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(57) ABSTRACT 

A method for the controlled growth of thin films by atomic 
layer deposition by making use of multilayers and using 
energetic radicals to facilitate the process is described in this 
invention. In this method, a first reactant is admitted into the 
reaction chamber Volume, where there is a Substrate to be 
coated. This first reactant then adsorbs, in a Self-limiting 
process, onto the Substrate to be coated. After removing this 
first reactant from the reaction chamber Volume, leaving a 
layer coating the Substrate, a Second reactant is then admit 
ted into the reaction chamber Volume, which adsorbs onto 
this initial layer in a Self-limiting process. The Second 
reactant is then also removed from the reaction chamber 
volume. Following this procedure a self-limited multilayer 
of unreacted Species remains adsorbed on the Substrate to be 
coated. If additional chemical Species are desirable, these 
exposures and removals could be continued. Next this 
multilayer is exposed to a flux of radicals. In particular, 
radicals are chosen that will not damage or have any 
deleterious effect on the Surface underlying the deposited 
film. When these energetic radicals interact with the surface 
and release their energy, a chemical reaction between the 
adsorbed species is induced, and a layer of Solid reaction 
product can be formed. This proceSS is repeated to grow a 
thin film of any desired thickness. 

TME 
ONE CYCLE 

  



Patent Application Publication Nov. 11, 2004 Sheet 1 of 2 US 2004/0221798A1 

FIRST 
REACTANT 

SECON) 
REACTANT 

NERT GAS 

ELECTRICAL 
POWER 
SUPPLY 

— ONE CYCLE —- TIME 

FIGURE 1 

  



Patent Application Publication Nov. 11, 2004 Sheet 2 of 2 US 2004/0221798 A1 

EXHAUST 

FIGURE 2 

  



US 2004/0221798 A1 

ATOMIC LAYER DEPOSITION USING 
MULTILAYERS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. Not Applicable 

FEDERALLY SPONSORED RESEARCH 

0002) Not Applicable 

SEQUENCE LISTING OR PROGRAM 

0003) Not Applicable 

BACKGROUND OF THE INVENTION 

0004 Field of Invention 
0005 The present invention describes a new method of 
deposition of Solid thin films of any composition, onto a 
Substrate, using the technique of atomic layer deposition 
(ALD). The self-limited layer being converted at each cycle 
contains two or more unreacted chemical species (a multi 
layer). These species, contained in a multilayer, are chosen 
Such that they are capable of undergoing a chemical reac 
tion, where one of the reaction products can be a Solid. 
Instead of heating the Substrate to enable the chemical 
reaction to proceed, the energy released from the deexcita 
tion of an impinging flux of energetic radicals is used. 
Specifically, the radicals used are those that do not damage 
or have any deleterious effect on the Surface underlying the 
deposited film. 
0006 Atomic Layer Deposition (ALD) is a recent varia 
tion on the older technology referred to as Chemical Vapor 
Deposition (CVD). Over the years most CVD processes 
have used a mixture of two or more gases flowing over a 
heated Substrate So that a chemical reaction may occur 
between the reactant gases at the Substrate Surface. When the 
reaction products include Solid Species this allows a thin 
Solid film to grow on the Surface. The optimum choice of 
reactants for a CVD proceSS is generally a mixture of the 
most reactive gases available. This allows film deposition at 
the highest rates, and at the lowest Substrate temperatures. 
However, Since the gas approaching the heated Surface will 
be heated by gas phase conduction, it would also be desir 
able if the gas mixture were to remain thermally stable until 
it impinges the Surface. If the mixture is not thermally stable 
gas phase reactions can occur, and then in the worst case one 
can have particles forming in the gas phase which end up 
being imbedded in the growing thin film. 
0007. Therefore, one has to compromise on the choices 
of gas phase reactants to use. It is this situation that has 
fueled much of the CVD research over the last thirty years. 
0008 For the invention described in this patent applica 
tion, we use a method of depositing a thin film by the related 
technique of atomic layer deposition (ALD). In this depo 
Sition method, the presentation of the two reactants to a 
heated Substrate is separated into two steps. In Step one, the 
Substrate is exposed to a first chemical reactant after which 
this reactant is removed from the reaction chamber Volume. 
During this exposure approximately one monolayer of the 
first reactant adsorbs onto the Substrate, and remains after 
this reactant is removed from the chamber. Next, the Sub 
Strate coated with the first reactant is exposed to a Second 
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reactant, which is introduced into the chamber. Provided that 
the Substrate is hot enough, the two reactants react to form 
a layer of the Solid film being Sought. After this, the 
unreacted gaseous Second reactant and any reaction products 
are removed from the reaction chamber volume. This pro 
ceSS is repeated as many times as necessary to grow a film 
of the desired thickness. Clearly with this process, gas phase 
reactions can be eliminated, So that one is free to choose the 
most reactive reactants available and film deposition tem 
peratures can be lower. Unfortunately, the one disadvantage 
is that the film deposition rate is low. For those applications 
where very thin films are of interest, this becomes less of a 
limitation. 

