessary, because tiie copper holder is expected to be 
cooled weU enough to prevent diffusion of copper hito die sUicoa We dierefore placed later some 
sihcon lumps on top of die lumps in die carbon cup as shown hi figure 3.4b. 
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Pumps 

Figure 3.1: Sketch ofthe experimental set-up showing the sample, in side 
view, in the three positions. l.Ar^-IBAD deposition of a silicon film; the 
upper electron gun is for temperature control, Q=Quartz crystal thickness 
monitor. 2. Introduction of He'' probing ions. 3. Thermal He-desorp-tion; the 
electron gun is for heating the sample linearly with time, the T leads come 
from a thermocouple, QMS=Quadrupole Mass Spectrometer. The QMS vs. 
T signal is the desorption spectrum. Shutters are indicated as small dashed 
lines. Calibration utilities for the helium desorption rate are not shown. The 
base pressure ofthe system is 10''° mbar. 

PUISE itmR ? HAX tSp 

Figure 3.2: Schematic presentation ofthe complete IBAD system with all the interconnected 
devices 

A small part of the siHcon vapor reaches the substrate (15° off-normal mcidence). To avoid 
deposiüon of sdicon on die ceramic sample holder (which would be detrimental for die isolating 
electncal properties of tiie holder) an aperture of 9 mm diameter is placed m front of die sample 
during deposition. 
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Figure 3.3 The ceramic sample holder and sample, 
with contacts for the current and temperature 

measurements. 

Film thickness and deposidon rate are 
controUed widi a quartz crystal oscUlator 
(QCO) masked fiom die ion beam. In 
dds device, a quartz crystal oscUlates in 
an electric field witii a firequency 
dependent on die tiiickness of die film 
deposited on top of the crystal. Hence, 
the thickness increase can be monitored 
by measuring the frequency change of the 
crystal hi die elecfiic field. The position 
of tiie QCO is chosen hi such way tiiat 
tiie so caUed tooting factor is 1. h i otiier 
words, the angle and die distance 
between die QCO and die evaporator 
source are equal to the angle and die 
distance between the substrate and the 
evaporator source. 

An argon ion beam can be used to 
bombard the sUicon film during 
deposition. This beam is produced widi a 
Kaufinan-type ion source, shown 
schematicaUy m figure 3.5. Argon is let 
hito tiie ionization chamber and is ionized 
by a filament (cathode). Ions diffiismg 
out of the ionization chamber to the first 
grid (fig. 3.5) are extracted from die 
plasma and accelerated to die second grid 
by a potential difference between die two 

grids. Upon leavhig die ionization chamber tiie ions forai an ion beam, which is ahned at die 
substrate. A filament producmg elecdons is placed just behmd die grids to neutrahze die ion 
beam This is done to mhdmize die diversion of die beam caused by repulsive forces of ions hi die 
beam. The Kaufinan gun is operated at a gas pressure of 6 x 10"' mbar (dds pressure should be 
kept as low as possible to mhdmize charge exchange between die ions hi die beam and neutrals m 
die background gas leakhig out of die Kaufinan source), producmg a beam energy of a few eV to 
about 800 eV and a current of 1 - 10 pA (dependhig on die energy). Only part of die beam 
reaches die sample. The ion current is monitored by measuring die elecfiic current flow to die 
eardi during bombardment. 

stHeon lumps 

carbon cup -

water-cooled 

copper holder 

Figure 3.4 The water-cooled copper holder filled with silicon lumps and with a 
carbon cup inserted as diffusion barrier between copper and silicon (a) Only 
the carbon cup is filled (b) more silicon lumps are placed in the holder to 
increase the amount of deposition material. 
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Dunng deposiüon, the output of the cuirent meter and die quartz crystal are sent to a computer 
which automaticaUy adjusts die ion source power supply, and die evaporator power supply in 
order to produce stable ion and evaporated atom fluxes (see fig .3.2). This also leads to a stable 
lon-to-atom Arrival Ratio lAR, represented as 

//y? = 1.63x10"' 2L. 
MD (3.1), 

where p is die density of die deposited material [g/cm'j, / , is die ion cunent flow to die 
earth [pA], M is die molar mass of die evaporated species [gAnol], and D is die vapor deposition 
rate [A/s]. 

The implantation step is perfonned 
at position 2 (fig. 3.1). The ion 
source (Van Veen-type*^) producing 
heUum ions is schematicaUy shown 
in figure 3.6. 

An inert gas (in our case hetium) is 
let into die ionizing chamber where 
it is ionized. A magnetic field in die 
ionizadon chamber elongates die 
path of the electrons, to opthnize the 
ionizadon efficiency. Ions are puUed 
out of the chamber by a negative 
Pierce extractor, are carried dirough 
an electrical field, and are acceler-
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Figure 3.5: Schematic representation of a Kaufman 
gun. From Rossnagel (ref. 69). 

ated to a Wien filter, h i dds Wien filter, an electrical and a magnetic field are perpendicular to 
each other, and die forces fiom bofli fields are equal for a specific relation between ion mass and 
ion charge. AU ions diat do not obey dds relation are filtered out by deflection. When leavhig die 
Wien filter section, die ions are eidier accelerated or decelerated to die chosen energy, which can 
be set to any value from a few eV to 3 keV. Subsequentiy, die beam is wobbled hi two düections 
by two pairs of sweep plates to ensure an urafomi hnplantation of die sample area behmd die last 
aperture (0.125 cm ), see die msert of fig. 3.3. FhiaUy, die beam is deflected 20° by two 
deflecuon plates, to remove die neutral particles ftom die ion beam. The ion source is operated 
widi a gas pressure of about 2 x 10"' mbar. The number of ions hittmg die sample is recorded by 
measuring die current flow to die earth. A typical hehum flux of lO" He/cm^ is hnplanted m die 
sample. 

-I r 

IC PE 

F: filiment 
\Gi ionization chamber 
PE: f»ierc8 extractor 
ELI: firet Eiiuellens 

ELI ^ WF 

IVF: wien filter jeetion 
EL2: second Einzellens 
5P: tweepinj ()Utes 
DP: deflection plites 

EL2 SP DP 

Figure 3.6 An overview of die optics m die ion source. From Buteis (ref. 70). 

The desoiption step takes place at position 3 (fig. 3.1). The sample is heated at a constant heating 
rate by a grounded electron gun placed at die back of die substrate. The sample is held at 
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+1,5 keV to provide die acceleration field. The temperature of die sample is measured by a 
WRe26%-WRe5% tiiemiocouple, and controUed by a feedback loop widi a pre-calculated 
current-versus-temperature program and die temperature error as input signal (see, fig. 3.2). The 
hehum release is detected by a quadmpole mass spectrometer. During die desoiption, tiie vacuum 
vessel is pumped at such rate diat die average residence time x for hehum m die vessel is 0.30 s. 

3.2. Experimental procedure 

Prior to die experiments die substrate is heated up to 1400 K to obtahi a clean surface. Before a 
new fihn is deposited die substrate temperature has to be below 340 K. This temperature is found 
to be die optimum between a low (near room temperature) substrate temperature (m order to 
obtain reproducible deposition conditions) and a reasonable time between die desorpdon step and 
a new deposition step (~ 15 mm.). 

The efî ect of fihn tiückness on tiie defect stmcture hi die fihn is studied for fihns varjdng 
from 10 to 500 A tidckness. The deposition rate is varied from 0.5 A/s for die dnnnest fihns to 
2 A/s for die tidckest fihns. It was never observed tiiat dds smaU variation hi deposidon rate does 
have a significant influence on die fihn structure. During ion beam assisted deposition, tiie sample 
is biased at -10 V to prevent die electrons hi die ion beam and stray electrons to reach die sample. 
The effect of variations hi tiie energy of tiie bombaidhig ions on tiie defect stmcture of die fihns 
is studied m die range of 25 eV to 2.5 keV. h i addition tiie effect of a variation in lAR is studied 
by varyhig die implantation rate, between 0.5 and 2 A/s, and die cuirent dirough die sample, 
between 1 and 4 pA, resulting hi an /A/? varyhig ftom 0.006 to 0.07. h i some cases tiie fihn is 
annealed by an election bombardment on die back of die sample (at position 3, fig. 3.1). This 
anneal step took place immediately foUowing the deposition. 

The film is hnplanted witii hehum ions witii an hnplantation energy varyhig between 20 and 
1000 eV, and fluences O between 5 x 10̂ ^ and 5 x l O " He/cml When die partial hehum 
pressure has decreased to an acceptable low background level, die desorption step is perfonned. 
In all cases die sample is heated hneariy m time up to 1400 K. h i die hdtial experiments die 
heating rate p was 40 K/s and die counting time was 25 ms. Later on, it turned out tiiat a p of 
10 K/s and a counting time of 50 ms resulted hi spectra witii sharper peaks. We tiierefore decided 
to continue tiie measurements widi a p of 10 K/s. During die heating step die QMS signal is 
measured altematingly for two channels. On mass channel four die number of hehum ions 
reachhig die QMS is measured during 25 or 50 ms depending on die heating rate, and on mass 
channel eight a reference signal is measured over a same period of time, h i tids way die 
desorption specfra can be corrected for background effects by subfracting die reference signal 
from die hehum signal. An example of a background effect is a pressure rise caused by die 
temperature increase of the sample. 

As mentioned hi secdon 3.1, die desoriied hehum atoms spend an average (smaU) time i : m 

tiie desoqDtion chamber before tiiey are pumped away; x is detemdned by die relation between die 

volume of tiie desoiption chamber V and die pumphig speed S (x=V/S). The hehum residence time 

m our experiments is 0.30 s. h i tids situation tiie number of particles N(t) hi die desorption 

chamber changes as a function of time according to 

m t l ^ M ^ i t ) - ! ^ (3-2), 
dt X 

witii t tiie time, L(t) tiie desoiption flux from tiie sample and A die area of die hnplanted region 
(0.125 cm^ hi our experiments). Some of die particles wUl reach tiie QMS and are detected, die 
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others arc pumped out of die desorpdon chamber widiout being detected. N(t) is esdmated by 
summadon of die number of counts from die QMS widi die detection efficiency measured during 
cahbradon. The detection efficiency of die quadrupole system is measured immediately after each 
desorption experiment. This is done by injecting a known amount of gas into the vacuum vessel 
and intcgratmg die quadrupole response over time. The amount of hehum is obtahied by filling a 
= 1 cc volume out of a 1 hter supply vessel fiUed up to a known pressure, measured by an 
absolute membrane manometer. A typical detection efficiency of 1 quadrupole pulse per 2 x lO'' 
released hehum atoms is obtained. 

In order to derive L(t) (die value we want to know) from N(t) (die value we measure) die 
measured desorption spectra are corrected numericaUy for die finite residence thne t 
(deconvoludon) according to 

L(MO = A^(«AO-A^((n- l )AOexp(-A. /x„J 

[ l - e x p ( - A r / T , ^ ) ] A T , ^ 

were, Ar is die sample time, which is equal to tiie total of tiie counting time for die hehum signal, 
the counting time for tiie reference signal, and two times a switchhig time (1.5 ms). After 
deconvoludon die data are smoodied by averagmg die over 11 data pohits to reduce unwanted 
noise. It is verified tiiat tiie smootidng has no significant influence on die peak shape and on die 
information tiiat we extract firom the data. 

3.3. Error estimation 

3.3.1. Systematic errors 

Errors in die film tiiickness and deposition rate are detemdned by the error m die fihn density, 
used as mput for QCO. The value of die fihn density used is 2.32 g/cml From experiments on 
molybdenum fihns it is known tiiat tiie density of die evaporated fihns is much lower tiian die 
density of defect-free molybdenum. Yet, no precise values for dds deficiency are known, ft is 
expected that die density of the amorphous sdicon fihns is also lower dian die hterature value 
used. Accordhig to die hterature tids difference can be about 3-15 

In tiie case of tiie IBAD fihns tiie tidckness is also hdluenced by die sputtering yield of die 
argon atoms. Values of the sputtering yield for a variety of argon energies are given hi table 
3.1. As mentioned above die maximum lAR used during our measurement is 0.1 resulting hi a 
maximum error in tiie film tidckness of ~ 0.5 %. 

Table 2.1 Sputtering yield for silicon bombarded with argon for a variety 
of argon energies. From Zalm (ref. 71). 

Energy of bombarding argon sputtering yield 
ions [eV] [atomsAon] 

100 0.0042 
200 0.016 
500 0.054 
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Dunn" the bombardment die ion fluence is determined by measuring die cunent flow to die earth. 
There^are two factors diat may cause en-ors h i die fluence detemdnation: (i) As ions hit die 
surface, electrons wdl be expeUed, diese so-caUed secondary electrons are also part of die curtent 
and obscure die measurement (h) Ions hitdng die surface of die fihn can be back-scattered and 
minht pick up an electron during die short mteraction witii tiie surface. The electrons tiiat leave 
die sample in this way are also part of tiie current, and obscure die fluence measurements as weU. 
The secondary electron coefficient (die number of electrons expeUed per ion) is not known The 
number of back-scattered ions for die hnplantation of argon hito sdicon calculated widi TRIM 

turns out to be zero. • ,.,n 
Another systematic error is caused by a decrease hi ion current and tiius a decrease m lAR 

durin" the deposition. This decrease is possibly caused by a temperature dependent cunent 
leaka-c in die Kaufinan source paraUel to die beam cun-ent. Consequentiy, die lAR of die first 
deposited atomic layers is higher tiian average and die lAR of die top part of die fihn is lower 
dian average. The difference hi ion cun-ent between die start and die end of die deposition is 
about 10%, which results h i a maximum error of 5%. 

During die hnplantation of hehum, tiie fluence is detemdned by measuring die cunent flow 
to the earth as hi die detennhiation of die argon fluence. Thus, die fluence detemdnaüon is also 
obscured by secondary electrons and back-scattered ions. To detemdne die secondary electron 
coefficient experiments where perfonned, hi which die bias voltage on die sample is vaned dunng 
die implantation whUe measuring tiie cun-ent tiirough tiie sample. Unfortunately, i t was not 
possible to deteraihie die correction factor because of experimental problems widi die electncal 
isolation The number of back-scattered ions as calculated widi die computer code TRIM are 
given Ü1 table 3.2 for die hnplantation of hehum hito sUicon for a range of hehum unplantaüon 
energies. 

Table 3.2 Back-scattered ions for helium implanted in to silicon versus 

implantation energy, as calculated with TRIM 

Implantation energy 
[eVl 

Back-scattered ions 
for hehum hnplantation [%] 

100 20 

200 21 

500 18 

800 18 

1000 17 

As is described hi section 2.2.3, witii TRIM no calculations can be perfonned witii hnplantation 

energies below 100 eV, and even die values near 100 eV are not very rehable. 

