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I. Introduction

Layered semiconductor, dielectric and metallic composite materi-
als are used in high-precision technologies. Such structures are the
basis of modern electronics (in particular, solid-state integrated
circuits are fabricated from single-crystalline silicon on semi-
conductor wafers).

Fabrication and use of multilayer structures became possible
after solving the complicated problems of semiconductor materi-
als science concerned with the synthesis of defect-free dielectric
films (e.g., silicon dioxide, silicon nitride, boron nitride and tin,
titanium, aluminum, etc., oxide films). At present, such films are
fabricated using various versions of the chemical vapour deposi-
tion (CVD) technique.1

CVD methods have been used to fabricate `wafer ± thin film'
structures since the mid-1960s.2, 3 The growth of a thin film, in the
course of a CVD process, on the surface of a wafer heated to the
desired temperature is the result of irreversible reactions of
initially gaseous compounds. Dielectric films are synthesised
using both research and industrial CVD flow reactors operating
at atmospheric, reduced and low pressures. Vapour-phase mix-
tures of the precursors, oxidants or ammonia, in the presence of
various carrier gases, are supplied to the reactor by a pressure drop
in the carrier gas stream or as a result of the evacuation of the

system with a vacuum pump. One of the most important features
of CVD processes is the possibility to grow films of variable
thickness (from a few hundredths of a micrometre to a few
micrometres) at relatively low temperatures. For instance, silicon
dioxide films can be CVD grown at temperatures below 373 K,
whereas silicon dioxide is formed at a noticeable rate by the
oxidation of monocrystalline silicon with O2 at temperatures
above 1173 K. The film synthesis temperature can also be reduced
by an additional (non-thermal) activation of the vapour phase
using a high-frequency discharge, photochemically or by using
laser irradiation.

Wide use of CVD methods in basic research and large-scale
production is due to the fact that they require relatively simple
equipment, are safe and manufacturable and provide high quality
thin-film coatings fabricated under the optimum synthesis con-
ditions. At present, thin-film CVD processes are basic technolog-
ical processes in electronics 4 ± 6 and their proportion in the overall
device fabrication cycle is continuously increasing as the devices
and methods of fabrication of multilayer structures become more
and more complicated.

Both research practice and applied use of CVD methods face
the problem of describing the film growth processes, which
involves the establishment of some functional dependences.

First, it is necessary to obtain quantitative relations between
the film growth rate and the parameters of the CVD process, e.g.,
temperature (T ), pressure (P), linear rate of gas stream (u) and the
ratio of the component concentrations in the vapour phase (taking
into account the geometry of the CVD reactor), features of the
spatial arrangement of wafers in the reactor and the thermal and
gas-dynamic effects in the reactor. Usually, these are the key
factors for the optimization of the film deposition process, which
eventually involves achievement of amaximum film growth rate at
a minimum possible film thickness mismatch (desired values lie
within limits of a few percent) across the entire wafer surface.

There are a number of good examples of solving optimization
problems in film growth processes for different reactor types and
various dielectric materials. One of them is modelling the oper-
ation of a low-pressure flow tube reactor under isothermal
conditions.7 The authors 7 succeeded in determining the parame-
ters and spatial arrangement of wafers corresponding to a mini-
mum film thicknessmismatch atmaximum reactor charge (several
tens or even hundreds of semiconductor wafers). This is, in
particular, due to the fact that no detailed information on the
chemical stages of the growth process was required; the model

V Yu Vasilev, S M Repinsky Institute of Semiconductor Physics, Siberian

Branch of the Russian Academy of Sciences, prosp. Acad. Lavrent'eva 13,

630090 Novosibrisk, Russian Federation. Fax (7-3832) 33 27 71,

tel. (7-3832) 30 85 91, e-mail: vladislav_v_2000@yahoo.com

(V Yu Vasilev), repinsky@land.ru (S M Repinsky)

Received 26 November 2003

Uspekhi Khimii 74 (5) 452 ± 483 (2005); translated by A M Raevskiy

DOI 10.1070/RC2005v074n05ABEH000886

Chemical vapour deposition of thin-film dielectrics

V Yu Vasilev, S M Repinsky

Contents

I. Introduction 413

II. Chemical vapour deposition of thin-film dielectric materials: general 414

III. Characteristics of film growth processes 417

IV. Deposition of silicon nitride films 422

V. Deposition of silicon oxynitride films 426

VI. Deposition of silicon dioxide films 427

VII. Deposition of multicomponent silicate glass thin films 436

VIII. Conclusion 439

Russian Chemical Reviews 74 (5) 413 ± 441 (2005) # 2005 Russian Academy of Sciences and Turpion Ltd



included only the rate constants for the reactions on the wafer
surface or in the vapour-phase and the vapour-phase diffusion
coefficients. However, in spite of the paramount importance of
this solution, it is only a particular case for modelling of CVD
process.

The second necessary functional dependence is a relation
between the chemical composition and microcomposition of the
film and the input parameters of the CVD process. For instance,
the composition of silicon nitride films grown by ammonolysis of
monosilane is usually described by the formula Si3N4 . However,
the microcomposition of such films should be described in terms
of concentrations of the NH and SiH groups,8 because the overall
concentration of hydrogen in the silicon nitride films can vary
between 4 at.% and 20 at.%, depending on the CVD method
employed in each particular case. For many practical applications
in electronics, the microcomposition plays the key role; therefore,
this level of modelling of the CVD process requires knowledge of
all stages of the growth process.

The third group of functional dependences includes correla-
tions between the properties of the deposited films and the CVD
conditions. It should be noted that most studies of the properties
of dielectric materials were carried out using a particular deposi-
tion technique and a narrow range of parameters for the CVD
processes.

Finally, searching for correlations between the electrophysical
properties of deposited materials and the CVD parameters,
including the reactor type, starting compounds, deposition con-
ditions, etc., is also an important task.

The considerable interest in the CVDprocesses is reflected in a
continuous stream of publications, most of which describe the
operation regimes, reactors and the properties of the films
obtained. The properties of the films have been studied to different
extents. Silicon-based films widely used in electronics have been
best studied. The results of the investigations of silicon nitride
films obtained up to 1980 have been comprehensively treated in a
monograph.8 Data on the deposition of silicon dioxide films, and
especially binary and ternary silicate glass films, have almost not
been summarised earlier. More complex thin-film materials, e.g.,
silicate glasses, synthesised in four- and five-component chemical
systems, have been poorly studied. This leads to an inadequate
understanding of the physicochemical processes used in elec-
tronics. This conclusion can be drawn after close examination of
the available monographs.2 ± 6 For instance, at present, the epi-
taxy, diffusion and thermal oxidation processes have been studied
in detail and theoretically substantiated, whereas chemical vapour
deposition of dielectric thin films is still descriptive in character.

This review is concerned with the analysis of the problems of
CVD of dielectric thin films. We discuss the methodological
problems of CVD and the fundamentals of the molecular theory
of dielectric film growth. The key characteristics responsible for
the growth processes and main physicochemical properties of
thin-film covalent dielectric materials are also considered.

II. Chemical vapour deposition of thin-film
dielectric materials: general

1. Reactions
Basic to CVD processes are the following chemical reactions of
carbon and silicon compounds: pyrolysis (cracking process),
reduction, oxidation, hydrolysis, ammonolysis and dehydrogen-
ation. Given below are some examples of these reactions.

Pyrolysis

Ni(CO)4 Ni+4CO,

SiH4 Si+2H2 ,

Si(OC2H5)4 SiO2+4C2H4+2H2O.

Reduction

SiCl4+2H2 Si+4HCl,

WF6+3H2 W+6HF.

Oxidation

SiH4+O2 SiO2+2H2 ,

4 PH3+5O2 2P2O5+6H2 ,

2 B2H6+3O2 2B2O3+6H2,

SiH4+4N2O SiO2+2H2O+4N2,

SiH2Cl2+2N2O SiO2+2N2+2HCl.

Hydrolysis

TiCl4+2H2O TiO2+4HCl,

SiF4+2H2O SiO2+4HF.

Ammonolysis

3 SiH4+4NH3 Si3N4+12H2 ,

3 SiH2Cl2+10NH3 Si3N4+6NH4Cl+6H2 ,

3 SiCl4+16NH3 Si3N4+12NH4Cl,

B2H6+2NH3 2BN+6H2 .

Interaction with methane

SiCl4+CH4 SiC+4HCl.

Interaction with monosilane

2MoCl5+4SiH4 2MoSi2+10HCl+3H2 .

Among these, the hydrolysis and oxidation reactions are the
fastest. A special position is occupied by the oxidation of silane,
which proceeds as a branched-chain process; therefore, SiO2 films
can be fabricated at low temperatures (*343 K). Note that in the
case of CVD processes, the reaction schemes presented above can
be used for descriptive purposes only, because the composition of
the by-products depends on the particular conditions. For
instance, the oxidation of hydrides under CVD conditions can
result in both hydrogen and water.

Studies on the deposition of silicon nitride films in the course
of the interaction between SiCl4 and NH3, and of nickel films
during pyrolysis of nickel carbonyls, were carried out more than
four decades ago. Since then, some concepts of the character of
these processes have been proposed and accepted.8, 9 The CVD
approach can be employed to obtain (i) dielectric materials (SiO2 ,
binary and ternary glasses SiO2 ±B2O3 , SiO2 ±P2O5 ,
SiO2 ±B2O3 ± P2O5 , Si3N4 , silicon oxynitride Si3N4 ± SiO2 and
Al2O3 ,AlN,Ge3N4 , TiO2 , TiC, TiN), which are used as screening
films, protective coatings, mirrors and waveguides; (ii) polycrys-
talline and amorphous semiconductor films (silicon, SiC and
compounds of the types AIIIBV and AIIBVI) used for fabrication
of transistor structures; (iii) metals and alloys (Ni, Al, W, Ta and
Mo and nickel, manganese, iron, titanium, cobalt, chromium,
tungsten, tantalum, molybdenum, platinum and aluminum sili-
cides) for production of conductors; (iv) superconductors Nb3Sn,
Nb3Ge, YBa2Cu3O77x , Bi2Sr2Can71CunOx (n=1±3); (v) ferro-
electrics Pb(Zr,Ti)O3 and (Ba,Sr)TiO3; (vi) transparent conduc-
tors SnO2(In2O3), etc.

Thin film ±wafer composites have found a variety of techno-
logical applications in electronics, mechanical engineering, power
engineering, medicine, etc. The CVD method differs from other
known thin film fabrication techniques (thermal, plasma or ion
deposition) in the size of the deposited particles, which is of the
order of a few tenths of a nanometre (cf. tens of nanometres for
other methods). Molecular dispersion of the deposited particles
makes possible the deposition of compact coatings on surfaces
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with complex reliefs, with good adhesion and high mechanical
properties for the coatings.

2. Thermodynamic aspects of CVD
The problem of growth of a dielectric film is part of the known
problem with solid phase formation from particles present in gas
or vapour phases. The thermodynamic aspect of this problem was
first considered by Volmer.10 The cases for complex multicompo-
nent systems used for epitaxial crystal growth were generalised by
SchaÈ fer 11 and Kuznetsov et al.12 However, it is impossible to
analyse the film growth rate using thermodynamic description of
chemical systems, because the vast majority of dielectric film
fabrication processes proceed under conditions that are far from
the thermodynamic equilibrium.

Concerning the possibility of using the crystal-growth theory
methods to describe the growth of dielectric thin films, we can say
the following.

The modern crystal-growth theory concerns three main
problems:

Ð the mechanism of a new phase nucleation on the surface of
a crystal or in the medium surrounding the growing crystal (e.g.,
the gas or vapour phase);

Ð the nature of the processes that govern the nucleation
kinetics (according to the layer-by-layer growth theory, these are
the surface diffusion processes);

Ð the problem of retention of the growing plane in the crystal;
solutions to this problem are best demonstrated in the Kossel
model for an ideal crystal and in the model by Frank, Burton and
Cabrera 13 for a real crystal (motion of the front of a screw
dislocation).

In the theory of gas-phase nucleation, the critical radius, rc, of
a spherical nucleus is expressed through the surface energy s; the
molecular volume, um, of the nucleus; the vapour pressure Pv; and
the equilibrium pressure Pe at the temperature T

rc �
2sum

RT ln�Pv=Pe�
. (1)

Consider, as an example, formation of silicon dioxide films by
the oxidation of monosilane with O2, assuming that the gas ± solid
system is in thermodynamic equilibrium. Using the following
dependence,{

Pe=4.1161013 exp

�
ÿ 336:4

RT

�
we obtain Pe=461078 Pa for T=573 K. Then, using the
published data 14, 15 for Pe=133.3 Pa (um=22 cm3 and
s=261075 J cm72), we get rc=0.03 nm. This means that the
formation of silicon dioxide film does not begin with a homoge-
neous nucleation step. However, it is known that (i) reactions of
monosilane with oxygen-containing oxidants (O2 , N2O, CO)
result in SiO2 as the solid product and (ii) silicon dioxidemolecules
transferred to the vapour phase upon evaporation of this com-
pound are present only above molten SiO2 (at T*2273 K).14

Therefore, chemical vapour deposition of silicon dioxide films
proceeds under conditions that are far from the thermodynamic
equilibrium. Similar analysis of the growth of silicon nitride films
in the course of monosilane ammonolysis leads to the same
conclusion.

The analysis given above excludes the possibility of forming
three-dimensional nuclei in the vapour phase; however, we can
assume the appearance of a two-dimensional nucleus on the
surface and consider the unique kinetic features of its growth.
The melting temperatures, Tm (in K), of silicon and silicon
compounds and the temperature intervals (DT ) corresponding
to typical conditions of synthesis for these compounds are listed
below.

Material Tm (2/3)Tm DT

Silicon 1693 1128 870 ± 910

Silicon dioxide 1773 1182 470 ± 970

Silicon nitride 2173 1448 970 ± 1120

It is known that atom transfer processes, such as diffusion,
viscous flow, recrystalisation, etc., can be considered fast if they
proceed at temperatures exceeding a value of (2/3)Tm . The data
listed above show that in all cases silicon dioxide and silicon
nitride films are formed at temperatures that are several hundreds
of degrees lower than the corresponding (2/3)Tm value. This
means that the mobility of the atoms of the growing film is
hindered in the course of synthesis and the surface self-diffusion
cannot be as intense as is assumed in layer-by-layer crystal growth
theory.

Quantitative information about surface diffusion can be
extracted from the results of experiments on the sintering of finely
dispersed SiO2 powders obtained by hydrolysis of organosilicon
compounds. The activation energy for the sintering of powders is
known to be nearly 711 kJ mol71; this process only proceeds at a
measurable rate at 1273 K.16

Thus, thin-film dielectric materials are formed under CVD
conditions as a result of complex heterogeneous chemical reac-
tions involving vapour-phase processes and transformations on
the growing surface of the dielectric material.

3. Kinetic aspects of CVD. Multipath and multistage film
growth processes
Thin-film dielectric materials can be fabricated by deposition
from vapour phases containing at least two reactive components
using three main types of reactions. These are pyrolysis (thermal
decomposition of organoelement compounds), oxidation and
ammonolysis. For instance, SiO2 films can be obtained under
CVD conditions and by pyrolysis, while Si3N4 films can be
prepared by ammonolysis of silicon compounds.

Let us illustrate specific features of the kinetics of the CVD
reaction by taking silicon nitride films obtained in two reactions,
(1) SiCl4+NH3 and (2) SiH4+NH3, as examples. For the
reaction involving SiCl4, the formation of a product of direct
interaction, Cl3SiNH�2 , in the vapour phase was detected by mass
spectrometry,17 the concentration of Cl3SiNH�2 being about 20%
of the starting concentration of the SiCl�3 ion. Considerable
amounts of products of secondary collisions, containing one or
two silicon atoms and NH2 groups were also detected; besides,
these products always contain HCl. These results show that the
first intermediate product of the vapour-phase reaction is
Cl3SiNH2 and further reactions result in the formation of
Si(NH2)2Cl2 and Si2NHCl6 particles. Detained analysis of these
reaction schemes and information on the rate constants for the
different stages can be found in the literature (see, e.g., Refs 8, 18,
19). Figure 1 presents a scheme of possible transformations of the
starting reagents in the formation of Si3N4 films.

{From this point on the activation energy is given in kJ mol71.

NH3 SiCl4

NH2SiCl3

Cl3SiNHSiCl3

Si3N4

Reaction zone

N2 + H2

HClN2 H2

Figure 1. A scheme illustrating the sequence of stages and routes of

chemical transformations during the formation of silicon nitride layers in

the SiCl4 ±NH3 system.18
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In the SiH4+NH3 system, the sequence of reactions, result-
ing in the formation of silicon nitride films, can involve both pure
vapour-phase reactions:

2NH3 N2+3H2 ,

SiH4 SiH2+H2 ,

SiH2+SiH4 Si2H6 ,

Si2H6 2 SiH3 ,

n Si2H6 (SiH2)2n+ nH2 ,

and surface reactions:

2NH3 2N(ads)+3H2 ,

NH3 N(ads)+3H(ads) ,

2NH3 2NH3(ads) N2(gas)+3H2(gas),

SiH4 SiH4(ads) ,

SiH2 SiH2(ads),

SiH3 SiH3(ads),

SiN3/3NH2 SiN4/3+H2 ,

2NSi2/4SiH3 2NSi3/4+3H2 .

These reaction schemes serve as the basis for a generalised
kinetic model of a complex CVD reaction, determining the growth
of a film. For instance, the overall reaction of the precursors A and
B (Fig. 2) results in the formation of structural units of a thin-film
dielectric material (DM)

A+B=DM.

This reaction is generally a multistage and multipath process.
Consider three main paths. Route I is the interaction between A
and B in the adsorption layer by the Langmuir ±Hinshelwood or
by the Eley ±Rideal mechanisms. Route II is the interaction
between the intermediate product, I, and the surface, S, of the
growing film, resulting in the formation of an intermediate
product, F, which is eventually transformed in the reaction zone
into structural units of the DM and thus causes regeneration of an
element of the pristine surface. Route III is characterised by the
formation of the intermediate product, I, in the vapour phase and
the subsequent formation of a by-product (end product C).

