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In the literature survey part of this thesis, the principle of Atomic Layer Deposition (ALD) 
technique and different reactor designs are introduced. Typical features of ALD-processes based 
on chloride, cyclopentadienyl and amide precursors are reviewed. The characteristics of 
precursors and products appearing in the vacuum line of an ALD reactor are discussed in terms of 
their health effects, toxicity as well as their influence on the equipment. 
  
The experimental part of the thesis deals with the treatment of hydrogen chloride exhaust gas 
evolved in the surface reactions of processes based on chloride precursors. Four solid, basic and 
reactive absorbents in granular form � CaCO3, CaO, NaOH and NaOH-impregnated activated 
carbon � and one physical adsorbent, viz. activated carbon as such, were tested for their 
applicability for neutralising HCl gas in the vacuum line of an ALD reactor on the vacuum 
pressure side of the vacuum pumps. The tests were twofold: First, the materials were tested in 
small vacuum equipment simulating typical HCl-containing vacuum-line conditions. Then, the 
materials were tested in a larger pilot-scale unit that was attached to an ALD reactor producing a 
HCl-rich exhaust gas flow. The efficiencies of the absorbents were defined by mass-change of the 
granules and by potentiometric chloride-ion titration. 
 
The performances of all the materials but NaOH could be compared based on the results of the 
small-scale unit. Tests performed with NaOH failed due to the soaking of the NaOH granules. 
CaCO3 was able to neutralise most of the HCl present in the vacuum line, whereas the neutralising 
effect of CaO was the most long-lasting and its performance per mass or volume was the highest. 
The reactive NaOH-layer in NaOH-impregnated activated carbon reacted most completely. 
Untreated activated carbon was the least efficient material in terms of all parameters of 
performance. 
 
In the small-scale unit, all of the tested absorbent materials were capable of neutralising HCl, but 
their reactivity was minimal in the pilot-scale unit. This could be explained by the differences 
between small- and pilot-scale units, such as flow rate, humidity and different solid-gas 
interactions due to constructional differences of the equipments. 
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Tämän opinnäytteen kirjallisuusosassa esitellään atomikerroskasvatusmenetelmän (ALD) 
periaatteet ja erityyppiset reaktorit sekä kloridi- syklopentadienyyli- ja amidilähdeaineisiin 
perustuvien ALD-prosessien tyypilliset piirteet. ALD-reaktorin pumppauslinjassa esiintyvien 
lähtöaineiden ja reaktiotuotteiden ominaisuuksia tarkastellaan terveysvaikutusten ja 
myrkyllisyyden sekä laitteistolle aiheutuvien vaikutusten näkökulmasta. 
 
Kokeellisessa osassa tarkastellaan atomikerroskasvatuksen kloridilähdeaineista suoritettavien 
ALD-kasvatusten pintareaktioissa syntyvän HCl-kaasun neutralointia alipaineessa ALD-reaktorin 
pumppauslinjassa. HCl-pitoisen kaasuvirran käsittelyssä tutkittiin neljää kiinteää, rakeista ja 
emäksistä absorbenttia � CaCO3:a, CaO:a, NaOH:a ja NaOH:lla kyllästettyä aktiivihiiltä � sekä 
käsittelemätöntä aktiivihiiltä, jonka toiminta perustuu fysikaaliseen adsorptioon. Kokeet 
suoritettiin kahdessa osassa: Aluksi materiaalit tutkittiin pienessä ALD-reaktorin pumppauslinjan 
olosuhteita jäljittelevässä laitteessa sekä myöhemmin suuremmassa koelaitteessa, joka oli liitetty 
ALD-reaktoriin. HCl-pitoinen poistokaasuvirta tuotettiin runsaasti HCl:a tuottavan ALD-reaktion 
avulla. Absorbenttimateriaalien tehokkuus määritettiin absorbenttien massanmuutosten sekä 
kloridi-ionin potetiometristen titrausten perusteella.  
 
Pienessä koelaitteessa suoritettujen kokeiden perusteella voitiin verrata valittujen materiaalien 
suorituskykyä NaOH:a lukuunottamatta, sillä NaOH-rakeet vettyivät. CaCO3 kykeni 
neutraloimaan suurimman osan laitteeseen syötetystä HCl:sta, kun taas CaO:n toimintakyky kesti 
pisimmän ajan. Myös CaO:n kyky käsitellä HCl-kaasua absorbenttimateriaalin massa- tai 
tilavuusyksikköä kohti oli paras. NaOH-impregnoidun aktiivihiilen käytettävissä oleva 
reaktiivinen ainemäärä reagoi kaikista täydellisimmin. Käsittelemättömän aktiivihiilen 
suorituskyky oli kaikilta osin vaatimattomin. 
 
Tutkittujen neutralointimateriaalien nähtiin reagoivan tyydyttävästi HCl:n kanssa pienessä 
koelaitteessa suoritetuissa kokeissa, mutta suuremmassa pilot-mittakaavan laitteessa reaktiivisuus 
oli hyvin vähäistä. Tämä voi johtua pienen ja pilot-mittakaavan laitteen erilaisista 
virtausnopeuksista ja kaasuvirran kosteuspitoisuuksista sekä toisistaan poikkeavien 
laiterakenteiden aiheuttamista eroista kiinteän- ja kaasufaasin vuorovaikutuksissa. 
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Acronyms and abbreviations 

AC Activated Carbon 

ACGIH American Conference of Governmental Industrial 

Hygienists, Inc 

AES Auger Electron Spectroscopy 

ALD Atomic Layer Deposition 

ALE Atomic Layer Epitaxy 

Cp Cyclopentadienyl 

CSP Chemical Spray Pyrolysis 

CVD Chemical Vapour Deposition 

DMAH-EPP Dimethylaluminium-hydride-ethylpiperidine 

EGA Evolved Gas Analysis 

EL Electroluminescent 

Et Ethyl 

High-k High permittivity 

ICSC International Chemistry Safety Cards 
iPr Isopropyl 

Me Methyl 

MOSFET Metal Oxide Semiconductor Field Effect Transistor 

MSDS Material Safety Data Sheet 

PVC Polyvinylchloride 

R&D Research and Development 

slm Standard litres per minute 
tBu Tert-butyl 

TDMAT Tetrakis(dimethylamido)titanium 

TFEL Thin Film Electroluminescent 

THF Tetrahydrofuran 

TLV Threshold Limit Value 

XPS X-Ray Photoelectron Spectroscopy 

YSZ Yttrium-Stabilised Zirconia 



Symbols 

Symbol Unit Description 

xn  mol Number of moles of species x 

xm  g Mass of species x 

xM  g mol-1 Molar mass of species x 

px Pa Pressure of species x 

Vx m3 Volume of species x 

R kJ mol-1 K-1 Universal gas constant: 8.314 kJ mol-1 K-1 

Tx K Temperature of species x 
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Review of literature 

1 Introduction 

Atomic Layer Deposition, ALD, is a chemical gas phase thin film deposition 

method. While the earliest references to this kind of thin film growth are found in 

the Russian literature in 60ies1 the method was first patented by Dr. Tuomo 

Suntola in Finland in 1974.2 When first introduced, this technique was given the 

name Atomic Layer Epitaxy, ALE. Nowadays the acronym ALE has been 

reserved only for strictly epitaxial growth where the crystal structure of the 

depositing film is controlled by that of the substrate. A variety of alternative 

names for the method have been proposed, but ALD is preferred being widely 

used, descriptive and close to the original form ALE, and furthermore analogous 

to Chemical Vapour Deposition (CVD).3  

The motivation for the development of ALD was the need for a processing 

technique capable for depositing high quality thin films in the fabrication of 

electroluminescent (EL) displays.4 Later on, efforts have been directed to examine 

the possibilities of ALD in other areas of thin film industry as well. These include 

nanotechnology,5 catalysts6 and electronic and optoelectronic materials.7 High 

permittivity metal oxides (high-k oxides) have been intensively studied, since they 

provide potential alternatives to the traditional SiO2 in integrated circuits.8 The 

continuously increasing interest towards ALD technique is demonstrated in Figure 

1, which presents the number of ALD-related publications and patents annually 

from 1976 to 2004. 



2 

0

100

200

300

400

500

600

19
76

19
77

19
80

19
81

19
82

19
83

19
84

19
85

19
86

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

20
03

20
04

Publication year

N
um

be
r o

f p
ap

er
s

Patents

Publications

 
Figure 1. The number of ALD-related papers published from 1976 to 2004.9 

 

In this thesis, the principle of ALD is first introduced. Two alternative reactor 

constructions are briefly described to give the reader an idea of the nature of 

equipment needed in ALD. Three industrially relevant process types  - chloride, 

cyclopentadienyl, and amide processes - have been chosen to demonstrate the 

applicational characteristics and problems encountered in utilising each of them. 

Moreover, the composition of the products and byproducts in each of these 

processes is discussed from a chemical point of view.  

The experimental part focuses on the abatement of harmful process exhaust 

components. Several abatement units and methods are available for performing 

the process gas scrubbing typically on the atmospheric pressure side of a vacuum 

pump. In contrast to these commercially available scrubbing devices, a chemical 

scrubbing unit located on the vacuum side of the pump was constructed primarily 

for the treatment of HCl in the exhaust gas always evolved in depositions where 

chloride and chlorine containing precursors are used. The aim of assembling the 

unit on the vacuum side of the pump is to protect pumps and pump oil from 

aggressive exhaust components and to extend the maintenance cycle of the 

pumps. 
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2 Atomic layer deposition technique 

2.1 The basics of ALD 

The major difference between ALD and Chemical Vapour Deposition (CVD) or 

other chemical gas phase thin film deposition methods (e.g. Chemical Spray 

Pyrolysis, CSP) is, that in ALD the pulses of volatile precursors are not 

introduced into the reactor simultaneously but one at a time, separated by purging 

gas pulses or evacuation periods. The substrate is saturated with a monomolecular 

layer of the first precursor or a distinct fraction thereof via a chemical reaction 

between the precursor and the surface or by adsorption, and the excess precursor 

and possible reaction byproducts are purged from the reactor, most frequently 

using an inert gas such as nitrogen. The purging step is then followed by another 

precursor pulse that saturates the previously formed monomolecular surface. 

Again, the precursor pulse is followed by an inert gas purge, removing the excess 

precursor and byproducts. This cycle of consecutive, saturative precursor and 

purging gas pulses is repeated to achieve the required film thickness. The stepwise 

film growth mechanism for an imaginary binary oxide film is illustrated in Figure 

2. 

 

Figure 2. Layer-by-layer growth of a binary oxide thin film deposited from metal 

(o ) and oxygen ( • ). L refers to ligands attached to the metal.10 
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An advantageous feature of ALD, in comparison to CVD, is the surface-

controlled mechanism of thin film deposition. Within a certain temperature range, 

the thin film growth is controlled only by the saturation of the substrate surface, 

and is independent of other parameters such as pressure or precursor flux. The 

concept �ALD-window�11 is illustrated as a graph in Figure 3. It is commonly 

used to visualise the temperature range of surface-controlled growth. In Figure 3, 

some non-ideal growth regimes outside the ALD-window region have also been 

presented. It should be pointed out, that the plateau region of the ALD-window is 

not defined as a constant growth rate with respect to temperature, but instead a 

temperature range, where film growth is surface-controlled.3,12 

ALD-
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Figure 3. The temperature range of the ALD-window and the lines representing 

regimes of non-ALD-type growth. The lines L1 and L2 represent precursor 

condensation and an incomplete surface reaction, respectively. The line H1 stands 

for precursor decomposition and H2 for precursor evaporation from the surface 

due to high temperature.11 

 

The advantages of ALD are primarily based on the surface-controlled film 

growth, resulting into reproducible, uniform and conformal films even on large 
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area substrates. Since the film deposition takes place layer-by-layer, film 

thickness can easily be controlled by monitoring the number of growth cycles. 