0009. In many applications, this thermal ALD method 
produces acceptable films. There are instances, however, 
where either it is impractical to deposit a particular film or 
the film quality is not as good as desired. For those situa 
tions, a newer technique that makes use of more energetic 
Second reactants can be used to facilitate the proceSS. Such 
a technique is described in U.S. Pat. No. 5,916,365 and can 
be referred to as radical enhanced ALD. 

0010 For this process, the second reactant in the cycle is 
a radical, which is just a very energetic chemical Species that 
will react readily with the adsorbed first reactant at a modest 
temperature. 

0011. In general a radical would be defined as any 
unstable or excited Species that may be found when a stable 
gas is Subjected to a glow discharge. For a monatomic Stable 
Species Such as a noble gas (He, Ne, Ar, Kr, Xe, or Rn) it 
could be an electronically excited atom, which would be 
very energetic but not chemically active. In other words, we 
would not expect the noble gas atom to participate in any 
chemical reaction other than to contribute its excitation 
energy when it is deeXcited. When the Stable gaseous Species 
is a molecule, it could be an unstable ground State atom or 
molecule created by dissociation which may participate in a 
chemical reaction. In addition, any of the atomic or molecu 
lar species created in Such a glow discharge could also be 
electronically excited. Finally, in any glow discharge ions, 
which are electrically charged species, will be formed. 
0012. As a simple example, a glow discharge in helium 
gas will produce electronically excited helium (He), and 
helium ions (He", electrically charged atoms). A slightly 
more complex example would be a glow discharge in 
hydrogen gas (H), which will then dissociate to produce 
ground State hydrogen atoms (H), electronically excited 
hydrogen atoms (H), and hydrogen ions (electrically 
charged hydrogen atoms or molecules). Finally, a more 
complex example would be a glow discharge in a poly 
atomic gas. For example, a glow discharge in ammonia 
vapor (NH) will produce a number of atomic and molecular 
species, such as N, NH, H, NH, H, N, etc. Any of these 
could be electronically excited or electrically charged. 

0013 All of these radicals will cease to exist when no 
longer under the influence of the glow discharge. Some will 
disappear quickly, Such as most electronically excited Spe 
cies, by radiating away their excitation energy. One excep 
tion would be metastable Species, which are excited into 
forbidden electronic states. These typically survive for 
appreciable times. Atomic and molecular fragments will be 
lost due to recombination into stable molecular species (i.e. 
H+H->H). Finally, ions will be lost when they recombine 
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with other charged species (i.e. H"+e->H). All of these 
radicals will release considerable energy when they return to 
their unexcited ground State, and this energy is useful in 
promoting the Surface reactions we are interested in. As a 
result, it is no longer necessary to heat the Surface to a high 
temperature to achieve a Surface chemical reaction. A num 
ber of useful radicals are described in U.S. Pat. No. 5,916, 
365. 