The aforementioned can be represented as the matrix of
stoichiometric coefficients of CVD stages (Table 1). In this
representation, the growth process is described as a complex
reaction following three concurrent routes, each of them being a
multistage process. In particular, route I involves stages 2, 3, 4 and
6; route II involves stages 1, 5 and 6 and route III involves stages 1
and 7. Thus, the growth of a dielectric thin film can be considered
as a multipath and multistage chemical reaction. To describe the
kinetics of this reaction, one must have a complete set of rate
constants for each of the individual stages. This is an intricate
experimental task, which importantly can be solved using the

formal approaches developed in the theory of the kinetics of
heterogeneous catalysis.

4. Structural aspect of thin film synthesis under CVD
conditions
Formation of thin-film dielectric materials under CVD conditions
proceeds as a heterogeneous chemical reaction , i.e., a sequence of
elementary acts involving the embedding of structural units into
the matrix of the growing film. An important feature of this class
of compounds is the absence of long-range order in their struc-
tures. Short-range order in covalent dielectric materials can be
described using the concept of structural units proposed by
Myuller.20 A structural unit is the smallest possible atomic group
in the nearest coordination sphere of a given atom, which reflects
its coordination and the unique features of its embedding into the
matrix material. Examples of the main structural units are
provided by SiO4/2 for silicon dioxide, BO3/2 and BO4/2 for
boron oxide, O7P+O3/2 for phosphorus oxide, GeO4/2 for ger-
manium oxide and SiN4/3 for silicon nitride. The properties of a
layer can strongly depend, not only on the main unit, but also on
other structural units. For instance, SiO2 layers can contain
inclusions with :Si7OH or :Si7H bonds, i.e., structural
units SiO3/2OH, SiO2/2(OH)2 or HSiO3/2 , H2SiO2/2 . This means
that the layer compositions should be described as sets of
structural units responsible for the short-range order in the layer
of dielectric material. Another important feature is connected
with the character of a given combination of structural units,
which governs the nature of the medium-range order in the layer.
It is known that the SiO4/2 tetrahedra in SiO2 layers can be
combined in such a fashion that formations of four-, five-, six-
and eight-membered rings, comprised of the Si7O7Si bridges,
become possible. This results in the appearance of micropores and
mesopores in the matrix.

Structural features of synthesised films are also related to the
character of the long-range order in the structure. When synthe-
sising semiconductor films, it is usually possible to obtain single-
crystalline films. Metal films are, as a rule, polycrystalline, while
the synthesis of dielectric materials leads to formation of glassy or
amorphous films. Interrelations between these structures are
illustrated in Fig. 3, which shows variations in the structure of a
SiO2 film of various degrees of disorder.21

The key role in the formation of a film structure is played by
the temperature of the wafer, but generally onemust also take into
account other starting parameters of the CVD processes. Note
that the properties of the surface of a dielectric material are
determined by the set of the surface structural units characterised
by the different heats of adsorption of the reagents. In this
connection, one can assume a non-uniform energy distribution
across the surface of the growing dielectric material. In contrast to
the crystal model by Kossel, in which non-uniform energy
distribution is determined by structural features, the model of a
growing dielectric film is governed by the discrete set of structural
units with different chemical compositions. This can be exempli-
fied by considering the data on the surface chemistry of silica gels
and quartz glass.

Table 1. Matrix of stoichiometric coefficients of different stages of the
CVD process.18

No. Stage Route

I II III

1 A+B=I 0 1 1

2 A+S=As 1 0 0

3 B+S=Bs 1 0 0

4 As+Bs=F 1 0 0

5 I+S=F 0 1 0

6 F=DM 1 1 0

7 I=C 0 0 1

A+ B I C

As Bs F

DM

Figure 2. Generalised kinetic scheme of formation of a dielectric layer

during the CVD process.18

A and B are the starting reagents; As and Bs are the reagents in the

adsorption state; I and F are intermediate products in the vapour phase

and in the adsorption layer, respectively; C is a side product (gas or

powder); and DM is the end product (thin layer of dielectric material).
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A study of the surface of a cleaved SiO2 face revealed the
presence ofO2SiO3/2 andOSiO3/2 sites (seeRef. 22). Investigations
of the adsorption characteristics of silica gels 23, 24 established the
presence of the (O3/2Si)2O, HOSiO3/2 and (HO)2SiO2/2 surface
sites. The results of studies of the growth of polycrystalline silicon
films and the data on hydrogen adsorption on the surface of this
material indicates the formation of the HSiSi3/4 and H2SiSi2/4
surface sites. Thus, generally, the surface energy of the growing
dielectric material can be different at different points of the
surface, owing to the chemical inhomogeneity of the adsorption
sites. However, it should be noted that this canmanifest itself only
at low coverages of the adsorption layer. If the growth occurs as a
monolayer or ultrahigh coverage, the kinetics of the process
should be described with allowance for uniform energy distribu-
tion across the surface.

In the theory of layer-by-layer crystal growth, an important
role is played by screw dislocations, whose outcrops provide a
kind of constant sink for adatoms to the monatomic step. A
distinctive feature of the glassy state of a compound is the absence
of regular dislocation-type defects. This means that structurally, a
dielectric film has a highly ordered surface. Some problems can be
due to crystallisation of films, viz., if it does occur, structural
defects appear on the surface of the dielectric film.

It is possible to analyse various growth processes of thin-film
dielectric materials from a unified point of view by using the
concept of a reaction zone (a concept traditionally used in solid
state chemistry when considering topochemical reactions). In
certain simple cases, the reaction zone can be as thin as the
monolayer coating. Generally, the thickness of the reaction zone
is in the order of a few atomic sizes.

III. Characteristics of film growth processes

1. CVD equipment and reagents
A number of simplified schemes of flow reactors most widely used
for the deposition of dielectric films are shown in Fig. 4. In these
reactors, wafers can be arranged on heated pedestals or inside a
quartz tube with isothermal heating. In the former case, the
temperature of the reactor walls is lower than the wafer temper-
ature; these reactors being called `cold-wall' reactors. In the latter

case, wafers and reactor walls have the same temperature; these
reactors being called `hot-wall' reactors. The spatial arrangement
of wafers in `hot-wall' reactors can vary, namely, along or normal
to the gas stream (see Fig. 4 c,d ); respectively, one deals with flow
and flow-diffusion reactors.

Depending on the reagent pressure, CVD reactors are condi-
tionally divided into the atmospheric pressure reactors
(P5 16105 Pa), reduced pressure reactors (P<16105 Pa) and
lowpressure reactors (P* 10 ± 2000 Pa). The abbreviations of the
corresponding CVD processes, derived from the reactor names,
are APCVD, RPCVD and LPCVD, respectively. As the pressure
under CVD conditions decreases, the reagent diffusion coeffi-
cients increase and the process is shifted to such an operation
regime for which the mass transfer conditions become insignif-
icant. This makes it possible to vary the spatial orientation of
wafers, and hence improve the performance of CVD processes in
the flow-diffusion LPCVD reactors (see Fig. 4 d ).

The gas flow rate in the course of deposition can vary from a
few (LPCVD reactors) to several hundreds (APCVD reactors) of
cm3 s71, which approximately corresponds to a range of linear
rates for the gas stream from a few cm s71 (APCVD reactors) to
tens of m s71 (LPCVD reactors). Evacuation of LPCVD reactors
is achieved using high-pressure vacuum pumps. If necessary, so-
called Roots pumps are also used; their performance can be as
high as several hundreds of dm3 s71, at pressures ranging between
a few tens to hundreds of Pa.

A significant drawback of all flow reactors is their low
performance due to incomplete consumption (often, less than
10%) of the starting reagents, which often does not meet environ-
mental safety conditions. Studies on the possibility of using
reactors with a closed gas cycle for the synthesis of thin films led
to unsatisfactory results, owing to intense formation of by-
products (microparticles) in the cold regions of reactors. How-
ever, it was found that silicon nitride films can be synthesised from
SiCl4 and NH3 using a LPCVD reactor with a quasi-closed cycle.
After evacuation of the reactor, the flow rates of the starting
reagents, in the ratios corresponding to the stoichiometric equa-
tion, are specified. A stable low pressure in the reactor is self-
maintained during the course of the growth process, because all
products of this reaction are isolated as solids deposited on the
cold walls of the reaction chamber.

Thin film deposition itself occurs when the vapour ± gas
mixture of a specified composition is supplied for a necessary
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time interval into the reactor containing no atmospheric gases
(this is achieved by blowing-in an inert gas or by evacuation); the
wafer temperature must be pre-stabilised. Equipment and meth-
ods for the deposition of thin-film dielectric materials have been
well documented (see, e.g., Refs 25 ± 27).

Numerous combinations of various compounds were used in
the studies of the CVD synthesis of dielectric films carried out over
a long period of time. For instance, silicon dielectric films were
deposited using monosilane, disilane, dichlorosilane, silicon tetra-
chloride, tetraethylorthosilicate (TEOS), dimethyldichlorosilane,
hexamethyldisilazane and hexamethyldisiloxane. Nowadays, the
starting combinations of silicon compounds for industrial use in
electronics are well established.

Silicon nitride films are mainly synthesised by ammonolysis of
dichlorosilane in LPCVD reactors and much more rarely by
ammonolysis of silicon tetrachloride. The ammonolysis of mono-
silane is mainly used in the case of plasma-enhanced deposition.

Silicon dioxide films, as well as boron-containing and phos-
phorus-containing glass films are fabricated using two versions of
the CVD method:

Ð hydride technique involving monosilane (if necessary,
phosphine and diborane are also used) and oxygen in all types of
reactors at a low temperature (*673 K); in some cases, boron
trichloride and organic esters of boric, phosphorous or phos-
phoric acids are used instead of diborane and phosphine;

Ð pyrolysis of tetraethylorthosilicate at temperatures above
923 K or oxidation of mixtures of this compound with organic
esters in all types of reactors at a low temperature (*673 K); here,
possible oxidants are oxygen or oxygen ± ozone mixtures (with
ozone concentration of up to 13 mass%).

2. Characteristics of film deposition regimes in flow reactors
Gas flows under CVD conditions are characterised by the
Reynolds number

Re � rgud
Zg

(rg is the density of the gas, Zg is the viscosity of the gas, u is the
linear flow rate of the gas stream and d is the characteristic linear
size of the reactor), which varies between 10 and 100. At such Re
values, turbulence effects are insignificant. Depending on the total
pressure in the reactor, the Knudsen numbers (ratio of the mean
free path of molecules to the linear size of the reactor) vary from 1
(in RPCVD reactors) to 1074 (in APCVD reactors). If a process is
carried out at a pressure in the range 133 ± 1333 Pa, the diffusion
coefficients of reagents increase by 1.9 ± 2.9 orders of magnitude
compared to their values under normal conditions. Because of
this, the process becomes kinetically controlled. A quantitative
characteristic of this regime is the ratio of the reaction rate to the
diffusion rate Ð the Thiele criterion, which, for a first-order
reaction, has the form

F=
kd

D
,

where k is the rate constant for the reaction andD is the diffusion
coefficient. AtF4 0.1, the process is determined by the rate of the
heterogeneous reaction, becoming diffusion controlled at F5 1.

3. Experimental determination of film growth rate constants
Methodologically correct determination of the growth rate con-
stants is of crucial importance for the qualitative description of
film growth processes under CVD conditions. The growth rate
depends on specific features of the heat and mass transfer
processes, viz., the reactor and wafer heating mode, reactor
geometry, shape of wafer pedestals, reactant gas supply technique,
total pressure and linear flow rates of gas mixtures. In some
particular cases, it is possible to perform quantitative heat and
mass transfer calculations and determine the growth rate con-
stants. These parameters can also be determined experimentally.

Isothermal horizontal tube reactors of internal radius
rr=20 ± 60 mm (see Fig. 4 c,d ) with a sufficiently extended iso-
thermal zone in the central part of the reactor appear to be most
convenient for carrying out such experiments. The length of the
isothermal zone is usually at least one third of the total length of
the reactor. The thickness of the film deposited on wafers (wafer
radius, rw, usually lies between 20 and 50 mm) varies along the
length of the reactor, namely, it increases at the beginning of the
isothermal zone, reaches a maximum value and decreases near the
end of the isothermal zone. This is illustrated in Fig. 5. In the
initial portions of curves, the deposition rate (W ) increases to its
maximum value (Wmax), corresponding to the instant when the
gas stream is heated in the whole volume. Subsequent decrease in
the deposition rate is due to depletion of monosilane. Let a gas
stream move along the reactor at the linear rate u and the gas
mixture arrives at point x at time

t � x

u
,

which is called the residence time of the gas mixture in the reactor.
Using this ratio, the dependence of the rate of the process on the
coordinate (along the reactor) can be re-calculated to the corre-
sponding dependence on t.

After this treatment, the family of dependences shown in
Fig. 5, plotted in the new coordinates, looks as a single kinetic
curve, passing through amaximum (tmax). In this case, the process
can be described by the model of a plug reactor, which is based on
two assumptions: (1) constant reagent concentrations at a given
reactor section and (2) the rate of convective transfer of a reagent
is higher than the diffusion rate along the reactor axis. Analysis of
the curves plotted in Fig. 6 a revealed yet another salient feature,
namely, depletion of the gas mixture decreases exponentially (this
is clearly seen in Fig. 6 b).

The rate of conversion of the ith component, of initial
concentration c0 i, in the course of a first-order chemical reaction
is expressed as follows:

ÿ dci
dt
� kci , ci= c0 i exp(7kt).

From here, the rate constant for the reaction is given by:

k � D ln�ci=c0 i�
Dt

.

The rate constant for the reaction can be determined by
plotting the film growth rates, Wmax, corresponding to maxima
on theW(x) curves (see Fig. 5) vs. concentration c0 i:

00

00..11

00..22

2200 4400 6600 8800 110000 xx //ccmm

WW //nnmm ss7711

11

22

33

44

Figure 5. Growth rate distribution of silicon nitride layers along the axis

of a horizontal isothermal reactor with isothermal zone 1123 K (shown by

dashed line).8

Linear rate /cm s71: 494 (1), 395 (2), 328 (3) and 197 (4); P=1995 Pa,

[SiH4]=2.7661077 mol litre71, [NH3]/[SiH4]=90.
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Wmax= kcn0 i .

In this case, it is possible to determine both the rate constant k
and the reaction order n. Determination of the initial concen-
tration c0 i can appear to be difficult. In the case in point, the stage
described by the raising portion of theW(t) curve (see Fig. 6 a) is
characterised by partial depletion of the gas mixture from the ith
component, and the c0 i value does not correspond to the real
initial concentration. The depletion value, Dci, must be calculated
by integrating the total mass of the layer formed on the reactor
walls from the point corresponding to the beginning of registra-
tion of the film growth to the point xmax (maximum position):

Dci � x
rf2prr
uTM

�xmax

0

Wxdx.

Here x is the stoichiometric number, which shows how many
moles of the ith reagent should be consumed in order to form
1 mole of product, rf is the film density, uT is the gas flow rate at
the temperature T and M is the molecular mass of the film
material. This expression for Dci is valid for a cylindrical reactor
with horizontally arranged small wafers (see Fig. 4 c). In other
cases (e.g., vertically arranged wafers), calculations are more
complicated.

If the change, Dh, in the thickness of the deposited film after
timeDt in a flow reactor of the surface areaS equals the deposition
rate Ws, one can find the number, Dm, of moles of reaction
product formed:

Dm � Srf
M

Dh
Dt

Dt � Srf
M

WsDt.

For a static system or under plug reactor conditions one has

Dm � ÿxVDc
Dt

Dt � ÿxVWvDt,

where V is the volume of the reactor, c is the molar concentration
of the reagent andWv is the rate of the vapour-phase reaction. For
a one-path process, one gets a simple relation between these rates:

dh

dt
� x

VM

Srf

dc

dt
.

Generally (the case of multipath reactions),Wv>Ws and the
ratio of these rates determines the contribution of a given path.
When the reaction kinetics is studied experimentally, one must
determine how the ratio of the surface area, S, of the reactor to its
volume, V, affects the reaction rate. This criterion allows us to
answer the question of which (gas-phase or heterogeneous) stage
is the rate-determining step of the reaction. Assuming that a
certain reaction is characterised by the dependenceW= kc, if the
overall rate is determined by the slow surface reaction, i.e.,

Ws �
dh

dt
� ksc,

where ks is the rate constant for the surface reaction, the rate of the
reagent conversion is given by

ÿ dc

dt
� Srf

MxV
dh

dt

and

dc

c
� Srf

MxV
ksdt.

From here it is seen that:

Ws � ksc0 exp

�
ÿ S

V

rf
Mx

kst

�
.

Having determined the rate constant at t=0 (this corre-
sponds to the position in the plot shown in Fig. 6 a), we obtain
the ks value, which is independent of the reactor geometry. Using
the experimental data in the lnW ± t coordinates, one can find the
effective rate constant

k � S

V

rf
Mx

ks ,

which depends on the S/V ratio. In particular, for cylindrical
reactors one has S/V=2/rr . In this case it is convenient to
compare the reaction development times t1 and t2, corresponding
to the same degree of reagent conversion in reactors of different
cross-sectional areas (radii rr1 and rr2). As can be seen,
t1/t2= rr1/rr2 . This can be illustrated by Fig. 7, where the growth
rate of silicon nitride films in the reaction of monosilane with
ammonia in different cylindrical reactors is plotted against time.
Both cases are characterised by the same maximum rate, although
the linear gas flow rates differ by nearly a factor of four. Assuming
that the reactions are complete at, e.g., 70% conversion, one can
obtain t1=0.26 and t2=0.10 s, the t1/t2 ratio being in good
agreement with the ratio rr1/rr2=38/16=2.4.
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Figure 6. Dependences presented in Fig. 5 plotted in the `growth rate ±

residence time of the gas mixture in the reactor' coordinates (a) and in

semilogarithmic coordinates (b).8

For notation (1 ± 4), see the caption to Fig. 5.
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Figure 7. Growth rate of silicon nitride layer plotted vs. the residence

time of gas mixture in reactors of radii 38 (1) and 16 mm (2).8

T=1123 K, P=2000 Pa, [SiH4]=3.6461077 mol litre71, gas flow

rate 70 cm3 s71 under normal conditions, [NH3]/[SiH4]=90.
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Let us consider a volume gas-phase reaction. Assuming that
passage of the gas containing an active reagent with the concen-
tration c along the reactor at the rate uT results in the formation of
a film of thickness Dh after time Dt :

Dh � M

SrF
uT cDt .

