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Abstract-Atomic layer chemical vapor deposition (ALCVD) is a variant of a CVD process that involves surface 
deposition for the controlled growth of nm~o-tt~cI~ess tiros. ALCVD is based on the self-limiting surface reaction 
with less than a monolayer chemiso~ption of che~mcal precursors. Advantages of the ALCVD process are unifon-n film 
g r o ~ h  on lalge area substrate, easy control of composition in atomic level, low growth temperature, multi-layer thin 
film growth with various composition, and wide process window. Since initially developed by Stmtola in 1977, 
ALCVD has been used for the growth of various materials, includmg oxides, nitndes, metals, elements, and com- 
pound semiconductors. This article reviews the basic principle, mecha~sm, ct~a-actenstics, and applications of ALCVD. 
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INTRODUCTION 

1. Previous History and Current Status 
Atomic layer chemical vatxx deposition (ALCVD), which is based 

on the controlled growth of thin films, bas ate-acted much attention 
as an advanced mate:ials processing for nano-thickness thin f~-n 
detx~sition [Haukka et al., 1997; Suntola, 1996; George et al., 1996; 
Ritala et aI., 1999]. ALCVD was first developed in 1977 by Sun- 
tola et aI. for the growth ofZnS : Mn thin films. The original appli- 
cation of ALCVD was to control the precise growth of dielec~ic 
oxides for thin film elec~-okrninescent (TFEL) d/splay [Ritala, 1~5r7]. 
Since then, a variety of matel-ials have been deposited by ALCVD, 
including ~-VI and III-V compound semiconductoi~, hi, ides, oxides, 
fluorides, metal elemei~s, and others. The films grown by ALCVD 
have been used in solar cells and also examined in the preparation 
of heterogeneous catalysts with a porous higch surface area [Ritala, 
1997; Hauld~a et aI., 1~)7; Suntola, 1996]. Since ALCVD is based 
on the self-Ihnitmg surface reactions of reactalts, a good coiffor- 
reality of thin fili-n over the subs~ate with a complex geometry ks 
ensured, and therefore ALCVD is very s~fitable method for film 
deposition on porous materials. 

One of the most in~poztant applications of ALCVD can be found 
in the nano-fabzication technology of elec~onic devices. As the de- 
sign rule of minia~izmg microelec~onics, the nano-thickness con- 
h-ol of thin film is necessarily required to develop more dense in- 
tegrated cff-cuits [George et aI., 1996; Leskela et al., 1995]. For ex- 
maple, in metal oxide semiconductor field effect transistor (IvIOS- 
FET) devices, as the channel length decreases, a required dielectric 
oxide thiclo~ess for the gate becon~es sub n~o-metez: International 
technology roadmap of semiconductor (ITRS) predicts that an eqta- 
valent oxide thickness rail become below 0.8 rrn in tera-bit me- 
mory d~ips. This ul~-a thin f~-n consists of only a few atomic layez~. 
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Convei~onal thin film growth techiques, such as chemical vapor 
deposition (CVD), physical valx)r deposition (PVD) and plasma 
deposition method, bare lffnitations on the control of nmlo-scale 
film gro~h.  An atomic layer by layer growth is applicable only 
for ALCVD to this nano-deposition of thin films [Leskela et aI., 
1995; George et aI., 1995]. 

ALCVD has also been employed to deposit conductor materials 
such as C~ W, etc. [Chang et al., 1999; Klaus et aI., 2000; Juppo 
et al., 1997; Solanki and Pathangey, 2000; U~amen et al., 2000; 
Ivlarte~lsson and Carlsson, 1998], t~Tier materiah (TIN, W2N, TaN, 
etc.) [-Ritala et aI., 1998; Kin~ et aI., 2000; Kla~  et aI., 2000; Park 
et al., 2001] and capacitor dieIectrics (Ta2Q, SBT, etc.) ['Kuldi et 
al., 1997; Vehkamaki et aI., 1999]. 

Several unique advantages of ALCVD comt~-ed with other con- 
v~ltlonal deposition techniques make it a powerfffl deposition meth- 
od in imo-fabrication. Those a&ai~lages are accurate control of 
film thickness, sharp interfaces, unffbrmity over large areas, exceI- 
lent coiffomMity over con~plex-shaped substrates, low tempera- 
ture mildly oxicSzing process, multilayer processing capability, and 
layer by layer control [P,_itala et al., 1999; Ritala, 1 ~ ;  Suntola, 1992; 
Leskela et al., 1995]. Potei~aI applications of ALCVD under in- 
vestigation are for the processing of bard mask, membranes, mag- 
netic thin filin head, flat panel display, photomask, inkjet winter and 
miaoelec~omechanical system (IvIEMS) [Ritala et al., 1999; Ritala, 
1997; Leskela et aI., 1995]. 
2. Characteristics of ALCVD 

Due to the self-limiting reactions of chemical reactants on the 
subslrate surface [Geolge et al., 1996; Havkka et al., 1997; Sun- 
tola, 1996], ALCVD can grow the filin with only one monolayer 
or sub-monolayer, which is chemisorbed in each reactant pLflse- 
supply into the ALCVD reactor. Physisorbed multilayez~ over the 
layer che~nisorbed on the s~bstmte surface are removed dozing puage 
by inert gases and also can be easily removed by heating the sub- 
s~-ate. In general, chemisorbed molecvfles have fimctionaI groups, 
which react with sequentia~y supplied gas molecules by exchange 
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reactions (see Fig. 2) [George et aL, 1996]. In a succemive reac~/t 
pulse, a second sell-limiting monolayer of  molecules will be chen]- 
isorbed on the fu~ atomic layer, and thus a layer by layer grovdt] 
proceeds. Therefore, the desired film thickness can be produced 
simply by counting the number oftx~tctant pulses. More delails of 
ALCVD growffi mole  and mechanism will be presented it/tim next 
chapter. 