Also the scale-up of an ALD-based thin film process is straightforward. A 

limitation of ALD is the lack of useful precursors or well-applicable processes for 

certain thin films, such as some metals, Si and SiO2.3 Another unfavourable 

feature of ALD is its relatively slow deposition rate, typically 100-300 nm/h. 

Previously this was seen as a major drawback considering the industrial 

applications of the method, but it can be overcome by large batch sizes. 

Furthermore, the completely automated nature of the ALD process diminish the 

importance of growth rate, as does the tendency towards thinner and thinner films 

in semiconductor industry. 

2.2 ALD in industry: Manufacturers and reactor designs 

Since the patenting of ALD in 1974 at Instrumentarium Oy, Finland, the 

technique and its development stayed in Finnish ownership for over 15 years. In 

1991, Planar Systems Inc., USA, acquired the ALD technique as a part of the 

purchacy of the EL display manufacturing business of Lohja Corporation, 

Electronic Display Division, which had continued the industrially-oriented ALD 

research initiated at Instrumentarium Oy. Since the 1990ies, several reactor 

manufacturers have emerged in Finland and abroad because of the growing 

interest in ALD and its applications. In Table 1, some of the present ALD reactor 

manufacturers are listed. 
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Table 1. Selected ALD reactor manufacturers. 

Manufacturer Main location ALD-related 

research (r) or 

business (b) 

started 

Details 

Aixtron13 Aachen, 

Germany 

2004 (b) Merged with Genus Inc. in 

2004, ALD known as AVD 

Applied 

Materials14 

Santa Clara, 

CA, USA 

2001 (b) CVD-based reactor 

technologies 

Aviza15,16 Scotts Valley, 

CA, USA 

2003 (b) Batch and single-wafer tools for 

200 and 300 mm wafer sizes 

ASM International 

(Former ASM 

Microchemistry, 

Finland)4,17 

Bilthoven,The 

Netherlands 

1987 (r) at 

Micro-

chemistry, 

Finland 

Several reactors for various 

substrate and batch sizes 

Beneq (spin-off 

from Nextrom�s 

industrialisation 

business)18 

Vantaa, 

Finland 

2005 (b) - 

Genus19 Sunnyvale, CA, 

USA 

1999 (b) Single-wafer reactors for 200 

and 300 mm wafers, merged 

with Aixtron AG in 2004 

IPS20 Kyungki-do, 

Korea 

1998 (b) - 

Nanofin4  Veikkola, 

Finland 

2004 (b) Makes ASM�s F-120 reactors 

Picosun4,21 Espoo, Finland 2003 (b) New reactor type for small 

scale R&D  

Planar Systems4 Espoo, Finland 1974 (r) Single reactor type for variable 

substrate and batch sizes 

Sundew 

Technologies22 

Broomfield, 

CO, USA 

2001 (b) - 

Tokyo Electron23 Tokyo, Japan 2000? (b) - 

Veeco24 Woodbury, 

NY, USA 

2000 (b) ALD tool for manufacturing 

data storage devices 
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The reported ALD reactor constructions are based on two alternative reactor 

configurations, viz. the movable platform or the travelling-wave type. In the 

movable platform construction, the substrates are attached on a rotating susceptor. 

Precursors fed into the reactor chamber are kept apart by shrouds of inert gas. The 

substrates are alternately exposed to different precursors by rotating the substrate 

platform between precursor sections in the reactor chamber.3 This construction 

schematically represented in Figure 4 25 was used in the very first ALD 

experiments by Suntola et al. 2,4.  

 
Figure 4. Rotating susceptor type ALD reactor: (1) inlet for precursor A, (2) inlet 

for purge gas, (3) inlet for precursor B, (4) wedge for sectioning-off precursor 

flows, (5) fixed plate, (6) windows, (7) rotating susceptor, (8) substrate, (9) 

exhaust line to vacuum pump, (10) large-diameter quartz tube.25 

 

The travelling-wave construction, in turn, consists of an externally heated reactor 

space, in which the substrates are placed. The reactor space may either be 

restricted to fixed substrate sizes and locations or it may consist of a tubular space 

enabling more flexibility in substrate configurations and sizes. Consecutive pulses 

of precursors and purge gases then travel across the reactor space. Gaseous or 

liquid precursors are fed into the reactor from separate precursor sources that can 

be heated. The vessels for gaseous or liquid precursors are situated outside the 
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reactor, whereas solid precursors are loaded in precursor boats inside the reactor 

space. The evaporation of solid precursors is then controlled by externally heating 

the section of solid precursors inside the reactor tube. The temperature profile 

must ascend towards the substrate space to prevent precursor condensation. The 

reactors manufactured for industrial purposes are primarily based on this 

travelling-wave construction.3 A schematic representation of a travelling-wave 

type ALD reactor and its components is given in Figure 5.26  

 
Figure 5. Travelling-wave type ALD reactor:26 (1) N2 generator, (2) vessel for 

liquid or gaseous precursors, (3) pulsing valves, (4) heaters, (5) precursor boats 

for solid precursors, (6) purge gas inlets, (7) substrates inside a reactor chamber, 

(8) exhaust line to vacuum pump. 

 

For comparison, some key figures of three ALD reactors for different application 

areas are listed in Table 2. ASM F-120 is a widely used and well-proven small-

scale R&D deposition unit. Picosun R 150 is a compact new-generation ALD-tool 

also intended for small scale applications, but it is more versatile than F-120. 

P400 A reactor by Planar Systems is scalable from R&D applications to 

production. 
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Table 2. Key characteristics of ASM F-120, Picosun R 150 and Planar P400A 

ALD reactors. 

Reactor ASM F-12027 Picosun R 15028,29 Planar P400A30 

Application 

area 

Small scale R&D Small scale R&D 

and pilot 

minibatch 

Small scale R&D, 

pilot and 

production 

Vacuum shell 

diameter (mm) 

120 250/320/400 400 

Substrate 

capacity 

2 pcs. 50×50 mm 

or max. Ø55 mm × 

95 mm 3-D object 

Few 200 mm 

wafers or small  

3-D objects 

300 mm wafers or 

max. Ø300 mm × 

700 mm 3-D 

object 

Temperature 

range of 

reactor 

chamber (°°°°C) 

20�500 20�400 20�600 

Source type 

(number) 

Solid (6) 

replaceable with 

liquid or gas 

sources 

Liquid or gas (2) 

(+1 optional 

liquid/gas) 

Solid, liquid or gas 

(standard 8) 

Carrier flow 

(slm) 

0.2�2 1�2 0.5�6 

Dimensions 

(depth/width/ 

height, mm) 

800/1450/1400 + 

pump: 

300/800/400 

700/700/930 850/2323/1955 

Weight (kg) 150 200 500 
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3 Selected process types: Processes based on chloride, 
cyclopentadienyl, and amide precursors 

The most important requirements for precursors used in ALD are their high 

volatility, stability in the applied temperature range, and aggressive and complete 

reactivity. A wide range of already well-documented precursors and processes can 

be found in the literature.3 In surveying the precursor candidates for the desired 

film, some helpful information, such as thermodynamic and volatility data, can 

often be found in CVD publications. Due to the similarities between the ALD and 

CVD methods, several precursors used in CVD are applicable to ALD as well. 

Other desired precursor characteristics include high purity, inert and preferably 

gaseous byproducts, affordable price, facile synthesis, ease of handling, non-

toxicity, and environmental harmlessness. The issues concerning environmental 

and health effects of both the precursors and the reaction byproducts are of special 

importance in industrial scale thin film production.3 

Precursor chemistry is considered to play a key role in further development of the 

ALD technique.8 The evolution of precursors can be historically divided into 

periods according to the most actively studied precursors. From the invention of 

ALD onwards, i.e. in 1970ies and 1980ies, chlorides were among the first 

precursors at the focus of interest. Then, β-diketonate compounds arose as 

promising, volatile compounds that could be used to incorporate rare earth metals 

as dopants into Thin Film Electroluminescent (TFEL) display phosphors as well 

as to deposit the matrix elements.31 β-diketonates have their drawback, though: 

Most β-diketonates must be oxidised with ozone, which decomposes the β-

diketonato ligands resulting in high carbon content in the films.3 Consequently, 

more easily oxidised precursors are looked for. More recently, cyclopentadienyl 

compounds have been studied as replacements for β-diketonates. Furthermore, 

they can be used to replace chlorides in oxide film depositions, where the etching 

effect of hydrogen chloride evolved in surface reactions is undesirable. In 

addition, during the recent years certain innovative deposition methods involving 

e.g. atomic hydrogen and plasma-assistance have been taken into use.32 Also some 
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new precursors have been reported. Amides are among the precursors of special 

interest today. They have been studied to find potential precursors for certain 

oxide, nitride and silicate thin films.8,32 

Three of the above presented precursor groups have been chosen for a more 

detailed review: Metal chlorides being the most studied and proven precursors in 

ALD, cyclopentadienyl compounds providing an insight into organometallic 

precursors and metal amides as new precursors for experimental ALD-processes. 

Furthermore, a selected precursor for each precursor group is reviewed in detail: 

aluminium chloride, dicyclopentadienylmagnesium and tetrakis(dimethylamido)-

titanium. 

3.1 Chloride processes 

Metal chlorides are among the very first precursors used in ALD.3 A primary 

factor for preferring chlorides to organometallic precursors is the resulting carbon-

free films. Another advantages are ease of handling, non-toxicity and the 

availability of chlorides at a reasonable price. A drawback is that most chlorides 

are solid state compounds that have to be heated to elevate their vapour pressure. 