0.014. It is also important to note that with the availability 
of energetic chemically active radicals to enable Surface 
reactions at lower temperatures, many more ALD reactions 
become feasible and Strict reliance on high temperature 
adsorption of reactants is no longer mandatory. 

0.015. In all of the above discussion, no mention has been 
made of the material onto which we wish to grow our film. 
In many cases, this may not be of any concern. However, the 
radicals are very energetic, and may also be chemically 
active. Therefore, there can be Some situations where the 
presence of a radical on the initial Surface may be harmful. 
For example, it is well known that radical enhanced ALD 
can be used to deposit electrically conducting films (i.e. 
metals) using hydrogen atoms to reduce Suitable reactants. 
For oxide films it would be appropriate to use oxygen atoms 
to oxidize available reactants. Now for those instances 
where we wish to deposit electrically conducting metallic 
films onto oxides, or oxides onto electrically conducting 
metallic materials, there can be a disadvantage to the use of 
certain chemically active radicals. For example, initially 
growing a partial monolayer of metal onto a layer of oxide, 
using hydrogen atoms as the Second reactant, could result in 
Some reduction in the thickness of the underlying oxide. 
Such reduction could cause the oxide layer to thin Signifi 
cantly thereby reducing its dielectric Strength. Similarly, 
growing a partial layer of oxide onto a metal layer with 
oxygen atoms as the Second reactant, would result in Some 
oxidization of the underlying metal film thereby increasing 
its electrical resistance. This matter would be of greatest 
concern when depositing onto very thin layers. Since the 
growth of extremely thin layers (i.e. 10-100 A) is being 
explored today for many advanced integrated circuits, a 
Solution to this concern is of commercial importance. 
0016. In a recent ALD paper, Y. J. Lee and S-W. Kang, 
Ti Al N Thin Films Prepared by the Combination of 
Melallorganic Plasma-Enhanced Atomic Layer Deposition 
of Al and TiN, Electrochem. Solid-State Lett. 6, C-70 (2003), 
there is a description of an ALD process where within each 
cycle a hot Substrate is exposed Sequentially to two stable 
chemical reactants, and then a glow discharge in hydrogen 
gas. However, the authors are performing a thermal ALD 
proceSS by relying on heat to cause the two adsorbed 
reactants to undergo a Surface chemical reaction to first form 
a stable thin film. Then the hydrogen radicals are used to 
remove impurities from this film. Clearly, if this process 
were to be used to deposit Such a film Over a thin oxide layer, 
the hydrogen plasma would reduce the oxide, and possibly 
diffuse into underlying Structures damaging them as well. 

SUMMARY 

0.017. In one embodiment, the present invention provides 
a method for the application of radical enhanced ALD while 
limiting the use of certain chemically reactive radicals, when 
desirable. This method operates by creating an adsorbed 
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multilayer of Stable chemical Species, which is then chemi 
cally converted with energy released from a flux of energetic 
radicals. If one of the products of this Surface reaction is a 
solid, a thin film will be formed. The process requires a 
minimum of three exposures for each cycle, and the cycle is 
then repeated many times to grow a thin film of any desired 
thickness. 

0018. It is the object of this invention to allow growth of 
low temperature, uniform and conformal, thin films of any 
material from adsorbed Stable molecular species (a multi 
layer) using radicals to facilitate the Surface chemical reac 
tion. In particular, this new proceSS can enable the growth of 
solid thin films without the introduction of radical species 
that may react with or damage the Surface being deposited 
Onto. 

DRAWING-FIGURES 

0019 FIG. 1 illustrates a process cycle for the radical 
enhanced ALD growth of a thin film from a multilayer. 
0020 FIG. 2 is a schematic drawing of a typical radical 
enhanced ALD reactor that can be used for the deposition of 
films from multilayers. 