Characteristics of ALCVD are summarized as follows [Ritala et 
al., 1999; Ritala, 1997; Suntola, 1992; Leskelaet al., 1995]. 

LI4 , I~I I  ] ~ i 

Self-linfiting growth process 
- Film thickness depending only on the number of  cycles 
- Atomic level control of  composition 
- Large meauniformity and conformality 
- Independence of reactant fluxes 

Low temperature process 
Separate dosing of  reactants 

- No gas phase reactions between reactant sources 
- Freedom of choosing reactants 

Wide ten/perature windows 
- Capability to prepare multilayer structures 

ALCVD cat/be considered as a modified chemical vapor de- 
position (CVD). Characteristics of those two processes are con/- 
pared and listed in Table 1. Compared with a conventional CVD, 
ALCVD has many advantages, some of which ate already met/- 
tioned above. However, one of disadvantages of  ALCVD is slow 
process, ~hich [Rit~da, 1997] gives a low growth tae, t~uking in 
a low throughput. The low throughput can be improved by devel- 
oping at/lore efficient reactors md reactive precursors [P,.itala, 1997]. 

ALCVD proceeds by cycles of reactant pulse steps and purge 
steps [Pdtala et al., 1999; Suntola, 1994]. Number of  pulses md lime 
duration depends on the cca/ponents of the fihn and the reactivity 
of procurers For example, abinmy oxide film needs agmwfl/cycle 
of four pulses in general: a) the frst pulse of  a metal soume--'b) 
purge--+c) the second pulse of an oxygen scaree-+d)purge. After 
one cycle, the tiM/thidmess is in general sub-monolayer Time dura- 
tion requked for one cycle can be shortened by using more reac- 
tive precursors and more efficient reactors Also, a large batch pro- 
cessing of ALCVD can make high productivity in the process for 
the deposition of high quality thin films onto large area subm'ate 
[Pdtala, 1997]. 

One of  the most important fe~ures of  ALCVD is that this pro- 
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Fig. I. A cross-section of ~ Innl deposited on hollow trench by  
ALCT'D, which shows ma excellent conformality of l'tlm 
lhickness. 

cess enmres high confonnality due to the conlrollability of adsorp- 
tion. Fig. 1 shows an exanple of films deposited on a hollow via 
ALCVD w~h ahigh aspect ratio (depfl/Avidth) of  9. A uniform and 
continuous nano-scale fihn is obselved, showing an excellent con- 
formality. Therefore ALCVD can be used to deposit uniform, thin 
fihns on complex subs~rates like porous materials. 

PRINCIPLES OF ALCVD 

1. Surface Reaction of ALCVD 
Since ALCVD is based on a saturated, self-limiting surface re- 

action ofpt~ut~or, a surface chemimy is hnpoaant in order to un- 
det~and the growth mectmnmn and optimize the ALCVD process 
[George et ~l., 1996; Haukkaet al., 1997; Suntola, 1996]. The fdm 
growth rate, film ~ucture, composition, aid san'face morphology 
are affected by the surface chemical reactions ofprecut~otx 

Main surface reactions involved in ALCVD a~e exchange reac- 
tions between functional groups of precursors [George et oL, 1996]. 
For example, MCh oxide thin films can be deposited through the 
following exct/ange reactions: 

M-0H(s)+ ML~(g) "MOM-L,,_~s)+ kLH(g) 
MOM-~,_.~(s)+H20(g) ' MOM-0H~s)+(n- k)LI-I(g) (1) 

Table 1. Comparison between chemical vapor deposition (C%q)) mad atomic layer chemical vapor deposKion (ALCVD) 

CVD ALCVD 

Reaction type 
Mode of adsorption and nucleation layer 

thickness 

Deposition temperature 
Step coverage 
Thickness control 

Composition control 
Throughput (growth rate) 

Surface reaction+gas phase reaction 
Chemisorbed andphysisorbed agglomer- 

ation and growth with layer thickness 
greater than 20 A 

Relatively high 
Good conformality 
Difficult because of high growth rate 

Relatively difficult 
High 

Surface exchange reaction 
Chemi sorbed monolayer nud eatica layer 

thickness about a few A 

Relatively low (ALCVD window exists) 
Good confotlnality 
Easy because of low growth rate (<1 MI_/ 

cycle) 
Relatively easy conla'ol in atomic level 
Low (<a few hundreds nm/hr) 
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Fig. 2. G~vn4h mechanism of metal oxide by A I _ ~ D ,  showing ex- 
change reactions between functional groups of precm~ors. 

Where M and L a-e a metal and a Iigand, respectively. Fig. 2 shows 
a schematic diagram of direct exchange reactions occumng during 
ALCVD of oxide thin films. A saturation of chemisorption takes 
place when the available surface bonding sites (OH) are all occu- 
pied by precursor (IvIL,) and the adsorbed species do not create new 
bonding sites for the dosed precursors [Haukka et al., 1997]. OH 
fLactional groups are replaced by new functional groups L. New 
functional group L does not act as bonding sites for IvIL.. In the 
next sa~-ated chemiso~ptiozl, the surface is exposed to a different 
precursor (H20) and new s~rface bonding sites (OH) are formed 
by exchange reactions between L and H20 on the surface. A series 
of  repetitions of these exchange reactions gives a layer by layer 
growth ofmetaI oxide thin film. 

The number of available l~ncSng sites is important for the satu- 
ration of reaction sites ['Katkka et al., 1997 ]. The satLaation density 
strongly depencls on the number and distribution of bonding sites 
of the surface. For exanple, the number of hydroxyl groups on silica 
depends on the preheat temperature of the strface. Hydroxyl groups 
act as a bonding site for the precursor chemisozption, and its den- 
sity decreases as the surface temperaWre increases due to the de- 
hydrogenation of OH. The saturation density of chemisorbed mole- 

cules also depends on the molecula size of precursors. In ALCVD 
process, precursors chemisorbed on the surface retain fanctional 
groups. The density of atoms in a sat~-ated monolayer is detem~ined 
by packing density of the adsorbed precursor molecules [Haukka 
et aI., 1997; Suntola, 1996]. Lager molecule gives a lower satura- 
tion density becanse of the steric tmldrance effects. The lower sa~-a, 
tion density results in lower growth rate. Another factor affecang 
sa~-ation density is an adsoiption contiguratioi1 Different types of 
adsorption (on-top, two-fold, tt~ee-fold, four-fold) on the surface 
will also change the satLaation density and growth rate [Ylilammi, 
1996]. 