3.3.2. Random errors 

The temperauire measurement is perfonned widi a WRe26%-WRe5% diennocouple havhig an 
accuracy of better dian 1 %. The random en-or hi die heating rate p (and temperature) due to 
insufficient perfonnance of die feedback loop are smah ~1 %. Anodier error is caused by 
temperature of die cold junction, which is always taken to be 293 K but depends on room 
temperature. 

The error in die hehum detection efficiency appears to be about 10 %. 
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3.4. Detection of Impurities and study of the surface 
morphology 

3 mm 

amorphous silicon 
crystallized silicon 

10 mm 

molybdenum 

Figure 3.7: Schematic presentation ofthe sample used in the 
SIMS, AES, SEM and AFM measurements. 

At the end of all measurements an amorphous shicon fihn of 800 A thickness is deposited on top 
of die crystalhzed layer and die hnpurity concentration of dds fihn is studied widi Secondary Ion 
Mass Spectrometry (SIMS) and Auger Electron Spectroscopy. The surface morphology of bodi 
die amorphous sdicon fihn and die crystaUized layer are studied widi Secondary Electron 
Microscopy (SEM) and Atomic Force Microscopy (AFM). The sample diat is used hi aU diese 
studies I S schematicaUy presented hi figure 3.7. ft can be seen tiiat only a part of die crystaUized 

layer is covered by the 
amorphous sihcon film. This 
was caused by problems widi 
the aperture placed hi front of 
die substrate. With this sample 
it is possible to perfonm not 
only measurements on die 
amorphous sUicon fihn but also 
on the uncovered crystaUized 
layer. 

In SIMS an ion beam 
bombards the surface and 
sputters neutral atoms and ions 
both positive and negative, 
smgle and multiple charged and 

clusters of particles, fiom die outemiost fihn layers. The sputtered particles enter an energy filter 
and arc coUected m a mass spectrometer, were diey are mass analyzed m order to identify die 
species present as weU as to detennhie tiieh abundance. The sputter ions employed are Oz', and 
diese are focused hito a beam widi an energy of 6 keV, which bombards die sample under and 
angle of 45° resulting in a sputtering rate of 2 nm/ndn. 

In AES an electron gun ahns a focused beam of ~ 2 keV elections at die spechnen surface, 
where I t I S scanned over die region of hiteresL Emitted Auger elections are dien energy analyzed 
Depth profiting can be accomphshed widi hicorporated ion guns dian enable die spechnen surface 
to be continuously sputtered away whUe Auger electrons are bemg detected Multi-element 
composition deptii profiles can tiius be detemdned over total tidckness of several diousand 
angstroms by sequentially samphng and analyzmg arbitt-ary ddn layer̂ s. 

In SEM electrons are emitted fiom a catiiode filament are drawn to an anode, focused by two 
successive condenser lenses mto a beam widi a very fine spot size (-50 A). Pairs of scannmg 
coils located at die objective lens deflect die beam over a rectangular area of die specimen 
surface. Electron beams havhig energies rangmg fiom a few diousand to 50 keV, witii 30 keV a 
common value are utihzed. Upon hnpmgmg of die spechnen, die primary electrons decelerate m 
die losing energy transfer m elasitcaUy to otiier atomic elections an to die lattice. Through 
continuous random scattering events, die primary beam effectively spreads and fiUs a teardrop-
shaped interaction volume witii a multitade of electionic exications. The result is a distiibution 
of electrons that manage to leave die spechnen 

In AFM die tip-sample force mteraction is used to probe local properties of die sample 
surface. A topographic map of a sample surface is obtahied for mstance, by keephig die force 
constant whUe scanning die sample relative to tiie tip. 



4. Results & Discussion 

This chapter presents and discusses the results of the experiments. The apparatus we used 
combines IBAD in situ with Thermal Desorption Spectrometry (TDS) which enables us to study: 
- amorphous silicon (a-Si) films deposited with and without ion bombardment 
- bottom-up probing in which the probing atoms originate from below the deposited film 
- structural relaxation and crystallization ofthe amorphous film 
The impurity concentration in both an amorphous and a crystallized silicon film is studied with 
Secondary Ion Mass Spectrometry (SIMS) and Auger Electron Spectroscopy (AES). The surface 
morphology of both films is stiidied with, SEM and AFM. The results of these measurements are 
presented in section 4.1. Section 4.2 gives a review of some experimental details. Sections 4.3, 
4.4. and 4.5 present and discuss the results of TDS experiments on amorphous silicon films. 
These results are subdivided in three subjects: 
- EVAP a-Si: amorphous silicon films deposited without ion bombardment (section 4.3) 
- IBAD a-Si: amorphous silicon films deposited with ion bombardment (section 4.4) 

- anneal series of EVAP a-Si (section 4.5) 

4.1, Incorporation of impurity elements 

800 A([) 

5 um 

a-Si 

4.1,1. Detection of impurity elements witli SIMS and AES 

4.1.1.2. Secondary Ion Mass Spectrometry (SIMS) 
In total five SIMS measurements have 
been perfonned, diree on an amorphous 
film of 800 A ddckness, on top of die 
crystalhzed layer (of about 5 pm 
ddckness) that had developed on die 
molybdenum substrate in die course of 
the measurements, and two on the 
crystalhzed layer without an amorphous 
film (see fig. 4.1 and fig. 3.7). The SIMS 
measurements were performed at die end 
of all TDS measurements. The elements 
examined are carbon, nitrogen, 
hydrogen, and oxygen, which are ah 
present hi die vacuum system; copper 

crystallized layer 

mo'ybdenum 

Figure 4.1: Side-view ofthe sample used in the 
SIMS, AES, SEM and AFM measurements. A poly 

D r e s e U l U I U l C v a c u u m a y a L v ^ m , i / v / p i ^ i , , , , . J u 

from die water-cooled copper evaporator crystalline molybdermn substrate is covered by a 
holder; and molybdenum from die crystallized layer of ~ 5 mthickness Apart of the 

crystallized layer is covered by a 800 A amorphous 

silicon film. 
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substrate. In the SIMS measurements an oxygen ion beam was used for sputtering, dierefore 
oxygen could not be detected. NormaUy, a cesium ion beam is used for die detection of oxygen, 
but the cesium source had broken down and could not be used. 

Figure 4.2 shows die results of two SIMS measurements, one on die amorphous film (a) and 
one on die crystalUzed layer (b). The otiier tiiree measurements gave stindar results and are not 
presented here. It should be noted diat during SIMS a crater was sputtered witii a total deptii of 

amorphous film I crystaUized layer 

(a) 

10" 
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Figure 4.2 Concentration of molybdenum, carbon, hydrogen, nitrogen, and copper in an 800 A 

amorphous silicon film (a) and in the crystallized layer (- 5 \m) (b) as measured with SIMS. The 

sputtering rate is 0.33 Als and for sputtering a 6 keV Oi^ beam is used. For comparison ofthe amount 

of incorporated impurities, the number of silicon atoms per/cm^ is 5 x 10^^ in pure crystalline silicon 

about 2200 A. Consequentiy, only tiie first 2400 seconds (800 A) of die SIMS signal in figure 
4.2a represent die impurity concentration di die amorphous film. The signal above 2400 seconds 
represents die impurity concentration in tiie crystaUized layer below die amorphous film. The 
mtcrfacc between die amorphous film and die crystalUzed layer is indicated in figure 4.2a. Table 
4.1 shows die incorporation of molybdenum, copper, carijon, hydrogen, and, nitrogen in tiiese 
films al 200 A deptii. The results for amorphous sUicon are tiie averages of tiiree measurements. 
The results for die crystalUzed layer are die averages of two measurements. 

Table 4.1: Average values for the impurity incorporation in 
amorphous silicon and in the crystallized layer as measured 
with SIMS. 

element amorphous siticon crystaUized layer 
[at. %1 [at.%1 

Molybdenum 0.07 7 
Copper 0.0005 0.00003 
Carbon 0.9 4 

Hydrogen 7 0.14 
Nitrogen 0.04 -

These results show diat molybdenum is incorporated in a relatively high amount in botii die 
cr>'slallizcd layer and tiie amorphous film. It should be noted tiiat tiie molybdenum signal m die 
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crystallized layer is very high and might be saturated. At die diterface between die amorphous 
fflm and die crystalhzed layer a wide concentration profile is shown. This profile might be a real 
effect i e due to diffiision of molybdenum hi die amoiphous fihn during or after deposition, or a 
spurious effect due to die hmited depdi resolution of SIMS. This is examhied witii AES and die 
results of diese measurements are discussed hi more detah hi die next sectioa 

Only littie copper is detected hi botii materials. The presence of copper hi die fihn can be due 
to diffusion of copper from die water-cooled copper holder hito die sdicon melL Copper diffiises 
very easdy mto die sdicon even at radier low temperatiires D(600 K) = 1.2 10 an /s, 
(Ei = 0 43 eV, Do =0.0047 cm /̂s, hivestigated hi die range of 573-973 K) . The lower 
incorporation of copper hi tiie crystaUized layer might be due to diffusion of copper to larger 
depths m tiie fihn during die anneal step. However, h is not clear why die copper signal m die 
crystalhzed layer witii tiie amorphous fihn on top, is higher tiian hi tiie uncovered crystaUized 

layer (see, also figure 4.1). ^ ^ • f 
ShnUariy, tiie hicorporation of carbon hi die fihn might also be caused by diffusion of 

carbon from die carbon cup hiserted as tiiennal and diffusion barrier hi die coPIjr evaporator 
source. However, die diffusion of carbon hi sUicon is much slower D(600 K)=1.8xl0 on s 
(£,=3 1 eV Do=l 9 cm' s-\ hivestigated between 1343 and 1673 K ) ^ and can not explam die 
uicoiporation of carbon hi tiie sUicon fihn. Hie large carbon signal just below tiie surface of die 
crystaUized layer is not understood. . , ^ , 

Hydrogen is also present hi relatively high amounts hi botii matenals. Nitiogen does show 
up in die amoiphous fihn, but is hardly detectable hi die crystaUized layer. As with c o ^ r i t is 
not clear why die results of die crystaUized layer widi amoiphous fihn on top differ from die 
results of die uncovered crystaUized layer. ^ , t _ 

The results show a much higher presence of tiiese hnpurities dian is expected to be 
hicorporated during depositioa Suppose tiiat tiie background pressure P of H , N , C, and O-
contahring gases is 10"' mbar during depositioa THe number of particles L tiiat hit tiie substrate 
surface per unit of time per unit of area can dian be calculated witii 

^_ P (4.1), 

where m is tiie mass of die hnphigdig panicles, k die Boltzmami constant, and T die temperature 
ffmis taken as 1.8 10"^ kg, die average mass of die hnphighig particles, h can be calculated tiiat 
die hnpingement rate on our sample is about 5x10^ A/s. Then die upper hmit (stickhig factor ) 
of hicorporated hnpurity elements during deposidon is approxhnately 5x10 (500 Ppm). Table 
4 1 shows tiiat tiie total hicorporation of C, N and H hi die amorphous fihn is about 100 times 
higher. The hicorporation of tiiese elements hi tiie crystaUized layer is about 10 times higher dian 

die value calculated above. . ^ , 
The high hicorporation of tiiese gasses might be caused by adsorption of diese elements 

durincr the transport of die sample outside die IBAD apparatiis. Hds explanation can oidy 
elucidate our results i f die surface of die fihns is rough, which enables hnpurity elements to be 
adsorbed hi deep gaps and to be mixed hi die fihn during SIMS, h i order to examme tins 
explanation we took a close look at die surface of bodi die crystaUized layer and die amorphous 
with a hght microscope, Secondary Election Microscopy (SEM), and Atomic Force Microscopy 
(AFM). The results of tiiese measurements are presented hi section 4.1.2. 

4.1.1.2. Auger Electron Spectroscopy (AES) ^ ^ 
Figure 4 3 shows tiie results of AES measurements on tiie crystaUized layer and on die 
amorphous fihn. These measurements were perfonned on die same sample as tiiat used for fte 
SIMS measurements. The sputtering rate for botii fihns is 25-30 A/mn. Figure 4.3a cleariy 
shows lhat tiie molybdenum signal measured witii SIMS was mdeed satiirated. The molybdenirai 
uicoiporation hi tiie crystalhzed layer is as high as 34 % histead of 7%, which hidicates diat die 
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crj'siallized layer consists of MoSia. From hterature data i t can be concluded diat dds film is 
initially fomied by die diffusion of sdicon into die molybdenum substrate, and has developed as 
result of diffdsion of sdicon m die MoSiz layer diat is fonned on top of die molybdenum 
substrate (see fig. 4.1). The diffiision of sdicon m MoSiz starts at about 1100 K^̂ -̂ ^ 
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Figure 4.3 AES results on the crystallized layer (a) and the amorphous 
film (b). The sputtering rate is 27 ±3 Almin. 

As can be seen from figure 4.3b, die AES results show a much smaUer transidon stage between 
die molybdenum concentradon m die amoiphous and die crystaUized layer, h can be concluded 
that the wide molybdenum profile of figure 4.2 is not caused by diffiision, but is only a feature of 
die expenmental technique (for example ndxmg of die fihn by die oxygen beam). These results 
arc confinned by diffusion experiments described m die hterature, which show diat at room 
temperature (and even up to 1100 K) no significant hiterdhfiision between Si and MoSio takes 
place. '̂̂ ^ 

Since die smaU fraction of molybdenum mcoiporated m die amoiphous sUicon fihn Gess 
than 0.1 %) cannot be explained by diffusion from die substrate, i t must origmate fiom anodier 
source. A possible source is die molybdenum fihn diat had developed on die mterior of die vessel 
dunng the deposition of molybdenum m earher experiments. SmaU chips ftom dds fihn may have 
fallen down into tiie sdicon meh (especiatiy fiom die mirror diat is positioned above tiie sdicon 
melt). We tiierefore examhied die hicoiporation of molybdenum m die sUicon meh widi gas 
analyses. The results confinned our explanation, about: 0,8 % Mo is hicorporated m die sUicon 
melt. 
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Figure 4.4 picture ofthe sample (magnification 140 x) showing the 
border between the amorphous film (dark gray)and the crystallized 
layer (light gray). 

Figure 4.5 SEM pictures ofthe amorphous film (a) and the 

crystallized layer (b). 
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4.1.2. Surface topography 

4.1.2.1. Light microscopy 

Figure 4.4 shows a Hght-microscopic image of the sample (the same as is used m die SIMS and 
AES measurements) at die border between die amorphous dim (dark gray) and die crystaUized 
layer. This photograph clearly shows a network of cracks. The distance between diese cracks is 
about 0.1 mm. TTiese cracks are caused by shrinkage stress di die films as a consequence of die 
difference m expansion coefficient between molybdenum and MoSiz (7 8x 10^ K"̂  and 9 7 x 
10- K- , respectively.^^ Consequentiy, tiiey are fonned before die amoiphous fihn is deposited 
However, the cracks are still visible hi tiie amoiphous fihn because tids fihn is not tidck enough 
to cover them. ^ 

During transport of tiie sample hnpurities can be adsorbed m die cracks, which partly 
explain the high incoiporation of hnpurity elements as detected witii SMS. However tiiese results 
do not explain tiie difference m hnpurity concentration between tiie amoiphous and die 
crystalhzed layers. This difference is discussed m more detad m die section 4.1.2.2. 