The rate constant for the deposition reaction is given by:

k � Mx
SrF

uT .

From here we get:

W � M

SrF
uT c0 exp

�
ÿMxi

SrF
uTt
�
.

This equation shows that, firstly, the deposition rate at t=0 is
proportional to the linear gas flow rates. Secondly, a decrease in
the reaction rate with time, in reactors of different cross-sections
and experiments with constant linear gas flow rate, is independent
of the reactor cross-section and inversely proportional to the
reactor surface area (for a cylinder, to*rÿ1r ) at constant gas flow
rate.

Mention may also be made that the rate constants for growth
can be most reliably determined when using the dependences that
follow the process to high degrees of reagent conversion. Usually,
the progression of the reaction is accompanied by significant
changes in the kinetics of the process and, as a consequence, by
changes in the properties of the growing film. Processes in LPCVD
reactors are conducted to low degrees of reagent conversion
(usually, 5%±10%); therefore, such reactions are of limited use
for determining rate constants.

4. Comparative characteristics of industrial CVD processes
Practical implementation of CVD in high-precision technologies
often involves the use of various reactors and various combina-
tions of reagents (and hence chemical reactions) with significantly
different deposition conditions. In addition, different CVD proc-
esses are described to different extents. In particular, the approach
to the determination of the rate constants (see above) has only
been practically implemented for silicon nitride. Numerous stud-
ies on the subject report mainly on the dependences of the
deposition rates on some parameters of the CVD processes for
particular types of reactors, while the geometric parameters of
reactors are often not reported.

However, long-term investigations in the field of the synthesis
of silicon-based dielectric materials showed that different film
deposition processes can be compared, in order to determine the
most efficient technology, by using simplified approaches that are
consistent with the general method of analysis of the rate
constants (see above). The good reasons are as follows.

Firstly, the kinetic dependences shown in Fig. 5, as an
example, appeared to be valid for all dielectric thin film deposition
processes involving two or more components. The dependences
only differed in the positions of the maxima of curves (the
exceptions are pyrolysis of monosilane and oxidative pyrolysis of
TEOS). In addition, the reactors studied met the ideal displace-
ment conditions.

Secondly, almost all dielectric film deposition processes
studied are first order with respect to the silicon-containing
compound and pseudo zero order with respect to oxidants or
ammonia. Acceleration or retardation of the oxidation processes
in the presence of phosphorus or boron compounds manifested
themselves in corresponding changes in the film growth rates.

Thirdly, industrial CVD processes proceed under conditions
of maximum reaction yield, which correspond to regions of
maxima in the kinetic curves.

Fourthly, modern deposition processes are performed at
similar S/V ratios because high-quality film deposition in reactors

requires elimination of the `extra' volumes in which undesired gas-
phase processes can proceed. For instance, the spacing between
wafers in the most widely used industrial CVD reactors (see
Fig. 4 b,d ) is*5 mm.

Fifthly, using the film growth laws, industrial CVD processes
can be characterised by a simplified approach to multipath and
multistage reactions. In the framework of the kinetic model
discussed above, we chose a simplified model for a CVD process,
which involves three possible paths: a heterogeneous route (I), a
two-stage route involving stages of homogeneous formation and
heterogeneous consumption of the intermediate product (II) or
formation of side aerosol products (III).

To perform a generalised characterisation of CVD processes,
the main parameter chosen was the so-called effective rate
constant, kef, for the process, i.e., the ratio of the deposition rate,
corresponding to the maximum value (Wmax) in the W= f (t)
curve, to the concentration of the silicon component [Si] in the
vapour phase

kef � w
Wmax

�Si� , (2)

where w is the coefficient of proportionality. Substantiation of this
approach to the description of CVD processes and the determi-
nation of kef is available in the literature (see, e.g., Refs 28 ± 31). A
comparison of different processes for the synthesis of polycrystal-
line silicon, silicon nitride and silicon dioxide thin films and glasses
showed that the experimental kef value lies in the range
*0.3 ± 10 cm s71.

Based on the results obtained, a classification of CVD
processes for silicon thin films was proposed,29 ± 31 which allows
for the specific features of the thin film synthesis in various
chemical systems (Table 2).

5. Growth of thin film dielectrics on relief surfaces
Fabrication of high-precision microelectronic devices involves a
transformation of an initially planar wafer surface into a relief
surface. The width of gaps separating adjacent elements of devices
and the relief height can vary from fractions of a micrometre to a
few micrometres. Film deposition on relief surfaces occurs at
different rates. This fact is allowed for by so-called layer con-
formality,4 ± 6 i.e., the ratio of the film thickness on the lateral face
of the step to the film thickness on the top of the step h2/h1 (Fig. 8).
It was established 29, 32, 33 that layer conformality (in %) in the
dielectric silicon film deposition processes depends on the rate
constant kef ; the approximate empirical relation being as follows:

h2
h1

& 45:4kÿ0:51ef .

Some experimentally determined conformality values and
intervals for the deposition on relief steps of rectangular cross-
section are listed in Table 2.

Thin film deposition on the relief steps of microelectronic
devices comprising ultra-small gaps between elements faces the

1

2
3

4

h1

h2

hst

G

Figure 8. Cross-section of steps with deposited layer and corresponding

main parameters.33

Wafer (1), relief step (2), deposited layer (3) and unfilled void (4).
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Table 2. Classification of CVD processes of silicon-containing thin films.30 ± 32

Process characteristics Type of CVD process

A B C D E F

Chemical system SiH4 (pyrolysis) SiH47PH3; SiH47NH3; fast non-optimised

SiH47O2(7PH3) oxidation and ammo-

nolysis reactions in-

SiH47N2O (<950K) SiH47N2O (>950K) volving SiH4 including

(CH3)2SiCl27O2 (CH3)2SiCl27O27PCl3 PE-CVD a of silicon

SiH2Cl27NH3; SiCl47NH3; nitride and silicon

SiH2Cl27N2O dioxide

(C2H5O)4Si7O27PH3

(C2H5O)4Si (pyrolysis) (C2H5O)4Si7O27B(OC3H7)3
(C2H5O)4Si7O3/O27PO(OCH3)3,

(C2H5O)4Si7O3/O2 (C2H5O)4Si7O3/O27B(OC2H5)3 and optimised PE-CVD of silicon

nitride and silicon dioxide

kef /cm s71 0.1 ± 0.2 <2.7 b 0.05 ± 0.28 0.12 ± 1.0 *0.37 d >2

*0.38 c 1 ± 2.6 e

Factors responsible for CVD conditions CVD conditions CVD conditions CVD conditions and reactor design 7
constant film thickness reactor design

Minimum film thickness <2 <2 <2 <5 <10 >10

non-uniformity (%)

Aerosol formation no no no no no yes

Layer conformality (%) *130 *100 90 ± 100 70 ± 90 40 ± 70 0 ± 20

Reaction route, possible I I II, consumption of II II, formation of intermediate II and III, formation

limiting stage intermediate product product in the vapour phase of intermediate

on wafer product in the

vapour phase

Performance of CVD process 250 200 80 50 7
for cylindrical LPCVD

(see Fig. 4 d ), number of

wafers used in the process

Note. Arrows denote which types correspond to a particular initial CVDprocess (groupsA, BC) characterised by retardation or acceleration of the deposition reaction upon variation of temperature, addition of the second

reagent (in pyrolysis) and addition of boron and phosphorus compounds (in oxidation processes). Analysis was performed based on the kef values taking into account (i) dependences of the film thickness non-uniformity on

the parameters of the CVDprocess and on the reactor design, (ii) data on non-uniform thin-film deposition on the relief surfaces (see below), etc. The averaged values of themaximum performance of CVDprocesses (at the

minimum film thickness non-uniformity values listed in this Table) for the most widely used cylindrical low-pressure flow CVD reactors are given in the bottom line.
a PE-CVD is Plasma-Enhanced CVD. b For pyrolysis of SiH4 . c For pyrolysis of (C2H5O)4Si. d For the joint pyrolysis of SiH4 and PH3 . e For the oxidation and ammonolysis reactions.



problem of high-quality (continuous) filling of the gaps with
deposited film containing voids (see Fig. 8). This problem is
known in the literature as the `Gap fill' problem. A possible
criterion for the filling of a certain gap is the parameter hst/G2

(Refs 32 and 33). The quality of gap filling using CVD methods
can be assessed using the approximate relationship:

hst
G2

& 3:03kÿ1:47ef

(hst/G2 in mm71).

6. Modern approaches to the optimisation of industrial CVD
processes
The modern high-precision technologies used in microelectronics
were designed to be implemented in so-called group production,
i.e., treatment of a particular number of wafers during one
technological process. This approach implies a very high level
(>95%) of reproducibility of the properties of the material and
the sizes of device elements within the same semiconductor wafer,
and for all wafers within the same group. This requires (i)
determination of the most important parameters of the CVD
processes under study, which can influence the device character-
istics, and (ii) plotting their distributions schematically, shown in,
e.g., Fig. 9 a. The desired reproducibility of the parameters of
high-precision devices is achieved as a result of the optimisation of
technological processes, which implies a search for an optimum
`parameter window' for the CVD process (see Fig. 9 b), which can
be realised in a reactor by using a particular combination of
starting reagents. In the case of CVD processes, the number of
such parameters is rather large, viz., the temperature, reagent
concentrations, pressure, reagent feed rate, etc.

Optimisation leads to a narrowing of the parameter distribu-
tion (see Fig. 9 a). A CVD process reproducibility in the chosen
parameter window is confirmed by running the `marathon' test
(check of the equipment and technological processes for continu-
ous operation, or the mean-time-between-failure evaluation).
When running such tests, the total number of wafers treated in a
24 h day can be as high as a few thousands, all film parameters
being checked for, e.g., on every 25th wafer. The reproducibility
control of the CVD process, and maintenance of the parameter

distribution within the specified intervals and within the limits of
necessary deviations, is achieved using methods of mathematical
statistics. Combining this approach with full automation of the
film deposition equipment allows one to obtain reproducible film
thickness parameters and the physicochemical and electrophysical
properties of the films deposited.

IV. Deposition of silicon nitride films

Silicon nitride and boron nitride thin film fabrication technology
is based on the ammonolysis reactions at elevated temperatures in
the vapour phase. Silicon nitride deposition reactions are con-
ducted using silicon hydrides, silicon halides, ammonia and
hydrazine.8

The results of kinetic studies of SiH4 and SiCl4 ammonolysis
have been summarised.8, 34 Only a few publications concerned
with the kinetics of dichlorosilane ammonolysis are available, and
these data have not been reviewed so far. Below we present the
most important data on the kinetics and growth mechanisms of
the systems involving SiH4 , SiCl4 , SiH2Cl2 and NH3 .

1. System SiH4 ±NH3

The main kinetic characteristics of the process of silicon nitride
film deposition in the temperature range 873 ± 1123 K were
determined using an isothermal reactor, operating in the ideal-
displacement regime at linear gas flow rates ranging between 4 and
20 cm s71. These characteristics depend on the monosilane con-
centration (in the range from 161075 to 761075 mol litre71)
and ammonia concentration (in the range from 261075 to
2.561072 mol litre71). The film growth rate increases in propor-
tion to the increase in the monosilane concentration; the activa-
tion energy for this reaction, equal to 160.6 kJ mol71, was
determined from the temperature dependence of the rate constant.
The reaction rate is independent of the ammonia concentration in
the range from 161075 to 161073 mol litre71 and then monot-
onically increases. Taken altogether, the kinetic data obtained
were described by the following empirical equation:8

W � k1�SiH4�
�

k2�NH3�
1� k2�NH3�

� �1:80 � 0:05�
�

1

1� k3�H2�
. (3)

The coefficients of this equation are listed in Table 3. The k1
constants of the processes carried out at reduced pressures are five
to ten times higher than those carried out at atmospheric pressure.
The difference is more pronounced when comparing the data for
processes performed at higher temperatures. One can assume that
the more accurate k1 values were determined in the experiments at
a reduced pressure. This permits the most accurate determination
of the rates at low degrees of monosilane conversion (here, the
content of such a reaction product as, e.g., hydrogen in the vapour
phase, can be neglected).

To analyse the reaction of monosilane with ammonia, let us
return to Fig. 5, which presents the silicon nitride growth rate
distribution along the isothermal zone of the reactor. The decrease
in the monosilane concentration during the reaction corresponds
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Figure 9. Conditional CVD parameter distribution before and after

optimisation of the deposition process (a) and the parameter window (b).

Dashed lines correspond to parameters 1 ± n.

Table 3. Parameters of empirical equation (3) obtained for the low and
atmospheric pressure CVD reactors (�A litre mol71 min71).8

T /K k1 k2 k3

LPCVD APCVD

873 7 0.586106 7 7
973 (10.6� 1.6)6107 0.816107 0.266104 0.496103

1023 (4.9� 0.6)6108 7 7 7
1073 (6.7� 0.7)6108 0.336108 0.116104 0.316103

1123 (10.6� 0.2)6108 7 7 7
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to 30%±50% monosilane conversion. At these degrees of con-
version, the monosilane decomposition rate is given by:35

d�H2�
dt
� 1013:2 exp

�
ÿ 214:0

RT

�
�SiH4� .

Unfortunately, this equation is valid for a relatively narrow
temperature range. But the assumption of its validity at
T=973 K is such that, if the overall reaction is limited by the
rate of the homogeneous reaction, these degrees of conversion will
be attained at a distance of a fewmillimetres from the beginning of
the isothermal zone. These estimations suggest that thermal
decomposition of monosilane, considered as a stage of the syn-
thesis of silicon nitride, is a fast reaction. The reactions

SiH4 SiH2+H2 ,

SiH2+SiH4 Si2H6 ,

Si2H6 2 SiH3

result in the formation of the vapour-phase species SiH2 and SiH3,
involved in the interaction with the solid surface:

SiH2 SiHy(sol)+

�
1ÿ y

2

�
H2 ,

SiH3 SiHy(sol)+

�
3ÿ y

2

�
H2 .

The composition of the particles forming the solid phase varies
depending on the degree of monosilane conversion. Tetravalent
silicon in SiHy(sol) is involved in Si7H bonding and in the bonds
with the atoms of the solid phase (Si7Si or Si7N). At y=2, the
surface SiH2 group is not an adsorption site, but at y<2 it can
form a chemisorption bond. Hydrogen desorption from silicon
surfaces has been well studied 36, 37 and it was shown that hydro-
gen atoms are strongly adsorbed on the silicon surface and that an
exposure of 0.3 Langmuir leads to the formation of coatings
similar to monolayers. Two adsorption forms can be clearly seen
in the thermodesorption spectra. It is assumed that the first form
corresponds to the surface complex :SiH, characterised by a
desorption energy of 2.5� 0.1 eV; the second form being the
structure =SiH2, with a desorption energy of 1.9� 0.3 eV.

Thermal decomposition of ammonia in the vapour phase at
low pressures is proportional to the ammonia and inert gas
concentrations, the rate constant (in s71) being given by: 38

k=1014.4 exp

�
ÿ 275:8

RT

�
.

In studies of the thermal decomposition of ammonia in
ammonia±argon mixtures at Ar concentrations in the range
661074 ± 361073 mol cm73, the first order rate constant (in
s71) is found from the equation:

k=1012.82� 0.54 exp

�
ÿ 409:6� 20:9

RT

�
.

The reaction proceeding under these conditions involves
breaking of the N7H bond, characterised by a dissociation
energy of 427.3 kJ mol71.

Vapour-phase synthesis produces no stable intermediates
(SiH4 and NH3). A laser IR heating study 39 of the pyrolysis of
monosilane ± ammoniamixtures revealed (i) almost no decrease in
the ammonia concentration under conditions of fast monosilane
decomposition and (ii) the absence of stable products of the
reaction between monosilane and ammonia, in the vapour
phase. However, in the presence of ammonia the activation energy
for monosilane pyrolysis decreases from 250.4� 8.4 to
154.2� 8.4 kJ mol71. No simple explanation for this effect has
been proposed as yet. One can assume that the reaction between
ammonia and monosilane results in unstable products, which
favours generation of radicals. One such product can be silylamine

H2NSiH3 . In contrast to similar phosphorus and arsenic com-
pounds, H2PSiH3 andH2AsSiH3 , silylamine is unstable; attempts
at detecting it in the vapour phase having failed.

Thus, vapour-phase decomposition of ammonia can occur
only at temperatures that are much higher than the temperature
interval under study, 873 ± 1073 K. Therefore, the decomposition
of ammonia mainly proceeds by a heterogeneous mechanism,
described by the following reactions:

NH3 NH3(ads) , (4)

NH3(ads) NH(ads)+H2(gas) .

As can be seen, the surface of the growing silicon nitride film
meets the conditions necessary for establishment of an adsorption
equilibrium. For instance, conventional film growth rates lie in the
range 1072 ± 1071 nm s71 (i.e., *561014 molecule cm72 s71).
The collision frequency of NH3 molecules with the surface is
361016 molecule cm72 s71 at a partial pressure of 1330 Pa, being
a few orders of magnitude higher than the growth rate. Therefore,
reaction (4) results in the establishment of an equilibrium, which
is followed by a concentration dependence of the process, accord-
ing to the Langmuir equation. The effective heat of adsorption of
ammonia on the silicon nitride surface is 95.3 kJ mol71.