A choice of precursors is critical in the process conclitions and 
the f~n properties, mcluclmg process window, growth rate, crystal- 
line slructure, residues in f~n, etc. Several requirements for proper 
precursors are listed as follows [Leskela et aI., 1999]: 

High vapor pressure 
Thermal stability at subslrate temperature 
Aggressive reactivity between different precursors 
No reaction with film and no etching of the film 
Production of volatile and ui~-eactive by-products 

In a CVD process, aggressive reactions between precursors should 
be prevented because they will induce gas phase reactions and yield 
undesirable by-products. Howevez; in ALCVD, different kinds of 
precursors are lnlroduced separately m a sequence cycle and thus 
gas phase reactions are eliminated Active reactions between pre- 
cursors dosed separately are required in ALCVD because it restdts 
in short pulse times, effective use of l~-ecv~o~, pure films, and low 
growth temperature [Leskela et aI., 1999]. Table 2 shows growth 
characteristics using common ALCVD precursors, such as halides, 
alkoxides, [3-diketozlates, and water. 
2. A L C V D  Mode 

Fig. 3 shows the process mode of ALCVD, processing by cycles 
of reactant pulse steps and purge steps be~veen reactant pulses [Sun- 
tola, 1994; Ritala et aI., 1999]. A pulse reactant vapor is dosed otto 
a substrate in an ALCVD reactor and a self-limith~g chemisorbed 
monolayer of reactalt is fom~ed After excessive exposure of gas 
phase reactants and purging by-products by inert gas fi-om the reac- 

Table 2. ALCVD growth characteristics of common precursors including halides, alkoxides, [3-diketonates, and water 

Precursor Advantages Disadvantages 

Halide (MCI,) 

Alkoxide M(OR), 

[3-diketonates 

Water (H20) 

Volatile, Very reactive 
High thermaily stability 

wide ALCVD window 

Good self-lh~ting cha-acteristics at low growth 
temperature (1",) 

Good films properties at high T~ 
(high refractive index, no carbon residue) 

Alkalme earth and rare earth metal precursors 

Formation of hydroxyl groups 
Active sites for cheraisoz-ption 

Gro~h  rate ~: density of OH-groups 

Highly corrosive 
Producing reactive by-product (HCI) 

readsorptiozl, rough surt~ace 
Chlorine residues at low 1", 
ThennaI decomposition at high 1", 

(CVD type deposition) 
Carbon residue at low 1", 
Phase tralsition at low T~ 

surface roughness increases 
Needs high reactive oxygen source, like ozone 
Low vapor pressure 
Low reactivity at low 1", 

addition of O3 or H202 
Dehydroxylation at high 1", 

Korean J. Chem. Eng.(VoL 19, No. 3) 
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Fig. 3. Schematic diagram of ALCVD reactor system and growth 
cycle. A cycle consists of reactant pulse steps and plwge steps 
between reactant pulses. 

tor, then another reactant source is pulsed into the reactor Chemi- 
cai exchange reactions proceed baween adsorbed layer and dosed 
precursors, and anOker chenfisotbed monolayer is formed [George 
et at, 1996]. Again gas phase species are purged ~orn the reactor 
by the next purge The nmnber of  steps in a cycle depends on file 
components of  the films. In general, there are two ALCWD reactor 
types: M]3E-type and CVD-type [Suntola, 1994]. In MBE type, a 

Growth rate 
(thickness / cycle) 

ALCVD window 

Substrate temperature 

Substrate thickness 

Number of cycles 

Fig. 4. Schematic Oia~'am of ALCVD ~mwth temp~anwe win- 
dow. ~ ALC~D vdndow, the growth rate does not de- 
pend on the gvo,r temp~l-ature aitd only depend on the 
nmnber of cycles. 

reactor pressure is in ultta41igh vacuum condition and reactants are 
introduced by using Knudsen cells. Dose duration is determined 
by controlling a shuttet" in f ix~ of the cell_ In CWX)-type reactors, a 
reactor pressure is in low vacuum (>1 ton'). It uses amo:lified CVD 
reactor w~h a cyclic dosing system. To inlprove reactor efficiency, 
flow type reactor with small radius can be used as amulti-shot reac- 
tor [Suntola, 1994]. 

Severed reaction conditions are required for a saturated, self limit- 
ing daemisorption ofprecursct~ [He~flr, ka  et ak, 1997; Saaatola, 1996]. 
The required conditions are adequate surface tempet~ture for an 
activated chemisotption of precursor, thermal stability of  the pre- 
cursor to avoid thermai decomposition, mfficient dosing arnount 
of precursor for saturated adsorption, and availability of  bonding 
sites. Dependence of growth rate on the mbstrate temperature is 
~hown in Fig. 4. Within ALCVD window, the growth rote does not 
depend on the submate mnperature aid it only depends on the num- 
ber" of  cycles. The film thickness vm'ies linearly whh the number of 
cydes, aid thus the film thid<ness is easy to conlrol [Santola, 1994]. 
At mnpemtures lower than ALCVD ~vJndow, the gro~vth rate de- 
creases becmse the th~mal energy of the subm~e is insufficient 
for activated chemisorption of'the preoarsom At tempweam~ higher 
than ALCVD vcindow, growfll rate rapidly inet~eases because pre- 
oatsots are thetmally decomposed and nudeatien rate becomes much 
higher than monol~er  fommfion. ALCVD window depends on 
the substrate and precursors. For salm'ated surface reactions of pre- 
cursors on the subslrate~ a ~fficient amount of  precursor should be 
dosed into the reactor: Once the dose amount is more thma a critical 
value for saturated chemisoxption, then the growfla rate is indepen- 
dent of the reactant fluxes [Haukka et at,  1997; Suntola, 1996]. 
3. Diagnostics of ALCVD 