DRAWINGS REFERENCE NUMERALS 

0021) 

first reactant 
second reactant 
inert carrier gas 
valve 
valve 
valve 
reaction chamber 
electrical power supply 
valve 
vacuum pump 
control system 

DETAILED DESCRIPTION FIGS 1 AND 
2- PREFERRED EMBODIMENT 

0022 FIG. 1 is a timing cycle showing the first of many 
cycles that can be used to create and convert a multilayer to 
a Solid thin film at low temperature, while avoiding reactive 
Species that might damage the material being deposited on. 
All of the reactants are delivered to the reaction chamber as 
gaseous materials. If any one of them is liquid or Solid at 
room temperature, that reactant has to be heated to provide 
adequate vapor pressure. In order to move gases into and out 
of a reaction chamber, while maintaining a low chamber 
preSSure, well below atmospheric, a vacuum pump will be 
required at the chamber exhaust. Reaction chamber preSSure 
will typically range around 1 torr, or less. In Some cases, the 
reactant may be carried into the reaction chamber with the 
aid of an inert gas. This gas will not participate in the Surface 
reactions we will be interested in chemically, Since it is by 
definition inert. 

0023 Prior to the first cycle, the vacuum pump is typi 
cally used to lower air pressure Sufficiently to enable intro 
duction of the first reactant. As shown in FIG. 1, the first 
reactant is introduced into the evacuated reaction chamber 
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for t seconds. This should enable this material to adsorb 
onto the Substrate Surface. Next this reactant is removed 
from the reaction chamber Volume for t Seconds, with the 
aid of the vacuum pump, leaving behind approximately one 
or more monolayerS on the Substrate. Following this step, a 
Second reactant is introduced into the reaction chamber in a 
Similar fashion, with an exposure oft Seconds. This should 
enable approximately one monolayer of the Second reactant 
to adsorb onto the Substrate, forming a multilayer. AS before, 
this Second reactant is removed from the reaction chamber 
Volume by pumping with the vacuum pump fort Seconds. 
0024. The time required to effect the evacuation will 
depend on a number of hardware issues, Such as reaction 
chamber Volume, vacuum pump size, desired final low 
preSSure, etc. If an inert gas is used as the carrier for the 
reactants, then we can accomplish the removal of each 
reactant by reducing its partial pressure to Some acceptably 
low value. 

0.025. With the multilayer in place at the end of t, an 
inert gas is introduced into the reaction chamber and a glow 
discharge established a short time later by activating the 
electrical power Supply to produce the desired radical Spe 
cies. The radical flux is then maintained by applying the 
glow discharge for t Seconds, the time needed to promote 
the Surface reaction desired. After the electrical power 
Supply is turned off, and the glow discharge is extinguished, 
the inert gas will continue to flow for a short time. Next, the 
inert gas can be removed by pumping for t Seconds with 
the vacuum pump. Upon completion of this evacuation, the 
cycle can be repeated. Depending on the film thickneSS 
desired, many additional cycles can be run. 
0026. Under some circumstances it may be desirable to 
allow the inert gas to flow continuously during the process. 
This would still require a vacuum pump to be running to 
maintain the necessary low preSSure in the chamber. In this 
case the cycle of FIG. 1 would be the same, and the radical 
generation would begin whenever the electrical power Sup 
ply was turned on. It would end when the electrical power 
Supply was turned off. 
0027. The process described above can be carried out in 
any one of the radical enhanced ALD reactors described in 
the recent patent literature (see list of patents in references). 
The essential components of Such a reactor are shown 
schematically in FIG. 2. The ALD reactor 7 consists of a 
Vacuum tight reaction chamber where a Substrate can Sit on 
a Susceptor which may be heated. In addition, it will include 
a means of creating the radicals needed to operate this 
process. Two ways to create Such radicals using a glow 
discharge are described in U.S. Pat. No. 5,916,365. One is 
referred to as a direct plasma technique. In this case, a glow 
discharge is created in the reaction chamber where the 
Substrate sits, and the Substrate Surface is exposed to all of 
the radicals created including ions. For those cases where the 
ion energy is large enough to damage the material on which 
the film is being grown, one can resort to the use of a remote 
plasma. That is, the plasma is created in an area of the 
reaction chamber a distance from the Substrate, and only the 
neutral radicals are able to Strike the Substrate. 