The evaporation of a solid precursor is not easily controlled, though, but in ALD a 

constant and even precursor flow is not required, as far as the flow is adequate to 

saturate the substrate surface. However, solid precursors are more laborious to 

load and operate compared to liquid or gaseous precursors. In the course of the 

30-year-long development of the ALD technique, practically all the volatile metal 

chlorides have been examined for elements of tehnological interest. The ALD 

precursor systems involving the chlorides are listed in Table 3, which is based on 

the systems known to the author on the basis of literature and personal 

communications. 
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Table 3. Chloride precursors examined for ALD.3 

Metal chloride 

precursor 
Secondary precursor Film composition 

AlCl3 H2O, O2, ROH, NH3, AsH3 Al2O3, AlAs, AlN 

BCl3
32 NH3 BN 

CdCl2 H2S CdS 

CuCl H2, Zn, GaCl3+ H2S Cu, CuGaS2 

GaCl AsH3, NH3, PH3, P4 + As4 GaAs, GaN, GaP, GaP1-xAsx 

GaCl3 AsH3, NH3, GaCl3+ H2S GaAs, GaN, CuGaS2 

GeCl4 Atomic H Ge 

HfCl4 H2O HfO2 

InCl AsH3,PH3, ((CH3)3C)PH2 InAs, InP 

InCl3 H2O/H2O2, H2S In2O3, In2S3 

MnCl2 H2S Mn-dopant in ZnS 

MoCl5 Zn, NH3 + Zn, (CH3)2NNH2 Mo, MoN, Mo2N 

NbCl5 NH3 + Zn, (CH3)2NNH2 NbN 

SbCl5 H2O Sb2O5 

Si2Cl6 Si2H6, atomic H, N2H4 Si, Si3N4 

SiCl4 
H2O, NH3, H2S Si3N4, SiO2, Cl-dopant in SrS 

and CaS 

SnCl4 H2O SnO2 

TaCl5 
H2-plasma, NH3 + Zn, NH3, 

(CH3)2NNH2, H2O, NH3 + H2O 
Ta, TaN, Ta3N5, Ta2O5, TaOxNy 

TiCl4 
H2-plasma, NH3 + Zn, 

(CH3)2NNH2, H2O, H2O2 
Ti, TiN, TiO2 

ZnCl2 H2S, H2Se, H2S + Se ZnS, ZnSe, ZnS1-xSex 

ZrCl4 H2O ZrO2 

 

3.1.1 Aluminium chloride 

Aluminium chloride, AlCl3, was chosen here as a representative thin film material 

for its historical and current industrial importance, and for its relatively care-free 
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handling characteristics: non-toxicity and moderate sensitivity to humidity. 

Aluminium chloride was examined as a precursor already in the early years of 

ALD.33,34 It has been used as a precursor for depositing aluminium oxide, nitride, 

and arsenide thin films, whose applications are listed in Table 4.  

Table 4. The applications of thin films deposited from aluminium chloride.3 

Film material 
Secondary 

precursor 
Applications 

Al2O3 H2O, O2, ROH Dielectric, protective and ion barrier layers 

AlN NH3 Dielectric and protective layers 

AlAs AsH3 III-V semiconductors 

 

By far the most extensively studied Al-containing film material is aluminium 

oxide. Alumina has a wide range of industrial applications, but recently the focus 

of interest has been on its application as a high-k gate dielectric layer in Metal 

Oxide Semiconductor Field Effect Transistors (MOSFETs), where the desired 

oxide thickness should be 1.0 nm or less in the near future.8 The search for thin 

dielectric layers is motivated by the trend of ever-decreasing dimensions in 

electronic components. The aim is to replace the currently used dielectric SiO2 

layer that has an unacceptably high tunnelling current when downscaled to 

thicknesses below 1 nm.8 

The deposition rate of Al2O3 depends on the oxidant, the reactor construction and 

deposition temperature, ranging from 0.4 to 0.9 Å/cycle at temperatures between 

100�800 ºC.35 The deposition rate decreases with increasing temperature and at 

500 ºC it is around 0.6 Å/cycle. This behaviour can be explained by the 

dependence of the number of surface hydroxyl groups on the temperature.36 The 

reported films have generally been amorphous,35 but also epitaxial37 ( 0211 )-

oriented α-Al2O3 films have been deposited. The oxidants studied for Al2O3 

depositions are H2O, O2 and several alcohols.38,39 Also a method of utilising 

oxygen-containing metal precursors, Al(OEt)3 and Al(OiPr)3, has been 

reported.39,40 An obvious impurity in depositions from chlorides is chlorine, 
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whose content in the films decreases with increasing temperature, being typically 

1�2 at-% at 300 ºC.40,41 Al(OEt)3 and Al(OiPr)3 precursors lead into carbon and 

hydrogen residues in the films, but the reported contents of these impurities are 

below 1 at-%.40 

3.2 Cyclopentadienyl processes 

Metallocene-type cyclopentadienyl (Cp) compounds are organometallic 

compounds, where one or more cyclopentadienyl (C5H5) rings are included in the 

coordination sphere of a metal. They often have a sandwich-resembling structure, 

but also bent-sandwich type compounds are known. Examples of these structures 

are viewed in Figure 6.  

 

Figure 6. Metallocene structures: (a) parallel sandwich, (b) multi-decker 

sandwich, (c) half-sandwich, (d) bent/tilted sandwich and (e) compounds with 

differently bonded cyclopentadienyl ligands. 42 

 

Cyclopentadienyls belong to a relatively new precursor group providing a true 

organometallic alternative to the previously used β-diketonate precursors. The 

enhanced interest in cyclopentadienyl precursors stems from their advantageous 
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characteristics in comparison to β-diketonates, which include lower deposition 

temperature, less bulky ligand shape leading into less carbon impurities in the 

films, and ability to react with milder oxidants. These features and related 

advantages are reviewed in the case of cyclopentadienylmagnesium in Chapter 

3.2.1 below. A referred list of cyclopentadienyl precursors reported by 2001 can 

be found in the review by Leskelä et al. 3. Since then, several new 

cyclopentadienyl precursors have been introduced. These can be found in an up-

to-date review by Putkonen et al. 43. Based on these sources and the most recent 

literature, cyclopentadienyl precursors reported by May 2005 that are known to 

the author are listed in Table 5. 
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Table 5. Cyclopentadienyl precursors used in ALD.3 

Metallocene precursor Secondary precursor Film 

Ba(C5Me5)2(THF)x
44,45 Ti(OiPr)4 + H2O, H2S BaTiO3, BaS 

Ba[C5(1,3,5-tBu)3H2]2(THF)44 

Ba[EtO(CH2)2C5Me4]2
44

 

Ba[Me2N(CH2)2C5Me4]2
44

 

Ti(OiPr)4 + H2O BaTiO3 

Gd(C5MeH4) 46 H2O Gd2O3 

Ce(C5H5)3
47 

Ce(C5Me4H)3 

H2S Ce-dopant 

Cu(I)(Et3P)(C5H5)45 H2S Cu-dopant 

Er(C5H4Me)3
48

 H2O Er2O3 

Hf(C5H5)2Cl2
49 H2O HfO2 

Hf(C5H5)2Me2
49,50

 H2O HfO2 

La(C5MeH4)3
51

 H2O La2O3 

Mg(C5H5)2
52 H2O, Me3Al MgO, MgAl2O4 

Mn(C5H5)2 H2S 

Mn(C5MeH4)(CO3) H2S 
Mn-dopant 

Ni(C5H5)2
53 H2O NiO 

Pb(C5
tBu3H2)2

45
 H2S Pb-dopant 

Pt(C5MeH4)Me3
54,55 O2 Pt 

Ru(C5H5)2
54,56,5758

 O2 

Ru[C5EtH4]2
59,60

 NH3 plasma, O2 

Ru 

Sc(C5H5)3
61 H2O Sc2O3 

Sr(C5
iPr3H2)2(THF)45 Ti(OiPr)4 + H2O, H2S SrTiO3, SrS 

Sr(C5Me5)2(THF)x H2S SrS 

Sr(C5
iPr3H2)2 Ti(OCHMe2)4 + H2O SrTiO3 

Y(C5H5)3
62 

Y(C5Me4H)3
62 

H2O Y2O3 

Zr(C5H5)2Cl2
63�65

 O3, SiO2, Y(thd)3/O3 

Zr(C5H5)2Me2
63,66,67

 O3, H2O 

ZrO2, Zr(C5H5)2Cl2/SiO2, 

Yttrium-stabilised zirconia 

(YSZ) 

 



17 

3.2.1 Dicyclopentadienylmagnesium 

Dicyclopentadienylmagnesium, Mg(Cp)2, (Figure 7) is used as an ALD-precursor 

for the deposition of MgO thin films. MgO is employed as a buffer layer in high-

Tc superconductors68,69 and ferroelectric materials.70,71 Its application as a 

secondary emission source in plasma panel displays72,73 and as an oxide thin film 

for gas sensors74 has also been studied. Huang et al. reported the use of Mg(Cp)2 

and H2O for MgO75,76 and MgAl2O4
76 thin film depositions on Si(100) substrates. 

They observed the crystal structure of MgO to be dependent on the deposition 

temperature: At 500ºC the films were (111) oriented, whereas at 900 ºC they 

exhibited the (100) orientation. At 370 ºC the MgO films remained amorphous76. 

The growth rates varied between 1.81�2.43 Å / cycle, and carbon impurity levels 

measured by Auger Electron Spectroscopy (AES) were less than 2 at-%.  

Putkonen et al. 77 have deposited similar, (100) oriented MgO films at 

significantly lower temperatures. The temperature-independent growth was 

observed between 200�300 ºC at a growth rate of 1.16 Å / cycle, which is 

approximately one order of magnitude higher than the results obtained with β-

diketonate precursors and ozone or hydrogen peroxide. For comparison, a similar 

enhancement of growth rate was observed for Sc2O3 thin films when the 

Sc(thd)3/O3 or Sc(thd)3/H2O2 system was changed to Sc(Cp)2/H2O precursors.78 

Carbon impurity levels in the depositions by Putkonen et al. were 0.1 at-%. The 

higher growth rate observed by Huang et al. 75 can be explained by a pyrolytic 

growth mechanism from partially decomposed precursor molecules.  

H-

H H

H

H

H

H

H -

HH

Mg

2+

 
Figure 7. Structure of dicyclopentadienylmagnesium. 
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3.3 Metal amide processes 

Amides have been used as precursors for depositing nitride films for diffusion 

barrier, protective layer and gate metal applications.8 Oxide film depositions from 

amide precursors have also been reported. Recently there has been an increasing 

interest to use amides as ALD precursors. While Leskelä and Ritala in 2002 list 

only one such process,3 a literature search performed in early 2005 gave 20 hits. 

All metal amide precursors reported by January 2005 are listed in Table 6. 