To understand the basic mechanism ofALCVD gro~th and op- 
timize the proce~, m-~tz~ growth monitoring aid l:~sic surface chena- 
imy are important ['Ymnmnoto et at, 2001; George et a~, 1996]. 
Since, in general, ALCVD proceeds in flow reactor systems, the 
pressure is too high for using m-s#u electron or iota spectroscopy. 
InAead, optical probing methods can be used for m-~tu analysis. 
fn-gtu optical monitoring methods such as mrface photo-absorp- 
tion (SPA), ellipsonaelry and reflectmce diffet~ence s-pectmscopy 
(P,.DS) have been employed for the analysis of ALCWI) growth ['Ya- 
manoto et al,, 2001; Klaus et al., 1997]. SPA has been used to have 
real-tinre information on Gm~s epit~ial growfla reactions on the 
s u k ~ e  s~face during ALCWI) [KoukN et al., 1996]. Also dlem- 
ismptien of molecules on the surface dm'ing ALCVD has been stud- 
ied by using SPA. RDS is anotherin-~tu gowth monitoring meth- 
od in setniconductor industry by means of  optical probing. The 
grovxth rate and roughness ofnletal oxide thin fllnas are detected 
by using optical diagnoses. RDS also gives informaion about seg- 
regation during hetem-epitaxial gmvxth by ALCVD [Ares et al., 
1995]. 

Real-tinre quartz crystal microbalance (QC/vl) has been used to 
a~udy the deposition kinetics of ALCVD process [Aerik et al., 2001; 
Kukli et ~ ,  2000]. The mass changes during ALCVD cycles were 
measured aid analyzed to investigate the kinetics of  precursor ad- 
sorption. Thetlnal decmnposifion of precursors aid self-lhniting fea- 
ture of  adsorption a'e s~udiedby QCM. Surface reaction mechanism 
has been proposed for ALCVD gro~vth ofx~arious oxide films us- 
ing QCM analysis. Mass specWometry has been used as another 
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gun ~ . ~  ~ s p e c t r o m e t e r  

To / /  .% 
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kJva l ve  
Pre-treatment 

chamber 
Fig. 5. (a) Deposition, sample delivery, and surface analysis cham- 

bers [Kellerman et al., 1995]. (b) Schematic vie~, of analy- 
sis chamber [Cho et al., 2001]. 

m-situ monitoring method of ALCVD growth [Juppo et aI., 2000; 
Rahtu et al., 2001; Ritala et al., 1999]. Mass spectrometry can be 
used to analyze volatile decoml~sition products of surface reaction 
during ALCVD. Tiffs analysis can give infon-nation about the pre- 
cursor decomposition and the growth med~nism of ALCVD. Using 
mass st:eclrometry in ALCVD system requires a gas sampling cham- 
ber with differential pumping because the operating pressure of a 
mass-spe~ometer is much lower t i m  the l~essure of ALCVD i~-o - 
c e s s .  

Since ALCVD is based on self-Iimiting surface reaction of pre- 
cursors, a study of surface reaction is important in order to under- 
stand the growth n~echa~sm. Howevel; &-ect st~face reaction stud- 
ies of ALCVD are difficult in many cases because most surface 
chemistry techniques require UHV (ultra-high-vacuum) environ- 
mei~. I f  a growth system is connected with an analysis system 
ti~-ough a proper tralsfer system as shown in Fig. 5 [Kellem~an et 
al., 1995], then the surface reaction mechai~sm of the ALCVD pro - 
cess can be analyzed by trmsfening a sam:pie fi-om the growtt: cham- 
ber to the characterizations chamber Auger eleclron speclroscopy 
(AES), Fouiier tralsfoITned infi-ared spectroscopy (FTIR), temper- 
ature~progra~m-ned desorpbbn (TPD), X-ray photoelectron spectro- 
scopy (XPS), and secondary ion mass spectroscopy (SIMS) have 
been applied to study the self-lh-nitmg saturated surface chemisorp- 
tion of precursors and direct surface exchange reactions of func- 
tionaI groups ccctamg during ALCVD process [C-eolge et al., 1996; 
Luo et al., 1998; Kuo et al., 2000]. Among these techniques, Fr-IR 
is one of the most widely used techniques. Fig. 6 shows typical sur- 
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Fig. 6. FF-IR spectra of Si-CI and SiO-H stretching,Jblation dm'- 
ing (a) SIC14 and (b) H20 pulse [Geolge et al., 1996]. 

face exchange reactions for ALCVD growth of SiQ using SiCI4 
and H20 [George et aI., 1996]. Direct exchange reactions between 
functional groups, C1 and OH, were studied by monitoring the ad- 
sorption peak intensity changes con-esponding to CI and OH bond 
during SIC14 and H20 exposures. Similar studies were peffon-ned 
for AI203 ALCVD [George et al., 1996]. In addition to Fr-IR, other 
tectmiques including AES, TPD, XPS, and SIMS bare been used 
to understand ALCVD growth mechanism of various materials. 
Some examples of surface chemistry studies for ALCVD are sum- 
ma-ized in Table 3. Those studies give infon-nation al~ut optimiz- 
ing ALCVD process conditions, precursor screening, impurity incor- 
poration in films, film crystallinity, morpholcgy, and growth kinetics. 