0028. As shown in FIG. 2, the reactants 1 and 2 are 
introduced to the reaction chamber, through electrically 
operated valves 4 and 5. Typically, the reactants are the 
Vapors from a liquid or Solid Source. They may be pulsed in 
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as a pure vapor or they may be entrained in an inert carrier 
gas. The inert gas 3 used to create radicals in the glow 
discharge is introduced through Valve 6. Radicals are created 
in the chamber 7 by activating the electrical power Supply 8. 
Finally, one more electrically operated valve 9 can be used 
to completely isolate the reaction chamber from the vacuum 
pump 10, if desired. All valves as well as the glow discharge 
electrical power Supply are operated by control System 11, 
which is typically a dedicated Small computer System. 

0029. As noted earlier, there are two ways to operate such 
a System, and from a process point of View they create 
entirely equivalent films. In one mode, either of the two 
reactants 1 and 2 can be introduced into a closed reaction 
chamber, by opening for a short time (pulsing) either valve 
4 or 5. All valves are left closed after the pulse for a short 
period of time. After this time, valve 9 would be opened and 
the vacuum pump 10 would remove any gaseous residual. 
However, the time needed to reduce the reactant residual 
Vapor pressure down to an acceptable level may be exces 
Sive. In this case, purging the reaction chamber with an inert 
gas could be useful. Accordingly, the Second mode leaves 
Valve 6 and 9 open at all times, So that an inert gas 3 is 
always flowing. When one of the two first reactants is to be 
Supplied, valve 4 or 5 is opened (pulsed), and the reactant is 
entrained in the inert gas flow. When radicals are being 
generated from the inert gas alone the electrical power 
Supply 8 is turned on. This Second mode is equivalent to the 
cycle purge technique commonly used in the Semiconductor 
industry to rapidly and efficiently remove reactive gases 
from gas lines and reaction chambers. 
0030. In the semiconductor industry a substrate would be 
a Silicon or compound Semiconductor wafer. In those Situ 
ations in this industry where Single wafer reactor Systems are 
chosen, throughput (wafers per hour) can be an important 
issue. Accordingly, commercial Single wafer reactors are 
often designed to run in the Second mode. However, in Some 
cases batch reactors (many wafers processed at one time) are 
preferred, and then operation in the first mode may be 
appropriate. 

EXAMPLE 1. 

0.031) Deposition of thin films of titanium nitride (TiN) 
onto any Substrate Surface, but particularly oxide Surfaces, 
can be accomplished from the reaction between titanium 
tetrachloride (TiCl) and ammonia (NH) using a multilayer 
at moderate temperatures, without exposing the Surface to 
any flux of reducing radicals. By the present process, we 
expose the surface to a first flux of TiCl, vapor, which then 
creates a Self-limited layer of this compound on the Substrate 
Surface. Next, we expose this Surface coated with a layer of 
TiCl, molecules to a second flux of NH vapor, which 
creates a multilayer of TiCl, and NH. Finally, we expose 
this multilayer to a flux of atomic nitrogen radicals created 
in a glow discharge. Energy delivered to the multilayer when 
the nitrogen atoms recombine to reform nitrogen molecules 
will Stimulate a chemical reaction to convert it to approxi 
mately a monolayer of TiN, according to the following 
formula. 

TiCl-NH+2N (recombination energy)->TiN(s)+ 
3HCI+1/2CL +N 

0032. A similar result will be obtained if we create a glow 
discharge in a noble gas, because many energetic radicals 
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(ions and metastable species) will be formed. When these 
radicals impinge the Substrate Surface they will give up their 
energy to the Surface, again facilitating the above chemical 
reaction. 