Figure 4.4 also shows two circular objects hi botii tiie amoiphous and die crystaUized layer 
The size of diese objects is about 0.1 mm diameter and hi total about 20 to 30 of diese objects are 
found m the film. We do not know what diey are. 

4.1.2.2. Secondary Electron Microscopy (SEM) and Atomic Force 
Microscopy (AFM) 

Figure 4.5 shows SEM micrographs of die amoiphous (a) and die crystaUized layer (b) It can be 
seen lhat both die crystalhzed layer and die amoiphous fihn show separate 'blocks' of about 0 8 
pm diameter, widi smah particles (of about 0.07 pm diameter) on top. These hnages are studied 
m more detad with AFM and die 
results are shown m figure 4.6 and 
4.7. These micrographs clearly show 
that the 'blocks' detected witii SEM 
are fonned by a rough 'mountain-like' 
surface structure. It can be seen m 
figure 4.7 that deep aUeys (widi a 
depth in the order of 100 nm and a 
length in the order of 600 nm) exist 
between die 'mountams', m which 
impurities can be adsorbed during 
transportation of tiie sample. Figure 
4.6 shows that the smah particles 
detected with SEM are irregularities m 
tiie surface structure. 

The higher Uicoiporation of 
impurities in tiie amorphous fihn m 
comparison wiüi the crystalhzed layer 
(as derived from die SIMS results), is 
expected to be caused by roughness of 

X 0.500 VH/diu 
2 200.000 m/iia 

Figure 4.6: AFM picture ofthe crystallized layer. 
The amorphous film showed similar results. 

the amorphous fihn, which enables die adsoiption of hnpurities to a large depdi m diese fihns 
From the AFM result no difference is detected between die crystaUme and die amoiphous fihn' 
According to die model of Messier (described m section 2.3.2) tiie amoiphous fihn on top is 
expected to consist of small columns (20-50 mn diameter). The resolution of tiiese micrographs is 
not high enough to study such smaU irregularities. 
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4.1.3. Infiuence of impurity incorporation on the TDS results 

The rcsuUs presented üi dte previous secdons show diat die amorphous film contadis a Htde 
(-700 ppm) molybdenum. Bodi die amorphous and die crystaUized layer contadi a very smaU 

amount of copper (~5 ppm and ~3 ppm, 
respectively). The smaU incoiporation 
of copper is not expected to have any 
significant hifluence on die TDS 
spectra. Both fihns also show 
incorporation of H, C, O, N. The 
presence of these elements is thought to 
be maiidy due to adsoiption hi die 
cracks or smaU gaps of tiie films during 
transportation of the sample (thus after 
the sample has left the IBAD 
apparatus), although calculations 
(section 4.1.1.2.) indicate that smah 
amounts ( « 500 ppm) of tiiese 
elements can also be incorporated 
during deposition. 

In general, die presence of 
hnpurities in pure crystaUine materials 
does have a large influence on die TDS 
spectra. Hehum can be trapped in die 
deformed regions surrounding impurity 
atoms, resulting hi accompanying 
desorption peaks hi the TDS spectra. As 
is discussed in section 2.3.1, amorphous 
sUicon differs firom crystalhne materials 
m the sense that i t has no long range 
periodicity in its structure. As-deposited 

amorphous silicon is expected to contahi many defects. Therefore, 'deformed' regions are 
inherent to die amorphous stmcfiire, and h is hnprobable tiiat smaU amounts of hnpurities 
infiuence the desorption spectra significantiy. 

Figure 4.7 AFM picture ofthe crystallized layer. 
This picture clearly shows that deep (in the order of 
100 nm) 'alleys' exist between the 'mountains' in 
which impurities can be adsorbed during transporta­
tion ofthe sample. The light gray horizontal planar 
boundaries are caused by the scanning limits ofthe 
AFM. The parallel lines are caused by the scanning 
method and are no features ofthe sample. 

4.2. Experimental details 

Before the results of the TDS experiments are presented some experimental detads are 

summarized. 
• In the initial experiments tiie heating rate p was 40 K/s and die counting time 25 ms. Later we 

decided that (3 = 10 K/s and a counting time of 50 ms resulted in spectra widi sharper peaks. 
For all results presented the heating rate is indicated. 

• Most series are con-ected for background by subtracting die reference signal from die hehum 
signal. I f series are not corrected tiien this is spechicaUy noted hi die figure caption. 

• In the following 'energy dependence' and 'fluence dependence' refer to die hehum ions used 
for defect probdig, not to argon ions used for IBAD. 

• Fluence values are shown witiiout conections for back-scattered ions and secondary electrons, 
unless odierwise noted (because die conection factors are not very weU known). 
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• AU results presented in die section below are deconvoluted for residence tune delay and 
subsequentiy smootiied by averagdig over 11 data podits to reduce unwanted ndse. 

• During ion beam assisted deposition, die sample is biased at -10 V to prevent the electrons hi 
die ion beam and stray electrons to reach die sample. Argon ions iidtiaUy accelerated with an 
energy of £ , wUl tiierefore have an energy of £ + 10 eV when diey reach die sample. This 
extra energy gam is nowhere hicluded hi die data presented. 

• The standard values used in die experimental series are fflm ddckness = 200 A, hehum 
implantation energy Eu>n =200 eV, and hnplanted hehum fluence 0 = 1 0 " HeVcm'. 

4.3. Evaporated (EVAP) amorphous silicon 

This section presents tiie results of TDS measurements on tidn evaporated (EVAP) amorphous 
sihcon films. The questions discussed are: 

• Is it possible to study defects m amoiphous sihcon films with TDS? 
and i f this turns out to be possible, 
• Which types of defects can be detected? 

In order to find an answer to diese questions we have performed four series of measurements, m 
which we varied die hehum implantation energy, die hnplanted hehum fluence, and die fihn 
tidckness. The fihn tidckness variation is stadied by two methods: ordhiary hehum hnplantation, 
m which hehum is hnplanted hi the top layer, and bottom-up probmg, hi which hehum originates 
from below die film. This section presents and discusses die results of diese experiments. 

4.3.1. Variation in helium decoration energy 

By hicreashig die hnplantation energy, tiie hnplantation depdi and die possibUity of damage 
creation are botii increased. Hence, a variation m implantation energy can be performed in order 
to gain insight hi die deptii distribution of defects, and hi die lowest hnplantation energy tiiat 
causes significant damage production for tiie hnplanted fluence employed. As is calculated hi 
section 2.1, tiie tiireshold energy for damage production E,h for hehum hnplanted hito sdicon is 
about 50 eV. I f a desoiption peak is due to defects created by die hehum beam, ii wUl appear 
only above die direshold energy for defect creation and mcrease with increashig hnplantation 
energy. 

4.3.1.1. Results 
Figure 4.8a shows hehum desoiption spectra for 200 A tidck amorphous sUicon fihns, hnplanted 
witii a fluence O of lO" He/cm^ and with hnplantation energies Eu>n rangmg firom 20 to 1000 eV. 
We chose a tidckness of 200 A to assure that aU hehum atoms tiiermahze hi the amoiphous fihn 
and not in the crystalhzed layer (see figure 2.9). Much thicker fihn are not deshable because die 
amount of sUicon deposidon material is hmited. The hnplanted fluence of lO" He/cm' is tiiought 
to be tiie optimum between a good signal to noise ratio, and a mhrimum disturbance of die sohd. 

AU desorption spectra are plotted hi normalized form, i.e. as L(T)I<!>% where L(T) is die 
heUum desoiption flux [He/cm'/s], 7 is tiie temperature of die sample [K], and p is die heating 
rate [K/s]. This means tiiat a straightforward hitegration of a spectrum yields die desorbed hehum 
fraction, i.e. tiie number of hehum atoms desorbed relative to die number of hehum atoms 
hnplanted. I f all hehum atoms have left die specimen at die highest temperature, die total 
desorbed fraction is equivalent to the total trapping probabUity. 
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For the separate peaks in the spectra, integrated ditensities / (He/cm^) are calculated according to 
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Figure 4.8b presents die desorbed 
fractions //O associated with the peaks in 
figure 4.8a versus The fohowhig 
points can be mentioned: 
• The energy dependence o f / / O shows 

a relatively large increase for low 
unplantation energies varying fiom 
~ 10% at 20 eV to ~ 40 % at 100 eV. 
Above 100 eV tiie fi-apping is ady 
shghtiy hicreased from ~ 40 % for 100 
eV implantation to -50 % for 1000 
eV. The low value at 500 eV is 
probably due to an error in the current 
measurement. 

• At low implantation energies (< 200 
eV) a broad peak is present between 
about 400 to 700 K. We designate dds 
peak as the a peak. 

• The a peak first increases witii 
Above 200 eV its area decreases. 

• The shape of the a peak changes witii 
hehum energy. One feature is that the 
position of tiie peak maxhnum T^^ 
shifts to higher temperatures with 
increashig hnplantation energy. 

• Above an hnplantation energy of about 
50 eV, a second broad peak, caUed die 
y peak, appears between about 700 K 
and 900 K, and mcreases witii 
increasing implantation energy. 

Below tiiese five points are discussed in 
more detah 

4.3.1.2. Trapping probability 
I f hedum is immobde in amorphous sUicon 
at room temperaUire we should expect a 4 s:Variationin implanted helium energy 

trapping probabihty of 100 %. At fim ^^^^ f ^ ^ , ,uicon film of200 A thickness. 
sight die trappmg results of fi^ 4 b j i,,,,^^^,^, jo's Helcm\ (a) Helitm desor-
seem to indicate a much lower tiappmg m P Desorbed fraction as a fianction 
our fihns. However, as mentioned m ^ f . , ,. 
section 4.2, tiiese data are not corrected of the tmplanted hehum energy. 
for secondary electrons and back-scattered 
ions. Both tiiese effects lead to an overestimation of tiie hnplanted fluence, hence our trappmg 
probabilities are too low. The percentages of back-scattered ions as calculated by TRIM are 
given in table 3.2. As was noted hi section 3.3, tiie values calculated widi TRIM are not very 

•e-

\ 

m 
c 

,0 

o o 

TD 
0) 

i_ 
O 

« 
QJ 

."I 1 

0.01 
10 100 1000 

implantotion energy [eV] 

Results & Discussion 34 



reliable for low implantation energies (below a few hundred eV). Moreover, with TRIM no 
calculaiions below 100 eV can be perfonned. Aldiough die exact values might dierefore not be 
very reliable, table 3.2 clearly shows diat die percentage of back-scattered ions decreases widi 
increasing implantation energy. This points out tiiat tiie increase in trappdig witii increasdig 
implanialion energy can be ascribed to a decrease of back-scattering. 

Wc expect die influence of secondary electtons for die used energy range to be constant, as 
is the case for other materials tike molybdenum and tungsten. Unfortunately, no values of die 
secondary' electron coefficient for siticon are knovwi to us. From woric on molybdenum and 
tungsten i t is known that tids value is about 25-30 %. When tiie trapping results are corrected 
with these values, die total trapping turns out to be close to 100 %. This result is consistent 
with the assumption of die immobdity of hetium di siticon at room temperature. 

It should be noted, however, tiiat tiiese results can not rule out the alternative possibitity that 
helium is mobde ui siticon at room temperature. As can be derived finom figure 4.9, a trappdig 
concentration of almost 100 % is also found 
i f helium is assumed to be mobde at room 
temperature, as long as the defect 
concentration is higher tiian about 10"̂  (Rp 
-50 A). I f we assume that hetium is mobde at 
room temperature, the sharp increase in 
trapping at die low energy side of fig. 4.8b 
can also be due to the increased depth range, 
and thus die decreasdig probabitity that 
helium reaches die surface without bedig 
trapped. 

Summarizing, we cannot decide on the 
(im)mobitity of hehum on die basis of die 
present results, since for high trappmg 
probabilities TDS is insensitive to die value 
of the trap concentration. 

'3 
CO 
.o o 
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CL 

10"' 10"° lO'̂ " 10"̂  10"-
Trap concentration c,̂  

4.3.1.3. The a peak 
The a peak is very broad, about 4 to 5 times 
wider than a first order desoiption peak i f die 

infinite depth, the dashed lines are for a constant 
trap concentration extending toRp.''^ 

Figure 4.9: Trapping probability F^for a 
truncated Gaussian as implantation profile for 
various values for Rp (in A) as function ofthe 

, ^ r - ^ ^ u . u 1^ u • t . A-T^ • trap concentration Cr-The solid lines are results values of die widdi at half height AT in m r , , , 
, „ ^ for a constant trap concentration extending to 

relation to 7^,^ are compared. The broad * 

shape of the a peak hidicates a distribution 
of helium/defect dissociation energies. In 

general, the hedum/defect dissociation energy hicreases witii mcreasing tap size. Hence, die a 
peak indicates die existence of a range of smah traps of varymg sizes. This result is m agreement 
with what is expected for an amoiphous material, hi which die sizes of the interstitial positions 
and atom-size defects vary from place to place as result of the varying anrangement of die 
surrounding atoms. 

Interstitial sites m amorphous sihcon are not as clearly defined as hi crystalline sihcon, but 
can be defined as die open spaces between the sihcon atoms in an ideal CRN. Examples of atom-
sized defects m amoiphous sdicon can tiien be defhied as one or a few misshig atom(s) hi die 
CRN. These atom-sized defects can be surrounded by one of more danghng bonds (see section 
3.2.1). As mentioned m section 4.1 other possible traps are defonned regions surrounding 
incorporated impurities. 

Y d , it is not clear whetiier tiie broad a peak should be assigned to hehum desoiption fi-om 
interstitial sites, atom-size defects, traps caused by the hicorporation of hnpurity atoms, or a 
combination tiiese tiiree. In order to get a better hisight in tids problem tiie fohowmg values 
should be derived: 
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• the range of helium desorption energies from die a traps, and 

• die concentradon of a traps. 
An estimate of these values can be obtained from tiie position and tiie shape of tiie a peak by 
calculations witii HOP. A few prehminary calculations were performed. 

Before startmg witii tiie HOP calculations a reasonable value for Vo must be chosen. Desorption 
spectra of the crystahized layer, which are presented in appendix C, showed a series of first order 
desorption peaks. Upon fitting tiiese peaks to tiie first order desoiption tiieory h turned out tiiat 
the resulting Vo was not equal to tiie Debye frequency (10^ s"̂ ) but varied between about 10* and 
10" s"' (see appendix C, tables C l and C2). h i tiiese HOP calculations we chose a frequency of 
10^ s ', which is about tiie average, ft should be noted tiiat hi first instance h was tiiought tiiat die 
spectra in appendix C represent tiie spectra of crystaUine sUicoa From tiie AES results we 
learned later that tiiese specffa are more Ukely to be due to MoSiz, or at least fiom crystaUme 
sdicon widi a high concentration of molybdenum. 