APPLICATIONS OF ALCVD 

ALCVD can be applied in various areas, such as microelectron- 
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Table 3. Some examples of surface chemistry techniques for ALCVD 

Deposited materials Surface chemislry techniques Obtained Infon-nation from surface analysis References 

SiO~ FT-IR 
TiO~ In-Situ Mass Spectrometry 

Hf02 QCM 

W AES 

AIN SIMS 
AIN TPD 
AI203 XPS 

-Sttrface exchange reactions 
-Surface exchange reactions 
-Reaction products 
-Surface exchange reactions 
-Self-Iimitmg growth condition 
-Layer by layer growth mode 
-Contaminations of films 
-Surface exchange reactions 
-Desoz-ption patllway 
-Chemical bonding state 
-Contaminations of films 

[George et al., 1996] 
[Rahtu et al., 2001] 

[Amik et ai., 1999] 

[Elam et aI., 2001] 

[Kuo and Rogers, 2000] 
[Kuo and Rogers, 2000] 
[Ymlg et ai., 2000] 

ics, optoelec~onics, catalysis, membrane, and display. Among these 
applicatiom, t i~  article concei~-ates on the microelec~-onic appli- 
cations, where a nano-scale thin film growth becomes crucial in near 
future device fabrications. 
1. Gate Dielectrics 

SiQ has been used as a conventional gate oxide of MOS (metal 
oxide semiconductor) devices. On miniaturizing tile size of devices, 
the equivalent oxide thickness is decreased and tunneling leakage 
cun-ent and dielec~-ic breakdown will give undesirable properties 
to devices. For this reason, other gate oxide materials with high di- 
electric constant are req~tired to replace SiQ. An equivalent oxide 
thickness of tile gate mateiial can be shown as the following equa- 
~on [Ritala et al., 2000]. 

_3-9 t 
to~- e o.~.o (2) 

Where t~q, t~,~,, are equivalent oxide thickness and SiQ thickness, 
respectively, and e is a dielecUic constant of a mateiial. Equivalent 
oxide thickness means the thickness of the oxide, which has the 
same capacitance as that of  S iQ with tile same thickness. 

Alz�9 3 is one of the widely studied oxide materials by ALCVD. 
AI203 has a medium pe~Taittivity (about 10) and is one of candi- 
dates for replacing SiQ, a conventionally used gate dielectiic, for a 
fu~re MOS device. A1203 has suitable properties as a gate dielec- 
~-ic material such as high then-naI stability, low leakage current and 
good interfacial property with Si [Ericsson et aI., 1997; Kim et al., 
1 f~YT; Yang et aI., 2000; Park et al., 2001]. A12Q has also a low per- 
meability of alkali ions and other impurities. Thus it can be used as 
an a~active ion bamer matenaI in TFEL (thin film electro-hrni- 
nescent) display devices [Tiitta et aI., 1998]. For ALCVI) process 
ofA1203, A1C13 has been widely used as a metal source. In the case 
of using A1CI3, growth te~-aperamre is relatively high (about 500 ~ 
and grown fffms have ctflorine impurities [Ritala et al., 1996]. Non- 
chlorine precursors have been also used for AIaO 3 ALCVD. TIvIA 
[~imethylaluminum =AI(CH3)3] is a widely used non-ctflorine pre- 
cu~'so~: Tile growth ineehalqJsiIi of Al~O3 ALCVD using TMA and 
water is proposed as follows [Yun et al., 1997]. 

AI(CH 0* + H20(g ) , AIOH*+ CH~(g) 
AIOH*+AI(CH0~(g) ,AI(CH3)*+CH~(g) (3) 

The ALCVI) window of the process is 150-400 ~ It is known that 
current leakage and contaminations of carbon and hydrogen in the 
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film decreased with increasing gaowth temperature. Growth rate 
decreased at high temperatures because a debydroxylation reaction 
occurs on hydroxylated surfaces at high temperatures [Juppo et al., 
2000]. Although there was no chlorine residue in films grown by 
using TMA, there were still C, H contaminations found in grown 
fLh-ns. Beside TIvIA and AICI3, other precursors, such as AI(CH3)2CI 
[Kukli et aI., 1997], DIvlEAA(A1H3 : N(CH3)2(C2H,)) [Jeong et al., 
2001], AI(�9 and Al(OC3HT)3 [Niinisto et al., 1996] have been 
used as a metal source. Tile gaowth characteristics using those pre- 
cursors are suam'aarized in Table 4. 

To lower growth temperature, modified ALCVD processes like 
PE-ALCVI) (Plasma eiJlanced ALCVD), hm~e been ~iect When 
A12Q film is grown by PE-ALCVD using DMEAA and H2, growth 
tempem~-e is in the range of 100-125 ~ which is much lower titan 
non-plasma ALCVD [Jeong et al., 2001]. 

Recently, other high k (dielectric constant) matenals such as ZrO2 
[Na et aI., 2002; Perk ,s  et al., 2001; Kytokivi et aI., 1997; Kuldi et 
al., 2000], HfO2 [Aaik et aI., 1999; Ritala and Leskela, 1994; Aaik 
et al., 2001], La203 [Nieminen et aI., 2001], Y203 [PtCkonen et al., 
2001], Zr-silicate [Pdtala et aI., 2000], and Hf-siIicate [Gordon et 
al., 2001] have been studied for applications as ftmre CIvIOS gate 
dielect~ics. ZrO2 and HfQ have high pemlittivity (20-30) and good 
chemical stability. For ALCVD process of these oxides, halide pre- 
cursors, such as HfC14 and ZrCI4, have been mostly used In those 
cases, the stmc~-e of grown films is amorphous. When gaowth tem- 
perature was increased, the crystaliinity of the films improved con- 
cuarently with tile decrease of ctflorine contaminations. Howevez; 
the ~-owth telnpera~-e was still high (about 500 ~ and undesfi-- 
able silicate layers were formed in a grown oxide-silicon substrate 
interface. These interface silicates decrease an equivalent oxide 
tilickness because silicates have lower dielec~ic constants than high- 
k single oxides. Tile fomlation of native oxides and silicates at tile 
interface is unavoidable when water, 02 and 03 are used as an oxy- 
gen source for an oxide ALCVD. To solve these problems, a metal 
alkoxide (Ivi-OR) has been proposed as an oxygen source [Ritala 
et al., 2000]. For an alkoxide metal, thin f~ns can be grown by tile 
foil�9 mechanism, 