Decomposition of monosilane and ammonia leads to the
formation of groups containing Si7H or N7H bonds on the
film surface. The presence of chemisorbed hydrogen atoms on the
surface hampers further adsorption; because of this, reactions
producing active sites (hydrogen desorption reactions) are needed:

SiH2(ads) SiSi3N4
+H2(gas) ,

NH(ads) NSi3N4
+

1

2
H2(gas) .

The retarding effect of hydrogen in the temperature range
973 ± 1073 K at [SiH4]=3.061075 and [NH3]=
6.461073 mol litre71 manifests itself as a dramatic decrease in
the deposition rate 40 upon changing the hydrogen concentration
from 0 to 3.56102 mol litre71. The effective heat of hydrogen
adsorption on the silicon nitride surface, determined from the
temperature dependence of the adsorption constant, is
67.3 kJ mol71. Yet another reason for the retardation of the
synthesis of silicon nitride in the presence of hydrogen can be the
reversibility of the vapour-phase reaction, e.g.,

SiH4 SiH2+H2 . (5)

In this case

[SiH2]=
�SiH4�
�H2�

K,

where K is the equilibrium constant.
Based on the natural assumption that the reaction rate is

proportional to the concentration of SiH2 particles, we summise
that the temperature dependence of the reaction rate must have
the form exp[7(Ea+DH )/RT], where Ea is the activation energy
for the reaction proceeding in the absence of hydrogen in the
vapour phase, and DH is the enthalpy of the reaction of SiH2

production from monosilane. The enthalpies of formation of
monosilane and silylene are 34.6 and 247.9 kJ mol71, respec-
tively;41 therefore, the effective activation energy for the reaction
must increase by 213.3 kJ mol71 in the presence of hydrogen. It
was experimentally found that the activation energy for the
deposition of silicon nitride films in the presence of hydrogen is
234 kJ mol71, i.e., increases by *66 ± 75 kJ mol71. Hence, our
assumption of shift of the equilibrium in a certain vapour-phase
reaction in the presence of hydrogen contradicts the experimental
data.

Thus, the growth rate of silicon nitride films in the reaction of
monosilane with ammonia is determined by a transformation in
the adsorption layer, hydrogen desorption being the slowest stage.
The results of our qualitative considerations permit the derivation
of an expression for the growth rate of dielectric films. Let us
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assume that four types of adsorption site can be present on the
surface of a growing silicon nitride film. These types are as follows:
IÐ Si, IIÐ SiH2 , IIIÐ Si(NH3)(ads) and IVÐ SiNH.

Assume also that only one reaction, e.g., reaction (5), can
proceed in the vapour phase. Consider the following reactions
involving the adsorption sites on the surface of the growing film:

Si +SiH4 Si . SiH2+H2 ,

Si +H2 SiH2 ,

Si + NH3 Si(NH3)(ads),

Si(NH3)(ads) SiNH+H2 ,

Si+SiH2 SiSiH2 ,

SiNH+SiH2 SiNHSiH2 .

The reaction proceeding in the interior of the growing film is:

SiNH :SiN+
1

2
H2 .

In addition to the stages considered above, a side reaction of
ammonia decomposition can probably proceed on the surface of
the growing film:

2NH3(ads) N2(gas)+ 3H2(gas).

As the gas stream moves along the axis of the isothermal reactor,
this reaction provides an increasing concentration of hydrogen in
the mixture, which results in a decrease in the silicon nitride
growth rate.

Taking into account the scheme of consecutive and concurrent
reactions taking place on the surface of the growing film (see
above), the equation for the growth rate of the dielectric film can
be written in the form:

W= k1[I][SiH4]+ k4[III]+ k5[I][SiH2]+ k6[IV][SiH2].

Note that in this expression, the growth rate of structural units
containing Si7Nbonds is determined by the terms containing the
k4 and k6 constants. The terms containing the k1 and k5 constants
are responsible for the growth rate of structural units containing
Si7Si bonds. This means that the stoichiometry of the films
synthesised will change, depending on the reaction conditions.
The rates of the stages governed by the k5 and k6 constants
explicitly depend on the concentrations of the intermediate
products of monosilane decomposition in the vapour phase
(SiH2 and SiH3); therefore, specific features of the vapour-phase
reactions will manifest themselves in the kinetics of silicon nitride
film growth.

2. System SiCl4 ±NH3

Experimental data on silicon nitride deposition in the SiCl4 ±NH3

system have been summarised.8, 18, 34 The silicon nitride film
growth rate distribution profile along the length of the isothermal
zone of a flow tube isothermal LPCVD reactor, in the temperature
range 1023 ± 1173 K, at SiCl4 andNH3 concentrations lying in the
ranges 161075 ± 161074 and 161074 ± 261073 mol litre71,
respectively, has a characteristic curve shape with a maximum,
similar to the curves shown in Fig. 5. An increase in the linear flow
rate of the gas mixture leads to a shift of the maximum into the
interior of the reactor. These data suggest that the criterion for
plug reactors is met in this case.42 The dependence of the
maximum reaction rate on the ammonia concentration at various
SiCl4 concentrations, and on the SiCl4 concentration at a constant
NH3 concentration, show that initially the reaction rate is propor-
tional to the NH3 and SiCl4 concentrations. At specified SiCl4
concentrations, the region of zero order reaction with respect to

NH3 is clearly seen, starting from a certain concentration of SiCl4.
A change in the SiCl4 concentration at a specified NH3 concen-
tration initially leads to a linear increase in the reaction rate, which
is then replaced by a region corresponding to zero order with
respect to SiCl4 . In mixtures with a large excess of ammonia, the
reaction rate increases with the SiCl4 concentration, faster than
does a linear function.

Taking into account the characteristic dependences of the
silicon nitride film growth rate on the ammonia concentration, it
was assumed that the growth mechanism corresponds to a
heterogeneous reaction, similar to the Langmuir ±Hinshelwood
reaction. This means that the process is treated as a reaction in the
adsorption layer, with the reaction rate governed by the coverage
of the surface of the growing film by the adsorbed SiCl4 and NH3

molecules. However, the aforementioned observations show that
this assumption can only be valid for a particular set of reaction
parameters. For instance, if wafers are vertically arranged in the
isothermal LPCVD reactor (see Fig. 4 d ), the deposition rate
depends on the spacing between wafers.43 Analysis of the results
obtained show that these features correspond to retardation at the
stage of surface transformation, with allowance for diffusion
supply of reagents from the vapour phase.

A strong dependence of the reaction rate on the reactor
geometry was also established for the APCVD reactor at high
reagent concentrations. Figure 10 presents the results obtained in
two series of experiments, carried out using reactors of 67 and
14 mm diameter. As can be seen, the maximum growth rate
decreases as the diameter of the reactor decreases. The results
obtained can be understood if we assume that the film formation is
preceded by a volume vapour-phase chemical reaction in the
reactor. Therefore, the overall process must be analysed from the
standpoint, according to which the synthesis of silicon nitride in
the reaction of SiCl4 with NH3 proceeds as a two-path multistage
reaction, controlled by the contributions of both consecutive and
concurrent transformations in the vapour phase and on the
surface of the growing film. Here, it is important to take into
account the specific features of the chemical interactions in the
SiCl4 ±NH3 system.

Lin has shown 17 that the first intermediate product of the
vapour-phase reaction is SiNH2Cl3 and that subsequent reactions
result in the formation of Si(NH2)2Cl and Si2NHCl6. These
features can be explained assuming a multi-stage character for
the reactions
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Figure 10. Silicon nitride film growth rate plotted vs. residence time for

reactors of diameter 67 (1) and 14 mm (2).42

[SiCl4]=6.361075 mol litre71, [NH3]=161073 mol litre71, T=

1023 K.
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SiCl4+NH3 Cl3Si_Cl_H_NH2 Cl3SiNH2+HCl,

Cl3SiNH2+HNH2 Cl2(NH2)Si_Cl_H_NH2

Cl2Si(NH2)2+HCl, etc.,

or

Cl3SiNH2+SiCl4 Cl3SiNHHCl_SiCl3

Cl3SiNH .SiCl3+HCl.

The variety of polymeric particles, containing several NH2

groups, shows that subsequent reactions proceed as a sequence of
random collisions.

One can assume that the vapour-phase reaction results in
SiNH2Cl3, and in the simplest case, the film growth mechanism
can involve two consecutive stages with rate constants k1 and k2:44

SiCl4+NH3 H2N .SiCl3 Si3N4 .

An expression for the maximum deposition rate in flow
reactors, with inclusion of the rate constants for the reaction
stages listed above, was derived for the operational regimes in the
regions of zero-order reaction with respect to NH3.44 In its
simplified form, it is as follows:

Wmax & k2�SiCl4�0
�
S

V

k2
k1

���V=S��k1=k2�ÿ1�ÿ1
,

where [SiCl4]0 is the concentration of SiCl4 at the beginning of the
reaction zone and S/V is the surface-area-to-volume ratio of the
reactor. The estimates of the rate constants are listed below:

k1=1.36102 exp

�
ÿ 25

RT

�
,

k2=1.561025 exp

�
ÿ 75:3

RT

�
(here, k1 is given in s71 and k2 is given in molecule cm2 s71).

3. System SiH2Cl2 ±NH3

The kinetics of interactions in the SiH2Cl2 ±NH3 system in various
types of reactors is much less studied, compared to other sys-
tems.45 ± 53 The most interesting results were obtained in the
studies carried out using isothermal flow LPCVD reactors,48 ± 50

in which the kinetics of film growth from monosilane, dichlor-
osilane, dimethyldichlorosilane and silicon tetrachloride was
compared directly under identical conditions.

The kinetics of silicon nitride film growth in the ammonolysis
of dichlorosilane was investigated in the temperature range
1023 ± 1123 K with variable reagent concentrations. The
[NH3]/[SiH2Cl2] reagent ratio was varied from 1 to 17, the
pressure varied between 60 and 1200 Pa and the linear flow rate
of the gas mixture was in the range 1450 ± 2870 cm s71. In this
range of linear flow rates of the gas mixture along the reactor, the
shape of the growth rate profiles and the absolute values of the
reaction rates were constant, the deposition rate was first-order
with respect to dichlorosilane and pseudo zero order with respect
to ammonia at large excesses of NH3 with respect to SiH2Cl2 . An
empirical expression for the deposition rate (in nm s71) takes the
form:

W=3.1561012 exp

�
ÿ 152:3

RT

�
�SiH2Cl2�.

Two possible mechanisms of ammonolysis of dichlorosilane
have been proposed.51 ± 53 One of them is similar to themechanism
of the ammonolysis of SiCl4, involving formation of intermediate
products (e.g., SiH2NH2Cl) and the other mechanism involves a
proton abstraction and the formation of SiCl2 as an intermediate.
Analysis of the silicon nitride deposition rate profiles obtained for
the ammonolysis of SiH4 , SiH2Cl2 and SiCl4 (see Fig. 11 a) reveals

significant differences between the mechanisms of the ammono-
lysis of monosilane and its chlorinated derivatives, also giving an
indication of the similar mechanisms of ammonolysis of other
chlorinated derivatives. Moreover, the profiles for ammonolysis
of dimethyldichlorosilane, SiH2Cl2 and SiCl4 are nearly identical,
which points to the possibility of forming intermediates similar to
(CH3)2SiNH2Cl. The ammonolyses of SiH2Cl2 and SiCl4 are
characterised by similar effective rate constants in the Wmax

regions (0.74 and 0.46 cm s71, respectively) and conversions
(26.6% and 18%, respectively), which are much lower than for
the ammonolysis of SiH4 (4.9 cm s71 and 46.5%).

Taking into account the aforementioned observation, the
growth of silicon nitride films can be correctly described in terms
of a two-step reaction of homogeneous formation and heteroge-
neous consumption of intermediate products. The dependences of
the accumulation of the end product on the reaction time (d[F]/dt)
(see Fig. 11 b), obtained in the framework of the theory of
consecutive one-side first-order reactions

A I F,

(A is the starting substance, I is the intermediate product and F is
the end product) for the different limiting stages, are similar in
shape to the curves obtained for the deposition of silicon nitride
films (see Fig. 11 a). The limiting stage of the ammonolysis of
monosilane is the formation of the intermediate product, while the
ammonolysis of chlorinated monosilane derivatives is limited by
the stage of heterogeneous consumption of the intermediate
product.

4. Industrial methods of deposition of silicon nitride films
Since the early 1980s, the most widely used (in electronics)
industrial method involves the use of dichlorosilane in flow
LPCVD reactors. Typical conditions for the deposition reaction
are as follows: T& 973 K at a pressure of less than 65 Pa. In this
case, the deposition rates are of the order of a few hundredths of a
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Figure 11. Silicon nitride deposition rate profiles obtained for ammono-

lysis of monosilane (1), dichlorosilane (2) and silicon tetrachloride (3) in

low-pressure flow CVD reactor (a) and the deposition rate profiles

predicted by the theory of consecutive one-side reactions for k2/k1=5

(1) and k2/k1=0.2 (2) (b);49

(a): concentration of silicon-containing compound is 1.8661076

mol litre71, `ammonia-to-silicon-containing compound' concentration

ratio is 17, rr=61 mm, T=1098 K, P=333 Pa, u=650 cm s71.
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nanometre per second, and the thickness non-uniformity on
wafers of diameters smaller than 200 mm is less than �2% at a
foreign defect (microparticles of size exceeding 0.2 mm) level of
less than 0.1 defect cm72. The concentration of hydrogen in the
films is *4 at.% and the refractive index varies in the range
1.96 ± 2.00. As old CVD equipment for electronics is replaced by
single-wafer reactors (wafer diameter up to 300 mm) (see
Fig. 4 b), interest in the ammonolysis of monosilane is retained.
This is due to low degree of chloride conversion and correspond-
ingly to the extensive formation of by-products (silicoimides) that
poison the vacuum systems of CVD reactors.

Low-temperature deposition of silicon nitride films from
mixtures of monosilane, ammonia and/or nitrogen involves
plasma activation [most often, the so-called diode systems (see
Fig. 4 b) are used] 54 and occurs at temperatures below 723 K. In
this case, the film composition strongly depends on the temper-
ature and on the ammonia/monosilane ratio. Unfortunately, low-
temperature silicon nitride films contain hydrogen, bonded to
silicon or nitrogen; the total concentration of hydrogen exceeding
1021 atom cm73. Concentration depends on the deposition tem-
perature and, for the SiH4 ±NH3 ±N2 system, can be
20 at.%± 30 at.% at 573 K and up to 5 at.%± 10 at.% at
873 K. Removal of ammonia from monosilane ± nitrogen mix-
tures on increasing in the high-frequency power supplied, allows a
25 at.%± 30% reduction of the hydrogen concentration at the
same deposition temperature.55

At lower temperatures (373 ± 573 K) under plasma activation
conditions, it is also possible to use plasma pyrolysis of organo-
element compounds that simultaneously contain silicon and
nitrogen (hexamethyldisilazane, hexamethylcyclotrisilazane and
diethylaminotrimethylsilane). By varying the high-frequency
power supplied, one can vary the concentration of CH3 groups
in the end polymeric material, which is often called `silicon
nitride'. The molecules of the starting compounds contain no
Si7H bonds, which are formed during the synthesis 56 due to
abstraction of protons and CH3 groups from the molecules of the
starting compounds, the formation of radicals adsorbed on the
surface, followed by proton addition to broken silicon bonds.
Thus, fabrication of hydrogen-free films by the plasma pyrolysis
of organoelement compounds appears to be impossible.

V. Deposition of silicon oxynitride films

A number of systems were proposed for the CVD synthesis of
SiON films, e.g., SiH4 ±NH3 ±CO2 , SiH4 ±NH3 ±NO and
SiH4 ±NH3 ±N2O.18, 57 Let us consider the first system in more
detail.

In deriving an expression for the deposition rate of films of
various chemical compositions, one must use the mole-based
units, e.g., mol min71 cm71. Using ellipsometric measurements
of the film thickness and the refractive index, one can determine
the chemical composition by a linear approximation, assuming
that the refractive index, RISiON, of the silicon oxynitride film is
defined through the mole fractions of silicon nitride (z1) and
silicon dioxide (z2) (the refractive indices of silicon nitride and
silicon dioxide are RIn=2.025 and RIox=1.45, respectively):

RISiON= z1RIn+ z2RIox .

The growth rate, WM (mol min71), of silicon oxynitride film
can be found from the equation:

WM �
rfSW
M

1.67610711.

Here rf andM are the density and the molecular mass (they can be
determined with ease using the data listed in Table 4), S is the
surface area of the hot wafer andW is the growth rate (nm s71).

Experiments were carried out in a vertical non-isothermal
reactor of surface area 1058 cm2, at a gas flow rate of
1.83 dm3 s71, under conditions where the reaction was not

limited by the mass supply rate. The reaction is first order with
respect to monosilane and the deposition rate is independent of
the NH3 and CO2 concentrations in the range from 1073 to
56102 M. The empirical dependences of the formation of SiO2 ,
Si3N4 and silicon oxynitride SiONat 1123 ± 1323 Kare as follows:

kSiO2
� 2:46 105 exp

�
ÿ 100:3

RT

�
�SiH4�, (6)

kSi3N4
� 22:36 105 exp

�
ÿ 121:2

RT

�
�SiH4�, (7)

kSiON � 3:56 105 exp

�
ÿ 98:2

RT

�
�SiH4�.

Considering the oxynitride film growth as a reaction following
two concurrent paths, viz., ammonolysis of monosilane (Wn) and
oxidation of monosilane (Wox), the expression for WSiON can be
written as:

WSiON=Wn+Wox .

Then, assuming that the rate of formation of the structural
units SiN4/3 and SiO4/2 is proportional to the surface coverage of
the NH3 and CO2 molecules (YNH3

and YCO2
, respectively), and

taking into account Eqns (6) and (7), one can write

Wn= kSi3N4
[SiH4]Y

l1
NH3

,

Wox= kSiO2
[SiH4]Y

l2
CO2

,

where l1 and l2 are the reaction orders with respect to their
corresponding components. Assuming that NH3 and CO2 are
the most intensely adsorbed species, we get

YNH3
� pNH3

�aCO2
=aNH3

�pCO2
� pNH3

,

YCO2
� pCO2

�aCO2
=aNH3

�pNH3
� pCO2

,

where aCO2
and aNH3

are respectively the constants of adsorption
equilibrium between CO2 and NH3 .