0.033 Of particular importance, we observe that neither 
the nitrogen atoms nor metastable noble gas atoms are 
capable of reducing any oxide surface that the TiN film may 
be grown on. 
0034. In order to confirm the feasibility of executing the 
above process, a deposition was carried out on a Sample of 
non-conducting thermally oxidized Silicon. Deposition tem 
perature was 200 C., and the times used, as shown in FIG. 
1, were 

t1 = 2 Sec, 
tE1 = 4 Sec, 

t2 = 2 Sec, 
tE2 = 2 Sec, 

t = 30 sec 
tE3 = 2 Sec 

0035 for a cycle time of 42 sec. A total of 400 cycles 
were carried out using a remote nitrogen plasma generated 
inductively by a coil operated at 350 watts and a frequency 
of 13.56 Hz. The purge gas was also nitrogen. 
0.036 The substrate surface was observed to be electri 
cally conducting and coated with a hard adherent TiN film. 
The film could not be Scratched, and was adherent enough 
to pass the Scotch tape test. 

EXAMPLE 2 

0037 Aluminum oxide (Al2O) can also be deposited, by 
this new process, at a low temperature from a trimethyl 
aluminum -TMA-(Al(CH)) and water vapor (HO) mul 
tilayer by this new process, with radicals that will not 
oxidize an underlying metal Surface. In a first exposure, the 
substrate is exposed to TMA vapor, which will leave a 
self-limited layer of TMA on its surface. Next, this surface 
is exposed to water vapor, which will leave a Second 
self-limited layer of HO molecules on the initial layer. This 
multilayer will than be exposed to a flux of metastable 
atoms, such as He. As before, when the He* gives up its 
excitation energy to the Surface, that energy will cause a 
chemical reaction in the multilayer to yield aluminum oxide. 

6CH(t)+He 
0.038 Again we recognize that no radicals that could 
oxidize any underlying material (Such as oxygen atoms) 
have been used. 

EXAMPLE 3 

0.039 Next, we can deposit elemental films, either con 
ductors or Semiconductors by a similar technique. For 
example, titanium (Ti) can be deposited from titanium 
tetrachloride (TiCl) and hydrogen (H). The first exposure 
would be to TiCl, vapor resulting in a self-limited layer of 
this molecule on the Substrate. A Second exposure to hydro 
gen gas (H) would result in another Self-limited layer of 
hydrogen molecules on top of the first layer. This multilayer 
would then be converted to titanium metal by a flux of 
excited noble gas atoms. Again, a glow discharge in He 
would produce the desired He radicals. 
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0040 Again, no reducing radicals (Such as hydrogen 
atoms) would be present to attack an underlying Surface of 
oxide. 

EXAMPLE 4 

0041 Finally, we can deposit carbide films by a similar 
technique. For example, Silicon carbide (SiC) can be depos 
ited from silicon tetrachloride (SiCl) and methane (CH). 
The first exposure would be to SiCl, vapor resulting in a 
self-limited layer of this molecule on the substrate. A second 
exposure to methane gas (CH) would result in another 
self-limited layer of methane molecules on top of the first 
layer. This multilayer could then be converted to silicon 
carbide by a flux of excited noble gas atoms, Such as He. 

0042. Again, no reducing radicals (Such as hydrogen 
atoms) or oxidizing radicals (such as oxygen atoms) would 
be present to attack an underlying Surface. 
0043. While the invention has been illustrated specifi 
cally with regard to particular methods of carrying out the 
Same, it is clear that variations and modifications can be 
made. It will also be evident from the earlier discussion that 
the present invention will Substantially advance the State of 
the art in the commercial application of radical enhanced 
Atomic Layer Deposition of thin films. The method of this 
invention uniquely enables application of radical enhanced 
processes to Situations where oxides are to be deposited onto 
metallic electrical conductors, or where metallic electrical 
conductors are to be deposited onto oxides. 
0044) While the invention has been particularly shown 
and described with reference to preferred embodiments, it 
will be understood by those skilled in the art that the 
foregoing and other changes in the form and details may be 
made without departing from the Spirit or Scope of the 
invention. 