M(OR),+MX, , 2MO,a+aRX o1 
bM(OK)o+aM'Xb , MbM'O~+~) a + (a+b)RX (4) 

If  Si used instead of metal in tile atmve reactiotl, then silicate mateii- 
als can be grown. Recently, ALCVD growth of Hf-silicate and Zr- 
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Materials Precursors Growth temperatm-e (~ 

Gaw ~ e l e e ~  
A1203 

ZrO2 

HfO2 
La203 
Y203 
Zr-silicate 

H f-silicate 
Capacitor dielectric 

TiO2 

Ta20s 

LaMnO3 
L aNi 03 
SrTiO3 
BaTiO 3 

Copper, Diffusion barrwr 
Cu 

TiN 

Ti-Si-N 
TaN 
W2N 

A1CI3+ H20/glass 500 
AI(CH3)3 + H20/Si(100) 250-400 
AI(CH3)3 + H20/SiOJSi 350, 370 
AI(CH3)2CI +H20/glass 180-250 
A1H3: N(CH3)2(C2Hs) + HJSi 100-125 
A1CI3 +AI(OC2Hs)JSi 400 
A1CI3 +AI(OC3Hr)JSi 300 
AI(CH3)3 + AI(OC3Hr)JSi 300 
AI(OC2Hs)3+H20 or ROH or 02 250-500 
Al(OC3HT)3+H20 or ROH or O2 250-500 
ZrCI4 + H20/Si 300 
Zr(OC4Hg)4 + H20 150-300 
HfC14 + H20/glass 500 
La(thd)3+ozone 225-275 
Y(thd)3 + ozone 200-425 
ZrCI4 + Si(OC2H5)4 500 
ZrCI4 + Si(OC4 H9)4 250-500 
Hf(N(CH3)2) 4 +(C4Hg)3SiOH/Si 250-350 

TiCI4 + H20/8i(111 ) 
TiI4 + H2OJSi(100) 
Ti(OC2Hs)4+H20 
Ti(OC3Hr)4+H20 
TaCls+ H20 
Ta(OC2Hs) s + H20/glass 
Ta(OC2H5) + TaCI5 
La(thd)3+Mn(thd)3+OJglass or Si(100) 
La(thd)3 +Ni(thd)3+Ojglass 
Sr(Cs-i-pr3H2)2 + Ti(O-ipr)4 + H20/glass 
Ba(CsMe)2 + Ti(O-ipr)4 + H20 

CuCI + H 2./Cu(100) 
CuCI + Zn/AI203 
Cu(tmhd)2 +H2 
Cu(acac)2 + HJSi, gI ass 
Cu(hfac)2-XH20+methanoI or ethanol or formalin 
TiCI4 +NHJSi 
TiI4 +NHJglass 
TEMAT+NHJSi 
TDMAT +NH3/Si 
TDMAT + SiI-I4 +NH 3 
TBTDET+H2 
WF 6+NHjSi 

100-300 
230-375 
100-300 
150-350 
80-500 
225-325 
275-325 
250-300 
215-250 
325 
275 

440-500 
150-300 
250 
320 
350-450 
350-500 
150-220 
180 
180 
260 
327-527 

silicate has attracted attention as high-k material bemuse they have 
good interracial properties with Si subs~ate and high dielec~ic con- 
stants. Recent ALCVD results of vm-ious gate oxides are summa, 
rized m Table 4. 
2. Capacitor Dielectrics 

TiO 2 has good properties as a capacitor dielectric, such as high 
chemical resistance and high permiNvity [Kim et al., 1998; Schuisky 
et al., 2000]. ALCVD growth of TiQ has been studied by using 
various precursors, such as TIC14 [Aarik et aI., 1995, 1996, 1997; 

Suisalu et al., 1998; Tarre et aI., 2001], Ti~ [Kuldi et aI., 2000] and 
Ti(OC2Hs)4 [Rahtu et aI., 2001]. TIC14 is one of the most fiequently 
used precursors. ALCVD ga-owth mechai~m of TiQ using TIC14 
and H20 is proposed as follows. 

n(- OH)* +TiC14(g) "(- O-).TiCl4_.*+nHCl(g) 
(-O-).TiCI~_.*+(4- n)H~O , (-O-).Ti(OH)~_.*+(4- n)HCI(g) (5) 

ALCVD fkns grown by using TiCL have chlozine contmnmation 
and a by-product, HCI, which is corrosive and toxic. In addition to 
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Materials Precm~ ors Growth temperatm-e (0C) 

Nano-laminates 

HfO2-Ta2Os 

Ta2Os-Nb205 

HfO2-ZrO2 
Ta2Os-ZrO2 
Nb2Os-A1203 
Ta20 ~- A1203 
(Nbl- ~Ta~)2Os-ZIO2 

Other Oxides 

Nb205 
In20~ 
SnO2 
ITO 
ZnO 

MgO 

Ta(OC2Hs)5 + HfC14 + H20/glass 
Ta(OC2Hs)s + HfCI4 + H20/Si 
TaCls +Nb(OC2Hs)s + H20/glass 
Ta(OC2Hs)5+ Nb(OC2Hs)s+ H20/glass 
HfC14 +ZrC14 + H20/Si 
Ta(OC2Hs)5 + ZrC14 + H20/Si 
Nb(OC2Hs)s +AICI~ + H20/glass 
Ta21~+ A1CI~ + H20/glass 
Ta(OC2Hs)5 +Z~214 +Nb(OC2Hs)5 + H20/glass 

Nb(OC2Hs)s+H20 
InCl3+H20 
Sr~C14 + H20 
InC13+ SnCI~ + H20 
Zn(C2Hs)2+ H20 
ZnCI2 + O2 
Mg2(thd)4 +H202 
Mg(thd)2 +O3 
Mg(CsHs)~ +H20 