Therefore, die value for Vo chosen here for amoiphous sihcon is not much more tiian a 
reasonable guess. However, an error m tiie absolute value of Vo would not seriously hivahdate die 
analysis to be presented. Higher values for Vo would stiU yield very shnUar results, i f only higher 
energies would be used (diese energies are about 0.2 eV higher i f Vo =10" s'̂  s chosen histead of 
Vo = 10's"'). The opposite is tme for lower values of Vo. 
In the previous section ft has been derived diat die total trappmg is close to 100%. Fig. 4.9 shows 
diat a total trap concentration of 80 to 100 % represents a defect concentration of > 10"̂  t f hehum 
is mobile at room temperature. Therefore, HOP calculations are perfonned for three different frap 
concentrations 1 (all mterstitial positions act as traps), ~ 1.5 10'^ and -1.5 10', respectively, hi 
die first trial hehum is immobde at room temperature in tiie otiier two trials hehum is mobUe at 
room temperature. In the latter trials, 
die binding energy of heUum to an 
interstitial position is chosen to be 
0.2 eV. 

It can be reasoned tiiat in order 
to simulate die broad a peak in die 
experimental results, the 
concentrations of tiie traps should 
decrease with increashig binding 
energy. Otherwise die stronger 
binding traps wih dominate in the 
spectra, which results in a spectrum 
that increases in intensity with 
increasing hehum desorption 
temperature. Therefore, we have tried 
a series of concentration spectra with 
a maximum of six traps, in which die 
defect concentration decreases with 
increasing defect number n, such that 
Cirap = a (pf - For p we have chosen 
die values 1/2, 1/3, 1/5, and 5/12. 
Moreover, Ed of all six traps is varied 
in order to obtain die same peak 
width as in the experimental spectra, 
witii tiic restriction tiiat tiie Ed always 
decrease widi tiie same amount with 
increasing trap number. We also Uied Figure 4.10: Results of HOP fits to the apeak for three 
to fit the a peak witii less tiian six different concentrations of a traps. The fit parameters 

are oresented in table 4.2. 
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traps. Finally, a fit with six traps and p==l/3 was found to result in the best fits. For the 
simuladon of die a peak, die desorption spectra for a 200 A film are chosen. The trap 
concentradon is assumed to be uniform du-oughout the fihn. The best fits where obtained for die 
parameters shown in table 4.2. 

Table 4.2: Parameters used in HOP calculations. Film thickness 200 A, 

^=40 K/s, Rp=48 A, ARp=27 A, Edfor interstitial helium = 0.2 eV, 

X= 2 A, and n (silicon density) =0.050 A'\ Energies are expressed in eV. 

Total a defect concentration 

SCtHD = 1 1.5 10-' - 1.5 10"' 
defect nr. * 

Ctiap Ed Ctrap Ed Ctrap 

1 0.5 0.9 0.70 1 X 10"' 0.75 1 x 10' 
2 0.7 0.1 0.75 3.3 X 10"' 0.835 3.3 X 10^ 
3 - - 0.80 1 X 10"' 0.92 1 X 10^ 
4 - - 0.85 3.3 X IO"* 1.005 3.3 X 10"̂  
5 - - 0.90 1 X 10^ 1.09 1 X 10"̂  
6 - - 0.95 3.3 xlO"^ 1.175 3.3 xlO^ 

interstitial - - 0.2 1-ZCtrap 0.2 l-2Ctrap 
sites 

We also tried to fit die apeak widi 6 defects witii S C t e p = 1, and various 
energy ranges and concentrations but i t didn't result hi better fits. 

200 400 600 800 1000120014001600 200 400 600 800 1000120014001600 

Tempera ture [ K ] Tempera ture [ K ] 

Figure 4.11: HOP simulations ofthe variation in implantation energy. The accompanying fit parameters are 
given in table 4.2 fori. c^=7.J x 70"̂  (a), and I c^l.5 x 10'^ (b). 
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The resulting fits are presented in figure 4.10. It can be seen diat HOP calculations performed 
widi Ic^p = 1.5 10-' and Sĉ p̂ - 1.5 10'' bodi show good fits. For Ict^p = 1 no good fit could be 
derived. Calculations with dds high defect concentration yield an incorrect peak shape, caused by 
a second peak on die right side of die 'primary' a peak. This second peak is always lower dian 
die 'primary' a peak. DetaUed studies of die origin of dds peak showed tiiat it is caused by 
retrapping of hetium at large depdis in die amorphous fihn. This peak appears hi aU calculated 
spectra widi a defect concentration > 0.1. 

Table 4.2 shows diat die range of hetium desoiption energies from the a traps is dependent 
on die chosen trap concentration and varies between about 0.75 - 1.175 eV for a total defect 
concentration of = 1.5 10"', and 0.7 - 0.95 eV for a total defect concentration of ~ 1.5 10"'. This 
is about as far as we can get hi dds work. 

In order to be able to directiy relate tiie desorption peaks to certahi types of defects additional 

hiformation is required about 

• The hedum dissociation energy fiom bodi interstitial positions and atom-sized defect hi die 

siticon CRN. 
• General values of die concentration of different mterstitial sites hi tiie CRN. 
This infonnation should be considered in further research. 

4.3.1.4. Change of a peak with increasing implantation energy 
The observed shift of Tnuvc of die a peak to higher temperatures widi hicreashig hnplantation 
energy can be ascribed to retrapphig. The hnplantation deptii hicreases widi hnplantation energy, 
and the deeper die hehum is hnplanted, die stronger is die effect of retrapphig. Hehum atoms 
trapped in shadow a traps desort) at relatively low temperatures and can be retrapped hi shnhar 
or deeper a traps, on tiieir way to die surface. Because of die stronger bindhig of die deeper a 
traps, or die delay hi movement to die surface caused by retrapphig in traps of shnhar depdi, 
helium that first desorbs at low temperatures and is retrapped, appears at higher temperature hi 
the spectra. 

This explanation is examhied by computer calculations widi HOP for total defect 
concentrations of Zc«p - 1.5 10"' and 2c«p - 1.5 10"'. h i diese calculations we used die 
parameters from table 4.2. The results are shown hi figure 4.11a and 4.11b, respectively. Bodi 
figures show tiiat tiie shift of T,„^ of tiie a peak can indeed be ascribed to die hicreased depdi 
range of the hnplanted hetium (see fig. 2.9) and tiius to retrapphig. 

4.3.1.5. Appearance and increase of they peak 
The y peak (fig. 4.8) appears at higher desorption temperature than die a peak, which indicates 
that die y traps are deeper dian die a traps, pohiting to vacancy clusters or voids. Yet, die 
possible size of tiiese defects is not known. A mediod that can give additional hiformation about 
tiie size and tiie number of voids hi tiie fihn is Transmission Electron Microscopy (TEM). 
The growth of die y peak witii hicreashig hnplantation energy can be explahied by two effects: 

• The mcrease of die hnplantation deptii witii hicreashig hehum hnplantation energy (see fig. 
2.9), which hicreases tiie probabdity for probe atoms to get trapped in traps tiiat exist at a 
larger deptii hi tiie fihn, or in traps witii a low concentration (Tids second explanation arises 
from the hicrease in retrapping with increased hnplantation depth.) 

• The increasing production of y traps with increashig hehum hnplantation energy. 
The production of defects by probe atoms can be studied by two mediods: (i) fluence variation, 
which usually shows a more tiian hnear mcrease of die desorpdon peak widi hicreashig fluence 
when the defects are produced during hehum implantation; and (h) bottom-up probing, hi which 
helium originates from below die fihn, and has not enough energy to create defects. I f a peak 
shows up m a bottom-up experiment, ft cannot be due to a defect produced by die hehum ions. 
Both experiments have been performed and die results are described hi section 4.3.2 and 4.3.4, 
respectively. 

Results & Discussion 38 



4.3.1.6. Decrease of a with increasing y 

The decrease of the a peak with mcrease of the y peak (fig. 4.8) can be explamed by rettappmg. 

Hehum midaUy bound to a traps, is released at relatively low temperature and can be retrapped 

m y traps on its way to die surface. At higher temperatures die retrapped hehum is released agam, 

together widi die hehum orighiaUy trapped hi die y traps. Consequentiy, die resulting spectra 

show an a peak diat contains less hehum, and a y peak tiiat contams more hehum dian die 

origmal proportion of hehum hi die a and y defects hnmediately after hnplantation. This 

explanation should be examhied widi HOP in fiirther research 

4.3.2. Variation in implanted fluence 

Figure 4.12a and 4.13a show die normahzed desorption spectra for a series of fluences varymg 
from 5 X 10" to 2 X 10^" He/cm' for two hnplantation energies 40 eV and 200 eV, respectively. 
The film ddckness is 200 A. An hnplantation energy of 40 eV is below die direshold for defect 
Creadon, dierefore we can be certahi diat none of die features of dds TDS series is due to defect 
Creadon by the helium probe atoms. The 200 eV spectrum shows bodi die a and die y peak which 
enables us to study die hifluence of fluence increase on both peaks. Figure 4.12b and 4.13b show 
die rcsulthig desorbed fractions //O as function of <ï>. 

The results show tiiat die normahzed areas of bodi the a and die y peak are mdependent of die 
implanted fluence. In general die independence of die area of a desorption peak on die implanted 
fluence hidicates diat no significant damage is created under die apphed conditions. To be more 
precise, however, fluence-hidependence of a nonmalized peak area merely means that the trapping 
probabihty of an mcommg hehum ion m diat particular defect is mdependent of die time of 
hnplantadon. Hence, die fluence-independence is also found when damage is prxxluced and each 
hehum atom tiiat creates a defect is trapped hi die defect it has just created. Therefore, dds result 
does not prove diat die probe atoms do not create significant defects. Bottom-up experiments can 
distinguish between diese two possibdities and are perfonned to obtain more insight hi die nature 
of the y traps. The results of diese experiments are described m section 4.3.4. 

An additional fluence variation for 500 eV hnplantation energy is shown in appendix A. This 
series shows results completely shidlar to die 40 and 200 eV series. 

4.3.3. Variation of film thickness 

A variation hi fihn tidckness is performed in order to gam msight m die possible change of defect 
types with hicreashig film thickness, and in die existence of defects at the interface between the 
crystalhzed layer and die amorphous fihn. Two series of ddckness variations are performed, one 
widi an implantation energy of 40 eV (below tiie tiireshold energy for damage creation) and erne 
witii an hnplantation energy of 200 eV. The latter is chosen because h enables us to study 
changes in botii the a and the y peaks. 

4.3.3.1. Results 

Figure 4.14a shows hehum desorption spectra of amorphous sUicon fihns with thickness d 
varying from 0 A to 500 A. Hehum is hnplanted widi an energy of 200 eV and a fluence of lO" 
He/cm'. Figure 4.14b shows die desoriied fi^actions //O versus d. 
The foUowmg pomts should be mentioned. 

• The 10 A film shows a clusters of peaks B, which are quite shnUar to the peaks which appear 
in the crystaUme spectra (0 A fihn). The 20 A fihn yields a spectrum tiiat is aheady very much 
hke die amorphous-film spectrum of fig. 4.8. 
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• A 'new' peak p at 630 K appears in the spectra for rf = 50 A and rf = 100 A. At 200 A die a 

peak restores to its original form and the ypeak appears. 

• At 500 A die a peak hicreases and die y peak shifts to a position y' at about 900 K. 

• //O shows an hicrease m the total trapping for rf = 50 A and rf = 100 A. 

In die fohowmg sections these four pohits are discussed in more detah 
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Figure 4.12: Variation of implanted fluence 
in an amorphous silicon film of200 A thick­
ness. The energy ofthe implanted helium 
ions is 40 eV. (a) Helium desorption 
spectra.(b) Desorbed fraction as a function 
ofthe implanted fluence. 

Figure 4.13: Variation of implanted fluence 
in an amorphous silicon film of200 A 
thickness. The energy ofthe implanted 
helium ions is 200 eV. (a) Helium 
desorption spectra (b) Desorbed fraction as 
a function ofthe implanted fiuence. 
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The results of the 40 eV series merely show smah changes in the shape of the a peak and do not 
add much hdbrmation. Therefore this series is not discussed here. These results are presented m 
appendix A. 

4.3.3.2. Cluster of peaks B 
During the hnplantation step, hehum 
travels tiirough tiie 10 A amorphous fihn 
and tiiermalizes in the crystalhzed layer 
below die amorphous film, h i die eariy 
stages of film growth, thin amorphous 
films consist of many smah islands that 
do not cover die crystalhzed layer 
completely (see section 2.2.1). 
Consequently, most of tiie hehum atoms 
tiiat are released from traps m die 
crystallized layer are not retrapped m die 
amorphous sihcon fihn, and show up as 
a cluster of peaks B in spectrum. 

When the thickness is increased to 
20 A tiie amorphous film covers a larger 
area of the crystalhzed layer and now a 
significant part of die hnplanted hehum 
is trapped in the amorphous fihn. Also 
hetium trapped in shaUow defects in die 
crystalhzed layer can be retrapped in die 
amorphous film on top and shows up in 
die a peak. The hehum trapped in die 
"700 K traps" hi die crystaUized layer 
desorbs at higher temperatures and is not 
retrapped in the amoiphous film. 
Consequentiy, the peak at 700 K stiU 
appears in the spectrum. 

4.3.3.3. (3 peak 
The spectrum for rf = 50 A shows a 
'new' and ratiier shaip peak (3 at 630 K. 
In this experiment hehum is implanted 
near die interface between die 
amorphous fihn and die crystaUized 
layer (Rp = 48 A). Therefore, die 
appearance of dds p peak pomts to die 
existence of defects at this interface. This 
hypotiiesis wUl next be tested. 
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Figure 4.14: Variation in film thickness of an amor­
phous silicon film implanted with 200 eV helium. The 
implanted fluence is lO'^ Helend, (a) Helium desorp­
tion spectra, (b) Desorbed fraction as a function of 
the film thickness. 
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The absence of the (3 peak in the 10 A and 20 A 
spectra points out that in these thin films no 
significant number of interface defects exists. These 
rcsuUs can be explained by the schematic presentation 
of the early stages of film growth, as is shown in 
figure 4.15. This figure shows tiiat a 10 A film is 
build up of many smaU islands, which increase in size 
when the film tidckness dicreases. When tiie film 
tiiickness has increased to 50 A the islands have 
become so large that some of them coUapse and grow 
together to form amorphous columns (as is discussed 
in section 2.3.2). The empty spaces between the 
former islands are left behind as interface defects. 