Treatment of experimental data using this approach gave the
characteristic dependence of the partial rates of formation of
structural units of silicon nitride and silicon dioxide, which were
used to determine the coefficients l1 and l2 (l1=0.6 and l2=0.5).
Generally, the rates of formation of the corresponding structural
units, in the course of silicon oxynitride film growth, differ from
the growth rates of the silicon nitride and silicon dioxide films. In
particular, the rate of formation of SiN4/3 in silicon oxynitride is
lower than in silicon nitride, while the rate of formation of SiO4/2

in silicon oxynitride is higher than that in silicon dioxide. How-
ever, it should also be noted that these differences are small, being
only slightly larger than the scatter of experimental data.

Recently, oxynitride films used as anti-reflecting coatings in
electronics have been fabricated from SiH4 ±NH3 ±N2O±N2

mixtures using low-temperature plasma synthesis. Such methods

Table 4. Characteristics of silicon oxynitride film.18

Refractive Molecular Molar Density

index mass refraction /g cm73

2.025 140.0 23.03 3.09

1.9 121.6 19.46 2.91

1.8 106.4 16.51 2.75

1.7 92.0 13.71 2.59

1.6 78.4 11.07 2.42

1.5 66.4 8.74 2.23

1.45 60.0 7.50 2.15
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allow films of a wide range of compositions to be fabricated by
varying the component ratio in the gas mixture.54

VI. Deposition of silicon dioxide films

Silicon dioxide films can be fabricated in the temperature range
from a few hundreds of degrees to 1300 K (and higher) by
oxidation, pyrolysis, hydrolysis and plasma-enhanced reactions.
Below we consider the results of investigations of some most
important processes in the CVD synthesis of oxide films.

1. Oxidation
Among the practically used CVD reactions, oxidation reactions
are the best studied. They are conducted using monosilane,
silicon, chlorides and the alkyl and alkoxy derivatives of mono-
silane as sources of silicon and oxygen, nitrogen oxides, CO2,
ozone ± oxygen mixtures and hydrogen peroxide as oxidants.
Low-temperature film deposition (at temperatures below 850 K)
is performed using a plasma of the starting components.

a. System SiH4 ±O2

At present, the SiH4 ±O2 system is the best studied and most
widely used in the synthesis of silicon dioxide films. This system
has been the subject of long-term studies in different types of
reactors as the method for synthesising of silicon dioxide films at
temperatures below 720 K and as the basic system for the syn-
thesis of complex silicate glasses.

The combustion of monosilane was first studied by Shantar-
ovich,58 who established a chain-radical character for this process.
The `combustion peninsula', which determines the range of the
temperature and pressure values suitable for reaction in the
SiH4 ±O2 system, is shown in Fig. 12. If the parameters of a
system lie outside the `combustion peninsula', the gas mixture is
inert and can be kept with no apparent changes as long time as
required. Thus, in any case, the reaction products (aerosil, silicon
dioxide thin film or both) in the SiH4 ±O2 system are formed as a
result of a branched chain process (BCP). Experimentally, the
motion from the outside towards the interior of the `combustion
peninsula' (on, e.g., raising the temperature with constant values
for the other parameters) will give a stepwise shape to the reaction
rate curve. In connection to this, attempts to explain the exper-
imentally observed stepwise temperature dependence of silicon
dioxide film deposition rate by invoking the mechanism of a
reaction between the adsorbed SiH4 and O2 molecules on the
silicon or silicon dioxide surface 59, 60 (e.g., the Langmuir ±Hin-
shelwood mechanism), seem to be unsubstantiated.

The character of the monosilane oxidation reaction, which
proceeds as an SiH4 ±O2 gas mixture moving along the horizontal
tube reactor, is as follows: the reaction rate increases until a
maximum thickness of silicon dioxide thin film is achieved,61 and

then rapidly decreases (Fig. 13 a,b). A comparison of these
dependences with the temperature profile in the reactor showed
that the reaction is accelerated as the temperature increases. Also
of note is that the initial portions of the curves are shifted towards
the inside of the reactor as the [O2]/[SiH4] ratio increases, i.e.,
corresponding to the points characterised by higher temperatures.

Note that in this case, the reaction rate at the maximum of the
curve is not a characteristic parameter of the process. In partic-
ular, Fig. 13 a shows that for the reactor with a steep temperature
profile, the Wmax value increases as the oxygen concentration in
the gas mixture increases. However, in the case of a flattened
temperature profile in the reactor (see Fig. 13 b), the maximum in
theW(x) dependences initially increases and then decreases as the
[O2]/[SiH4] ratio increases; as a result, we contain a dome-shaped
character for the deposition rate dependences, plotted in the
Wmax ± [O2]/[SiH4] coordinates.

Using these dependences, we can compare the ignition limits
of gas mixtures with the critical parameters determining the
formation of silicon dioxide thin films. Data on the degree of
monosilane combustion are presented in Fig. 14, and in Fig. 15
we compare the regions of SiO2 film growth and monosilane
combustion. These results show that film growth occurs only
under conditions corresponding to monosilane ignition (in this
case, the upper ignition limit). The film growth conditions
correspond to O2 and SiH4 concentrations that are below the
corresponding straight lines. Here, we have
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Figure 12. `Ignition peninsula' for combustion of monosilane.

[SiH4] (vol.%): 49 (1), 39 (2), 30 (3) and 14 (4).58

11

22

33

44

55

66

00

00..2255

00..5500

00..7755

WW //nnmm ss7711

00

225500

550000

775500

TT //KKaa

00

00..2255

00..5500

00..7755

WW //nnmm ss7711

00

225500

550000

775500

TT //KKbb

11

22

33

44

55

2200 4400 xx //ccmm

2200 4400 xx //ccmm

Figure 13. Silicon dioxide growth rate profiles along the reactor axis for

different temperature profiles.

(a) [O2]/[SiH4]=10 (1), 30 (2), 50 (3), 100 (4), 300 (5); (b) [O2]/[SiH4]=

10 (1), 70 (2), 120 (3), 180 (4); [SiH4]=2.961072 mol.%, linear flow rate

19 cm s71. Curves 6 (a) and 5 (b) denote the temperature profiles in the

reactor.61
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[O2]/[SiH4]=Aexp

�ÿ33:4
RT

�
,

where A is the pre-exponent.
By studying the film growth rate distribution along the

isothermal reactor zone 62, 63 (Fig. 16), it is possible to establish
the laws of silicon dioxide film growth under the conditions
corresponding to the lower ignition limit. Particular attention
should be paid to the regular increase in the growth rate towards
the end of the isothermal zone. It becomes more pronounced as
the partial pressure of monosilane increases and reflects the
acceleration of the reaction due to the development of the
branched chain process.

The limiting character of the phenomenon is illustrated in
Fig. 17. We can determine the pressure (P1), corresponding to the
lower ignition limit of the gas mixture. The expression for P1

contains the rate constants for the branching (kb) and heteroge-
neous loss (kd) of the reaction chains

P1 �
kd
2kb f

,

where f is themole fraction of the component involved in the act of
branching.64 In practice, the BCP studies usually involve observing the

ignition of the reacting gas mixture. A number of unexpected
features were disclosed in determining the lower ignition limit
from the chemiluminescence of the SiH4 ±O2 mixtures.

Firstly, the position of the lower ignition limit is `sensitive' to
the state of the reactor walls. This manifests itself, in particular, in
different P1 values determined by approaching the limit using a
mixture at a pressure lower than P1 (approach from below), and
by approaching the limit using higher pressures (approach from
above).

Secondly, a peculiar feature of the combustion of the
SiH4+O2 mixture is a double ignition under static condi-
tions.65 ± 67 Using emission spectra, the formation of excited OH

.

radicals (band at 306.4 nm) in the flame was detected.66 An EPR
study 67 revealed the presence in the flame of hydroxyl groups and
oxygen atoms in concentrations of 1013 ± 1014 particle cm73. The
active role of oxygen atoms in chain branching processes was
proved in the experiments using inhibitors. It is known that the
loss rate of oxygen atoms increases in the presence of propylene.
For instance, the addition of C3H6 (1%) increases the lower
ignition limit by 40% at 623 K.62

Figure 18 shows that the concentrations of oxygen atoms and
hydroxyl groups increase as the [O2]/[SiH4] ratio increases.67 The
following reactions in the flame are most probable:
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Figure 15. SiO2 film growth regions (solid lines) and monosilane ignition

regions (dashed lines).18

T=573 (1), 623 (2), 673 (3), 693 K (4).
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Figure 16. SiO2 growth rate distribution in a horizontal isothermal

reactor.63

T=413 K, diameter of the reactor is 1.3 cm, the partial pressure of

monosilane, Pa: 25.3 (1), 26.7 (2), 32.0 (3), 36.0 (4) and 40.0 (5); gas flow

rate is 0.83 cm3 s71, [O2]/[SiH4]=2.
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Figure 17. SiO2 growth rate plotted vs. monosilane pressure in reactors of

different diameters.64

Diameter of the reactor /cm: 2 (1), 1.6 (2) and 1.3 (3); T=373 K;

[O2]/[SiH4]=1, gas flow rate is 0.56 cm3 s71.
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O+SiH4
.
SiH3+OH,

OH+SiH4
.
SiH3+H2O.

Radicals
.
SiH3, present in the vapour phase, were detected by

laser magnetic resonance. The concentration of
.
SiH3 radicals in

the monosilane flame 68 was 461013 particle cm73. Analysis of
the luminescence spectrum showed that the

.
OH radicals are in an

electronic excited state and the energy of the emission quantum is
388 kJ mol71. This suggests the occurrence of the following
reaction

O+H+L
.
OH+L,

where L is the molecule involved in ternary collision. Indirect
measurements showed that [O][H] & 1026 particle2 cm76 s72. In
addition to the particles mentioned above, electronically excited
SiO* molecules (band A0P ±X0S+, emission quantum energy
504 kJ mol71) were identified using the luminescence spectra. No
more reliable data on the composition of the gas phase in the
monosilane flame are available at the moment. At the same time it
must be remembered that Shantarovich 58 assumed the presence of
an intermediate, silanone H2SiO (`silicon aldehyde'). Products
containing silicon7oxygen double bonds [silanone H2SiO, sila-
noic acid HSiOH and silicic acid (HO)2SiO] were detected only in
an argon matrix at 17 K.69

When analysing the data on the kinetics of monosilane
oxidation, the possibility of the formation of short-lived products
must be taken into account. The inclusion of their properties
allows one to establish the mechanism of the formation of finely
dispersed aerosil (SiO2) powder, which usually accompanies the
growth of SiO2 films.

Calculations 70 of the following dimerisation reaction

2H2SiO (H2SiO)2

showed that the formation of the four-membered ring occurs
barrierlessly and that the enthalpy of reaction is
DH�298 =7441.8 kJ mol71. The formation of trimers and tet-
ramers is also characterised by a large exothermic effect. Silanone
decomposition by the reaction

H2SiO H2+SiO

was shown 71 to be hampered because its activation energy is
358.6 kJ mol71. Dimerisation of SiO proceeds barrierlessly.72

Two more end products, H2 and H2O, were identified in the
vapour phase. In relation to this, two possible routes of mono-
silane combustion are discussed:

SiH4+O2 SiO2+2H2 ,

SiH4+2O2 SiO2+2H2O.

Quite reliable data are available, showing that the formation
of water in the vapour phase is not due to subsequent combustion
of hydrogen.73 Analysis of the dependence (see Fig. 19) of the
degree of monosilane combustion on the P0/P1 ratio (P0 is the
initial pressure in the mixture) shows that the hydrogen/water
concentration ratio also varies with the P0/P1 parameter. Water
molecules can be formed as a result of the vapour-phase reaction
and as a product of desorption from the surface of solid SiO2

particles. For this reason, no exact reaction equation for mono-
silane combustion has been derived to date.

Atoms and radicals produced in the combustion of mono-
silane in oxygen in the vapour phase are highly reactive species;
their recombination on the surface results in the formation of
silicon dioxide structural units. Some types of interactions can be
established using the bond dissociation energy values. For
instance, the reaction

SiH4+O H2SiO2/2+H2

produces a surface silicon atom bonded to two hydrogen atoms
and to the oxide matrix through two bridging oxygen atoms. The
reaction requires an energy expenditure for the breaking of two
Si7H bonds; the formation of products will be accompanied by
the release of the energy of two Si7O bonds and the energy of
formation of the H2 molecule. This approach was used for the
evaluation of thermal effects for different types of structural units
(Table 5).

In analysing these data, considerable attentionmust be paid to
the high thermal effect of forming the main structural unit, the
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Figure 18. Concentration of oxygen atoms (1) and hydroxyl groups (2)

plotted vs. [O2]/[SiH4] ratio in the initial mixture in SiH4 flame.67

Total pressure is 400 Pa, T=723 K.
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Figure 19. Degree of silane combustion [SiH4] j /[SiH4]0 (1) and yields of

the end gaseous products H2 (2) and H2O (3) (rel. u.) plotted vs. the P0/P1

ratio for a 9.4%SiH4+64%O2+26.6%He mixture at 423 K and

P1=203.9 Pa.73

Table 5. Enthalpies of formation of structural units in the Si ±H±O
system.18

Structural Reaction 7DH
unit /kJ mol71

SiO4/2 SiH4+O2 SiO4/2+2H2 802

H2SiO2/2 SiH4+O2 H2SiO2/2+H2O 643

SiO4/2 (HO)2SiO2/2 SiO4/2+H2 522

SiO4/2 HSiO3/2+OH SiO4/2+H2 539

H2SiO2/2 SiH4+O2 H2SiO2/2+H2 643

H2SiO2/2 SiH4+O H2SiO2/2+H2 647

HSiO3/2 H2SiO2/2+OH HSiO3/2+H2 539

(HO)HSiO2/2 H2SiO2/2+O (HO)HSiO2/2 62

(HO)2SiO2/2 (HO)HSiO2/2+O (HO)2SiO2/2 62

SiO4/2 H2SiO2/2+O SiO4/2+H2 647

H2SiO2/2 SiH3+O H2SiO2/2+H 581

H2SiO2/2 SiH2+O H2SiO2/2 852

SiO4/2 SiH3+O2 SiO4/2+H+H2 702

SiO4/2 SiH2+O2 SiO4/2+H2 974
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SiO4/2 tetrahedron, and the structural unit H2SiO2/2 , a building
block with a two-dimensional chain structure. Account must also
be taken of the fact that breaking of single chemical bonds with
oxygen atoms is, as a rule, characterised by low activation
energies 74 (usually, at most 16.7 kJ mol71). This suggests that
the main direction of reactions is determined by the stages
involving oxygen atoms rather than molecules.

The most practically valuable problems in the synthesis of
silicon dioxide thin films by the oxidation of monosilane with
oxygen are the formation of aerosil, non-stationarity in the
deposition process and the porosity of silicon dioxide films.

The essence of the first problem is that the sizes of aerosil
microparticles are comparable with or larger than the size of
elements of microelectronic devices. Therefore, it is highly prob-
able that a microparticle arriving at the wafer surface during the
film synthesis will be a reason for improper operation of the
device. In relation to this, the level of microdefects in thin films is
one of the most important characteristics of industrial CVD
reactors. For instance, at the end of the twentieth century in
semiconductor electronics, the level of extra film defects for CVD
processes was less than 0.1 defect cm72 for the wafer surface at
microparticle sizes exceeding 0.2 mm. Using microprobe analysis
on the vapour phase in the film synthesis zone, it was established
that aerosil microparticles are formed in the oxidation of mono-
silane by oxygen in all types of reactors.75 ± 77

Various studies 63, 78 ± 82 are of interest from the standpoint of
determining the conditions for the growth of defect layers. They
were carried out at relatively low deposition temperatures
(373 ± 673 K) and reagent pressures (<133 Pa) in reactors of
different sizes. A qualitative picture of the arrangement of the
silicon dioxide film growth and aerosil formation regions, at
constant values of other parameters, is shown in Fig. 20. The AB
line in Fig. 20 a corresponds to the limiting pressure P1 (no
reaction occurs below P1). At P>P1, silicon dioxide films are
formed in the region above the portion of theAB curve (solid line)
and below the pressure limiting line (dashed line). Above the
dashed line lies the region of aerosil formation. As the temperature
decreases, the range of pressures (DP=P7P1) suitable for the
fabrication of dioxide films regularly narrows. Below a certain
temperature at P>P1 (where the curve of the limiting pressure is
shown as a dashed line) the exclusive reaction product is aerosil.

Analysis of the dependences shown in Fig. 20 b reveals a
general trend, namely, the growth regions are shifted as the ratio
of the inner surface area, S, to the volume,V, of the reactor, in the
deposition zone, changes. As can be seen, the S/V parameter
increases as the number of the curve increases. The effect of the
S/V ratio on the film growth conditions in reactors of different
sizes has been studied in detail.63 The deposition was performed in
quartz tube reactors with horizontally arranged wafers. It was
found that at a specified temperature, pressure and [O2]/[SiH4]
ratio, the P1 values are inversely proportional to the diameter of
the reactor (i.e., they increase with an increase in the S/V ratio,
which is characteristic of the BCP). It is important to note that an
increase in the S/V ratio (decrease in the diameter of the reactor) is
accompanied by (i) an increase in the limiting pressureP1 and (ii) a
simultaneous regular shift of the region of formation of silicon
dioxide thin films towards low temperatures; moreover, the
aerosil formation boundary is also shifted. This is an indication
of improved conditions for the synthesis of defect-free thin films.

Thus, only by varying the reactor geometry, is it possible to
carry out the reaction in any of the three regions shown in
Fig. 20 a. By varying the S/V ratio within certain limits in the
film growth region, one can also change the film growth rate (this
parameter will decrease with an increase in the S/V ratio). In
practical implementations of the BCP for the fabrication of defect-
free silicon dioxide thin films, the S/V ratio must be increased by
exclusion of the `extra volumes' in reactors by, e.g., filling the gaps
on both sides of wafers in the tube reactor (see Fig. 4 d ) with
hollow vessels of the same external diameter as the wafers in order
to retain the gas-dynamic parameters of the reactor.