I claim: 
1. A process of growing a thin film on a Substrate in a 

reaction chamber by an atomic layer deposition process 
comprising a plurality of cycles, wherein at least one cycle 
comprises, in Sequence: 

exposing the Substrate to a gaseous first reactant, includ 
ing an element of the thin film to be formed, wherein 
at least a portion of the first reactant adsorbs on the 
Substrate; 

Stopping provision of the gaseous first reactant and 
removing Substantially all of the gaseous first reactant 
from the volume of the reaction chamber; 

exposing the Substrate, coated with at least a portion of the 
first reactant, to a gaseous Second reactant, wherein at 
least a portion of the Second reactant adsorbs on the 
Substrate; 

Stopping provision of the gaseous Second reactant and 
removing Substantially all of the gaseous Second reac 
tant from the volume of the reaction chamber; 

exposing the Substrate, coated with a multilayer of first 
and Second reactants, to a gaseous third reactant of 
radicals, wherein the radicals cause a chemical reaction 
which converts the multilayer to one or more elements 
or compounds, wherein a thin film is formed; and 
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Stopping provision of the gaseous third reactant of radi 
cals, and removing the gaseous third reactant of radi 
cals, as well as any reaction products, from the reaction 
chamber. 

2. The process of claim 1, wherein the gaseous third 
reactant of radicals is chosen So as to not chemically interact 
with the original Surface of the Substrate being deposited 
upon. 

3. The process of claim 1, wherein the gaseous first 
reactant is a molecule containing a metal or Semiconductor 
element, and the gaseous Second reactant is hydrogen, 
enabling the deposition of pure metal or elemental Semicon 
ductor films when the adsorbed multilayer is exposed to a 
flux of radicals. 

4. The process of claim 1, wherein the gaseous first 
reactant is a molecule containing a metal or Semiconductor 
element, and the gaseous Second reactant is chosen from the 
group of molecules containing hydrogen and nitrogen 
atoms, enabling the deposition of nitride films when the 
adsorbed multilayer is exposed to a flux of radicals. 

5. The process of claim 1, wherein the gaseous first 
reactant is a molecule containing a metal or Semiconductor 
element, and the gaseous Second reactant is chosen from the 
group consisting of water vapor, hydrogen peroxide, OZone, 
nitrogen oxide, or nitrous oxide, or a combination thereof, 
enabling the deposition of oxide films when the adsorbed 
multilayer is exposed to a flux of radicals. 

6. The process of claim 1, wherein the gaseous first 
reactant is a molecule containing a metal or semiconductor 
element, and the gaseous Second reactant is chosen from the 
group of molecules containing hydrogen and carbon atoms, 
enabling the deposition of carbide films when the adsorbed 
multilayer is exposed to a flux of radicals. 

7. The process of claim 1, wherein the Substrates to be 
coated are maintained attemperatures below which a chemi 
cal reaction will occur in the adsorbed multilayer. 

8. The process of claim 1, wherein the gaseous third 
reactant of radicals are generated in a glow discharge. 

9. The process of claim 8, wherein the gaseous third 
reactant of radicals are generated remotely when an inert gas 
flows through a glow discharge in communication with the 
reaction chamber wherein the Substrate being coated is 
located. 

10. The process of claim 8, wherein the substrate being 
coated is positioned within the reaction chamber wherein a 
glow discharge in an inert gas creates the gaseous third 
reactant of radicals. 

11. The process of claim 1, wherein the gaseous third 
reactant of radicals is created by exciting a noble gas in a 
glow discharge. 

12. The process of claim 1, wherein the gaseous third 
reactant of radicals are created in a glow discharge in 
nitrogen gas. 