The absence of die (3 peak m die 200 A and 500 
A spectra indicate that 200 eV hehum is not implanted 
deep enough to become sigidficandy trapped at die 
interface. This behavior is simulated with HOP, with 
Crap and Ed of die a- defects taken fix»m table 4.2, for 
a tolal defect concentration in the order of 10'̂ . The 
(3 peak is fitted witii one type of defect in a interface 
layer of 5 A width. These interface defects are given 
an energy of 1.1 eV and a concentration of 10'̂ . The 
results, presented in figure 4.16, 
support our hypotiiesis. They cleariy 
show that the p peak decreases with 
mcreasing film tidckness. I t should be 
noted that in dds model the y defects 
are not taken into account. I f diese 
defects are added to die simidation we 
expect an even faster decrease of die 
|3 peak, and a quick disappearance of 
die p peak, as is shown in the 
experimental TDS results. 

In order to study die p peak m 
more detail, we performed an energy 
variation for an amoiphous sihcon 
fUm of 50 A thickness. The implanted 
fiuence is lO' ' He/cml The results 
shown in 4.17, clearly show that die 
p peak becomes more pronounced 
widi increasing implantation energy 
and dius with increasing trapping 
probability at die interface. 

Because of the narrow shape of 
the P peak T,^ can be easUy 
estimated. Therefore we perfonned a 
healing rale variation series in order 
to derive values for Ed and Vo from an 
Arrhenius plot (as described in 
section 2.3). The results are shown in 
fisurc4.18. 

l o A f i l m 

50 A film 

b e t a - d e f e c t s 

Figure 4.15: Schematic presentation 
of the formation o f p defects at the 
interface between the crystallized layer 
and the amorphous film 
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figure 4.17: Helium desorption spectra for a variation Pi„,.^^yiio AI. - , . , 
of Helium implantation energy in an amorphous silicon Z l l t r ^ l f ; ^ ^ ^ ^ 

film of 50 A thickness. Implanted fluence 10^ Helcm\ Z r t Z n ^ 

The resulting values for Eu and Vo are 1.2 eV and 2.7 x lO' s \ respectively. It should be noted 

that although die p peak can not be precisely fitted to a first order peak shape, die values for Ed 

can still be esdmated in dds way. The values for Vo should be considered witii more caution.'^ 

4.3.3.3. y'peak 

When d is increased to 500 A die y peak disappears and die y' peak appears at about 900 K (see 
fig. 4.14). The high temperature of die y' peak hidicates diat die y' traps are even deeper dien die 
y traps. We have earher ascribed die y peak to voids. In dds hght die y' traps are diought to be 
caused by even larger voids. The nature of die y and y' peak is studied in more detah widi 
bottom-up experiments which are discussed later. 

4.3.3.4. Trapping 

As can be seen from figure 4.14b, die total trappmg is higher for a fihn ddckness of 50 A and 
100 A dian for die other films hi dds series. This hicrease indicates that hehum is mobde at ixxim 
temperauire (because i f hehum is immobde at room temperature die total trappmg is always 100 
%) . The hicreased tt^apphig can then be explained by die hicreased trapping probabihty caused by 
die interface defects. In furdier research this explanation for hicreased trappmg should be 
examined widi HOP. 
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4.3.4. Bottom-up experiments 

Figure 4.19 shows a schematic presentation of a different 
kind of tiiickness variation experiment. An amorphous film 
with a tidckness of 50 A is implanted witii 200 eV hetium 
witii a fluence of lO" He/cm^. This tidckness and 
implantation energy are chosen because of the relatively 
narrow shape of tiie desorption peak (as can be seen in fig. 
4.14a) i.e. almost all hetium is released from die base layer 
at the same time. On top of tids film a new amorphous film 
of thickness D is deposited and subsequentiy tiie desorption 
step is performed. In this type of experiment, hetium 
desorbing from die base layer travels through the entire 
overiayer. We call tids type of experiments bottom-up 
probuig. 

4.3.4.1. Results 
The desorption spectta of tiie bottom-up probdig 
experiments are shown in figure 4.20a for various 
tidcknesses D of tiie fihn on top. Figure 4.20b shows die 
desorbed fractions I/O as function of D. The foUowing 
points can be mentioned: 
• The p peak appears in all spectra and decreases for D > 

100 A. This peak shows a shght shift to higher 
desorption temperatures for increashig D. 

• The spectrum for Ö = 150 A shows large peak at 
750 K, which we designate as die y " peak. The 
spectmm for D = 200 A shows a large peak y (at 
800 K), and die spectrum for D =500 A shows at large 
peak y " (at 900 K). Note tiiat tiie y and y' peaks have 
been observed before (figs. 4.8 and 4.14) 

• For smaU D's, a smah 'peak' is seen CHi the left side of 
the P peak. In die 100 A fitai a smah 'peak' appears on 
the right side of the P peak. 

• The total desorbed fraction shows no significant 
changes with increasing D. 

o o o o o Si-atoms 
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deposition of a-SI-film 

He- ions 
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helium implantation 

deposit ion of a - S i - f i l m w i t l i ion beam assistance | 

annealing and Helium (iisor[>tion 

Figure 4.19: Schematic presen­
tation of an bottom-up probing 
experiment. In this illustration the 
overlayer is deposited with AR-ion 
assistance. 

4.3.4.2. They peak 
I f we compare tiie results of diese experiments widi die results of die energy variation (fig. 4.8a), 
it can be seen tiiat botii figures show the y peak at about 800 K. h i tiie bottom-up probhig 
experiments, tiie hehum atoms orighiate firom below tiie fihn and consequentiy probe tiie film 
widiout causing damage. Consequently, the observation of the y peak can not be ascribed to 
defects induced by the helium atoms. Therefore, die appearance of dds peak hi figure 4.8 can 
only be ascribed to die increased deptii range of high-energy hehum. 

4.3.4.3. They, y', andy"peaks 
I f we compare tiie results of tiie ordhiary ddckness variation (fig. 4.14) widi die results of die 
bonom-up experiments (fig. 4.20), h can be seen tiiat botii figures show tiie y peak at 800 K and 
tiic y' peak at 900 K m tiie 200 A and 500 A spectra. However, die heights of die y peaks and die 
y' peaks arc much smaUer hi die ordhiary fihn ddckness variation tiian hi die bottom-up 
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experiments. The bottom-up spectra 
also show a new peak for a fihn 
thickness of 150 A. This peak 
Y" appears at 750 K and is assigned to 
traps that are smaUer than the y and y' 
traps. There are two possible expla­
nations for the appearance of the y" , y 
and y' at successively higher tempera­
tures for larger film ddckness: 

• There is only one type of defect, let 
us say y " defects. Hehum is 
originaUy trapped in the y " traps 
but on its way to the surface i t is 
retrapped (in y " defects), which 
results in a delay m die travehng 
time to the surface and causes die 
y " peak to shift to higher 
temperatures. This shift results in 
die y peak for die 200 A fihns and 
die y' peak for die 500 A fihn. 

• h i ddcker films, defects with 
hicreasmgly larger hehum/defect 
dissociation energies exist. 

I f we take a better look to die results of 
die energy variation (fig 4.8) and die 
'ordhiary' ddckness variation (fig. 
4.14) i t can be concluded that the first 
explanation does not match with die 
results. The y' peak does also appear in 
the thickness variation of fig 4.14. hi 
this experiment the hehum is implanted 
at the same deptii hi die 200 A fihn and 
die 500 A fihn. Consequentiy, 
retrapping can not explain die 
appearance of die y' peak. This 
explanation also disagrees with die 
result of the energy variation of figure 
4.8. This figure shows tiiat altiiough 
the increase in implantation energy 
increases tiie implantation depth, die 
increased chance to get retrapped orHy 
residts in an increase of die y peak and 
not in a shift of die y peak to die 
position of the y' peak. 

Figure 4.20: Variation in thickness ofthe over-layer in 
a bottom-up probing experiment on amor-phous 
silicon. Thickness base layer 50 A, implanted flue nee 
lO'^ Helend, energy of implanted helium ions 200 eV. 
(a) Helium desorption spectra, (b) Desorbed fraction 
as a function ofthe overlayer thickness. 

The second explanation is in accordance widi aU previous results and hidicates that the size 
of die voids m die fihn increases with mcreasing fihn tidckness. As is described in section 3.2.2. 
Messier found a similar effect, which he hicorporated in his growth model of the stracture of 
tetrahedrahy bonded amorphous fihns deposited under low mobUity conditions. According to this 
model die films consist of rod shaped amorphous columns surrounded by smah low density 
regions consisting of voids, ff we employ this model to explain our results it can be seen that die 
y-typc peaks can be assigned to hehum desorbing finom voids between the columns. The size of 
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helium desorbing from voids between the columns. The size of the voids between die columns 
increases with increasing film tiiickness which is also in accordance with die results of Messier. 
According to tiie model five characteristic column sizes can be identified: 10-30 A, 50-200 A, 
200-400 A, 500-2000 A, and 2000-4000 A. The first appear hi die first 100 A of the fihn, die 
second in the range of 100 to 1000 A, die tidrd m fihns of 1000 to 10000 A etc. The low density 
regions surrounddig diese columns consist of voids, which also increase with increasing film 
thickness. 

In this model no distinction is made between films in die range of 100 to 1000 A tiiickness, 
which indicates that tiiat our films of 150 A, 200 A and 500 A are expected to have shnhar 
column and void sizes. In die above h is shown, however, that our results mdicate that even hi 
this range the size of the voids depends on die fihn ddckness. The possibihty of this result was 
already noted by Messier. He reported that die disthict levels could be caused by the limited 
number of results. 

The existence of columns in amorphous shicon 
films it cleariy shown in a few reports."•^'^''^^ 
Especially etched amorphous siticon films turned 
out to show a clear columnar structure when studied 
with SEM. An example of a micrograph of etched 
amorphous sUicon film as derived with SEM is 
given in figure 4.21. 

One question which arises from the above 
results is stUl unanswered. Why do the bottom-up 
experiments show much larger y-type peaks than 
die ordinary TDS experiments? In section 4.2.1 we 
proposed that tids could be explained by die fact 
that these larger voids only appear at larger depths 
hi die film and not very close to the surface. The 
bonom-up spectra support tids explanation, because Figure 4.21: SEM micrographs of etched 
all helium atoms must pass tiirough tiie region where amorphous silicon films. This picture 
tiiese traps are located, whatever its depth, clearly shows the separate columns in an 
However, this explanation is not in accordance with amorphous silicon film. 
die assumption that tiiese voids exist between die From Ross (ref 28). 
columns. Anodier explanation was based on the 

increasing trap chance vrith increasing implantation depth. It can be esthnated that, when a 
closest packing of cylhidrical columns is assumed, the area of the low density regions in a 
horizontal plane parallel to die surface is much smaUer dian die area of die columns (10% versus 
90 %). It can thus be understood that only a smaU fraction of the hehum ions that are hnplanted 
at the top is trapped in die voids (see fig. 4.22). h i tids case h is also clear tiiat tiie possibihty tiiat 
helium is trapped in a void hicreases with increasing diffiision path and thus with increasing 
implantation depth. 

4.3.5.3. Change in shape of p peak & shift to the right 
For a smaU thickness of the overiayer a smaU 'peak' is seen on the left side of die p peak (most 
cleariy seen for 0 A thickness, fig. 4.20). This 'peak' is caused by hehum desorbing fiom a 
defects in the base layer. When die ddckness of die overiayer hicreases, hehum desoriihig from 
the a defects is retrapped hi die overiayer and die 'peak' shifts to the right towards die position of 
the p peak. In tiie 100 A film a smaU 'peak' appears on the right side of the P peak. This peak is 
ascribed lo 'y-ldce' defects in die 100 A films. 
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As can be seen from figure 4.20 the p peak shifts a little to the right with increasing film 
thickness. This shift can be explained by die increashig number of traps with increashig film 

TOP-DOWN PROBING BOTTOM-UP PROBING 

^ ^ ^ ^ ^ ^ 

Figure 4.22: Length of the diffusion path of a helium atom in a top-down 
TDS experiment compared with the diffusion path of a helium atom in a 
bottom-up experiment. 
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diickness and dius by an mcrease hi retrapping of hehum on its way to the surface. The size of 
the shift to die right dependents on the concentration of defects in the film. Therefore, i t seems 

possible to estimate the defect 
concentration in the film ftom a 
simulation of these experiments with 
different series of defects concentrations. 
The residts of three series of HOP 
calculations with different 
concentrations of a defects, shidlar to 
those in table 4.2, are presented in 
figure 4.23. The P peak is fitted witii 
one type of defect in a interface layer of 
5 A width. These hiterface defects are 
given an energy of 1.1 eV and a 
concentration of 10"̂ . This is only an 
approxhnation since die smah peak at 
the left side of the p peak is neglected 
and therefore a part of the a peak is stdl 
visible in ah spectra. 
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Figure 4.23: HOP simulations ofthe shift ofthe P 
peak to higher temperatures with increasing thick­
ness ofthe overlayer in a bottom-up experiment. The 
accompanying fit parameters are given in table 4.2. 

To our surprise these results give hi ah 
three cases almost sindlar shifts of the p 
peak. Yet, this can be imderstood i f i t is 
realized that although the concentration 
of traps is different in these three cases, 
the energy of the traps is changed as 
weh. As can be seen in fig. 4.10 these 
two factors together result hi very 
sindlar a peaks, and it is dierefore not 
very surprising that these factors have 
an effect on die delay of the movement 
of hehum to the surface. Unfortunately 
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this result also shows that the shift of the p peak can not be used to detemdne die defect 
concentradon i f die precise range of desorpdon energies is not knowa At the odier hand, i t is 
reassuring to find diat the results of die bottom-up simulations and the simulations of die 
traditional TDS experiments are consistent. 

4.3.6. Conclusions 

In the helium desorption spectra three different peaks are identified, which are caUed the a, p, and 

Y peaks. 

The a peak is very broad, about 4 to 5 times wider dian a first order desorption peak, ft can be 
concluded that tids peak hidicates the existence of a broad range of shaUow traps of shghtiy 
varytng sizes. The correspondhig range of hehum/defect dissociation energies is about 0.7-1.0 
eV. 

The p peak is ascribed to defects at die hiterface between the amorphous fihn and the crystaUized 

layer. 

The y peak is assigned to voids that exist in tiie low density regions between the coltrains in a dihi 
amorphous film. Evidence has been found that die size of die y traps hicreases widi increashig 
film thickness. These results can be explamed by the model of Messier which shows that columns 
and voids between die columns grow with increasing film thickness. 