Table 6. Metal amide precursors used in ALD.3,79�114 

Metal amide precursor Secondary precursor Film 
As(NMe2)3

79�81
 Me3NAlH3, GaEt3 AlAs, GaAs 

Bi[N(SiMe3)2]3
82 H2O BiOx 

Ce[N(SiMe3)2]3
3

 H2S Ce-dopant in SrS 

HfCl2[N(SiMe3)2]2
83,84 H2O HfSiO4 

Hf(NEt2)4
85 

Hf(NEtMe)4
85, 86 

Hf(NMe2)4
85 

H2O, O3 HfO2, HfxSi1-xO2 

La[N(SiMe3)2]3
87 H2O La2O3 

Pr[N(SiMe3)2]3
88

 H2O PrOx 

Ta(NEtMe)5
89 NH3 TaN 

Ta (NEt2)3NtBu90�92 NH3 TaN 

Ti(NEt2)4
93

 NH3 TiN 

Ti(NEtMe)4
94

 
NH3,  

NH3 + DMAH-EPP* 
TiN, TiAlN 

Ti[NMe2]4
93,95�109

 
NH3; NH3, H2, H2/N2 and N2 

plasmas; NH3 + SiH4; DMAH-EPP 
TiN, TixSiyNz, TiAlN 

(NEt2)2W(NtBu)2
110,111

 NH3 WN 

ZrCl2[N(SiMe3)2]2
112 H2O ZrO2 

Zr(NEt2)4
85,113 H2O, O2 

Zr(NMe2)4
85 H2O 

Zr(NMeEt)4
85,114 H2O, O2 plasma 

ZrO2 

* = dimethylaluminium hydride ethylpiperidine 
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3.3.1 Tetrakis(dimethylamido)titanium, Ti[(CH3)2N]4 

Tetrakis(dimethylamido)titanium, TDMAT (Figure 8), has been used for 

depositing binary TiN and ternary TiSiN and TiAlN thin films, whose 

applications are listed in Table 7. Deposition temperatures commonly lie in the 

200 ºC region, and reported growth rates vary between 0.22 and 0.5 

nm/cycle.93,101,105 Reported carbon impurity contents are high, between 15 and 25 

at-%, but nevertheless lower than those reported for films grown by CVD from 

the same TDMAT-precursor.115,116 As pure TiN as well as TiSiN and TiAlN 

compound films are being used for barrier layer applications, their resistivity 

properties are of special importance. The resistivities reported for these films are 

generally around 1000 Ω cm,93,101,105 which is one order of magnitude lower than 

resistivities reported for respective films grown by CVD, but still considerably 

higher than the resistivity of bulk TiN, 21.7 µΩ cm.117 

Me

Me

Me

MeMe

Me

Me

Me
N-

N
-

N
-

N-
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Figure 8. Schematic structure of tetrakis(dimethylamido)titanium, where the 

ligands are tetrahedrally coordinated.118 

 

Table 7. The applications and characteristics of nitride films deposited from 

Ti[(CH3)2N]4.101 

Film Applications  Characteristics 

TiN 
Diffusion barrier layers, hard and 

protective coatings 

Crystalline structure contains lattice 

defects that serve as diffusion paths 

TiSiN, 

TiAlN 

Diffusion barrier layers alternative to 

TiN 

Amorphous structure, no lattice 

defects 
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In addition to conventional ALD growth methods, plasma-post-treatment and 

plasma-assistance have been employed as new tools in TiN thin film depositions. 

Post-treating films deposited at 175 ºC with H2 or N2 plasma has shown to be an 

effective factor in the prevention of film aging by oxidation in ambient air. 

Furthermore, the resistivity values of TiN films are considerably decreased by 

plasma-post-treatment. Reported resistivity values normally vary between 1000 

and 30000 µΩ cm.100,109 If the depositions are carried out by a plasma-assisted 

method, where H2 or N2 plasma is introduced as a sequence of the deposition 

cycle instead of a separate post-treatment phase, the resistivity values are further 

decreased being only 300 µΩ cm at the lowest.106 Carbon content of the films is 

decreased below the X-ray Photoelectron Spectroscopy (XPS) detection limit (1�2 

at-%) by plasma-post-treatment technique. In plasma-assisted growth, in turn, the 

carbon content in the films increases with increasing plasma pulse time, being 5 

at-% at 5 s plasma exposure time and 25 at-% at 25 s exposure time.106 

4 The chemistry in the exhaust line 

4.1 Exhaust components: their accumulation and effects on health, 
environment and equipment  

The exhaust gas stream from an ALD reactor consists of unreacted precursors and 

products from surface reactions together with inert carrier gas. The chemical 

reactions may take place either on the substrate and reactor interior surfaces after 

ALD-type reaction mechanism or in the gas phase after the reactor chamber after 

CVD-type mechanism. The exhaust components are scrubbed for two reasons: 

They are either destructive to the equipment or make up a potential health hazard. 

In laboratory scale, the reactor exhaust can be scrubbed by bubbling the gas 

stream through a cascade of washing bottles, where plain water is used as an 
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absorbent. In thin film growth, where hydrogen sulfide is one of the precursors, 

the washing bottles are filled with copper sulfate solution instead of water and 

H2S reacts to form insoluble CuSx. Ozone-containing exhaust streams are led 

through a molecular sieve to catch up ozone. In industrial scale, large-scale 

scrubbers based on several working principles are available. For example, the 

scrubbing of acidic gases can be performed by a wet gas scrubber, where the 

acidic gas stream is neutralised by bringing it in contact with a basic solution. 

Common ALD exhaust components and their scrubbing methods are listed in 

Table 8. 

Table 8. Common ALD exhaust components, their scrubbing methods and effects 

on equipment and health. 

Exhaust 

component 

Scrubbing 

method 

Destructivity 

to equipment 

Health 

effect 

description 

Threshold 

Limit Value 

TLV (ppm): 

Air-sensitive 

precursors 

Controlled 

exposure to O2, 

thermal scrubber 

No Varies - 

H2S 

Washing bottles 

(CuSO4-

solution), wet gas 

scrubber 

No Toxic 10 119 

HCl 

Washing bottles 

(water), wet gas 

scrubber 

Very corrosive Toxic 5 120 

Humidity-

sensitive 

precursors 

Washing bottles 

(water), wet gas 

scrubber 

No Varies - 

NH3 

Washing bottles 

(water), wet gas 

scrubber 

No Toxic 25 121 

O3 Molecular sieve 
Destroys 

vacuum seals 
Noxious 0.08 122 
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In addition to appropriate scrubbing, the accumulation of the reaction components 

should also be taken into account. Depending on their volatility, the reaction 

starting materials or intermediate or final products may accumulate into exhaust 

line units posing a potential threat to health when these units are being opened for 

service. In the following chapters, the accumulation of exhaust components in the 

exhaust lines from chloride, cyclopentadienyl and amide type processes is 

discussed. The accumulation characteristics of these reaction types are discussed 

with respect to a typical ALD process arrangement shown in Figure 9. In this kind 

of a construction, the condensation unit (3) is either a separate unit next to the 

reactor or it is an integrated part of the reactor such as a simple condensation tube. 

Independent of the construction, the condensation unit is in cooler temperature 

than the reactor itself. The particle filter (4) is a mechanical filter for removing 

fine particles from the exhaust flow. The scrubbing unit (6) is an optional part of 

the equipment. It can be used, if scrubbing of hazardous gaseous species is 

required. 

1

3
4

2

5 6 7

 

Figure 9. Typical ALD reactor components: (1) precursor sources, (2) reactor at 

100�500 ºC, (3) condensation unit at 25�100 ºC, (4) particle filter, (5) vacuum 

pump, (6) scrubbing unit, (7) exhaust outlet. 

 

The accumulation behaviour and the health risks of the reaction components in 

this kind of equipment are estimated from the information given in their MSDS 

leaflets. In the hypothetical ALD process arrangement presented in Figure 9, the 

reactor temperature is estimated to be between 100�500 ºC and the temperature in 
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the condensation unit is estimated to be slightly elevated, between 25�100 ºC. 

Other components are estimated to be at room temperature, 25 ºC. 

4.2 Motivation 

Corrosion problems emerging from chloride-based ALD processes gave rise to the 

idea of a more detailed observation of vacuum line chemistry. An extreme case-

example of the effects of corrosive substances on a vacuum pump is viewed in 

Figure 10. This pump was filled with inert perfluoropolyether-based Fomblin oil 

and run three weeks under heavily corrosive exhaust gas load from a HCl-rich 

ALD process. The oil and exhaust lines made of polyvinylchloride (PVC) turned 

dark in colour, but otherwise the pump operated faultlessly. When stopped for an 

oil change and left staying overnight, most of the oil and the absorbed exhaust 

residues had turned into black, lumpy solid. The pump interior was full of 

precipitated residues viewed in Figure 10 A. The acidic components had even 

corroded a hole through the pump cover (Figure 10 B). 

   
 A B 

Figure 10. Process residues inside an opened pump (A) and a corroded hole on 

the pump cover photographed from inside (B).123 
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4.3 Aluminium-chloride-based processes 

A major drawback of chloride-based processes in general is the hydrogen chloride 

gas evolved in surface reactions. Furthermore, excess precursors not reacting on 

the surface may react in the vacuum line and evolve more HCl. The problematic 

nature of this issue is evident as is seen in the example of a corroded pump in 

Chapter 4.2. As some unreacted water is also present in the exhaust line, the 

combination of water and HCl make up an extremely corrosive environment. This 

has to be taken into account in the construction of vacuum line apparatus. 

Furthermore, HCl has a malicious etching effect on the film.8  

4.3.1 Surface reactions 

In the growth of aluminium oxide from aluminium chloride and water, three 

moles of HCl is evolved for each mole of aluminium chloride and the overall 

reaction is thus: 

(g) HCl 6  (s) OAl  (g) OH 3(s) AlCl 2 3223 +→+  (1) 

 

The surface reaction between aluminium chloride and surface hydroxyl groups 

and reaction (1) can be combined and expressed as:38 

(g) HCl 3  ClAl(-O-)  (g) AlCl 2  )OH( 3 3233 +→+−  (2) 

(g) HCl 3 (OH)Al(-O-)  (g) OH 3ClAl)O( 3232323 +→+−−  (3) 

 

Stable Al2ClxO3-x is expected to form from the Al-containing intermediate species 

in reactions (2) and (3), which explains the chloride impurities detected.124 
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4.3.2 Accumulation and toxicity issues 

Let us now take an example of using 1 kg of aluminium chloride precursor, which 

is a large but realistic amount of precursor used on an industrial scale in one day. 

Let us further estimate the surface-reacted fraction of AlCl3 to be 50 %, leading to 

an unreacted fraction of 50 % that is exhausted from the reactor. This estimation 

is only an educated guess not based on any empirical data. As is seen from the 

equation (1), the number of moles of HCl from the reaction is: 

3AlClHCl 3 nn ×=  (4) 

 

Since the number of moles of a general species x is expressed as 

x

x
x M

mn =  (5) 

 

where -1
AlCl mol g 133.341 M

3
=  and -1

HCl mol g 36.461 M = ,125 the mass of evolved 

HCl gas is obtained by combining equations (4) and (5): 

g. 15.410 

0,50 g/mol 36.461
g/mol 133.341

g 101  3 0.50 3 
3

HCl
AlCl

AlCl
HCl

3

3

≈

××××=×××= M
M
m

m
 (6) 

 

The corresponding volume of HCl in room temperature T=298.15 K (25 ºC), is 

obtained from the ideal-gas equation for species x 

xxxx RTnVp =  (7) 

 

by solving it with respect to Vx and combining with equation (5): 
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.dm 275 

 m 275.0
Pa 101325 g/mol 461.36

K 15.298K mol J 314.8g 10.154

3

3
-1-1

HClHCl

HClHCl
HCl

=

≈
×

××==
pM

RTmV
 (8) 

 

Since the Threshold Limit Value (TLV), CTLV-limit, defined by American 

Conference of Governmental Industrial Hygienists, Inc (ACGIH) is 5 ppm (7 

mg/m3),120 the maximum volume, Vmax, in which TLV is exceeded is 

33
3-3-

limit-TLV

HCl
max m106.58

m g 10  7
g 10.154 ×≈

×
==

C
m

V . (9) 

 

Thus, approximately 58600 m3 of air would be classified as unhealthy, if the 

above calculated amount of HCl were completely released into ambient 

atmosphere. 

We can similarly estimate the amounts of AlCl3 starting material and Al2O3 

product and discuss their behaviour in the equipment. The vapour pressure and 

safety data of all of these components are listed in Table 9 to give an idea of the 

accumulation of these substances. 