13. The process of claim 1, wherein one of the first two 
gaseous reactants contains a halogen atom. 

14. The process of claim 1, wherein one of the first two 
gaseous reactants is a metal-organic molecule. 

15. The process of claim 1, wherein one of the gaseous 
reactants is titanium tetrachloride, the Second gaseous reac 
tant is ammonia, and the gaseous radicals are nitrogen atoms 
that convert the multilayer of titanium tetrachloride and 
ammonia to a thin film of titanium nitride. 

16. The process of claim 1, wherein one of the gaseous 
reactants is titanium tetrachloride, the Second gaseous reac 
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tant is molecular hydrogen gas, and the gaseous radicals are 
electronically excited noble gas atoms that convert the 
multilayer of titanium tetrachloride and hydrogen to a thin 
film of titanium metal. 

17. The process of claim 1, wherein one of the gaseous 
reactants is Silicon tetrachloride, the Second gaseous reactant 
is molecular hydrogen gas, and the gaseous radicals are 
electronically excited noble gas atoms that convert the 
multilayer of Silicon tetrachloride and hydrogen to a thin 
film of silicon. 

18. The process of claim 1, wherein one of the gaseous 
reactants is trimethyl aluminum, the Second gaseous reactant 
is water vapor, and the gaseous radicals are electronically 
excited noble gas atoms that convert the multilayer of 
trimethyl aluminum and water vapor to a thin film of 
aluminum oxide. 

19. A process of growing a thin film by an atomic layer 
deposition proceSS comprising the Steps of: 

placing a Substrate in a reaction chamber; 
and carrying out a plurality of cycles, each cycle com 

prising: 

flowing an inert gas through the reaction chamber; 
exposing the Substrate to a gaseous first reactant, contain 

ing an element of the thin film to be formed, by adding 
the gaseous first reactant to the inert gas flow, wherein 
the first reactant adsorbs onto the Substrate in a Self 
limiting process, 

removing the gaseous first reactant from the reaction 
chamber Volume by Stopping its flow while continuing 
the flow of inert gas, 

exposing the Substrate coated with the first reactant to a 
gaseous Second reactant, containing an element of the 
thin film to be formed, by adding the gaseous Second 
reactant to the inert gas flow, wherein the Second 
reactant adsorbs onto the Substrate in a Self-limiting 
process forming a multilayer; 

removing the gaseous Second reactant from the reaction 
chamber Volume by Stopping its flow while continuing 
the flow of inert gas, 

exposing the Substrate, coated with a multilayer of the first 
and Second reactants, to a gaseous third reactant of 
radicals created in a glow discharge in the inert gas, 
wherein the third reactant of radicals converts the 
multilayer on the Substrate to one or more elements or 
compounds, and 

extinguishing the glow discharge while continuing the 
flow of inert gas. 

20. The process of claim 19 whereby the inert gas used is 
chosen from among the noble gases and nitrogen. 

21. A process of growing a thin film on a Substrate in a 
reaction chamber by an atomic layer deposition process 
comprising a plurality of cycles, each cycle including, in 
Sequence, the Steps of: 

removing gases from the chamber; 
exposing the Substrate to a gaseous first reactant that 

includes an element of the thin film to be formed, 
wherein at least a portion of the first reactant adsorbs by 
a Self-limiting proceSS on the Substrate; 
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removing the gaseous first reactant from the reaction 
chamber; 

exposing the Substrate, coated with at least a portion of the 
first reactant, to a gaseous Second reactant, wherein at 
least a portion of the Second reactant adsorbs by a 
Self-limiting process on the Substrate; 

removing the gaseous Second reactant from the reaction 
chamber; 
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exposing the Substrate, coated with a multilayer of first 
and Second reactants, to a gaseous third reactant of 
radicals, wherein the radicals cause a chemical reaction 
which converts the multilayer to one or more elements 
or compounds, wherein a thin film is formed; and 

removing the gaseous third reactant of radicals from the 
reaction chamber. 
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