The trapping of hehum in amorphous sihcon is very pronounced, and when corrected for back-
scanered ions and secondary electrons about ~ 100 %. This result would suggest that hehum is 
not mobUe hi amorphous sUicon at the room temperature. However, already a defect 
concentration of lO ' results hi a large trappmg probabihty (> 80 % ) . There are two indications 
that helium is indeed mobUe at room temperature m amorphous sdicoa 
• The trappmg increases when hehum is implanted near the interface (see fig. 4.14b). This 

result can only be explained by the hicrease of the trapping probabUity near the interface. 

• It proved to be impossible to shnulate an a peak i f die concentration of a defects is > 0.1. 

4.4. Amorphous silicon deposited with argon IBAD 

This section presents tiie results of TDS experiments on tidn amorphous sihcon films deposited 
with argon ion beam assistance. The questions discussed hi this section are: 
• are we able to detect any difference between die defect structure of IBAD amorphous sUicon 
and EVAP amorphous sUicon? and i f this tums out to be possible, 
• what are die differences and how can they be explained? 
In order to find answers to tiiese questions we performed three series of measurements in which 
we varied die ion-to-atom anival ratio lAR , the energy of the bombarding ions, and die film 
thickness. The results are compared widi the measurements on amorphous sihcon films deposited 
widiout ion beam assistance (EVAP amoiphous sUicon), which we discussed in the previous 
section. 

Results & Discussion 48 



4.4.1. Variation in argon energy and lAR 

A variation in energy of the bombarding argon ions is perfonned in order to estimate the energy 
at which significant changes emerge between the TDS specda of EVAP and those of die IBAD 
fhms. In addidon to these experiments, we perfonned an lAR variation, in order to examine the 
influence of this parameter on the defect structure of the IBAD films. As is shown in the section 
4.3, die diickness variation measured using the bottom-up method gives the best insight in tiie 
characteristics of die y defects in die EVAP fihn. Therefore, shidlar experiments are perfonned 
with IBAD films to study the changes in the appearance of the ypeak. 

The experiments discussed next show a very sharp peak around 1000 K, which was also detected 
in the reference signal. In order to study dds peak in more detah the results presented next are not 
corrected for background. 

4.4.1.1. Results 
Figures 4.24 and 4.25 show the results of TDS experiments on amorphous shicon films deposited 
imder argon bombardment. Figure 4.24a shows spectra for selected energies of die bombarding 
argon ions (^Ar) , varied between 20 and 500 eV. The lAR is 0.05 for aU energies in the range of 
20 to 200 eV, and 0.1 for die spectrum of 500 eV. Figure 4.25a shows spectra for selected lAR 
ranging from 0.006 to 0.07, Ear is 200 eV. In botii series the hnplanted fluence is lO" He/cm^ and 
the film thickness is 200 A. These values are chosen to enable easy comparison with the EVAP 
spectra. For the same reason the EVAP spectrum is added to both figures. In figure 4.24b and 
4.25b, the desorbed fractions are plotted versus Ear and versus the lAR, respectively. 

The following points can be mentioned: 
• Botii series show a large a peak. The shape of this peak clearly differs from the shape of the a 

peak in the EVAP spectra. 
• The ypeak is not detected in die IBAD films 

• Bodi series show an e peak, which increases with increashig energy of the bombarding argon 
ions and witii increasing argon hnplantation energy. The e peak appears when die energy of 
the bombarding ions is increased to 100 eV, and the peak height increases with increashig 
beam energy. The same peak is found in the lAR series where i t appears at an lAR of 0.03 and 
hicreases with increasing lAR. 

• The desorbed fractions show no significant change in trapping with increasing implantation 
energy or lAR. 

4.4.1.2. a peak 

As is described in section 2.3.2, one of the technological objectives of ion beam assistance is to 
manufacture a more regular film witii fewer defects. I f we take a brief look at the results of 
figure 4.24 and figure 4.25 i t seems as i f in this case the opposite is tme. The a peak in the IBAD 
spectra is a httie larger than in the EVAP spectra, which at first sight seems to indicate that the 
argon ions create defects instead of reducing diem. However, at the same time the y peak has 
disappeared and the total trapping did not show significant changes. 

The a peak seems to exist of at least two disthiguishable sub-peaks, ai and a.2. In order to 
get a better msight in which defects are caused by IBAD, we have subtracted an "EVAP 
spectmm" from all " IBAD a-spectra". The results are presented in appendix B. We had hoped to 
find a smah peak that could be ascribed to one type of defect Because of retrapping these results 
do not show unambiguous results and do not add any significant hiformation 

The increase of die a peak by the ion assistance can be explahied by two possible causes: (i) 

a decrease of the number of y defects, which results in an hicreased trappmg hi die a defects, (h) 

production of a-type defects by the argon beam, for example incorporation of argon m the fihn, 

49 Results & Etiscussion 



or enhancement of existing defects. In furdier work HOP simidadons should be perfonned to 
disdnguish between these to explanadons. 
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Figure 4.24: Variation in energy ofthe 
bombarding argon ions during the deposition 
of an amorphous silicon film of200 A 
thickness. Implanted fluence lO" Helend, 
energy of implanted helium ions 200 eV. (a) 
Helium desorption spectra, (b) Desorbed 
fraction versus argon energy. 
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Figure 4.25: Variation in ion-to atom 
arrival ratio (lAR) during the deposition of 
an amorphous silicon film of200 A 
thickness. Implanted fiuence lO" He/cm^, 
energy of implanted helium ions 200 eV. (a) 
Helium desorption spectra, (b) Desorbed 
fraction versus lAR 

4.4.1.3.y peak 
As is discussed above it can be seen that the ypeak, which is detectable in the EVAP spectra does 
not appear in die IBAD spectra of figure 4.24 and 4.25. From these results it can be concluded 
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that the y defects disappear as a consequence of the ion bombardment during depositioa In order 

to study die disappearance of the y defects hi more detah we perfonned bottom-up probing 

experiments. The results of these experiments are presented in section 4.4.2. 

4.4.1.4. E peak 

The very sharp e peak at about 1000 K is found in both figure 4.24 and 4.25. This peak is also 
observed hi die reference spectra, which hidicates that h is not caused by die release of hehum 
from the fhm. It is clear that with increasing lAR and argon energy, the number of argon atoms hi 
die film increases. Hence, the increase of the e peak with these parameters points to the release of 
argon. In order to examine this explanation and to get an indication of the amount of argon that is 
hicorporated m die films, we performed a series of argon desorption experiments. The results of 
diese experiments are described next. 

It is surprising diat although die mass spectrometer is tuned to hehum, we sthl measure flie 
release of argon. This can be explained by the fact that the release of argon produces a rather 
large pressure rise. The mass filter in the mass spectrometer is very sensitive for pressure rises 
and becomes less selective at higher pressures. 

4.4.2. Bottom-up experiments 

4.4.2.1. Results 
A series of bottom-up experiments is perfonned to study the ypeak in more detah. The results are 
shown in figure 4.26a. In this series the thickness of the top layer is varied between 10 A and 
500 A. An amorphous sihcon fihn of 50 A thickness is implanted widi 200 eV hehum, and 
subsequendy covered by IBAD films of increasing thickness. The lAR is 0.06 and the energy of 
die bombarding argon ion is 200 eV. Figure 4.26a also shows a spectrum for the bare 50 A 
amorphous film (EVAP). In figure 4.26b, the desorbed fractions are plotted versus the drickness 
of the top-layer. 
The fohowhig features are shown: 

• The y-type peaks are absent m aU spectra apart fiom the 500 A film where as smah y peak 
appears at about 800 K. 

• The p peak is shown in ah spectra and shifts shghtiy to the higher temperatures widi 
increasing overlayer thickness 

• The e peak appears in fihns of about 20 A and hicreases with increasing ddckness of the 
amorphous film on top 

4.4.2.2. y peak 

Figure 4.26 shows (more clearly than figures 4.24 and 4.25) that the y traps are ahnost 
completely absent in the IBAD films. Only when the film ddckness is increased to 500 A a smah 
peak appears at 800 K. This result shows a spectacular difference between the EVAP (fig 4.20) 
and the IBAD films. In order to give a clear overview of the differences between tiiese series, 
figure 4.27 shows die results of both bottom-up probmg experhnents in one graph. The 
disappearance of die y peaks hidicates diat ion beam assistance during the film growth results in a 
film containing (almost) no large traps. 

Since tiie y peaks are assigned to voids existing between amorphous columns, it can be concluded 
that the disappearance of these peaks is related to a change hi film growth from a columnar 
growth to a layered growth. This change is ascribed to the enhanced mobdity of sihcon atoms that 
arrive al the surface, as result of die ion beam assistance. The hicreased motrihty enables the 
shicon atoms that arrive at die surface, to overcome the effect of shadowing, resulting in a 
homogenous film without columns. 
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Figure 4.26: Variation in thickness ofthe overlayer in a 
bottom-up probing experiment of amorphous silicon 
deposited under argon bombardment. Thickness base 
layer 50 A, implanted fluence lO'^ Helcm^, energy of 
implanted helium ions 200 eV. (a) Helium desorption 

20 

'o 

O 

c 
o 

" Q . 

Ö 
(D 

Q 

15 

10 

T h i c k n e s s 

t o p - l o y e r 

[A] 

(5001 

200 

W100 

• W ^ W ^ ^ . * ^ ^ 50 

B e t a = 10 K / s 

200 400 600 800 1000120014001600 

Tempera ture [ K ] 

spectra.(b) Desorbed fraction versus thickness overlayer. together in one figure. 

Figure 4.27: Bottom-up probing experiments with and 
without ion bombardment ofthe overlayer plotted 

These scries of IBAD experiments should be compared widi experiments hi which the substrate 
temperature is varied. Bodi mediods hicrease the mobdity of surface atoms during deposition. It 
is therefore interesting to determine whether ion beam assistance and increased substrate 
temperature result in a similar fihn structure. Due to problems witii the electron gun in die 
deposition position (see figure 3.1), we were not yet able to perform tiiese measurements. 
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4.4.2.3. (3 peak 

One of the most important features of this series (fig. 4.27) is that the p pealc does not disappear 
when die fihn diickness hicreases. This result is in contrast widi die results of die bottom-up 
series with EVAP films on top and is a result of die disappearance of die y defects. 

Figure 4.27 clearly shows diat below an overlayer ddckness of 100 A, die IBAD films show 
a considerably smaher shift of die p peak dian die EVAP fihns. This result is not m accordance 
widi die expectations. In the previously discussed results tiie shift of tiie p peak is ascribed to a 
diffusive delay m die movement of hehum atoms to die surface, due to die hicreased retrapphig 
probabihty of hehum atoms hi a defects witii hicreased Gha ddckness. The smaher shift of die 
p peak observed for IBAD fihns would tiien mdicate a decrease m concentration of a traps or a 
decrease m size (which is related to tiie hehum desoiption energy) of die a defects. Figure 4.24 
and 4.25, however, show none of tiiese effects, ft is also possible tiiat hi die IBAD fihns die 
defect density on larger deptiis m tiie fihn is considerably smaUer dian near die surface. This 
should result in less delay m die movement of hehum to die surface, and dius a smaUer shift of 
die p peak, ft can be concluded tiiat tiie shift of tiie p is stiU not fidly underetood and 
should be studied hi more detaU in furtiier woric. 

4.4.3. Argon desorption measurements 

The amount of argon mcoiporated hi die fihn and die argon release process are studied widi 
argon desoiption measurements. Before tiie results are discussed, first some hteramre results of 
argon desorption from sUicon are summarized. 

In hterature it is seen diat argon desorption spectra for amorphous sUicon show a very sharp 
desorption peak.'̂ '̂ '̂̂ * In diese studies single crystalUne sUicon is made amorphous by argon 
bombardment. It is concluded tiiat on anneahng die sUicon ciystaUizes and die hnplanted argon is 
swept out by die recrystaUizadon front. I f die hnplanted argon fluence is hicreased to above 10̂ ^ 
Ar/cm^ die crystahization peak starts to shrink whUe desorption peaks at higher temperatures 
start to grow, mdicating tiiat anotiier release mechanism takes over, ft should be noted tiiat diese 
peaks represent defects tiiat survive crystahization. ft is tiiought tiiat diey represent argon release 
from large bubbles. An example of tiiese argon desorption spectra is presented hi figure 4.28 
Argon desorption studies on sputtered amoiphous sUicon fihns presented m hterature (m which 
argon was solely buUd hi during die sputtering process), showed shmlar release as for surface 
layers made amoiphous by hnplantation.'^ On die basis of diese hterattire results we expect a 
single argon peak at die crystahization temperattire. 

Unforttmately, we had some problems widi die rate meter and die cahbradon valve during diese 
experiments, and only two measurements ttimed out to give rehable results. Figure 4.29 shows 
die argon desorption spectra for two argon desorption experiments for an lAR of 0.02 and 0.08. 
The ddckness of die deposited fihn is 200 A, and die energy of die bombaidhig argon atoms is 
200 eV. The hehum desorption specfra of smdlar fihns faU m die series shown m figure 4.25 
(altiiough these particular lAR values were not measured). 
The foUowmg features are shown: 

• The spectmm for lAR = 0.02 shows a shaip (much sharper tiian a first-order peak) 
asymmetric argon desorption peak e at 1007 K. ft should be noted diat dds temperattire is 
much higher tiian tiie argon release temperattire shown m die hterattue results (fig. 4.28) 

• The e- peak m the spectnun for lAR = 0.08 is buhd up of about six separate peaks mdicated 
witii e, to 86. The peak temperattire of tiie tiiree shaip peaks £3 , £ 4 . and £5 are located at 
respectively 976, 995 and 1005 K. The peak temperattire of tiie broader peaks £1 , £2, and £6 
appear at about 860, 940 and 1024 K, respectively 
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Almost no argon desorption is detected below the temperature at which the E-peaks appear. 
This result is in contrast to the results derived for hedum desorption experiments, which show 
tiiat (most) hehum is released fiom die film before crystahization. 
The incorporation of argon in the spectrum for IAR=0.02 is about 2% and the incorporation of 
argon in tiie spectrum with an lAR for 0.08 is about 14 %. This has been derived from the 
peak areas. 
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Figure:4.28: Argon desorption spectra from 
a-Si (UO) single crystal which has been 
irradiated with 1 keVAr*. The argon irradiation 
fluences are as indicated. From Filius (ref. 17). 

Figure 4.29: Argon desorption spectra for an amor­
phous silicon film of200 A thickness. The energy of 
the bombarding ions is 200 eV. 

The temperature of die maximum argon release rate corresponds to the temperature of the e-
peaks in the IBAD series of figure 4.24,4.25,4.26. Thus, the results confiim the assumption that 
tiic e peak is due to argon released from tiie sample. 

Because of problems witii the catibration die calculated firacdons of argon hicorporation are 
not very accurate, tiie error can be as large as a factor of two. The lAR hi these measurements 
differs by a factor of two, hence we expected a factor of two hi argon release fiom the films. The 
much larger difference is therefore thought to be due to inaccuracy of the catibration. 