Table 9. Exhaust components from aluminium chloride processes.120,126�128 

Component 

Vapour 

pressure 

at 25 ºC 

(bar) 

Amount 

released in 

the example 

reaction 

TLV (ppm) Notes 

AlCl3 1 500 g none 

Sensitive to 

moisture, acidic, 

causes burns 

Al2O3 negligible 382.33g 10 mg/m3 Forms fine dust 

HCl 45 
410.15 g or  

58600 m3 5 
Acidic, causes 

burns 
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Aluminium chloride is typically transferred from the precursor vessel into the 

reactor by means of its own vapour pressure. Being a volatile solid, it can 

accumulate into cold parts of the exhaust line, such as the condensation unit and 

the particle filter that are intended to catch solid or liquid components. However, 

some aluminium chloride could find its way to the vacuum pumps and the exhaust 

line thereafter. For safety�s sake, the water feed into the reactor is kept adequate to 

convert all unreacted aluminium chloride into aluminium oxide. 

Aluminium oxide is an inert material that causes only minimal health risk in spite 

of its fine, dusty form. It can easily be picked up in the condensation unit or in the 

particle filter. The collection can be further enhanced by auxiliary water feed into 

the exhaust line converting fine particles into larger, more easily filterable 

agglomerates. 

Hydrogen chloride causes the greatest health danger in this process, not to 

mention its extreme corrosivity to the equipment. Being a gas, it is not likely to 

accumulate anywhere in the exhaust line. Some of it could adsorb into dusty 

process residues collected in the particle filter, however. Based on the example 

presented in Chapter 4.2 it is evident that vacuum pump oil effectively captures 

HCl. It is not known, how much of HCl is actually trapped in the vacuum pump 

oil. However, taking the volatility and and the large amount of HCl evolved into 

account, the majority of HCl must proceed to the atmospheric pressure side of the 

vacuum pump, where it can be scrubbed.  

4.4 Cyclopentadienylmagnesium-based processes 

4.4.1 Surface reactions 

The composition of the process exhaust gas in cyclopentadienyl-based processes 

has not been examined much. Some information of the gaseous products can be 
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derived from reaction mechanism studies, however. MgO films have been 

deposited from Mg(Cp)2 and water at 500�900ºC.75 In this study, a full monolayer 

surface coverage was observed at 600 ºC. Since the size of a (Cp)2Mg is too large 

to allow a full growth rate of one monolayer per cycle, the adsorbates of Mg were 

deduced to be in a dissociated state that is smaller in size than the original 

(Cp)2Mg molecule. A more detailed view of the surface chemistry was given by 

Putkonen et al. 77. In their depositions at 300 ºC, they observed that transparent 

films were obtained using water as an oxidant, whereas stronger oxidants, oxygen 

or air, led into brownish black films indicating high carbon content. Consequently 

two mechanisms, viz. A- and B-type, were proposed: Weak A-type oxidants (e.g. 

water) break the magnesium-carbon bond detaching cyclopentadienyl rings from 

magnesium. In turn, strong B-type oxidants (e.g. oxygen) shatter the 

cyclopentadienyl ring completely resulting in carbon-containing fragments in the 

product stream. The mechanisms are represented below in Figure 11. 

 
Figure 11. A- and B-type oxidation mechanisms of Mg(Cp)2.77 

 

The above presented mechanism is supported by a study, where ZrO2 was 

deposited from Cp2Zr(CH3)2 and deuterated water at 210�440 ºC and the exhaust 

stream from the reactor was observed with a Quadrupole Mass Spectrometer 
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(QMS).129 The observed byproducts were CpD and CH3D. Based on these 

observations, exhaust streams from cyclopentadienyl processes consist of solid 

carbon residues and light aliphatic hydrocarbons as well as Cp-ring-containing 

fragments. Also the unreacted Mg(Cp)2 and the excess oxidant end up into the 

vacuum line. In contrast to chloride processes, no corrosive products are involved, 

however. 

4.4.2 Accumulation and toxicity issues 

Considering the toxicity of the product stream, the most hazardous products from 

the presented reactions would be Cp-containing fragments. If we assume the 

reaction byproduct to be cyclopentadiene monomer, C5H6, the reaction chain 

based on the above-mentioned mechanism for a mild oxidant A is: 

[ ] (g) HC  )HOMg(C- (g) Mg)H(C  -OH)( 6555255 +→+ , (10) 

[ ]
A. of fragments possible

 (g) HC  (-OMgOH)  (g)A   )HOMg(C- 6555

+
+→+

 
(11) 

 

Thus, the overall surface reaction yields: 

A. of fragments possible 
 (g) HC 2  (-OMgOH)  (g)A   (g) Mg)H(C  (-OH) 65255

+
+→++

 
(12) 

 

The Cp-ring-containing components according to this reaction sequence are 

unreacted cyclopentadienylmagnesium and cyclopentadiene reaction product.  

Let us estimate the amounts of cyclopentadienylmagnesium used and 

cyclopentadiene evolved by taking 1 kg of cyclopentadienylmagnesium and 

assuming the unreacted fraction of it to be 50 % similarly to the example for 

AlCl3 in Chapter 4.3.2. For cyclopentadienylmagnesium, the mass exhausted from 
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the reactor is 500 g, which corresponds to a volume of 79 dm3. Since the vapour 

pressure of Cp2Mg is relatively low, all the Cp2Mg is likely to accumulate in the 

condensation unit. The pyrophoric nature of Cp2Mg must be taken into account, 

when the condensation unit is opened for service. Uncontrollable reaction may 

occur, if all the collected Cp2Mg is rapidly exposed to air. In addition, the person 

servicing the unit is exposed to Cp2Mg and its decomposition and oxidation 

products, C5H6 monomer or (C5H5)2 dimer and MgO. 

 For cyclopentadiene monomer, the evolved mass is 427.65 g corresponding to a 

volume of 158 dm3. It is not known, if cyclopentadiene actually is in monomeric 

or dimeric form in the exhaust line. Nor it is known, if Cp is in liquid or gaseous 

state. However, since it has a relatively high vapour pressure, it may be assumed 

that Cp is not accumulated anywhere but it is found along the entire exhaust line. 

Purging the exhaust line prior to any service procedure is therefore recommended 

as a precaution. An appropriate scrubbing method for cyclopentadiene in 

industrial scale is a burner-type gas scrubber, where cyclopentadiene is thermally 

decomposed e.g. in plasma or hydrogen flame. 

Let us now evaluate the health risk involved in exposition to Cp2Mg and its 

reaction products. TLV-limit is not defined for cyclopentadienylmagnesium in the 

International Chemistry Safety Cards (ICSC) database. Since Mg(C5H5)2 is 

pyrophoric, the liberated Mg(C5H5)2 can be converted to MgO and we can take 

the TLV for MgO fume � 10 mg/m3 - as a guideline. This leads to 131 g of MgO 

evolved. If it is completely released to the ambient, the TLV is exceeded in 13100 

m3 of air.130 For cyclopentadiene, TLV is 75 ppm (203 mg/m3), which would be 

exceeded when diluted into less than 2080 m3 of air.131 Based on these 

considerations, all the components in cyclopentadienylmagnesium-based 

processes pose a safety risk or a health danger: Cp2Mg for its pyrophoric 

behaviour and cyclopentadiene monomer and dimer for their volatility and low 

TLV values that are easily exceeded, when vacuum line service takes place. The 

volatility and safety data are listed in Table 10. 
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Table 10. Exhaust components from cyclopentadienylmagnesium processes.130�132 

Component 

Vapour 

pressure 

at 25 ºC 

(bar) 

Amount 

released in 

the example 

reaction (g) 

TLV 

(ppm) 
Notes 

(C5H5)2Mg 

or 

MgO 

Cp2Mg: 

0.05 

MgO: 

negligible 

500 (as 

Cp2Mg) 

131 (as MgO) 

Cp2Mg: 

none 

MgO: 

10 mg/m3 

Cp2Mg: Pyrophoric, 

sensitive to moisture 

and air, hazardous to 

health 

MgO: Forms fine 

dust 

(C5H5 )2 

(dimer) 

0.53  

(20 ºC) 

427.65  

(158 dm3) 
75 

Volatile and 

flammable, hazardous 

to health 

 

4.5 Tetrakis(dimethylamido)titanium-based processes 

4.5.1 Surface reactions 

The surface reaction between Ti[(CH3)2N] and NH3 is believed to take place via a 

binary reaction sequence,105 

(g) HNMe 2  *)Ti(NMeN  (g) )Ti(NMe  *NH 2 222242 +→+ , (13) 

(g) N 
6
1  (g) HNMe 2  *TiNHN  (g) NH 

3
4  *)Ti(NMeN 22223222 ++→+ , (14) 

 

where NH* and N2Ti(NMe2)2* are surface and surface intermediate species, 

respectively. Thus the overall reaction yields 
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(g). N 
6
1  (g) HNMe 4  TiN  (g) NH 

3
4  (g) )Ti(NMe 22342 ++→+  (15) 

 

4.5.2 Accumulation and toxicity issues 

Following the example presented for hydrogen chloride in Chapter 4.3.2, let us 

now similarly estimate the amount of the metal-containing precursor, Ti(NMe2)4, 

to be 1 kg and the surface-reacted amount of it to be 50 %, and on this basis 

calculate the masses and volumes of NH3 and HNMe2 released into ambient air. 

We obtain a mass of 51 g for ammonia and 402 g for dimethylamide that 

correspond to volumes of 73 dm3 and 218 dm3, respectively. Since TLV is 25 ppm 

(17 mg/m3) for ammonia121 and 5 ppm (9.4 mg/m3) for dimethylamine133, the 

maximum air volumes below which the TLV-limits are exceeded are 3000 m3 and 

42800 m3, respectively. Currently no TLV-limit is established for Ti(NMe2)4. The 

vapour pressure and safety data of all reaction components are listed in Table 11.  