The second and third problems are characteristic of very low-
temperature (373 ± 473 K) conditions for film deposition in the
SiH4 ±O2 system. When SiO2 is deposited at such temperatures,
the kinetics of film growth is strongly dependent on the state of the
inner surface of the reactor.78, 79 The state of the surface (first of
all, the composition and structure) governs its adsorption capacity
and chain loss efficiency. Changes in these properties cause
changes in the rates of the heterogeneous stages, branched chain
reactions and SiO2 film deposition at constant pressure, temper-
ature and concentration of starting reagents. Even if the param-
eters of the deposition process can be preset and maintained at
constant levels, the chemical state of the reactor surface still
cannot be controlled, but it is this factor that affects the kinetics
of the chain process and leads to non-stationarity of the growth
rate in the initial stages. This kind of non-stationarity will be
observed until the coverage of the whole reactor surface with a
new SiO2 film is complete. When the surface of the growing film is
covered by the adsorption layer of a specified composition, which
is reproduced in the course of further deposition, the growth rate
takes a constant value. If deposition begins in a reactor whose
surface was preliminarily covered with a silicon dioxide film (so-
called `modified reactor'), theoretically no transient processes
would occur. This is not the case however, because the chemical
properties of the surface are determined by the composition of the
reacting gas mixture, from which the material is formed. There-
fore, the surface properties of the newly formed silicon dioxide
film will, as a rule, be different from those of the starting oxide,
i.e., the transient process will also occur in the modified reactor.

The kinetics of the initial stages of silicon dioxide film growth,
until a thickness of 10 ± 20 nm, was studied in situ using a fast
automated ellipsometer.79 The results obtained were summarised
in the form of a diagram plotted in `pressure of the starting gas
mixture (P) ± chain loss efficiency' (b) coordinates and shown in
Fig. 21. The b value characterises the change in the chemical state
of the surface in the course of deposition. The ab curve drawn
conditionally (the particular shape of this dependence cannot be
obtained from experimental data, but it is known thatP1 increases
with increasing b) shows the change in the limiting pressure P1

upon an increase in b. Below this curve lies the region correspond-
ing to no reaction. The shaded region meets the quasi-stationary
growth conditions. Experiments showed that the process always

A

B

P

Aerosil

No reaction

Thin film

P1

a

273 423 573 T /K

P b

1

2

3

S/V

273 423 573 T /K

Figure 20. Regions of SiO2 thin-film growth and aerosil formation in the

SiH4 ±O2 SiO2 system (a) and influence of the reactor surface-to-volume

ratio on positions of these regions, (S/V )1<(S/V )2<(S/V )3 (b). For

details, see text.78
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develops towards quasi-stationary growth. Depending on which
direction wemove along the curve (to the right or to the left), the b
and, correspondingly, P1 values can decrease or increase.

The shape of the kinetic curves is governed by the initial
conditions, viz., the pressure and the chemical state of the surface.
In the regions A, B and C (see Fig. 21) we schematically show the
kinetic curves which are observed in the initial stages of growth,
plotted in the `film thickness ± film growth time' coordinates. Film
growth in region A occurs with acceleration and in the regions B
and C with retardation. No stationary film growth occurs in
regionB because the growth rate decreases down to zero. Thus, all
the experimentally observed shapes of the kinetic curves, which
characterise the non-stationarity of the process in its initial stages,
are explained by a concept of a transient process of new surface
formation on the reactor walls and wafer. The properties of this
surface are determined by the deposition conditions.

In studies of the kinetics of film growth until the thickness
100 ± 1000 nm, using a quartz crystal microbalance, it was found
that at temperatures below 523 K, the quasi-stationary growth,
which follows the dramatic change in the growth rate in the initial
stages, is retained until a thickness of 20 to 30 nm. Further
increase in the film thickness leads to a monotonic (much slower
compared to the changes in the initial stage) decrease in the growth
rate.78 The lower the synthesis temperature and the higher the
pressure of the gas mixture, the more pronounced the decrease in
the growth rate; in long-term experiments, the growth rate can
decrease to zero.

In these experiments, the deposition rate decreases after
completion of the initial transient period, in wich a SiO2 layer is
grown in the reactor. This means that retardation of the BCP in
the course of film growth is due to other reasons, not associated
with the change in the chemical state of the surface. A qualitative
explanation for the decrease in the growth rate observed in this
thickness range is as follows. Growth of a film is accompanied by
the formation of its macro- and microstructure, which are to a
great extent determined by the deposition conditions. An adsorp-
tion porosimetry study 80 showed that a large number of meso-
pores of diameter 3 to 10 nm, connected to the surface, were
formed in the film under the experimental conditions. The
appearance of open pores increases the real surface area of the
growing film and the permeability of the film to the diffusion of
the sorbed particles towards the near-surface region of the film.
Taken altogether, this favours the extension of the heterogeneous
reaction zone, leads to more efficient chain loss per unit surface
area and, correspondingly, to a decrease in the BCP rate.

This explanation is substantiated by the following experimen-
tal results. It was found 80 that the porosity of thin films synthes-
ised at temperatures below 523 K dramatically decreases upon
introduction of small amounts of ammonia into the monosila-
ne ± oxygen gas mixture. Deposition of these films must not cause

a marked increase in the real surface area. If the deposition rate
decreases due to the formation of the porous structure, the growth
rate of such films must be independent of time. Indeed, a
qualitative difference between the kinetics of thin film growth in
the presence and in the absence of ammonia additives was
found.81 In the presence of ammonia the growth rate was
independent of time until a thickness of at least 1000 nm was
achieved. A constant growth rate of thin films was also observed
at temperatures above 523 K because the porosity of the depos-
ited thin film dramatically decreases with increasing synthesis
temperature.

Non-stationarity of the growth of silicon dioxide thin films at
low temperatures (below 573 K) and low pressures can be
explained by the superposition of two processes with different
dynamics, a fast process of maximum duration 120 s and a slow
one. The fast process is due to the change in chemical state of the
surface in the course of deposition. The slow rate decrease process
is associated with changes in the real film surface owing to the
formation of mesopores connected to the surface in the course of
deposition. In addition to the effect of temperature on the porosity
of silicon dioxide films, it is also affected by the total pressure in
the course of deposition. This fact is illustrated by the dependence
of the minimum pore size on the total pressure, obtained at
temperatures below 473 K (Fig. 22).

The problem of aerosil formation (see above) gave an impetus
to search for methods of control (in fact, inhibition) of the BCP,
including the problem of improving the conformality of film
deposition on stepwise reliefs. As a possible variant, the effect of
such inhibitors as C2H4 , C2H6 , C2H2 , NH3 , NO and NO2 on the
oxidation of monosilane by oxygen was studied.83, 84 As can be
seen from Fig. 23, C2H2 and NO have no effect on the reaction,
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formation of SiO2 layer in the SiH4 ±O2 system.82
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Figure 23. Illustration of the effect of the increase in the concentration of

inhibitors (large vertical arrow) in the SiH4 ±O2 gas mixture on the rate of

monosilane consumption.

Dashed line and dashed arrow denote the dynamics and the time of

complete consumption of monosilane under inhibitor-free conditions,

solid arrow denotes the time corresponding to wafer position in the

reactor.83
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while other compounds inhibit the oxidation of monosilane. In
this case the situation on a wafer, whose arrangement in the
reactor was characterised by a particular reaction time, is as
follows. The silicon dioxide film growth rate correspondingly
decreases and the conformality of deposition on the lateral
surfaces of gaps in complex-shape reliefs is significantly improved.
Nevertheless, it is now impossible to fundamentally improve the
quality of deposited silicon dioxide films by the knownmethods of
control of the BCP of monosilane oxidation by oxygen. Con-
sequently, other chemical systems have been the subject of
intensive research since the late 1970s.

b. System SiH4 ±N2O
In the SiH4 ±N2O system, SiO2 can be fabricated at temperatures
above 773 K (higher than in the case of the SiH4 ±O2 system). By
varying the [N2O]/[SiH4] ratio it is possible to vary the film
composition continuously from amorphous/polycrystalline sili-
con at [N2O]=0 to oxygen-doped polycrystalline silicon of
composition SiOy (y<2) at 0.2< [N2O]/[SiH4]<10 and further
for silicon dioxide at [N2O]/[SiH4]>50. Strictly speaking, in the
first two cases, we are concerned with semiconductor or semi-
insulating films rather than dielectric ones; therefore, they are of
specific interest.{

In flow LPCVD reactors amorphous silicon films are fabri-
cated at a deposition temperature of*823 K, and polycrystalline
silicon films at temperatures above 893 K. The growth rate of
polycrystalline silicon films depends on the reaction development
time (it rapidly decreases starting at 0.05 s). In the initial stages,
the deposition rate of polycrystalline silicon films depends
strongly on the wafer material. Until a film thickness of
*22 nm, the deposition rates are relatively low and therefore we
can talk of an induction period in the film growth. This period is
determined by the duration of the growth stages of individual
nuclei, their outgrowth and their closure into a continuous layer.
After completion of the induction period, the growth continues on
the surface of polycrystalline silicon film, the growth rate being
independent of the characteristics of the wafer material. In a
particular range of pressures, the deposition rate is governed by
first-order processes with respect to SiH4 . The temperature
dependence of the growth rate is characterised by an activation
energy of 148.8 kJ mol71 for low degrees of monosilane conver-
sion and of 218.2 kJ mol71 for high conversions. The activation
energy at low conversions depends on the wafer material. Pyrol-
ysis of SiH4 follows two concurrent paths and results in the
formation of reactive silylene (SiH2) molecules and silyl radicals
.
SiH3 . The intermediate products involved are Si2H6 and Si3H8.
The presence of SiH2 and

.
SiH3 in the vapour phase will lead to a

more intense adsorption of these species on the growing surface,
while the presence of polysilane molecules in the vapour phase
favours the formation of silicon clusters in the vapour phase.

At a preset SiH4 concentration, the overall growth rate of
oxygen-doped polycrystalline silicon (SiOy) films changes in a
complex manner 86 (Fig. 24 a). As can be seen, until
[N2O]/[SiH4]=10 the growth rate decreases as follows

W � WSi

1� gN2OpN2O

,

where WSi is the growth rate of the polycrystalline silicon film,
gN2O is a constant and pN2O is the partial pressure of N2O. At
[N2O]/[SiH4]>10, the growth rate monotonically increases, and
at 0.05< [N2O]/[SiH4]<0.6, the y value changes almost linearly
between 0 and 1.25 (Fig. 24 b).87, 88 The film growth rate distribu-
tion along the length of the reactor at reaction times no longer
than 0.01 s exhibits a characteristic rate maximum; this feature

permits a quantitative description of the process. The temperature
dependence of the deposition rate is characterised by an activation
energy of 140.8� 4.0 kJ mol71.

The growth of oxygen-doped polycrystalline silicon films is
governed by the laws of the reactions taking place in the
adsorption layer. In connection with this mention may be made
that a direct experimental proof of the adsorption of N2O
molecules on the silicon dioxide surface was obtained. It is note-
worthy that the constants of the adsorption equilibria on the SiO2

surface for SiH4 and N2O (gN2O and gSiH4
, respectively) are

comparable.86 The dependence shown in Fig. 24 a can be treated
as follows: the film growth rate decreases as the pressure of N2O
increases due to the competitive adsorption of SiH4 andN2O onto
the same active sites.

The growth of SiO2 films in the system under study occurs at
[N2O]/[SiH4]>50.89 ± 91 The process can conveniently be observed
in the temperature range 833 ± 1073 K. The deposition rate
profiles along the reactor axis are presented in Fig. 25. Maxima
in the deposition rate profiles correspond to the inner part of the
reactor; the higher the monosilane concentration in the mixture,
the larger the shift of the maximum. The initial portions of the

{The readers who are interested in this problem are directed to Refs 18

and 85 ± 88, which present a comprehensive treatment of the growth

kinetics of such films.
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Figure 24. Growth rate (a) and oxygen content (b) in silicon-doped SiO2

thin films plotted vs. [N2O]/[SiH4] ratio.86

(a): T=913 K, [SiH4]=8.061077 mol litre71; (b): T=923 K.
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Figure 25. Growth rate distribution of SiO2 thin films in an atmospheric

pressure isothermal reactor.90
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curves are linear, their slopes being proportional to the pressure of
N2O. In the temperature range 1023 ± 1073 K the growth rate
maxima correspond to the beginning of the isothermal zone; in the
inner part of the reactor the growth rates dramatically decrease.
From these plots it follows that below 973 K, the rate of the
process is described by the expression

W= k1pN2O�0� � k2�pN2O�0� ÿ pN2O�x� �,
where k1 and k2 are the rate constants and pN2O�0� and prmN2O�x� are
the partial pressures of N2O at the beginning of the isothermal
zone and at a point x on the axis of the reactor, respectively.

This equation reflects the fact that the reaction follows two
paths. One of them, with the rate constant k1, is responsible for the
adsorption mechanism of SiO2 formation. The other path, char-
acterised by the rate constant k2, determines the effect of the
vapour-phase reactions on the growth of SiO2 films. Involvement
of the vapour-phase stages of the reaction is directly observed
upon introduction of small concentrations of radical inhibitors
into the vapour phase. For instance, the addition of less than 1%
of ethylene or propylene into the gas mixture causes the growth
rate at 873 K to decrease several-fold. The same additives intro-
duced at 1073 K cause only a 20%±25% decrease in the growth
rate. The temperature dependence of k1 is characterised by an
activation energy of 196 kJ mol71, the pre-exponent being equal
to 1.761011 �A min71 (mm Hg)71.

Thus, the two-path process of SiO2 film growth involves two
concurrent reactions. These are the heterogeneous reaction
between adsorbed SiH4 and N2O molecules and the vapour-
phase autocatalytic or chain reaction, involving the products of
N2O decomposition. Most probably, the chain reaction of mono-
silane oxidation with oxygen, produced in the heterogeneous
decomposition of N2O, accelerates the overall reaction.

The empirical relationships for evaluating the deposition rates
(atT=923 and 1023 K) in isothermal reactors with a dense cross-
vertical arrangement of wafers (with *15 mm spacings) (the
deposition rate of SiO2 is given in nm s71) are as follows: 91

W923=1.6761075p0:5SiH4
pN2O ,

W1023=5.061077

�
320ÿ pN2O

pSiH4

�
p0:5SiH4

pN2O.

The assumption of a branched chain component of the
oxidation of monosilane by N2O (this unambiguously indicates
the possibility of formation of the aerosol phase under CVD
conditions) was experimentally proved by studies of the condi-
tions for intense nucleation in the vapour phase, using gas
mixtures of preset composition.91 The film surfaces were checked
for the presence of microparticles using an optical microscope and
by scattering with photons produced by a He-Ne laser (laser light
was introduced through transparent windows parallel to the axis
of a flow isothermal hot-wall reactor); the light intensity was
measured using a photodiode. For a known composition of gas
mixture, light scattering began after a specific total pressure in the
reactor had been exceeded. Once determined, the pressure values
for the mixture compositions under study can be used to calculate
the corresponding critical partial pressures of N2O and SiH4 .

A generalised diagram, presented in Fig. 26, shows the regions
of formation of reaction products in the form of thin films and
aerosol for the deposition temperature 923 K. A correlation
between the defects in the deposited film and the growth rate is
apparent. Namely, defect-free silicon dioxide films grow in region
I at rather low rates; region II corresponds to the appearance of
microparticles on the surface of the silicon dioxide film, growing
at a higher rate (the microparticles can be seen in the optical
microscope); region III corresponds to intense nucleation in the
vapour phase, where both the reactor walls and wafers become
covered with a powder. The limiting growth rates of `defect-free'
silicon dioxide films in region I at the deposition temperatures 923,
1023 and 1123 K were estimated at *0.08, *0.17 and
*0.12 nm s71, respectively.

c. Systems SiH4 ±NO and SiH4 ±NO2

Depending on the concentration ratio of SiH4 and NO in the
SiH4 ±NO system, both silicon dioxide (at [SiH4]/[NO]<0.25)
and silicon oxynitride (at [SiH4]/[NO]=0.5 ± 1.0) films can be
fabricated. The reaction

SiH4+4NO SiO2+2H2O+2N2

was studied at low degrees of conversion.92

The activation energy for this process is 125.4 kJ mol71.
Studies on the character of the adsorption processes on the surface
of silicon at room temperature and an exposure of 10 Langmuir
revealed 93, 94 dissociative adsorption of NO and a monolayer
coverage of the surface with the same coverages, equal to 0.5, for
both oxygen and nitrogen atoms.

At a temperature of *723 K and a pressure of *133 Pa, the
reaction proceeds slowly and obeys the laws of heterogeneous
kinetics. As the pressure increases, the reaction is dramatically
accelerated and intense chemiluminescence in the vapour phase is
observed.92

d. System SiH4 ±CO2

The deposition of silicon dioxide films in the SiH4 ±CO2 system
was studied in the temperature range 973 ± 1373 K at
[CO2]/[SiH4]=100.95, 96 The deposition rate increases as the
concentrations of both components increase, being higher in
argon than in hydrogen. The two possible reaction routes are as
follows:

SiH4+4CO2 SiO2+4CO+2H2O,

SiH4+2H2O SiO2+4H2.