In tiie spectrum for IAR=0.02, the release of argon is dominated by a very sharp peak at 
1007 K. The peak shape is in accordance to the hterature results. As described above, in die 
hterature die release mechanism is ascribed to the movement of the crystahization front, which 
sweeps the argon to the surface during die crystallization of the amorphous fihn. I f this model is 
applied, die expected argon release temperature can be calcxdated ftom the thickness of the film. 
In the epitaxial regrowth model proposed by Williams," the recrystalhzation front moves towards 
the surface witii a velocity v=\oQxp(-Q/kT) where vo is a pre-exponential factor [m/s] and Q die 
activation energy of motion [eVj. 
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The relation between the thickness d [m]of the amorphous fihn and die observed recrystaUizadon 
temperauire Tc [K] is dien given by 

where (3 is die heating rate {dTldt) [K/s]. 

It is shown by van Veen'^ tiiat tiie best fit is found for vo=2.1 x 10^ m/s and (2=2.8 eV (diese 
values are derived from heating rate variations, and variation of tiie fihn drickness of fihns m a ^ 
amorphous under argon bombardment). Applyhig diese values to calculate die ciystaUization 
temperauire of our 200 A tidck fihn, we find 7, = 932 K (for p=2 K/s). This value is not m 
agreement witii tiie experimental value of tiie T^ m tiie argon desorption experiments {T^ = 
1007 K/s). The accuracy of tiie hterature values is not known to us. However, die difference 
between our results and die hterature results can arise ftom die hicorporation of hnpurities 
(molybdenum) in our fihns and die different substrate, which can alter the crystaUization process. 

I f we take a close look at die spectrum for IAR=Om, ii appears tiiat about six separate 
peaks can be detected. These peaks are mdicated widi E I to £5. We suggest diat die appearance of 
tiiese six separate peaks indicate tiiat the crystaUization does not start shnultaneously and at a 
constant distance from die surface, but at shghtiy different times at various places hi die fihn. 
This behavior is in contrast witii tiie model proposed above and is expected to be due to die 
hicorporation of hnpurity atoms. However, h must be noted tiiat tids suggestion is based on « ü y 
one experiment, and additional experiments (for example witii a pure sUicon substrate) are 
necessary to derive valuable conclusions. Moreover diese she peaks do only appear in die 1AR= 
0.08 spectrum and not hi die IAR= 0.02 spectrum. We do not yet have an explanation for dds 
difference. 

4.4.4. Conclusions 

From the results presented above h can be concluded tiiat significant dhferences are observed 
between IBAD amorphous sUicon and EVAP amorphous sihcon The most hnportant difference 
is die ahnost complete disappearance of die y peak. The disappearance of this y peak hidicates 
dial ion beam assistance during die fihn growdi results hi fihn contahring fewer voids. This result 
is m accordance witii tiie hterature where h is stated tiiat ion beam assistance during die film 
growtii results in an mcreased mobUity of tiie sUicon atoms at tiie surface, which enables tiiem to 
overcome tiie effect of shadowing, restdthig in a homogenous films widiout columns. 

An additional resuh is a smah mcrease and a change in shape of die a peak. This change is 
tiiought to be due to die disappearance of die y defects, but might also be due to an mcrease hi a 
defects produced by die argon beam (like incorporated argon atoms). 

The amount of argon that is incorporated in die film is on die order of a few percent The shape 
(six separate peaks mstead of one) and the positions of the peaks are not m exact agreement with 
tiie hterature. It might be interesting to perform additional argon desorption experiments to take a 
closer look at these results. 

(4.3), 
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4,5. Anneal experiments 

This section presents tiie results of a 
series of anneal experiments on tiiin 
EVAP amoiphous siticon films. After 
deposition (but before He'̂  ions are 
implanted), die as-deposited amor­
phous sdicon films are heated to a 
certadi anneal temperature Ta at 4 0 
K/s, held tiiere for a few seconds, and 
are tiien aUowed to cool down to 
(almost) room temperature. In this 
way the structural relaxation 
processes that take place below Ta 
can be studied. With these experi­
ments we want to answer die 
foUowing questions: 

• How do the a and y defects 
respond to annealing? 

• What happens upon crystal-
hzation? 

4.5.1. Results 

Figure 4.30a shows tiie results of a 
series of anneal experiments on 
amorphous sUicon fihns of 200 A 
thickness. Ta is varied between 400 K 
and 1400 K. After die fihn has cooled 
down to T<340 K it is hnplanted witii 
helium widi a fluence of lO" He/cm^ 
and witii an implantation energy of 
200 cV. Figure 4.30b presents die 
desorbed fractions //O associated 
witii die various peaks versus the 
anneal temperature. 

The following points can be 
mentioned: 

• The a peak becomes sharper when 
die anneal temperature hicreases. 

• Both die a and y peaks shift to die 
higher temperatures with increa­
sing anneal temperature below 
cpy'stallization. 

• The spectra of the fihns annealed 
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Figure 430: Variation in anneal temperature of an 
amorphous silicon film of200 A thickness. Implanted 

fluence 10 Hel cm , energy of implanted helium ions 
200 eV. (a) Helium desorption spectra, (b) Desorbed 
fractions versus anneal temperature. 

to 700 and 800 K show an hicreased intensity of the y peak in comparison to the fihns 

annealed below 700 K. The intensity of the y peak decreases agahi upon annealing to 900 K. 

A clear difference is shown between the films annealed below and above 1000 K. 

The trapped fraction of hnplanted hehum decreases just before crystallization 
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Appendix A, presents an additional anneal series perfonned with an hnplantation energy of 40 
eV. The results of dds series do not add much infonnation to the result presented above and are 
dierefore not discussed here. 
Also an additional anneal series in which the samples where held 120 sec at Ta are performed and 
showed no significant differences with the series of figure 4.30. 

4.5.2. Discussion 

The changes in die shape of the a peak point to a rearrangement in the atomic structure, whde the 
shift to higher temperatures shows that stronger trapping a-type defects become relatively more 
numerous. It would be interesting to perfonm HOP calculations to simulate the change of the a 
peak witii increashig temperature. In these calculations the a peak should be fitted with six 
defects whh Ed2& die initial Co- as in table 4.2. We expect tiiat the change in tiie shape of this peak 
can tiien be shnulated by decreashig die concentration of shaUow a defects and simultaneously 
increasing the deep a defects. These calculations are not yet perfonned, but are recommended for 
fiirther work. 

The shift of the y peak may be explained by mobhe defects attaching themselves to the 
existing voids, whereby the voids grow hi size. The increase in intensity of the y peak pohits out 
that apart from growth of the y traps also additional y traps are created upon anneahng at 700 or 
800 K. The decrease of tids peak upon anneal to 900 K hidicates that y trap (voids) become 
unstable at this temperature and coUapse. 

At 1100 K and upwards the spectrum of die crystaUized layer is obtained. The stmcture of 
the crystalhzed layer does not show detectable changes upon anneahng above this temperature. 
The 1000 K spectmm is hard to interpret because it has sindlarities with both the amoiphous and 
die crystalhne spectra. As is seen in the argon desoiption measurements the crystaUization takes 
place at about 1000 K when tiie film is heated with a heating rate of 2 K/s. From eq. (4.3) i t can 
be calculated that this is in accordance to a temperature of about 1100 K when heated widi a 
heating rate of 40 K/s. This hidicates that the film annealed to 1000 K is stUl amorphous. This 
result is in accordance to additional TDS experiments performed witii 40 eV (shown in appendix 
A). 

The 1000 K spectmm shows that die y traps have completely disappeared, the number of a 
traps has decreased and a new peak appears at about 500 K. Ihese results hidicate that a more 
regular atomic arrangement has evolved in which the number of trapping sites for hehum has 
decreased. We do not have an explanation for the appearance of the peak at 500 K. 

As is discussed in the previous sections, the y defects are assigned to voids probably located 
hi the low density regions between the rod shaped columns in the amorphous film. In view of this 
model die results of the anneal experiments can be interpreted as a rearrangement of smaU and 
larger defects in die low density regions in which some voids grow by attachment of smah defects 
and new voids appear by die clustering of smah defects. It wUl be interesting to confirm tiiese 
suggestions by performing additional experiments with TEM. 

Somewhat to our surprise, figure 4.30b shows a decrease of the trapped fraction just before 
crystahization takes place (the 40 eV series shows sindlar results), whUe the trapped fraction 
after crystaUization is more or less constant and much lower than the trapped fraction in 
amorphous sihcon. This result hidicates tiiat hehum is mobde m crystalline sihcon at room 
temperature, which is in contrast to the results of permeation measurements reported in tiie 
hterature."-''*. Moreover, die decrease of die trapped fraction before crystaUization is an 
indication of the sttuctural relaxation processes that take place in the amorphous structure. 

In tiie anneal experiments tiie fihns have been heated at 40 K/s. We have just shown that this 
treatment leads to significant changes in the desorption spectra. It should therefore be noted that 
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the film stmcture does also change during die desoiption step, implying that die experimental 
mediod infiuences the objects of die measurement, tii general i t is assumed that hetium stabUizes 
die defects in which tiiey are trapped. Thus, i f hetium is not retrapped in the film, one may expect 
thai the change in film stmcture during desorption does not influence die measurement itself. 
However, ui our experiments retrapping plays an important role. Therefore, this problem should 
be suidied in more detail in fiirther work. 

Although our experiments are focused on amorphous sdicon we have also performed a few 
additional measurements on die crystatiized layer. These experiments were primarily perfonned 
in order to find out whether die amorphous film after die anneal to 1400 K had tumed into a 
dcfeci-free crystalhzed layer. In die hdtial experiments the spectra showed sharp peaks which are 
ascribed to the incorporation of hnpurities. Later tiie spectra totahy changed. This sudden change 
in the appearance of the spectra is sthl unexplained. Shice our main focus is amoiphous shicon 
we wdl not discuss tiiese spectra here. However, tiiese spectra can be used as comparison in 
furtiier research and are therefore presented in appendix C. 

4.5.3. Conclusions 

The results cleariy show that die defect stracture of die amorphous film changes upon anneahng 
below crystalhzation temperature. 

Changes below Ta = 800 K are explained by a rearrangement of the atoms in the amorphous 
stracture tii which the deeper a traps become relatively more numerous and voids increase in size 
and initiaUy also in number. It is suggested that during die anneal, mobUe defects attach 
tiiemselves to die existing voids, whereby tiie voids grow in size. 

At temperatures between 900 and 1100 K, die voids coUapse and die number of a traps 

increases, indicating that a more regular arrangement of atoms has originated. 

CrystaUization takes place at Ta ~ 1100 K. The stracture of tiie crystaUized layer does not show 
detectable changes upon anneal above this temperature up to 1400 K. The trapped hehum 
fraction decreases upon crystahization, indicating that hehiun is mohUe at room temperature in 
die crystaUized layer. 

Results & Discussion 58 





5. Conclusions & Recommendations 

5.1. Conclusions 

• The results of our experiments show that we have successfuhy studied defects in amorphous 
sihcon usmg TDS. In view of die noncrystaUhdty, some types of defects do not show up 
separately, as m studies of crystalline metals, but radier as traps havhig a conthiuous range of 
hehum bindhig energies. Three disthict types of traps are detected: (i) smah traps that might 
be assigned to interstitial positions, atom-size defects, deformed regions surrounding 
hicorporated hnpurity atoms, or a combination of these three; (h) smah defects at the interface 
between die amorphous film and die crystaUized layer, (ih) and stronger binding traps which 
are assumed to be voids. 

• The voids mcrease hi size widi increasing fihn thickness. This result is in accordance widi 
hterature results and is ascribed to an increase in column size, and a simultaneous increase in 
the size of the voids between the columns, with increashig film thickness. 

• Significant differences are detected between the amorphous sUicon films deposited with and 
whhout ion beam assistance. The most important difference is the almost complete absence of 
voids in the fihns deposited under ion bombardment This is ascribed to the erdianced mobUity 
of sUicon atoms that arrive at the surface, as result of the ion beam assistance. The increased 
mobihty enables the sihcon atoms that arrive at the surface to overcome die effect of 
shadowing, resulting in a kimogeneous film without columns, (shadowing produces open 
boundaries, particularly under conditions of non-perpendicular flux, because the high points 
receive more flux dian die low pohits). 

• With TDS we can detect changes in the defect structure of the amorphous film upon armeahng 
below the crystahization temperature. The changes are explained by a rearrangement of the 
atoms in the amorphous stracture, and changes in the void stracture in the low density regions. 

• Our amorphous shicon films are contaminated widi molybdenum (-700 ppm), and possibly 
widi a smah amount (<500 ppm) of carbon, hydrogen and nitrogen. Although the 
incorporation of these elements may influence the spectra of amorphous sihcon somewhat, it is 
not yet clear which features of die spectra, i f any, should be ascribed to die presence of these 
elements. 

• Computer calculations widi HOP (Hopping Of Particles) can help to disdnguish between 
possible explanations for the changes in experimental derived desorpdon spectra and facititate 
a more detad ed interpretation of these spectra. 
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5.2 Recommendations 

• Additional experiments witii STM, TEM, and smaU angle X-ray diffraction should be 
performed to confirm our expectations tiiat our fihns are buht up of columns diat become 
wider witii hicreashig fihn tidckness, and to gahi more hisight hi die (columnar) stmcture and 
die development of this stmcture during fi lm growth. 

• It is mteresting to compare tiie interface defects of fihns deposited witiiout ion bombaidment 
with tiiose of fihns deposited witii ion bombardment The object is to get more insight hi the 
development of die first atomic layers during the film growth 

• Experiments widi a lower energy (for distance 20 eV mstead of 200 eV) of the bombardhig 
ions (to decrease die hicorporation of argon), can yield additional hrfonnation on die 
development of defects hi tiie amorphous fihn. 

• Experiments witii mcreased substrate temperature should be perfonned to examhie whedier 
die resultmg increase hi mobihty of die shicon atoms leads to shmlar results as ion beam 
assistance 

• In tills work a few prehmmary HOP calculations have been perfonned StiU many extra 
simulations witii HOP are needed to gam a better msight m some of die results diat are yet not 
fuUy understood. 

• Apart from die hnplantation of hehum mto tiie fiee surface on top (as hi traditional TDS 
experiments) and into a base layer (as in bottom-up experiments), a ddrd mediod in which 
hehum is co-implanted in die fihn during deposition should be employed hi further woik. Witii 
tiie metiiod of co-hnplantation large hnplantation depdis can be obtamed witiiout incrcasmg 
the hnplantation energy (which can result in tiie unwanted production of additional defects) 
and without behig restricted by die temperatore at which hehum is first released firom die base 
layer. 

• The use of neon instead of hehum as probe atoms might yield more hiformation about die 
nature of tiie a defects, because of tiie expected difference hi bhidhig energy of neon to a 
defects. Moreover h wUl be interesting to exantine whedier neon is released fiom die fihn 
between the release temperature for argon and hehum. 