Table 11. Exhaust components from tetrakis(dimethylamido)titanium 

processes.121,133,134 

Component 

Vapour 

pressure 

at 25 ºC 

(bar) 

Amount 

released in 

the example 

reaction (g) 

TLV 

(ppm) 
Notes 

Ti[(CH3)2N] 0.13 500 none 
Moisture and air sensitive, 

hazardous to health 

HNMe2 0.20 
402  

(218 dm3) 
5 

Volatile and flammable, 

hazardous to health 

NH3 1.01 51 (73 dm3) 25 
Volatile and flammable, 

hazardous to health 

 

It is seen from the low TLV-limits that all the components involved in 

tetrakis(dimethylamido)titanium processes are hazardous. They are easily released 
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to the ambient because of their high volatility. On the other hand, they are not 

likely to accumulate in any part of the vacuum line. However, some of the 

Ti[(CH3)2N] starting material may be collected into the condensation unit after the 

reactor due to its lowest vapour pressure among the components involved. The 

moisture and air sensitivity of this substance should be taken into account, when 

opening the condensation unit for service. Both the substance itself and the fumes 

released from its reaction with air and moisture pose an immediate risk to health.
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Experimental part 

5 Treatment of ALD process exhaust gases 

The aim of the experiments was to utilise means of chemistry for scrubbing 

exhaust components from ALD processes. Due to vacuum pump corrosion 

problems described in Chapter 4.2, the focus of the experiments was chosen to be 

processes based on chloride precursors and the scrubbing of hydrogen chloride 

from the exhaust gas stream of an ALD reactor. As the scrubbing operation was to 

be performed on the vacuum side of the vacuum pump, the use of liquid scrubbing 

reagents was out of question, leaving only gas-gas and solid-gas interactions for 

further consideration. An obvious gas-phase reaction between gaseous ammonia 

and hydrogen chloride was first considered. Eventually, the test series was 

designed only for solid-gas reactions, where a variety of basic oxide and 

hydroxide reagents in granular form were considered. In addition to chemical 

scrubbing methods, some absorbents based on physical size and adsorption 

effects, such as molecular sieves and activated carbon, were considered. A high-

surface-area matrix together with chemical reactivity was looked for as an ideal 

combination possessing the necessary characteristics for HCl-scrubbing. These 

requirements were fulfilled by a method of impregnating activated carbon (AC) 

matrix by a solution of basic hydroxide as described in recent literature.135 

Furthermore, the price, availability, regenerability and safety of handling in terms 

of toxicity and corrosivity were taken into account when selecting the absorbents 

to be tested among the possible candidates. 
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5.1 Absorbents selected 

By following the criteria presented above, some granular absorbents were selected 

for further testing: CaCO3, CaO, NaOH and activated carbon in both plain and 

NaOH-impregnated form. All the materials except NaOH-impregnated AC were 

used as delivered, without any treatments. NaOH-impregnated AC, however, was 

prepared applying the method described in an article by Lee et al.135 

5.1.1 Preparation of NaOH-impregnated AC 

First, approximately 300 ml (74 g) of AC was dried at 120 ºC for 24 hours in air 

and poured into a beaker. An equal volume of 12 M NaOH-solution was prepared, 

poured into the beaker on AC granules and mixed with them until all the AC had 

thoroughly soaked. The mixture was left in the beaker for 24 hours. By then, only 

a small volume of NaOH-solution was remained unabsorbed in the beaker. Finally 

the granules were poured on a glass dish and dried at 80 ºC for another 24 hours in 

air.135 The resulting NaOH-containing activated carbon contained 29.4 mass-% 

NaOH determined by absorbent weight after preparation and drying. This equals 

to a NaOH/AC mass ratio of 0.41, which is close to the reported NaOH/AC mass 

ratio 0.45�0.47 prepared in the article by Lee et al.135. 

5.1.2 Characteristics of the absorbents 

The neutralising effect of all the absorbents but plain, untreated activated carbon 

is based on solid-gas reactions between the reactive absorbent surface and HCl 

gas. For plain activated carbon, the effect is based on HCl absorption only. The 

selected absorbents are listed in Table 12, where some descriptive characteristics 

of each of them are given. The bulk density of CaCO3 was given in an information 

label on the product package. The densities both for non-impregnated and 

impregnated activated carbon samples were defined by weighing 400 ml of these 
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materials in a beaker. The appearance of the absorbent materials is viewed in 

Figure 12 and the neutralisation reactions are shown in Equations (16)�(18), 

where also the reaction enthalpies (∆H0) and Gibbs energies (∆G0) are given.125 

Table 12. Absorbent materials and their characteristics. 

Absorbent 

Supplier / 

brand and 

location 

Appearance 
Diameter 

(mm) 

Bulk 

density 

(g/cm3) 

CaCO3 

Kemira 

GrowHow, 

Helsinki, 

Finland 

Greyish white 

granules 
1�3 1.1 

CaO 

Merck, 

Darmstadt, 

Germany 

White chunks 3�20 3.37 136 

NaOH 

Merck, 

Darmstadt, 

Germany 

White to 

transparent pellets 
3�5 2.13 137 

AC 

Farmia Oy / 

Tamro, Vantaa, 

Finland 

Black chunks 3�5 
0.22 

approx. 

NaOH-

impregnated AC 

Self made from 

plain AC above 

Black chunks with 

frosty white coating 
3�5 

0.29 

approx. 
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 C D 

 

 
 E 

Figure 12. Absorbent materials: (A) CaCO3 granules, (B) NaOH pellets, (C) CaO 

chunks, (D) untreated activated carbon and (E) NaOH-impregnated activated 

carbon.
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Reaction: ∆H0: ∆G0:  

(g) OH  (g) CO  (s) CaCl  (g) HCl 2(s) CaCO 2223 ++→+  -40 -52 (16) 

(g) OH  (s) CaCl  (g) HCl 2  (s) CaO 22 +→+  -219 -183 (17) 

(g) OH  (s) NaCl  (g) HCl  (s) NaOH 2+→+  -134 -137 (18) 

 

It should be noted that formation of crystal-water-containing CaCl2 is possible. 

For CaCO3, for example, the reaction equation involving crystal water would be: 

(g) OH 1)y-(x  (g) CO  (s) OHy  CaCl 
 (g) OH x  (g) HCl 2(s) CaCO

2222

23

+++⋅→
++

 
(19) 

 

5.2 Instrumentation 

The tests were divided in two parts: Some preliminary testing was first performed 

for all the granular absorbents in a small-scale absorption unit constructed for this 

purpose. The absorbents were then tested in a larger pilot-scale unit also 

specifically constructed for these tests. The aim of this division was on one hand 

to see the performance differences of the absorbents in an easily controllable 

small-scale environment and, on the other hand, to see if scale-up-related issues or 

differences in performance would come up in pilot-scale tests. 

5.2.1 Small-scale unit 

The preliminary testing of the absorbents was performed in a small laboratory-

scale vacuum equipment specifically constructed for the purpose. The height of 

the unit was 160 mm and inside diameter 50 mm. The aim of the equipment was 

to simulate the HCl-containing exhaust gas stream from an ALD reactor in case of 

an ALD process based on chloride precursors. The equipment is schematically 
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represented in Figure 13 and shown photographed in Figure 14. The equipment 

consists of a nitrogen source that provides the carrier gas flow, a hydrogen 

chloride gas source, an absorbent bed unit with two trays for granular absorbents 

being 45 mm in diameter, a liquid-nitrogen-cooled cold trap placed in a Dewar 

flask for condensing and collecting the unabsorbed water and HCl from the gas 

stream, a pressure gauge with dual lines for pressure measurements both before 

and after the absorbent unit, a by-pass-line for bypassing the absorbent unit and 

the liquid-N2 trap, a main valve in the exhaust line enabling the pressurising of the 

equipment without stopping the vacuum pump, and a vane-type vacuum pump. 

The absorbent trays were of flow-through-type, where the HCl-containing gas 

flows through a layer of absorbent material. The HCl gas source was a 24 mass-% 

HCl-water solution that was evaporated from a vacuum flask. The composition of 

24 mass-% is approximately an azeotropic HCl-water composition at a pressure of 

5 mbar, the operating pressure of the unit, allowing the composition of the 

evaporating HCl-water gas mixture to be kept constant throughout the 

evaporation.138  The HCl solution flask was kept in a water bath. The water bath 

temperature was regulated between 20�30 ºC to control the evaporation rate of 

HCl. 

1

2

5

3

4

6
7

8

9
10

N2

24 m-%
HCl

P

 
Figure 13. Schematic representation of the small absorption unit: (1) N2 purge gas 

bottle, (2) thermostated HCl-solution flask, (3) and (4) valves for controlling 

carrier and HCl gas flows, (5) pressure gauge, (6) absorbtion unit, (7) liquid N2 

trap, (8) by-pass line, (9) main exhaust valve, (10) vacuum pump. 
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 A B 

 

Figure 14. An overview (A) and a close-up (B) of the small-scale unit. The 

numbers indexing different components of the equipment in Figure 13 are shown 

in photos A and B. 

 

5.2.2 Pilot-scale unit 

The larger unit for testing the absorbent materials was 647 mm high and 213 mm 

in diameter and it was connected to a Planar P400-series ALD reactor. In contrast 

to the small-scale version, the HCl-containing gas stream was produced by real 

atomic layer deposition process performed in the reactor. The deposition of 

titanium dioxide from titanium tetrachloride and water was chosen because of the 

abundant HCl evolution in this reaction: 

(g) HCl 4  (s) TiO  (g) OH 2  (g) TiCl 224 +→+ . (20) 

 

To further enhance the evolution of HCl, the reactive surface area in the reactor 

was maximised. The reactor was loaded with 58 glass substrates, each having a 
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surface area of 516.75 cm2. When the reactor space itself is taken into account, the 

total reactive surface area yields 3.6 m2. The schematic representation of the test 

arrangement and the location of the absorbent unit with respect to the reactor and 

auxiliary equipment are shown in Figure 15. The arrangement is photographed 

under operation in Figure 16. The standard vacuum-line components, a 

condensation unit and a particle filter, were kept at their places, and the pilot-scale 

absorption unit was added between the particle filter and vacuum pumps. 

N 2

TiCl4

H 2O

1

3
4

5

6

7

2

8

 
Figure 15. A schematic test arrangement of the pilot-scale absorption unit: (1) N2 

carrier gas source and TiCl4 and H2O precursor sources, (2) ALD reactor, (3) 

condensation unit, (4) particle filter, (5) absorption unit, (6) roots-type booster 

pump, (7) vane-type vacuum pump, (8) exhaust outlet to fitted wet-type gas 

scrubbers. 

 

 
Figure 16. Pilot-scale test arrangement photographed. The visible components are 

indexed with numbers from Figure 15. Vacuum pumps (6) and (7) are assembled 

in a ventilated chamber. 
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The unit for testing the granular absorbents was designed to be more versatile than 

the small-scale unit, being able to be operated in two modes, the flow-through 

mode and the flow-by mode. The former version consists of one or two beds filled 

with absorbent granules, through which the exhaust stream from the reactor flows. 

In the latter version, the gas stream passes by several consecutive trays filled with 

thin layers of absorbent granules. The flow-by trays had 30 mm passages for gas 

flow and steel mesh bottoms with 1.08 mm mesh size. The trays could be 

equipped with plates to prevent gas from flowing through the bottom mesh. After 

initial tests, the absorbents were eventually tested in the flow-by-construction, 

which is viewed in Figure 17. The tests were begun with an upward gas flow 

direction, but in the course of the tests the direction was turned downwards. The 

unit and its main components in the flow-by-construction are viewed in Figures 

17 and 18. 

 

Trays

  
 A B 

 

Figure 17. (A) A schematic view of the pilot-scale absorber. Arrows illustrate the 

gas flow between consecutive flow-by-type absorbent beds. (B) The pilot-scale 

unit photographed: (1) absorption unit, (2) inlet line, (3) outlet line, (4) connection 

for a pressure gauge. 
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A         B 

 

Figure 18. (A) An inside look of the pilot-scale unit. In this photo, inlet (1) and 

outlet (2) lines are visible and the flow direction is downwards. A single absorber 

tray (3) lies at the bottom. (B) Flow-by-type absorbent trays (1) were stacked (3) 

in the absorber with centring rings (2) between the trays. 