The presence of excess silicon in the SiO2 films also indicates
the occurrence of a concurrent reaction, viz., the thermal decom-
position of monosilane.

e. System SiH4 ±H2O2

The SiH4 ±H2O2 system, at a deposition temperature similar to
room temperature and a reduced pressure, was proposed in order
to solve a topical problem of the high-quality filling of gaps
between elements with complex reliefs in microelectronic devi-
ces.97 The kinetics of film growth have not been reported as yet,
but it was established that the main factor affecting the deposition
rate is pressure. It is assumed that the oxidation reaction

SiH4+2H2O2 Si(OH)4+2H2 ,

is followed by polymerisation and the formation of a silicon
dioxide film:

11

22

33

44

0

2000

4000

pN2O
/Pa

10 20 30 pSiH4
/Pa

III

II

I

Figure 26. Regions of formation of the products of oxidation reaction:

defect-free thin film (I ), defect thin film (II ) and aerosol (III ) for the CVD

process in the SiH4 ±N2O system at 923 K.91
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n Si(OH)4 H[OSi(OH)2]nOH+(n71)H2O

nSiO2+ (n+1)H2O.

f. Oxidation of chlorinated and organic derivatives of monosilane
The SiH2Cl2 ±N2O, (CH3)2SiCl2 ±N2O, SiH2Cl2 ±O2 and
(CH3)2SiCl2 ±O2 systems were studied in LPCVD reactors at
temperatures 1023 ± 1123 K.30, 45, 46, 98 However, almost no
kinetic data were reported. The first three systems are character-
ised by very low deposition rates (at most 0.016 nm s71) and a
high sensitivity of the deposition processes on the total pressure in
the reactor; a feature of the SiH2Cl2 ±O2 system is an intense
aerosil formation. In all of these systems, the film thickness
uniformity across the wafer is very low, but only the
SiH2Cl2 ±N2O system is used in high-precision technologies. The
reaction for this system has the form:

SiH2Cl2+2N2O SiO2+2N2+2HCl.

The (CH3)2SiCl2 ±O2 system appeared to be the most promis-
ing for the fabrication of silicate glass films at admissibly high
temperatures, because the deposition rates under identical con-
ditions were nearly an order of magnitude higher.30, 98 The experi-
ments were carried out using isothermal LPCVD reactors (see
Fig. 4 c,d ) at pressures 260 ± 775 Pa in the temperature range
1023 ± 1123 K. The deposition rate profiles in the reactors exhib-
ited portions characterised by low deposition rate constants (a
plateau), after which the growth rates increased. The plateau
region became smaller as the pressure and temperature increased.
The reaction is nearly first-order with respect to (CH3)2SiCl2,
while with respect to O2, the reaction changes from a first-order
process to a higher-order one.

SiCl4 and O2 interact at temperatures >1430 K 99, 100 follow-
ing the reaction:

SiCl4+O2 SiO2+2Cl2 .

Reactions at temperatures 1073 ± 1173 K result in thin films of
two oxychlorides, Si2OCl6 and cyclic oxychloride, Si4O4Cl8 . The
oxidation of tin and titanium tetrahalides by oxygen at temper-
atures below 1073 K were also studied in order to obtain tin and
titanium oxide films, respectively.18

g. Systems C2H3Cl2CH3SiH2 ±O2 and
(CH3CO2)2(C4H9O)2Si ±O2

Reactions in the C2H3Cl2CH3SiH2 ±O2 and (CH3CO2)2.
.(C4H9O)2Si ±O2 systems were assumed to be alternatives to the
BCP in the low-temperature oxidation of monosilane, but they
have found no practical applications because of low deposition
rates. A typical deposition rate profile obtained 101 for the former
system, at a deposition temperature of*673 K, in a flowAPCVD
reactor, at a C2H3Cl2CH3SiH2 consumption of 1.761073 cm3

s71, an oxygen consumption of 25 cm3 s71 and a gasmixture flow
rate of 13 cm s71, was similar to the profile shown in Fig. 11 a;
with a deposition rate in the order of 0.08 nm s71, this is two
orders of magnitude lower than that for the oxidation of mono-
silane. The second system 102 exhibited a lowest practically admis-
sible deposition rate of *0.17 nm s71, only at temperatures
above 823 K.

h. System (C2H5O)4Si ±O3/O2

The (C2H5O)4Si ±O3/O2 system has been widely used in electronic
technologies since the mid-1990s. At relatively low deposition
temperatures, the growth rate of silicon dioxide films is high, with
a low level of side aerosol phenomena. In addition, the system
exhibits a unique `smoothed' character in its film growth on
stepwise reliefs, which has found practical applications. Unfortu-
nately, there is lack of comprehensive experimental studies of the
kinetics of thin film growth in this system, in spite of the
availability of much practically useful technological data.

Tetraethoxysilane has long been used as the starting com-
pound in the deposition of silicon dioxide thin films; however, the

information available mainly concerns the pyrolysis of
TEOS.102 ± 106 This reaction proceeds at a noticeable rate at
temperatures above 923 K (practically useful temperatures exceed
973 K); detailed consideration of the process being given below. It
was also found104 that in the presence of oxygen, the oxide thin
films also grow at lower temperatures, and the maximum deposi-
tion rate is achieved at *673 K (Fig. 27 a). It was assumed that
this reaction results in the formation of polymeric structures.

Studies 107, 108 on the possibility of a substantial increase in the
thin film deposition rate, using ozone ± oxygen mixtures contain-
ing *1 mass% of ozone as oxidants, for the low-temperature
oxidation of TEOS (Fig. 27 b) were of great practical interest in
the early 1990s. At higher absolute values of growth rate, the
temperature dependence of the deposition rate in the presence of
ozone retains its shape, shown in Fig. 27 a for the TEOS±O2

system.However, in this case, a practically valuable increase in the
growth rate is accompanied by non-stationarity of the film growth
in the initial stage of the deposition reaction and by selectivity of
thin film growth on the silicon, silicon dioxide and silicon nitride
surfaces, which increases as the ozone concentration in the gas
mixture increases. An increase in the deposition selectivity is
accompanied by improved conformality of deposition and, as a
consequence, by the appearance of a smoothed profile for
deposited thin films on stepwise reliefs.108

The deposition of thin films in the TEOS ±O3/O2 system can
be considered as a new avenue in the CVD of oxide thin films, and
of considerable research interest. However, most studies reported
so far have been concerned with the practical aspects of CVD
using a few types of industrial reactors. Not only the properties of
silicon dioxide thin films, but also the film growth rate,108 ± 110

deposition selectivity, methods of controlling of this parameter
using modified surfaces gas additives 111, 112 and the conformality
of thin film deposition on stepwise reliefs, are themain parameters
under study.108 ± 110, 113, 114

In summarising the data on the growth rates for industrial
processes of silicon dioxide thin film deposition at *670 K and
pressures of 25 ± 100 kPa, with allowance for the fact that the
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deposition rate is nearly first order with respect to TEOS and a
pseudozero order with respect to O3 , the effective rate constant
for the reaction was found to lie in the range 0.1 ± 0.2 cm s71.

2. Pyrolysis reactions
Silicon dioxide, as well as Al2O3 , SnO2 , TiO2 , ZrO2, etc., thin
films can be grown by the pyrolysis of vapours of organoelement
compounds;9 SiO2 deposition is mainly performed by pyrolysis of
TEOS.103 ± 106 Industrial deposition processes of silicon dioxide
thin films for electronics in isothermal flow LPCVD reactors 106

make it possible to fabricate films characterised by very low
thickness uniformity (*�2%), simultaneously on a total of 150
silicon wafers with diameters of up to 300 mm, arranged at a
distance of *5 mm from one another. At temperatures above
973 K, the rates of pyrolysis in the presence and absence of oxygen
are nearly equal. Nevertheless, oxygen additives are usually used
in order to minimise the concentrations of carbon-containing
impurities in the deposited silicon dioxide thin film.

The kinetic data characterise the pyrolysis of TEOS as a
heterogeneous reaction involving dissociative adsorption of
TEOS in the initial stages. It was assumed that monomolecular
decomposition can proceed at temperatures above 773 K. The
stoichiometry of the pyrolysis reaction remains unknown, because
the composition of the side reaction products (CO2 , CO, H2 ,
H2O, C2H4, etc.) has not been exactly determined. The thin film
growth rate at 998 K and a total pressure of 46.6 Pa, expressed
through the partial pressure of TEOS (pTEOS), is described by the
equation:

W � k1p
0:5
TEOS

1� k2p
0:5
TEOS

.

The effective activation energy for the reaction is
*194.4 kJ mol71 at a total pressure of 33.3 Pa. The equation
for the rate constant of pyrolysis (in s71) in an APCVD reactor at
1023 ± 1148 K with N2 as the medium takes the form:

k=6.3861012 exp

�
ÿ 238:2

RT

�
.

3. Hydrolysis reactions
Vapour-phase hydrolysis of silicon, tin and titanium halides can
be used to grow thin films of their corresponding dioxides at
relatively low temperatures.115 ± 117 For instance, the interaction of
SiF4 with H2O was studied at 753 ± 858 K and gas mixture
pressures lying in the range 11.9 ± 93.3 kPa.115 The growth
kinetics of SnO2 thin films was studied in the temperature range
753 ± 981 K at linear flow rates exceeding 6 cm s71 (in this case,
mass transfer phenomena do not influence the reaction rate).116

Fluorine-containing silicon dioxide thin films, which have a more
complex composition, are fabricated by the hydrolysis of alkoxy
halides FSi(OAlk)3 at room temperature

FSi(OAlk)3+3H2O FSi(OH)3+3AlkOH

followed by polymerisation.118

The limited use of low-temperature hydrolysis reactions in
high-precision technologies for the fabrication of silicon dioxide
thin films is mainly due to the low quality of the films produced.

Hydrolysis of AlCl3 and SiCl4 ±AlCl3 mixtures at temper-
atures above *1123 K in mixtures with CO2 and H2 is described
by the following reactions:119, 120

H2+CO2 H2O+CO,

2AlCl3+3H2O Al2O3+6HCl,

SiCl4+2H2O SiO2+4HCl,

which eventually result in Al2O3 and SiO2 or in alumosilicates (of
general formula Al2SiO5) in co-hydrolysis of halides.

The formation of Al2O3 thin films was studied at a pressure of
13.3 kPa in the temperature range 1173 ± 1423 K. The composi-

tion of the vapour phase (in mole fractions) was as follows:
hydrogen, 0.05 ± 0.95; AlCl3, 0.005 ± 0.03; CO2, up to 100%.119

Under these conditions, supersaturation with water vapours
varied from 1.01 to 1.20 and supersaturation with AlCl3 varied
from 107 to 7.061011. The kinetic data were obtained under the
conditions where the thin film growth rate was independent of the
gas flow rate. The reaction rate at 1300 K increased as the partial
pressure of AlCl3 increased, reached a maximum value at
*133.3 Pa and then decreased on further increase in the partial
pressure of AlCl3. The dependence of the growth rate on the
partial pressure of H2 obeyed an identical pattern, with the
maximum value reached at*7.33 kPa. The temperature depend-
ence of the process was characterised by an activation energy of
146.3 kJ mol71. Most probably, the results obtained correspond
to a heterogeneous reaction.

Co-hydrolysis of SiCl4 and AlCl3 was studied at temperatures
1123 ± 1373 K, a pressure of 13.3 kPa, gas flow rates in the range
3.67 ± 16.7 cm3 s71 and mole fractions of 0.006 ± 0.05 for SiCl4,
0 ± 0.015 for AlCl3 and 0.035 ± 0.25 for CO2.120 The deposition
rate of the films obtained at deposition temperatures above
*1273 K under nearly optimum conditions was higher than
*1.661074 mg cm72 s71. The activation energy for the deposi-
tion of SiO2 , Al2O3 and alumosilicates at deposition temperatures
above 1273 K was *83.6 kJ mol71 and increased to
*290 kJ mol71 at lower temperatures for hydrolysis of SiO2 .
The most interesting result obtained is a clearly seen linear
dependence of the alumosilicate deposition rate on the mole
fraction of AlCl3 in the mixture, which considerably increases as
the reaction temperature decreases; no dependence on the mole
fraction of SiCl4 in the studied range of the experimental con-
ditions was observed.

4. Plasma-enhanced oxidation reactions
Fabrication of oxide thin films in the oxidation reactions carried
out at low temperatures (*670 K) and pressures of several
hundreds of Pa using plasma-enhanced gas mixtures is of para-
mount practical interest, being in fact a specific field of CVD
research. Considerable literature on the subject is available (see,
e.g., Refs 4 ± 6, 54 ± 56, 121 ± 124).

The first system used for plasma-enhanced deposition at
*670 K was SiH4 ±N2O. Since the early 1990s the TEOS±O2

system has been used. In principle, low-temperature plasma-
enhanced synthesis of oxide films can also be performed using
plasma-enhanced pyrolysis of organosilicon compounds (e.g.,
TEOS, hexamethyldisiloxane, trimethoxychloromethylsilane,
etc.) in an oxygen-free medium, because these molecules contain
Si7O bonds.54 However, the oxide films obtained contain a
considerable amount of carbon, which is undesirable for micro-
electronic devices. In this connection a necessary condition for
plasma-enhanced synthesis of oxide films of desired quality is the
presence of oxidants. In this case, in accord with the equation

(C2H5O)4Si+12O2 SiO2+10H2O+8CO2

even at 12-fold excess of an oxidant with respect to TEOS, the
content of carbon in the films obtained can be high (up to
*361020 atom cm73) and detectable by secondary ion mass
spectrometry (SIMS). It was established that minimisation of the
carbon content in the deposited films down to an admissible level
of*0.361020 atom cm73 requires a 30 ± 40-fold excess of oxygen
with respect to TEOS.125

The deposition rate in the systems under study can be
characterised as being first-order with respect to the source of
silicon and a pseudozero order with respect to oxidant. The plot of
the dependence of the deposition rate on the supplied high-
frequency power is a curve with a linear portion followed by a
plateau corresponding to the deposition. This permits variation of
mechanical strain in the deposited film by varying the high-
frequency power. (Optimisation of mechanical strain is of great
importance for practical use of dielectric silicon dioxide thin films
as passivators of metallisation of electronic devices). The activa-
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tion energies for the plasma-enhanced oxidation reactions are
*10 kJ mol71, which suggests that the temperature has little
effect on the film growth kinetics.

The effective rate constant for plasma oxidation CVD proc-
esses was estimated at kef>1. By and large, plasma enhanced
deposition processes of silicon-containing films are consistent
with the classification of CVD processes given in Table 2 and
obey the laws of film growth on stepwise reliefs.

5. Industrial methods of silicon dioxide film deposition
Depending on the deposition temperature, silicon dioxide films
used in electronics are divided into medium-temperature films
(920 ± 1000 K) and low-temperature ones (*670 K); the latter
being used for production of wafers containing metallic conduc-
tors. A commonly accepted medium-temperature method is
oxidative pyrolysis of TEOS in isothermal LPCVD reactors.
This industrial process has the best performance and parameters
of deposited SiO2 films including the conformality of film growth
on complex-shape reliefs.

At present, the most widely used industrial low-temperature
CVD methods are oxidation of monosilane by oxygen at an
atmospheric or low pressure, plasma-enhanced oxidation of
TEOS by oxygen and of monosilane by N2O and oxidation of
TEOS by an ozone ± oxygenmixture at an atmospheric or reduced
pressure. The last-mentioned method is of limited use because of
the drawback of the low density of silicon dioxide films, which
depends on the properties of the material subjected to deposition.
Fast methods of silicon dioxide deposition including plasma-
enhanced techniques are mainly used in order to grow films on
plane wafers; films on wafers with a complex relief are fabricated
using oxidation by ozone ± oxygen mixtures.

Recently, very dense silicon dioxide thin films with the high-
quality (continuous) filling of narrow (<0.2 mm) gaps of a
stepwise relief in microelectronic devices have been fabricated
using the so-called `high-density plasma' CVD (HDP-CVD)
technique, where film deposition in the SiH4 ±O2 system at
pressures below 1 Pa is combined with sputtering of the material
deposited by argon ions.126 These processes have been compre-
hensively covered in Refs 32 and 33.

VII. Deposition of multicomponent silicate glass
thin films

Multicomponent dielectric thin films based on glass-forming
oxides SiO2 , P2O5 , B2O3 and GeO2, and belonging to silicate
glasses, are prepared by CVD techniques and widely used in high-
precision technologies as insulators.3 ± 6, 127, 128 Silicate glasses also
possess specific properties, e.g., the ability to help alkali metal
ions, undergo a viscous flow at elevated temperatures, etc. Such
glass films have long been used, but only a few kinetic studies of
their growth characteristics are available. The reason for the lack
of detailed kinetic studies is that such films were fabricated in
industrial reactors only. To some extent this can be explained by
the fact that the major component of practically interesting
(valuable) compositions of silicate glasses is SiO2 (the overall
concentration of other oxides is, as a rule, at most 30 mass%).
Because of this, the processes of chemical vapour deposition of
glasses are usually studied by analysing the changes upon the
introduction of the second, third, etc., components in the gas
mixtures constituting the source of silicon and oxidant.

Binary phosphosilicate glass (PSG) and ternary borophos-
phosilicate glass (BPSG) films are best studied and most widely
used in electronics.28, 30, 31,127 ± 137 A necessary feature of glass film
fabrication under the CVD conditions is the use of a strong
oxidant. In the absence of the strong oxidant or when using a
weak oxidant (e.g., N2O), it is impossible to fabricate glass films
without the use of excess silicon and carbon and the phosphorus
content in the films is at most 1 mass%. It is commonly accepted
that the glass-forming oxides (SiO2 , B2O3 and P2O5) are formed as
a result of independent oxidation reactions of hydrides SiH4 , PH3

and B2H6 , esters of silicic, boric, phosphorous and phosphoric
acids and boron and phosphorus chlorides under the CVD
conditions according to the schemes

4 PH3+5O2 2P2O5+6H2 ,

2 B2H6+3O2 2B2O3+6H2 .

However, exact equations of the oxidation reactions are
unknown because the compositions of the side products depend
on particular CVD conditions and have not been studied in detail
(see above).

There are two main methods of fabrication of phosphorus-
and boron-containing glass thin films, which are basic to indus-
trial deposition techniques. One of them involves a combination
of monosilane and hydrides, chlorides or organic esters at
deposition temperatures in the range 620 ± 720 K at atmospheric
pressure or at low pressure of reagents. The other uses a combi-
nation of TEOS with phosphine or organic esters of boric,
phosphorous or phosphoric acids and can be practically imple-
mented in three versions, viz., at 920 ± 100 K and low pressure, at
*673 K under PE-CVD conditions and at 670 ± 770 K and
atmospheric or reduced pressure of O3/O2 mixtures (ozone con-
centration varies from 4 mass% to 12 mass%). The character-
istics of five main industrial CVD processes are listed in Table 6.
All these methods can be used for fabrication of not only BPSG
thin films with boron and phosphorus concentrations of up to
*6 mass%± 8 mass% with respect to each element but also
silicon dioxide and binary glass films by appropriately combining
the starting reagents.