• The experiments perfonned on die crystaUized layer should be duphcated on a pure sUicon 
substrate (instead of MoSia). 
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Appendix A 

Result of additional TDS series 

The results of three additional TDS series are shown in figure A.1 , A.2, and A.3. 
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Figure A.la siiows the nonnalized desoiption spectra for a series of fluences varyhig from 
5 X 10'" to 2 X 10'" He/cm^. The film thickness is 200 A and the implantation energy is 500 
eV. Figure A. lb shows die resulting desorbed fractions IIO as fimction of O. 
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Helcm^. (a) Helium desorption spectra, (b) Desorbed 
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Figure A. 2a shows hetium desorption 
spectra of amorphous sihcon films with 
diickness varymg finom 10 A to 500 A. 
The hehum is hnplanted with an energy 
of 40 eV and an implanted fluence of 
10'̂  He/cm^ Figure A.2b shows die 
desorbed fractions IIO as function of 
the film thickness. 

Figure A.3a shows die results of a 
series of anneal experiments. Ta is 
varied between 400 K and 1400 K. 
After die film has cooled down to 
T<340 K i t is hnplanted widi hehum 
with a fluence of lO" He/cm^ and with 
an implantation energy 40 eV. Figure 
A. 3a presents die desorbed fractions 
I/O associated with the various peaks 
versus the anneal temperatures. 
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Appendix B 

study of the a peak in the IBAD spectra 

Figure B. 1 and B.2 show die results of subtracdon of EVAP-spectra from IBAD spectra hi figure 
4.24 an 4.25 respecdvely. 

15 

I 
O 

O 
IX 
c 
O 

• O 
CO 

CD 

a 

10 

1 

Argon 

7 

. energy 

[eV]_ 

\ 
H 

V^/^Vsoo 

WW**I^200. 

-

• 20 

Beta = 10 K / s 

Not corrected 

for background 

lAR 0.1 

lAR 0.05 

lAR 0.05 

lAR 0.05 

lAR 0.05 

200 400 500 800 1000120014001500 

Temperature [ K ] 

Figure B.l: Results of subtraction of EVAP-
spectra from IBAD spectra in figure 4.24 

15 

O 

o 

c 
O 

" Q . 
cn 
0) 

Q 

10 

0 

lAR 

0.07^ 

0 . 0 3 

0.01 

OOQ 

B e t a = 1 0 K / s 

Not corrected 
for background 

200 400 600 800 1000120014001600 

Tempera ture [ K ] 

Figure B.2: Results of subtraction of EVAP-
spectra from IBAD spectra in figure 4.25 

Appendix B 68 





Appendix C 

TDS on the crystallized layer 

Although our experiiiients are focused on amoiphous sUicon we have also perfonned some 
expenments on die ciystaUized layer. These experiments were primarily perfonned m order to 
imd out whedier die amoiphous fihn after an anneal to 1400 K had tumed mto a defect-fiee 
crystalhne layer. The first measurements showed a spectmm widi various nairow peaks We 
dierefore decided to perioral a hehum fluence variation and a variation m hehum hnplantation 
energy m order to gam more hisight m die origm of die dhferent peaks. We also perfonned a 
heating rate variation, ft tumed out tiiat tiiese spectra are complex and hard to mteipret widiout 
data trom additional experimental techniques. Tlie results m dds section are dierefore rady 
presented as comparison for additional research and are not discussed m detaU 

C.1. Fluence and energy variation 
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Figure C.I: Helium desorption spectra for a 
variation of implanted fluence in the crystal­
lized layer. The energy ofthe implanted 
helium ions is 200 eV. Note that the spectra 
are not shown in normalized form. 

Figure C.2: Helium desorption spectra for a 
variation ofthe helium implantation energy. 
Implanted fluence lO" Helend. 
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Figure C l presents the results of a fluence variation on the crystallized layer. The implanted 
Oucncc is varied from 5 x lO'^ to 2 x lO''* He/an^ and the hedum implantation energy is 200 
eV. Note that the spectra are not show in normadzed form. Figure C.2 presents the results of an 
energy variation on die crystaUized layer. The hnplantation energy is varied from 25 eV to 
800 cVand die hnplanted fluence is lO" He/cm^ The fohowing pohits should be mentioned: 

• Both figures show seven separate peaks, indicated as A, B, C, D, E, F and I . The fluence 
variation also shows two additional smah peaks G and H, both peaks are ahnost completely 
ovcriapped by die F and I peak, respectively. 

• The peaks that appear at relatively high temperatures (E, F, G, H, and I) can only be 
detected in die spectra for high fluence and/or high energy. 

The spectra for die fluence variation are fitted to the first order desorption equation 
(eq. 2.6). From diese fits we derived values for the hehum desorption energy {Ei) and die attempt 
frequency (Vo). As an Ulustration, figure C.3 shows the result of a fit to a spectrum of die 
crystallized fihn implanted with 200 eV hehum and a fluence of 5 x lO'^ He/cm^ The straight 
hne in this figure represents the background. The separate specfra of the fluence variation are aU 
fitted in this way and die resulting values for and Vo are presented in table C l . 
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Table C.I: Fit parameters Ej, and Vo, derived from first-order desorption fits to the fiuence 
variation of figure C.I. 

peak A peakB peakC peakD peakE 

implanted Ed Vo Ed Vo Ed Vo Ed Vo Ed Vo 
fluence [eV] [eV] [eV] [eV] [eV] 

[He/cm^] 

5 X 10'^ - - 0.74 2.0 10* 0.9 1.0 10* - - _ _ 

1 X 10" 0.57 5.4 10* 0.97 2.1 10^ 1.1 1.6 10' - - 1.5 3.1 10* 
2 X 10" 0.58 5.4 10* 0.95 2.1 10* 1.0 1.6 10' - - 1.5 3.1 10* 
5 X 10" 0.43 9.1 10" 0.90 7.7 10' 1.5 5.4 10^° 1.7 1.5 10" 2.3 3.1 10" 
1 X 10'" 0.44 1.5 10̂  0.93 1.8 10* 1.4 7.0 10' 2.0 1.7 10" 2.2 6.8 10'^ 
2 X 10'" 0.58 3.9 10* 0.89 8.5 10' 1.4 7.0 10' 2.0 1.7 10" 2.2 6.0 10'° 

peak F peakG peakH Peak! 

implanted Ed Vo Ed Vo Ed Vo Ed Vo 
fluence [eV] [s-'l [eV] [eV [s-'l [eV] 

[He/cm^] ] 

5 X 10'^ - - - _ _ - _ _ 

1 X 10" 2.2 2.5 10" 4.1 1.6 10'* - - 4.1 1.6 10'* 
2 x 10" 2.1 2.5 10" 2.1 6.6 10' - - 2.1 6.6 10' 
5 X 10" 2.1 1.5 10" 3.3 9.2 10'^ 3.3 6.710" 3.5 3.5 10" 
1 X 10'" 2.1 6 10'° 3.3 9.0 10'^ 3.0 1.0 10" 3.5 3.5 10" 
2 X 10'" 2.1 6 10'° 3.3 9.0 10'^ 3.0 1.0 10" 3.5 3.5 10" 

C.2. Heating rate variation 

We also performed a variation in heating rate and the resulting peak temperatures are plotted in 
an Arrhenius plot shown in figure C.4. From this plot and widi eq. (2.10), £d and Vo are 
derived. These values are presented in table C.2. 

Table C.2: Helium desorption energy Ed 

and attempt frequency Vofor a series of 

peaks in the crystalline spectra as derived 

Peak# Ed Vo 

[eV] [s-'l 

Peak A 0.5 1.9 10* 
PeakB 1.0 7.5 10* 
PeakC 1.2 1.2 10* 
PeakE 1.6 1.4 10' 
Peak F 2.2 1.9 10" 

C.3 Reproducibility 

As part of our routdie procedures we have checked not odly M I the reprodudbihty of the 
experiments on die amorphous film regularly, but also on diose of the crystallized layer. At first 
the reproducibdity tumed out to be very good. The spectra presented in the previous secdons 
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were obtained in this period. However, suddenly after more than 100 measuiements a completely 
different crystalhne spectrum was found. These 'new' crystalhne spectra again could be weh 
reproduced. From this thne onwards, the 'old' crystaUine spectra were never detected again. Even 
after deposidon of many new amoiphous sUicon fihns the 'old' spectra could not be obtained. At 
the same dme the amoiphous spectra had not changed at ah. 

A few additional series of measurements are performed in order to gain more hisight m die 
'new' crystalhne spectra. Figure C.5 presents die results of a fluence variadon of die 'new' 
crystalhne spectra. This figure shows that these spectra do change shghfly with increashig 
fluence. However sthl no clear conclusions can be drawn from these results. It is also examhied 
whedier this spectrum is sensitive to anneahng at high temperature. Results of this anneal series 
are given in figure C.6. Both series do not present much significant mformation about the nature 
of die change of die spectra. We stiU have no explanation for the sudden change in die spectra, 
this problem needs to be hivestigated in detah. 

The anneal series of die amorphous film presented hi section 4.5 (fig. 4.30) and die bottom-up 
probing series widi a EVAP film on top presented in section 4.3 (figure 4.14) are both performed 
in the period after the sudden change of the hehum desorption spectra ftom the crystaUized layer. 
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Figure C.5: Helium desorption spectra for a 
variation in implanted fluence in the 'new' 
crystallized layer. Energy of implanted 
helium ions 200 eV. Note that the spectra 
are not shown in normalized form. 

Figure C.6: Helium desorption spectra for a 
variation in anneal time at 1400 Kfor the 
'new' crystalline spectra. Implanted fluence 
lO'^ Helend. Implantation energy 200 eV. 
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Summary 

The requirements on deposited thin films are becoming increasingly demanding. In many cases, 
die defect density has to be as low as possible, and impurity difiusion and thermal stresses in the 
films have to be avoided. A relative new method to grow thin films that can satisfy aU these 
requirements is Ion Beam Assisted Deposition (IBAD). In this technique an ion beam is used to 
bombard die growing fihn. The ion beam is betieved to increase the mobdity of the surface atoms, 
which results in a more regular atomic arrangement. Ion-assisted deposition of metals has been 
found to improve a variety of film properties. However, tiiere is stdl tittie disight into the atomic 
processes which cause diese improvements. 

This master's thesis describes the first steps of a study of die influence of ion bombardment 
on the defect structure of thin amorphous sdicon films. The experimental technique employed is 
Thermal Desorption Spectrometry (TDS). Literature offers hardly any data about the use this 
technique hi studies on amorphous films. 

The results of our experhnents show that we can successfuhy study defects hi amoiphous 
sdicon vvith TDS. In view of the noncrystahinity, some types of defects do not show up 
separately, as hi studies of crystalhne metals, but rather as traps havhig a conthiuous range of 
helium-binding energies. Three disthict types of traps are detected: (i) smah traps that might be 
assigned to interstitial positions, atom-size defects, defonned regions surroimdhig incorporated 
impurity atoms, or a combhiation of tiiese three; (h) smah defects at the hiterface between the 
amoiphous fhm and die crystaUized layer, and (ih) stronger bindmg traps which are assumed to 
be large voids. These voids increase in size with increasing film thickness. This residt is in 
accordance widi hterature and can ascribed to an increase in column size and a simultaneous 
increase in die size of the voids between the columns with increasing fUm thickness. 

Significant differences are detected between amorphous sdicon films deposited with and 
without ion beam assistance. The most important difference is the almost complete absence of 
voids in films deposited under ion bombardment. This is ascribed to the enhanced mobUity of 
silicon atoms that arrive at die surface, as a restdt of ion beam assistance. The increased mobUity 
enables sihcon atoms that arrive at the surface to overcome the effect of shadowing (i.e. the 
fonnation of columns), resulting hi a homogeneous fhm without columns. 

Additional computer simulations widi HOP (Hopping Of Pardcles) have been shown to 
facihtate die hiterpretation of our results. 
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Samenvatting (Dutch summary) 

Aan dunne opgedampte lagen worden steeds hogere eisen gesteld Zo moet m veel gevahen de 
defectdichdieid laag zijn en moet de diffusie van onzuivedieden en spannmgen in de laag woiden 
voorkomen. Een relatief nieuwe methode voor duime laag depositie, waarbij aan al deze eisen 
wordt voldaan is Ion Beam Assisted Deposition (IBAD). Met deze techniek wordt de laag tijdens 
het opdampen gebombardeerd met een ionenbundel. Het is bekend dat deze mediode voor 
verbetermg van verschihende eigenschappen kan zorgen, maar er is nog geen goed inzicht in hoe 
de atomaire processen deze verbeteringen mogehjk maken. 

Dit afstudeerverslag beschrijft de eerste stappen van een onderzoek naar de mvloed van 
ionenbombardement op de defectstmctuur in duime lagen van amorf siüciiun. De experimentele 
techniek die is gebmhct is Thermal Desoiption Spectrometry (TDS). Uh de hteratuur zijn wemig 
gegevens bekend over het gebraik van deze methode voor onderzoek aan amorfe lagen. 

Tot nu toe kan het volgende worden geconcludeerd. Uh de resultaten van onze experimenten 
blijkt dat het goed mogehjk is om laagjes amorf süidum te onderzoeken met TDS. hi tegenstelhng 
tot kristalhjne materialen kunnen sommige typen defecten hi de amorfe lagen niet afzonderiijk 
worden gedetecteerd maar in groepen van defecten met een continu verloop van hehum 
dissodatie energieën. In de laagjes opgedampt zonder ionen bombardement zijn drie defectsoorten 
aangetoond, (i) defecten aan het grensvlak tussen de kristalhjne en de amorfe laag; (h) kldne 
vacature-achtige defecten m de buUc en (ih) grote holtes hi de gebieden tussen de amorfe 
kolommen. De breedte van deze holtes neemt toe met toenemende laagdikte. Dit resultaat is in 
overeenstemmhig met de hteratuur en wordt toegeschreven aan de toenemende grootte van de 
kolommen met toenemende laagdücte. 

In de lagen die met ionenbundelassistentie zijn opgebracht bhjken de grote holtes bijna 
compleet afwezig te zijn. Dit resultaat wordt toegeschreven aan de verhoogde mobihteh van de 
sdidumatomen die het oppervlak bereUcen, welke het gevolg is van de ionenbundel assistentie. De 
verhoogde mobhiteh zorgt ervoor dat sdidumatomen aan het oppervlak zich kunnen verplaatsen 
naar energedsch gunstige posities waardoor het effect van schaduwvoiming (d.w.z. 
kolom vorming) wordt tegengegaan. 

Tot slot is aangetoond dat computershnulaties met HOP (Hoppmg Of Particles) aanvuhende 
informade opleveren voor de interpretatie van de experimentele TDS spectra. 

Samenvatting 76 