 

5.3 Testing procedure 

5.3.1 Small-scale unit 

First, the water absorbed in the granules was removed by pouring the granules 

into their trays in the absorber, setting the equipment in vacuum and collecting the 

water evaporated into the liquid-nitrogen-cooled cold trap. Moisture removal was 

discontinued when the system pressure decreased below 0.8 mbar, which was the 

approximate base pressure of the equipment. The trays and the cold trap were 

weighed both before and after the moisture removal. 

For the absorption measurements, the HCl solution flask was filled with an 

appropriate amount of 24 mass-% HCl solution, typically 10 g, to be evaporated 

completely in one run. The pressure in the equipment was intended to be 5�6 
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mbar, which is a normal value in an average ALD process. This was achieved by 

first setting the pressure to 3 mbar by a needle valve in the nitrogen carrier gas 

line. After 5 minutes� time for pressure stabilisation, the pressure was increased to 

approximately 5�6 mbar by opening the HCl-line shut-off valve. The shut-off 

valve could not be properly used for adjusting the HCl-gas pressure. Instead, the 

vapour pressure of the HCl solution was regulated by adjusting the water bath 

temperature between 20�30 °C to give an overall system pressure of 5�6 mbar. 

The gas stream was also collected into the cold trap in a few short runs. 

5.3.2 Pilot-scale unit 

The reactor space was loaded with 58 glass substrates having as much surface area 

as possible, viz. 3.6 m3. Reactor temperature was set to approximately 300 °C. The 

TiCl4 source vessel was kept at room temperature, approximately 23 °C, whereas 

the water source vessel was equipped with water circulation jacket kept at 20 °C. 

The pulse lengths in the process were first as follows: TiCl4 0.3 s, N2 purge 1 s, 

H2O 0.7 s and N2 purge 1 s. In some later runs a restrictor piece with a 0.5 mm 

orifice was installed in the TiCl4 line and the run was modified, having the 

following pulse lengths: TiCl4 0.15 s, N2 purge 0.7 s, H2O 0.9 s and N2 purge 0.7 

s. The modifications were made to ensure that all the titanium tetrachloride reacts 

in the reactor and none of it enters unreacted the units in the exhaust line, 

especially the absorbent unit. The N2 carrier gas flow was varied between 1�3 slm 

to find out an appropriate value for the tests. 3 slm was then selected being a 

common value in an average ALD process. 

CaCO3 was used as the primary material in the system start-up and in adjusting 

the absorbent unit. The trays of the unit were filled with CaCO3 granules and both 

flow-through and flow-by conversions were tested to find out acceptable 

conversions with respect to pressure loss. In the flow-by mode, several 

conversions were tested by varying the number of the absorbent trays and the 
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distance between them. The highest acceptable pressure loss of the absorbent unit 

was decided to be in the 0.3 torr range. 

5.4 Analysis of absorbent efficiencies 

The efficiencies of the absorbent granules were measured in several ways. First, 

the absorbent trays were weighed before and after each run. The mass change is 

related to the extent of the reaction between the absorbent and HCl, since there is 

an increase in the absorbent mass involved in the neutralisation reactions for all 

the absorbents. For untreated activated carbon, the mass change is naturally based 

on HCl and water absorption only, since no reaction takes place. When no further 

mass increase was observed or if mass started to decrease, the absorbent granules 

were assumed to be fully saturated and their reactive surface completely used up. 

The cold trap of the small-scale system was left inoperative in most runs, since the 

runs were commonly performed overnight and the liquid N2 used for cooling 

would have evaporated completely from the Dewar flask within a few hours. 

Consequently, the cold trap results were neglected in discussing the absorbent 

performances. 

The efficiencies based on mass change data were confirmed by potentiometric 

chloride-ion titration with AgNO3: The granules were poured into a beaker, 100�

150 ml of water was added and the mixture was stirred to dissolve the chloride 

reaction product from the granules. The resulting solution was slightly basic for 

CaCO3 and very basic for NaOH and CaO. The titration was performed using 

0.0505 M AgNO3 solution, an Ag indicator electrode and a Ag/AgCl double 

junction reference electrode, where saturated KCl and KNO3 were used as inner 

and outer electrolytes, respectively. Typically white AgCl precipitate was formed 

in potentiometric titrations. For solutions from NaOH and CaO, the initially basic 

solutions were made acidic by concentrated HNO3 prior to titrations, and a glass 

reference electrode was used instead of a Ag/AgCl electrode.  
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6 Results and discussion 

6.1 Small-scale unit 

The already mentioned corrosivity of HCl became evident in the course of the 

experiments. The HCl-water mixture vacuum line between the HCl solution flask 

and a 4-way manifold had to be replaced three times, since the valve in the line 

soon lost its vacuum-tightness due to corrosion. Vacuum line diameter also 

changed in these component replacements leading into variations in HCl 

evaporation rate, being typically 1 g of 24 % HCl-solution evaporated per hour. 

Thus, the temperature of the water bath heating the HCl solution flask had to be 

adjusted to give a constant overall pressure in the system. In longer evaporation 

periods, the residual HCl solution in the flask turned green in colour, indicating 

material dissolution from steel internal surfaces of the equipment. 

An important factor when discussing the absorbent reactivities in the unit is gas 

velocity in the unit being proportional to the contact time between the absorbent 

granules and HCl in the gas flow. The volumetric gas flow per time was attempted 

to find out by collecting the vacuum pump exhaust gas into a beaker of known 

volume kept upside down in a bucket of water. Only a minimal exhaust flow that 

was difficult to measure was detected, indicating very slow flow in the system. 

Consequently the solid-gas contact time in the unit was long. A small pressure 

difference across a filled absorbent tray, typically 0.5 bar, is explained by a 

minimal gas flow in the unit. 

6.1.1 Mass change measurements 

The first step in the testing procedure was the measurement of water content by 

putting the granules in vacuum until the base pressure of the system, 
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approximately 0.8 mbar, was reached. The water contents of the materials defined 

by mass changes in vacuum are listed in Table 13. 

Table 13. Water contents of the absorbents. 

Absorbent: CaCO3 CaO NaOH AC NaOH / AC 

Water 

content (%): 
1.91 0 0 3.92 0 

 

No mass change in vacuum was observed for CaO, NaOH and NaOH-

impregnated AC. It is assumable that there is some water present in these 

materials, but they could not be dried in vacuum by means of this equipment. The 

NaOH-impregnated AC, for example, had already been dried in 80 ºC for 24 

hours prior to putting it in vacuum for water content measurements. 

The neutralisation tests in the small unit could be performed for all the absorbent 

materials but sodium hydroxide. The NaOH pellets soaked completely and glued 

together in their trays during the run, clogging the gas flow through the beds. 

Otherwise, the appearance of all the materials remained unchanged in the tests. 

The percentual mass changes of the absorbents in the neutralisation reactions, 

with respect to the amount of 100 % HCl evaporated into the unit, are presented as 

graphs in Figure 19. The mass change graphs are comparable, since they 

correspond to approximately equal volumes of each absorbent loaded in the small-

scale unit. Only CaCO3 was loaded in two trays, other materials were tested using 

single-tray batches. 
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Figure 19. Mass changes of the absorbents. 

 

From the mass increase graph above we see that the absorbing capability of a 

fixed volume of CaO lasts the longest, more than twice compared to CaCO3, 

which is the second best material in this respect. Activated-carbon-based 

absorbents have a significant mass decrease after saturation. Assumably water is 

desorbed from the granules during the lag time after the evaporation of all the 

HCl-solution, and the absorbent masses are thus decreased. Untreated AC is the 

first absorbent to lose its absorption capability. 

6.1.2 HCl-neutralisation efficiencies 

Since the mass increase of each absorbent may be caused not only by 

neutralisation reaction with HCl but also by water absorption from the gas flow, 

the reacted fractions of the absorbents were confirmed by potentiometric titration 

after having used up the reactive surface of each absorbent completely. The values 

of HCl treated per mass (mg) and per volume (dm3) of the absorbents, and the 

reacted percentual fractions of the absorbents are listed in Table 14. Values based 
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both on gravimetric and titration data are given. The gravimetric data was 

calculated by comparing actual mass changes to expected values based on reaction 

stoichiometries (16)�(18). The fraction of total evaporated HCl that has reacted on 

the granules by the end of testing each absorbent was also calculated and the data 

are presented in Table 14. These data are only semi-quantitative, since the exact 

saturation point was naturally exceeded, when the run sequence for each 

absorbent was discontinued. The actual surface-reacted and treated fractions of 

HCl are thus higher than those listed. 

Table 14. Amount of HCl reacted or absorbed (mg) per g and dm3 of each 

absorbent, the reacted fraction of each absorbent (%) and the fraction of 

evaporated HCl (%) absorbed into the absorbents. For CaO, only approximations 

based on gravimetric data are given. For NaOH/AC, the fraction of absorbent 

reacted means the fraction of NaOH. (Titr. = defined by titration; Gr. = defined by 

gravimetric data) 

Absorbent: 
CaCO3 

upper tray 

CaCO3 

lower tray 
CaO AC NaOH / AC 

 Titr. Gr. Titr. Gr. Gr. Titr. Gr. Titr. Gr. 

HCl treated  

(mg HCl / g 

absorbent):  

44 119 57 152 610 28 29 185 122 

HCl treated  

(mg HCl / 

dm3 

absorbent): 

48 130 63 168 2060 6 6 54 36 

Fraction of 

absorbent 

reacted 

(%): 

12.1 32.8 15.6 46.3 23 - - 70.0 46.1 

Fraction of 

total 

evaporated 

HCl treated 

(%): 

77.9 on 2 trays by titration, 

211.1 by gravimetric analysis 
37 13.8 13.8 27.6 18.2 
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Potentiometric titrations for CaO samples could not be performed, since the 

potential (mV) values observed in CaO-containing solutions were too unstable. 

Attempts were made by both glass and Ag/AgCl double junction electrodes as 

well as both in basic and acidic solutions. The precipitation of AgCl could be 

visually confirmed indicating some of CaO having reacted, however. In basic 

solutions the precipitate was brown, whereas in acidic solutions characteristic 

white precipitate was formed when AgNO3-titrant was added. It is possible that 

precipitation of Ag2O disturbed the potential in basic solutions,139 but it is not 

known why the measurements could be performed in acidic solutions neither. The 

performance of CaO with respect to other absorbents can thus be evaluated by 

gravimetric data only. The efficiency of CaO is estimated in Table 14 by 

gravimetric results and reaction stoichiometry (17) assuming that no crystal water 

in CaCl2 product is involved in the neutralisation reaction.  

The data listed in Table 14 indicate that CaCO3 takes away most of the HCl 

evaporated through the absorbent beds. The presence of two trays instead of one 

may restrict the gas flow in the system so that reactivity of CaCO3 with respect to 

other absorbents is enhanced, though. Another enhancing factor could be the 

porous surface of the CaCO3 granules. Lower tray, which is the first one in gas 

flow direction, has reacted more indicating incomplete absorbent saturation. This 

behaviour can be seen first in Figure 19. The expected case would be equal 

absorbent efficiency between trays. 