325 
300 
325 
300-325 
300 
300 
300 
300 
230-325 

230-260 
5OO 
180-300 
5OO 
105-180 
450-550 
325-425 
225-250 
200-300 

TIC14, other precu~so~ such as TiI4, Ti(OC2Hs)4 and Ti(OC3HT)4 t ~ e  
been used [Ritala et al., 1994]. TiQ ALCVD studies have indi- 
cated that the growth conditions and ~-own film properties are strong- 
Iy affected by Ti-precursors. TIC14 shows a high thermal stability 
over a rode temperature range, ensuring a wide ALCVD window. 
In case of alkoxide precursors, the~Tnal decomposition of precursors 
is obsen~ed at temperatures above 350 ~ which indicates a lower 
them~al stability of metal-alkoxides than that of metal-halides. Also, 
the crystallinity of TiQ fffm depencls on precursors used. Polycrys- 
taliine TiQ films are obtained by using Ti(OC2Hs)4 and Ti(OC3Hv)4, 
wtfile an amorphous film is obtained by using TiCI~. In TiQ ALCVI) 
using TIC14 and H20, the roughness of the film surface is increased 
with incTeasing ~-owth te~npera~-e, while coi~.aminatiom are de- 
creased at high teanpe, a~-es. The crystalline slruc~-e of the film 
also improved with growth tempera~re. Anatase structure is domi- 
nant at low temperatures but ruffle and TiQ-II s~ructures become 
dominant at high growth tempera~res [Aarik et al., 1995, 1997; 
Suisalu et al., 1998]. 

TarO5 is another widely studied mateaial by ALCVD. Ta205 has 
high chemical and thermal stability with a dielectric constant of 22- 
35 [Yah et al., 15;97; Kukli et al., 1995]. TaCI~ [Aaik et al., 1996; 
Kukli et al., 1995] has been used as a metal source. Ta~Os films using 
TaCI s also showed CI coi~.amination and produced con-osive HC1 
by-products. For the sane reasons as that fiom TiQ, other precur- 
sors Iike Ta(OC21-Is)5 have been also used. When Ta(OC>Hs) 5 and 
H20 were used, the f~ns were grown by ALCVD at 250 ~ by the 
following mechanisms [Kukli et al., 1997]. 

n(- OH) * +Ta(OCa H,),(g) 
�9 (-O-).Ta(OC~H,)> *+nCH3CH~OH(g ) 

( -O-)n Ta(OCaH,),_,*+(5- n)H~O 
, (-O-),Ta(OH),_,*+(5- n)CH3CH~OH(g) (6) 

It is known that C and H contammatiorxs decrease and growth rate 
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also decreases as growth teanpe, a ~ e  incTease, due to the dehydro- 
xylation reaction on hydroxlyated surface [Kuldi et al., 1997]. As 
mentioned above, the fom~ation of native oxides and silicates in 
the interface is unm~oidable when water, 02 and 03 are used as oxy- 
gen sources for oxide ALCVD. Recently, in order to decrease in- 
terface native oxides and contanination of imptu-ities, several stud- 
ies have been done. The reaction of alkoxide metal (M-OR) along 
with metal halide ks an exa'nple of those studies [Kuldi et al., 2000]. 

In general, sff'nple single oxides such as TiO2 and Ta2Os, show 
high leakage current Recently, ALCVD ofhigh-k binary or ternary 
mate~iaIs has atnacted nmch attention became these oxide mateaials 
show a lower leakage c~rrent than that of sirgle oxides [Vehkamaki 
et al., 1999] and also can be used as fezroelectfics due to their pero- 
vskite slruc~es [Chang and Kim, 1997; Kim and Kwon, 1999; Se- 
im et al., 1997]. The composition of binary oxides can be easily con- 
trolled by adjusting relative pulse lengths of precursors [Nihen et al., 
1999]. Examples of ALCVD growth of binary oxides are LaMxIO 3 
[Nilsen et al., 1999], LalN]-iO3 [Seim et 81., 1997], SrTiO 3 and BaTiO3 
[Vehkamaki et al., 1999]. These films are obtained with the deposi- 
tion of each single oxide foIiowed by post-annealing at 500-650 ~ 
which makes bn-ary oxides by reacting as-deposited single oxides. 
These requh-ements of post,amealing to obtain bn-ary oxides are 
cun-ently the main limitations of ALCVD [Vehkanald et al., 1999]. 
ALCVD of  capacitor dielectrics is also sumlnaiized m Table 4. 
3. Nano-Laminates  

A i~no-laninate is a sn-uc~-e that has repeated bilayer stacks. 
This sn-ucture must have high pennittivity, high breakdown resis- 
tance, good stability and high chemimI inertness [Kuldi et aI., 1996]. 
Even though nano-Iammates are composed of the same kind of bi- 
layer materials, the properties slrongly depend on the growth tem- 
pera~re and the relative thickness ratio of repeated bilayer stacks 
[Kuldi et al., 1997].ALCVI) has many advantages for making t t~  
s~cture because films grown by ALCVD have gocd ~lifbrmity 
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and the thickness of each film can be easily controlled by ALCAfD. 
Various nano-Iammates have been grown by ALCVD, including 
HfQ-Ta2Q [Ztmg et al., 2000; Z t m g  and Solanki, 2001], Ta2Os- 
Nb2Q [Kukli et al., 1999, 2001], HfQ-ZK)2 [Zhag  et aI., 2000; 
Zhang and SoIanld, 2(X)l ],iN~Os-A1203 [I(ukli et al., 2001], Ta2Q- 
A1203 [Katrelus et al., 1993] and (NS~_~Ta~)2Q-Z102 [Kukli et aI., 
1997]. An HfO2-Ta2Q nano-laminate is one of the most studied 
s~ucmres. HfC14 and Ta(OC~H0s or TaCls are used as the source 
ofHf, Ta sources, respectively. H20 is used as an oxygen source to 
grow HfO~-Ta~Q nano-Iaminates at 3(X)-330 ~ The resulting nano- 
Imninate has better utfifonnity and higher pennittivity thai that fioln 
sitgle oxides of tile sane thiclaless. Especially, leakage cun-ent con- 
siderably decreased due to the formation of amorphous Ta~Os in- 
tem~pting growth of grain bounda'ies [Kukli et al., 1996]. Cn-ain 
bovadaries within films are considered as main paths of current leak- 
age. Vm-ious nalo-Imninate s~ucmres grown by ALCVD are sum- 
ina~ized in Table 4. 
4. Copper MetaUization and Diffusion Barriers 