By and large, the glass film deposition processes are similar.
They are nearly first order reactions with respect to the silicon-
containing compounds and proceed in the presence of a large
excess of oxidants, which corresponds to a pseudozero order with
respect to the oxidants. The activation energies for the CVD
oxidation processes (except for plasma-enhanced processes)
reported by different authors lie in the range 62 ± 209 kJ mol71,
those of the PE processes being an order of magnitude lower.

The influence of phosphorus- and boron-containing com-
pounds on the parameters of the CVD processes of glass films is
illustrated in Fig. 28 a. Here, the ratios of the deposition rates (W )
of PSG and borosilicate glass (BSG) films to the deposition rate of
silicon dioxide (WSiO2

) are plotted vs. the change in the mole ratio
of the boron or phosphorus compounds to the mole ratio of the
silicon compound in the vapour phase.

In the presence of phosphorus-containing compounds the
oxidation reactions of silicon compounds are accelerated and
their activation energies appreciably decrease (by a factor of
1.3 ± 3). Acceleration of the reactions is favoured by a propor-
tional increase in the phosphorus content in the deposited PSG
andBPSG films, by a decrease in the film thickness uniformity and
by enhanced formation of aerosol side products. The greatest
acceleration of the CVDof silicate glass films (from 3 to 7 times) is
achieved when using a mixture of TEOS with PH3 while the
minimum acceleration is attained for the oxidation of monosilane
mixed with any phosphorus compound mentioned above.

The oxidation reactions of monosilane, phosphine and other
phosphorus compounds by dioxygen are known to proceed by a
branched chain mechanism (see above). Taking into account this
fact and the retardation of the oxidation reactions in the order
PH37PCl37organic esters, the acceleration of the oxidation
CVD processes studied clearly indicates their branched chain
mechanism. However, boron compounds cause the CVD proc-
esses involving monosilane and phosphine to slow down, i.e.,
inhibit the BCP. This is indicated by a decrease in the glass film
deposition rate in the course of the oxidation processes involving
monosilane and by a decrease in the phosphorus content in the
glass films upon introduction of boron compounds into the
starting gas mixtures. On the contrary, relatively slow TEOS
oxidation reactions are accelerated upon introduction of boron
compounds into the gas mixtures. The effect of the interaction
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between the boron and phosphorus compounds in the course of
CVD processes on the final parameters of the deposited BPSG
thin films can be characterised as follows: phosphorus compounds
favour incorporation of boron into the film deposited while boron
compounds inhibit the incorporation of phosphorus into the glass
thin film.

A good illustration of the influence of acceleration and
retardation of CVD processes is provided by Fig. 28 b. A model

flow reactor is characterised by a generalised SiO2 deposition rate
profile (curve 3) obtained by recalculating the experimental data
to the corresponding coordinates. Analysis of the experimental
profiles showed that the glass film deposition kinetics is governed
by the phosphorus compounds. The presence of phosphorus
compounds causes acceleration of the reactions and a shift of the
deposition rate profiles to the left (towards shorter residence
times) and favours the formation of aerosol reaction products.
At the same time the presence of boron compounds causes
retardation of the oxidation reactions and a shift of the deposition
rate profile to the right; no aerosol particles are observed in this
case (see Fig. 28 b). The limiting BPSG growth rates achieved in
different deposition processes can be *1.5 ± 2 times higher than
the growth rates listed in Table 6, which favours incorporation of
microparticles into the glass films. The directions in which
undesired aerosol effects in the deposition of BPSG thin films
increase are shown by arrows in Fig. 28 b.

A comparison of various oxidation processes used for glass
film deposition showed that in the case of PSG and BPSG the kef
value can lie in the range 1.1 ± 2.5 cm s71. Thus, in spite of
considerable differences between the deposition of SiO2 films
involving monosilane and TEOS, the kinetic characteristics of
these processes are quite similar to those of the deposition
processes of glass films of similar compositions.

The problem of the quality of the surfaces of films deposited is
topical when one deals with the CVDof glass films involving BCP.
The surface roughness of a glass film is characterised (naked-eye
observation) using such terms as `mirror', `with inclusions', `haze',
etc. The kinetic data on the CVD of glasses can be checked by
studying the surface roughness of the BPSG films obtained by
different methods using atomic force microscopy.138 This method
has been used in the thin-film surface roughness measurements
since the mid-1990s. Comparative studies of the surfaces of glass
films of different compositions have revealed some trends.138 For
instance, acceleration of the oxidation reactions by phosphorus
compounds makes the glass surfaces rougher while retardation of
the same oxidation reactions by boron compounds reduces the
surface roughness. The surface roughness of thin films fabricated
from TEOS by the methods 3 and 4 (see Table 6) lies in the range

Table 6. Main characteristics of industrial glass film deposition processes.30 ± 32

Characteristic or parameter CVD technology

1 2 3 4 (PE-CVD) 5 (HDP-CVD)

Reactor type see Fig. 4 a,c,d see Fig. 4 c,d see Fig. 4 b see Fig. 4 b see Ref. 6

Wafer diameter /mm 60, 76, 100 100, 150 150, 200 200 200

Deposition temperature /K 670 ± 730 970 ± 1130 710 ± 770 650 ± 690 650 ± 890

Plasma enhancement no no no yes yes

Silicon source SiH4 TEOS TEOS TEOS SiH4

Phosphorus and boron sources PH3 B2H6 , esters PH3 , PCl3 , esters esters esters PH3

Oxidant O2 O2 O3/O2 O2 O2

Pressure /Pa 60 ± 260 60 ± 260 (2 ± 10)6104 665 ± 1730 *0.6

Carrier gas N2/Ar Ar He N2 Ar

Growth rate /nm s71 *0.5 ± 8 (APCVD reactor), up to*0.35 5 ± 10 up to*17 *7

*0.08 ± 0.25 (LPCVD reactor)

Film thickness uniformity (�%) <10 <3 <1.5 <2 <2

Effect of phosphorus compounds on acceleration acceleration acceleration acceleration 7
the deposition process

Effect of boron compounds on retardation acceleration acceleration acceleration 7
the deposition process

tmax /s 40.025 *0.05 *0.05 7 7
kef /cm s71 2.0 ± 2.6 0.8 ± 1.1 1.1 ± 1.5 2 ± 5 7
Surface roughness /nm *12 (APCVD reactor), 7 *2.1 (APCVD 0.8 0.5

reactor),

*2.5 (LPCVD reactor) *0.9 (LPCVD

reactor)

Conformality (h2/h1) (%) 30740 60780 60780 10730 7
Gap-fill test (hst/G2) /mm71 7 7 <4 <1 >20
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Figure 28. Effect of phosphorus- and boron-containing compounds on

the parameters of CVD processes (a) and the influence of acceleration (1)

and retardation (2) of the oxidation reaction on the shape of the deposition

rate profile in a flow reactor (3) (b).28, 30 For details, see text.
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0.8 ± 2 nm. This is on average nearly 2.5 (6) times lower than
surface roughness of thin films fabricated frommonosilane by the
method 1 at atmospheric (low) pressure. This confirms the
occurrence of intense vapour-phase processes in the course of
CVD involving monosilane. The large difference between the
surface roughness of the thin films prepared at low and atmos-
pheric pressures can be explained by substantially different
growth rates.

The surface roughness of BSG thin films is about twice lower
than those of the PSG and BPSG thin films fabricated under
similar conditions. This result clearly indicates a decrease in the
intensity of vapour-phase reactions in the presence of boron-
containing compounds in the gas mixture. The maximum surface
roughness of silicon dioxide films prepared by the oxidation of
TEOS by aO3/O2mixture is*6 nm. This value decreases bymore
than an order of magnitude upon introduction of esters of boric
and phosphoric acids to the gas mixture; apparently, in this case
the mechanism of the CVD process changes.

Acceleration and retardation of oxidation processes by phos-
phorus and boron compounds suggests that the oxidation of the
gas mixture components involves formation of common inter-
mediates rather than intermediate products of individual reac-
tions. Although the mechanisms of the oxidation reactions
proceeding in the course of BPSG fabrication have not been
studied so far, the totality of kinetic data on the influence of
phosphorus compounds unambiguously points to the similarity of
the mechanisms of the PSG and BPSG film deposition reactions
involving radicals formed in the interaction between phosphorus-
containing compounds and oxidants. This was included in a
generalised scheme of the synthesis of oxide films,28, 30 which is
based on the concept of multistage and multipath processes of the
growth of dielectric films under CVD conditions (see above).

A scheme of the deposition of silicon dioxide and glass films is
presented in Fig. 29 (shown is an example of a multicomponent
chemical reaction involving TEOS, for which the acceleration
effect is most pronounced). Heterogeneous formation of silicon
dioxide (route I ) proceeds either as pyrolysis of TEOS on the
surface at high temperatures or, in the presence of ozone, as a
reaction of adsorbed TEOS and ozone at low temperatures. In the
latter case the structure of the film deposited is rougher and more
porous than the structure of silicon dioxide films fabricated using
oxygen as oxidant. This indicates that the silicon dioxide films are
more structurally ordered. If boron and phosphorus compounds
are introduced in the gas mixture, the process follows a two-stage
scheme (route II), which implies homogeneous formation of
intermediate products IX and IY involving phosphorus-containing
radicals (asterisked) followed by heterogeneous transformation of
IX and IY into the film deposited on the wafer. In the case of PSG

and BPSG, the film growth processes are limited by the stage of
homogeneous formation of intermediate products IX , whereas the
growth of borosilicate glass films following the second route is
limited by the heterogeneous stage of consumption of intermedi-
ate products IY . Aerosols are formed following route III involving
formation of clusters (including those containing boron and
phosphorus oxides) in the vapour phase.

A characteristic feature of glassy materials obtained from
organic esters is the presence of carbon impurities in the films
deposited. For instance, SIMS studies of phosphorus-enriched
films prepared by the method 3 (7 mass% of phosphorus and
3 mass% of boron) revealed a uniform distribution of carbon
along the film thickness and showed that its content is nearly three
times lower than in the films with a similar content of phosphorus
(4 mass%) and boron (4.5 mass%), being *1.0561019 and
*3.1961019 atom cm73, respectively. Hydrogen impurities are
present in glasses obtained by all deposition techniques. Gener-
ally, the content of hydrogen increases if the CVD temperature is
below 670 K. The PSG and BPSG thin films freshly deposited by
the method 3 and containing 4 mass% of boron and phosphorus
are characterised by uniform distribution of hydrogen, its initial
content being equal to *361020 atom cm73. The content of
hydrogen in the glass films prepared by the methods 4 and 5 is
*661020 and*461020 atom cm73, respectively.

Because of multicomponent composition of silicate glasses,
many factors must be controlled. Among them, the most impor-
tant is the behaviour of the phosphorus and boron components of
the glass. Their concentrations and uniformity of distribution
across the surfaces of wafers are determined either using destruc-
tive methods of spectral analysis, dissolution, etc., or by pre-
calibrated non-destructive methods (IR spectroscopy and X-ray
fluorescence).

The compositions of the glass thin films prepared by CVD in
the presence of a large excess of oxidants are similar to the
compositions of stoichiometric glasses, i.e., the films contain
silicon, boron and phosphorus oxides SiO2 , B2O3 and P2O5,
respectively. The absence of excess silicon is indicated by the
refractive index values of these thin films (from 1.44 to 1.48)
measured by ellipsometry. Phosphorus-containing compounds
are oxidised to P2O5 ; however, in some cases ion chromatography
of glasses reveals the presence (less than*1 mass%) of phospho-
rus in the oxidation state +3, which corresponds to the phospho-
rus oxide P2O3 . This is characteristic of the low-temperature
processes of PSG and BPSG deposition from hydrides at low
pressure and of the plasma-enhanced deposition techniques
involving phosphines under oxidant-deficient conditions (or in
the presence of a weak oxidant) at considerable high-frequency
power supplied. For the plasma-enhanced glass deposition tech-
niques, it was also reported that the ESCA spectra revealed the
formation of not only the P7O (134 eV) but also the Si7P
(130 eV) bond. Only phosphorus in the oxidation state +5 is
detected in the thin films prepared using the oxidation systems
involving organic esters at large excesses of oxidants. No phos-
phorus in other oxidation states was detected in the PSG thin films
deposited in high-density plasma involving hydrides.139 The use of
appropriate synthetic strategy leads to uniform distribution of
boron and phosphorus along the thickness of different BPSG thin
films; this was confirmed by the results of layer-by-layer SIMS
analysis.

Silicate glass thin films possess different properties. First of
all, such films differ in degree of structural imperfection (defect-
ness). One must distinguish between two components of this
parameter. One component characterises the deposition technique
itself (i.e., the state of the equipment and the extent of optimisa-
tion of the deposition conditions) and is measured immediately
after the deposition. The second component characterises the
degree of defect of glasses as a specific property of the glassy
material (e.g., BPSG) and manifests itself when the glass film is
exposed to atmospheric air. Depending on the glass composition,
the value of this component can increase by several orders of

Path I Path II Path III

O3+TEOS+O2

(C2H5O)3PO

(C2H5O)3B*

IX IY

O3(ads) TEOS(ads)

Porous silicon
dioxide film

Relatively porous
glass film

Relatively porous
glass film containing
embedded clusters

Figure 29. Three-path scheme of chemical vapour deposition of SiO2 and

glass films in a chemical system containing organic esters of silicic, boric

and phosphoric acids.28, 132
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magnitude over short time intervals.134 Problems concerned with
the defectness of glass films are summarised in Refs 31 and 133 ±
135.

Different properties of the glass thin films were explained by
their different compositions and structures due to the use of a
variety of deposition methods. The structure of the BPSG thin
films is first of all determined by the boron-to-phosphorus oxide
ratio in the glass. The dependence of the reactivity of the BPSG
thin films towards, e.g., absorbed water vapours H2O(abs) present
in the air on the film composition can be explained by the presence
of boron atoms coordinated to three oxygen atoms (BO3) in the
glass network, in which the silicon and phosphorus oxides are
present in the form of tetrahedral SiO4 and PO4 units. The glass
structural fragments (:Si7O7)3OP and (:Si7O7)3B react
with water vapour as follows:

(:Si7O7)3OP+H2O(abs) :Si7OH+(:Si7O7)2OPOH,

(:Si7O7)3B+H2O(abs) :Si7OH+(:Si7O7)2BOH.

Prolonged interaction between the glass andwater vapour and
replacement of :Si7O7 groups by 7OH groups lead to
gradual leaching of boron and phosphorus from the glass film
and formation of droplets containing phosphoric and boric acids
on the glass surface. It was shown that the content of boron atoms
coordinated to three oxygen atoms decreases with an increase in
the concentration of phosphorus oxide in the glass film and that
the content of boron atoms coordinated to four oxygen atoms
increases. As a result, an increase in the phosphorus-to-boron
content ratio in the glass makes the material less reactive towards
water vapour in air.

Interrelation between the properties of glasses and specific
features of deposition processes can be explained as follows. The
most important physical property of glass thin films is their
effective density (or its reciprocal, porosity). Unfortunately, no
data on the density of the BPSG thin films, measured by direct
methods are available in the literature as yet. Based on the totality
of data on, in particular, the shrinkage and etch rates of samples in
aqueous solutions of hydrofluoric acid, the highest porosity was
ascribed to silicon dioxide, PSG, BSG and BPSG thin films
fabricated by low-temperature oxidation of organic esters by
O3/O2 following the method 3 (see Table 6). The lowest porosity
was ascribed to the thin films of the same glasses, fabricated by the
PE-CVD (method 4) and especially the HDP-CVD (method 5)
techniques. The highest porosity of the SiO2 and BSG thin films
fabricated using the method 3 is associated with low kef value.
This process was described in the framework of the two-stage
scheme of sequential reactions with the heterogeneous limiting
stage involving consumption of intermediate products, which is
responsible for the formation of disordered glass structures in the
course of the CVD process. On the contrary, fast deposition
processes described in the framework of the two-stage scheme of
sequential reactions with the homogeneous limiting stage involv-
ing formation of intermediate products make it possible to grow
much more ordered (i.e., dense) thin films.

VIII. Conclusion

The authors of this review presented the key information on the
chemical vapour deposition of layered dielectric materials and on
the properties of covalent dielectrics used in electronics. Layered
dielectric composites can be used not only in high-precision
technologies but also in mechanical engineering, power engineer-
ing, medicine, etc., the CVD methods are considered to be quite
promising because they provide unique possibilities of deposition
of thin and ultrathin coatings with preset properties and high
mechanical and adhesive characteristics on surfaces with com-
plex-shape reliefs.

Chemical transformations of reagents on the surface of a
growing layer in the course of the CVD process occur within a
layer that is somewhat thicker than a monolayer. This is basic to

the definition of the reaction zone concept. For different CVD
processes, the thickness of the reaction zone can vary between a
few and several tens of AÊ ngstroÈ ms. Because of the lack of reliable
information on the structure of the reaction zone, researchers are
forced to employ a traditionally used description of heterogeneous
processes, which is based on the concept of an ideal adsorption
layer (Langmuir ±Hinshelwood or Ealey ±Rideal kinetics), which
uses physically incorrect models. Further progress in the CVD
methods is closely related to the studies on the structure and
dynamics of the reaction zone, which govern not only the
dynamics and kinetics of the processes but also the main charac-
teristics of the growing layer. Advances in solving the problems
considered above are to a great extent due to the use of modern
experimental equipment and especially the in situ recording tech-
niques used in the course of the CVD processes. These are, e.g.,
automatic ellipsometry and piezoquartz microbalance methods,
which allow the dynamics and (under steady-state conditions) the
kinetics of the process to be investigated. The laser heating
technique (chemical thermometer) permits separation of the
contribution of pure vapour-phase stages while the IR and
Raman spectroscopies provide the possibility of monitoring the
composition and temperature of the reacting gas flow. Modern
methods of investigation of the aerosol phase make it possible to
study nucleation in the vapour phase and to control the structural
homogeneity of the deposited coatings.
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