The concept of introducing a reactive layer on a porous AC carrier significantly 

enhances the efficient use of the absorbent material, as the high fraction of reacted 

absorbent for NaOH/AC indicates. In addition, the amount of HCl treated per 

volume of NaOH/AC is close to the values for CaCO3. Interestingly, the mass 

change of NaOH/AC is less than would be expected by titration data. This 

proposes HCl adsorption in the porous AC surface in addition to reactive 

neutralisation mehanism. Comparison to CaO is not completely reliable because 

of the gravimetric estimations of CaO-values.  
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Calcium oxide is the most efficient material to catch HCl per CaO mass or volume 

upon condition that the efficiency estimation of CaO based on masses is 

satisfactory and that the mass of CaO is mostly increased by surface reaction, not 

by water absorption. If water is attached to CaO as absorbed loose water or to 

CaCl2-product as crystal water, the performance values for CaO are lower than 

those listed above. If at least half of the mass increase of CaO were caused by 

chemical reaction, the effectivity of CaO per mass or volume would be superior to 

CaCO3. 

6.2 Pilot-scale unit 

The preliminary tests showed that a flow-through construction immediately 

increases the pressure loss in the system to unacceptably high value even with a 

very thin layer of absorbent granules on a single tray. Meanwhile, the pressure 

loss was within acceptable limits in the flow-by-construction: A maximum 

number of 8 trays directly piled on one another could be loaded into the pilot-

scale unit. 8 plate-equipped trays loaded with 150 g of CaCO3 granules each 

would yield an overall 0.311 torr pressure difference across the unit at the selected 

3 slm carrier gas flow. The distance between the tray plates was 26 mm, which 

was decreased by the thickness of the granule bed on each tray yielding 

approximately a 15 mm free play above the granule layers. The approximate gas 

velocity between the trays was 1.2 m/s. 

A general trend across the tests was that the masses of the trays decreased or 

increased only slightly in spite of abundant HCl-flow created by the ALD-process. 

Mass decrease is explained by water slowly desorbing from the absorbents. The 

fact that the mass increase from surface reactions on the absorbents does not 

outreach water evaporation evidences unexpectedly poor absorbent performance. 

Pressure in the reactor was stable throughout the tests, between 1.26�1.29 torr that 

equals 1.66�1.70 bar. 
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6.2.1 CaCO3 water contents and efficiencies 

In the first pilot-scale run series all the 8 trays were equipped with plates and 

loaded with 200 g of CaCO3 each. Flow direction was upwards and the run 

program was abundant in TiCl4 having the aforementioned pulse lengths: TiCl4 

0.3 s, N2 purge 1 s, H2O 0.7 s and N2 purge 1 s. Assuming that the growth rate of 

TiO2 film in the reactor is 0.5 Å / s, the consumption of starting materials was 

enough to coat a 38-fold surface area compared to the total 3.6 m2 area in the 

reactor. Water desorption from CaCO3 granules was very slow compared to the 

small-scale unit value for CaCO3, 1.91 %, as can be seen in Table 15, where tray 

number 1 is topmost. The vacuum drying time of the granules was the same as in 

the small-scale unit, 4 hours.  

Several runs were performed in the first series having a total length of 37000 

cycles. This should have been more than enough to saturate the entire reactive 

fraction of CaCO3, but the mass changes (in Table 15) showed only minimal 

reactivity.  

Table 15. Mass change of CaCO3 trays in vacuum drying and in a run sequence of 

37000 cycles. 

Tray: 
1 

(top) 
2 3 4 5 6 7 8 

Mass change by 

water desorption 

(%): 

-0.19 -0.20 -0.13 -0.17 -0.15 -0.12 -0.13 -0.14 

Mass change in 

37000 cycles (g): 
-0.02 0.12 0.07 0.08 0.06 0.01 -0.09 -0.11 

Mass change in 

37000 cycles (%): 
-0.01 0.06 0.04 0.04 0.03 0 -0.05 -0.06 
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Samples were taken from all the trays for titrations to define the reacted fraction 

of CaCO3 by potentiometric titration similarly to the samples from the small-scale 

unit. The values in Table 16 indicate that the reacted fraction of CaCO3 is almost 

constant throughout the trays. It is also evident that water absorption and 

desorption in the runs is the primary factor for mass fluctuations. 

Table 16. CaCO3 absorbent efficiency defined by titration. The titration failed for 

the sample from tray 3 and these results are thus excluded. 

Tray: 1 2 3 4 5 6 7 8 

HCl treated  

(mg HCl / g 

absorbent): 

0.5 0.6 - 0.6 0.6 0.6 0.6 0.7 

Fraction of 

absorbent reacted 

(%): 

0.14 0.17 - 0.17 0.17 0.17 0.17 0.18 

 

6.2.2 The influence of flow direction 

For the second run sequence, the flow direction in the pilot-scale unit was 

changed downwards. It was predicted that the gas flow would sweep the upper 

surface of the granule layers more efficiently this way. In addition, the bottom 

plates were removed from the 4 lowest trays so that the granules lied on a 

permeable steel mesh instead of a non-permeable plate. Partial gas flow through 

the trays was expected to enhance the solid-gas reaction. The mass changes and 

the efficiencies on each tray defined by titration are listed in Table 17. 
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Table 17. CaCO3 efficiency figures in the second run sequence with downward 

flow. Tray type: s = sealed bottom plate; o = open mesh bottom plate. 

Tray: 1 2 3 4 5 6 7 8 

Type: s s s s o o o o 

Mass change in 

35000 cycles (%): 
-0.96 -0.80 -0.96 -1.88 -0.94 -0.96 -0.28 -1.18 

HCl treated  

(mg HCl / g 

absorbent): 

0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

Fraction of 

absorbent reacted 

(%): 

0.19 0.19 0.20 0.20 0.19 0.20 0.20 0.20 

 

It is seen from Table 17 that the reacted fraction as defined by potentiometric 

titration is higher with a downward flow direction, but the permeability of the 

open tray bottoms did not affect absorbent performance. 

6.2.3 Comparing CaCO3, CaO and NaOH performances 

A long run sequence of 173400 cycles was performed to compare absorbent 

performances and to see if the reactivity of CaO or NaOH would be better than 

that of CaCO3 in the pilot-scale unit. The run program was now modified to 

restrict TiCl4 feed into the reactor, having the following pulse lengths: TiCl4 0.15 

s, N2 purge 0.7 s, H2O 0.9 s and N2 purge 0.7 s. Furthermore, a restrictor piece 

with a 0.5 mm orifice was assembled to the TiCl4 line. The modifications were 

made since it was suspected that the abundant titanium tetrachloride feed could 

enter the absorption unit unreacted and react there with water passivating the 

absorbent granules. The modified run program was able to saturate a 4-fold 

surface area compared to the total area in the reactor. A TiCl4-feed of this 

magnitude is used in industrial TiO2 processes.140 The mass changes and 

efficiencies defined by titrations are listed in Table 18. Again, the CaO samples 
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could not be titrated and the efficiency of CaO is estimated by gravimetric data 

only. 

Table 18. Comparison of CaCO3, CaO and NaOH efficiencies. 

Tray: 1 2 3 4 5 6 7 

Absorbent: CaCO3 CaCO3 CaCO3 CaO CaO NaOH NaOH 

Mass change in 

173400 cycles (%): 
-1.03 -0.52 -0.53 0.43 0.41 -0.02 -0.20 

HCl treated  

(mg HCl / g 

absorbent):  

0.4 10 (gravimetric) 30 

Fraction of 

absorbent reacted 

(%): 

0.12 
0.43 

(gravimetric) 
0.04 

 

The masses of all the absorbents but CaO have decreased due to water desorbing 

from granules. The figures in Table 18 give evidence that CaO is the most reacted 

material. Assuming that some water has desorbed from CaO during the run series 

as is the case for CaCO3 and NaOH, its performance is even better than that 

estimated by gravimetric data. Possible formation of CaCl2 as reaction product 

containing crystal water affects the performance estimations, but the contribution 

to the results is less than the effect of desorbing water. 

Surprisingly, the performance of CaCO3 is better than that of NaOH. Although the 

Gibbs energies of the neutralisation reactions do not give any information of 

reaction kinetics, they could be proportional to the reactivities of the absorbents in 

this system. In this case, the neutralisation reaction for CaCO3, with a less 

negative Gibbs energy indicating lower reaction spontaneity, was more efficient. 
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6.2.4 NaOH-impregnated AC 

A run sequence of total 135000 cycles was performed with 2 trays of NaOH/AC 

in the pilot-scale unit. The good performance of this material in the effectiveness 

of reactive-component usage was already confirmed in preliminary tests in the 

small-scale unit. A sample from one tray was titrated and the gravimetric and 

titration results are listed in Table 19. 

Table 19. Performance of NaOH/AC. 

Mass change in 173400 

cycles (%): 
-0.14 

HCl treated  

(mg HCl / g absorbent): 
8 

Fraction of absorbent 

reacted (%): 
3.0 (of NaOH) 

 

As expected, NaOH-impregnated AC shows efficient usage of the active NaOH 

layer compared to the other absorbents tested in the pilot-scale unit. Still, the 

results are far from those achieved in the small-scale unit.  

7 Conclusions 

The tests with the small-scale unit showed that the idea of using a chemical reac-

tion to treat HCl-containing gas flows is basically working. All the reactive absor-

bent materials showed satisfactory reactivity towards HCl, while the only physical 

absorbent, untreated activated carbon, was the least efficient. A best absorbent 

cannot unambiguously be named, since the goodness of a material depends on the 

criteria: CaCO3 captured the greatest fraction of HCl evaporated, CaO is the most 
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effective per its mass or volume and NaOH-impregnated activated carbon used its 

reactive NaOH surface layer most efficiently. 

The concept of treating HCl-containing gas flows with solid-gas reactions is not 

free of problems, however. Surface reactions have shown to be dependent of the 

system in which the reaction is performed: In the small-scale unit the surface re-

actions proceeded as expected whereas in the pilot-scale unit the reactivity was 

almost insignificant. The explanation may be the constructional difference be-

tween the units, the former being flow-through and the latter being flow-by-type. 

As discovered in the preliminary testing of the pilot-scale unit, the flow-through 

construction is impossible due to too high pressure loss across the bed with a 

normal 3 slm flow. The pressure loss would be decreased by enlargening the 

cross-sectional area of the bed, but this can only be done within reasonable limits. 

The influence of water content of the gas to be treated could be of some signifi-

cance between the small- and pilot-scale units used in this work. In the small-scale 

unit, the gas flow was very humid since HCl was eveporated from the 24 mass-% 

HCl-water solution, whereas in an industrial process the majority of the gas flow 

consists of nitrogen carrier gas and only the surplus water not reacted in surface 

reactions in the reactor may enter the absorbent unit. Water feed into the reactor 

may not be limitlessly increased, since water is likely to condense into the vacuum 

pump oil, which then deteriorates with increasing water content. 

The successful use of the solid-gas neutralisation method is likely to involve 

issues of adequate contact between the gas and solid granules as well as those of 

reaction kinetics. Since the HCl treatment is to be performed in vacuum, the 

problem of pressure loss seriously limits the means of enhancing contact between 

the absorbent granules and the gas to be treated. If reaction kinetics was the major 

limiting factor, satisfactory reactivity might be achieved by elevating absorbent 

unit temperature. Furthermore, the pressure loss involved in systems based on 

solid-gas interactions would be avoided in the previously mentioned gas-phase 

reaction between ammonia and HCl. These possibilities should be covered in 

further research. 
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