Copper has been grown mostly by eleclroplating for intercon- 
nect applications. Electtodeposited Ck~ Iayers need very thin Ch seed 
layers with good tmifomlity for better adhesion to the subs~ate. 
ALCVD has attracted attention for deposititg these Cu seed layers 
[SoIanki and Pathangey, 2000]. ALCVD of Ch seed Iayers is a single 
element film deposition process. Therefore, reducing agents, such 
as H~ and Zn, are requh-ed to remove functional groups of precur- 
sors through surface reactions and also provide chemisorption sites 
for Cu precursors [Chang et al., 1999; Klaus et al., 2000; Juppo et 
al., 1997; Iviartensson et aI., 1998]. Cu thin films can be obtained 
by ALCAfD tt~ough the reactions in Eq. (7) [U~-iainen et aI., 2000]. 

Cu(L)~(g)+ H~ ,Cu(s)+2HL(g) (7) 

where L indicates an o~ga~ic or inorganic ligald One of tile shnple 
Cu precursors is CuCI. When CuCI is used for the ALCVD pro- 
cess, it is known that growth temperature is relatively high (about 
400-500 ~ For decreasing growth temperature, [3-diketonate pre- 
cursors, such as Ck~(acac)~ and Ch(1~hc)~-XI-I~O, have been steadied 
[Sola~ki, and Pathalgey, 2000; Utriamen et al., 2000; Martensson 
and Carlsson, 1998]. For CSa(hfac)~-X_,~-I~O and meflmoI, ettmoI or 
formalin, the growth temperature is decreased to 150-300 ~ 

In copper interconnects, a diffusion barier must be requa-ed be- 
came copper is easy to diffuse into a silicon well [Utnamen et aI., 
2000; Kml et al., 2000]. A very thin diffusion t:an-ier must have low 
resistivity and dense micros~uc~-es. Also, diffusion banie~ should 
not react with copper and these thin films must be deposited at low 
temperatures (below 400 ~ [Juppo et al., 2000]. TiN has been grown 
by ALCVD by using va-ious titanium sources, such as TiL [pdtala 
et aI., 1998], TiC14 [Jeon et aI., 2(X?0], TEMAT(Ti(NC~H~CH~)4) [Kim 
et aI., 2000; Min et aI., 1998] and TDMAT(Ti(NCH~CH3)4) [Lhn 
et al., 2001], with NH~ as a mttogen source. When halide precur- 
sore are used, fihns are grown at 350-500 ~ Contamination and 
resistivity of f&ns are decreased with high growth temperature. When 
the growth temperature is relatively high, chIonne coNaminafion m- 
creases the resistivity of the films. Other precursors, such as TDMAT 
and TEMAT, have been tned instead of halide precursors [Y~a et 
al., 1999]. When the films were grown by ~tsmg these precursors, 
growth temperature was 150-220 ~ and chIorine residue couId be 
avoided [Kim et aI., 2000; Mm et al., 1998; Lim et al., 2001 ]. 
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Ti-Si-N [Ivlin et aI., 2000], TaN [Park et al., 2001] and W2N [Klaus 
et al., 2000] also have good properties as diffztsion barriers. Espe- 
cially, Ti-Si-N films have been deposited to improve inteffacial pro- 
perties with silicor~ Howevei; these diffiasion banier matesah grown 
by ALCVD m general show too low growth rates, high resistivity 
and also aging effects [Kim et al., 2000; Park et al., 2001]. ALCVD 
growth of Ch and various diffusion hamers are surmnanzed in Table 4. 
5. Other Oxides 

Beside tile oxide, nilride and metal thin films mentioned above, 
other various oxides have been grown by ALCVD for microelec- 
tronic applications. These oxides include I'Yc~O5 [Kukli et al., 1998], 
In203 [Asikamen et al., 1997], SnQ [Asikainen et aI., 1994], ITO 
(In203 : Sn) [Asikamen et al., 1996"], ZnO [Cark~a et aI., 2000; Yousfi 
et al., 2(X~; Yamacla et aI., 1997; Sang et aI., 1998; Kaiya et al., 2001 ] 
and IvlgO ~latm~aa et al., 1999; Putkonen et aI., 2(X)0]. These re- 
salts are also stamnarized in Table 4. 

CONCLUSIONS 

As a nano-prccessmg tool, ALCVD has good characteristics for 
depositing atomic layer thin fihns. ALCVD is based on the self- 
limiting chemisorption of precumoi~, which enables the digital con- 
~-oI of film thickness m atomic-scale, uniformity over large area, 
easy control of fihn compositions, low growth temperature, and 
wide process window. ALCVD has been used to deposit various 
materials, including oxides, nitrides, metals, semiconductors, etc. 
Selection of chemical precursors, growth temperature, precursor 
dosing amotmt and cycle time is cnfical for a successful ALCVD 
growth of thin fihns. Optflm~n growth conditiom depend on tile 
reactivity of precursors, substrate materials and reactor design. A 
better understanding of surface chemistry revolved m ALCVD is 
important to figure out tile growth mechalism and the optimiza- 
tion of ALCVD process. VmJous methods to diagnose ALCVD pro- 
cess hare been studied, but nmch more effort is required in order 
to unde1~tald the fihn deposition medlarfism. In conclusion, ALCVD 
is a very suitable method for the comlruction of atomic-scale thin 
films that will play an important role in the future nano-fabrication. 
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