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(57) ABSTRACT 

A method for depositing a thin film includes the steps of 
providing a vapor including at least one selected vapor phase 
component into an evacuated chamber and condensing the 
vapor onto a heated Substrate to form a liquid phase deposit 
wherein a temperature of the substrate is lower than the 
condensation temperature of the component. The liquid 
deposit is then cooled to produce a solid phase film. The 
invention can provide two or more vapor phase components. 
The invention can be used to deposit a wide variety of layers, 
including thin films of metallic, semiconductor and nonme 
tallic inorganic materials. The invention is useful for form 
ing solid electrolytes and the electrodes for batteries, fuel 
cells and other electromagnetically active devices. 

Schematic showing a system for the deposition of thin films using vapor condensation, according to an 
embodiment of the invention. 
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Schematic showing a system for the deposition of thin films using vapor condensation, according to an 
embodiment of the invention. 

FIG. I. 
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Schematic diagram illustrated the thermodynamic conditions 
for vapor condensation on the substrate 

Fig. 3 
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The dependence of the specific electronic resistivity of a 
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function of defects in the electrolyte film 

FIG. 4 
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The structure of the film of system Li2O-Li2SO-BOs obtained 
according to the procedure described in Example 1 

FIG. 5 
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Fine crystalline structure of the film obtained according 
to the procedure described in example 4. 

FIG. 7 
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SEM image of the structure of a surface with mechanically deposited particles of a powder of 
(LiF)2-Li2WO-POs described in Example 8, x 600 

FIG. 9 
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The structure of a film of (LiF)-LiWO-POs deposited on a substrate 
with the crystalline powder described in Example 9. 

FIG. 10 
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The temperature profile of an evaporation device during 
evaporation of MoO3 powder 

FIG. 
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The structure of a MoC)3 film with a considerable amount of defoliation 
sections deposited according to the procedure described in Example 10. 

FIG. 12 
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The spalling structure of a MoO film deposited 
according to the procedure described in Example 11 

FIG. 14 
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The structure of a MoO3 film without spalling deposited 
according to the procedure described in Example 12 

FIG. 16 
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X40000 

The fine structure of a MoO film deposited according 
to the procedure described in Example 12 

FIG. 17 

  



8I (OIH 

ººººº PHos eq, Jo ?unoue 93rei uogeio?exoJo olu?ãº I oin?eloduoj. 

US 2007/0134427 A1 

000Z 

Patent Application Publication Jun. 14, 2007 Sheet 18 of 18 



US 2007/0134427 A1 

METHODS AND APPARATUS FOR DEPOSITION 
OF THIN FILMS 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. Not applicable. 

STATEMENT AS TO FEDERALLY SPONSORED 
RESEARCH 

0002) Not applicable. 

FIELD OF THE INVENTION 

0003. The invention concerns methods and apparatus for 
depositing uniform thin films using vapor condensation. 

BACKGROUND OF THE INVENTION 

0004. Thin films are important in the manufacture of 
electronic active devices. Such as microelectronics, batteries 
and fuel cells. In the case of batteries, appropriate thin films 
can be used to form batteries having low internal series 
resistance, high capacity and other specific properties 
required of modern batteries. However, despite continuing 
improvements in thin film deposition methods, there has 
been limited success in the manufacture of thin (i.e. <10 
um) homogeneous films. Depending on the film material, 
available film deposition methods may be expensive, pro 
vide an insufficient deposition rate or fail to provide homo 
geneous films. 
0005. A known vacuum method for the production of thin 
films is laser Sputtering. However, this method is generally 
not suitable for the production of thin films for thickness 
below approximately 10 um because of difficulties in 
achieving homogeneity and structural uniformity for thick 
ness below this value. 

0006. Thin films used in batteries are commonly provided 
by vacuum deposition methods. Other methods, such as 
mechanical or non-vacuum chemical deposition, can also 
provide thin films of various types, but these films have 
certain properties rendering them generally unsuitable for 
use in batteries or fuel cells. During these deposition pro 
cess, Substantial changes in the chemical or phase structure 
of the film can occur, resulting in a film having properties 
which may differ significantly from the initially deposited 
material. In most cases, these changes are unpredictable and 
adversely affect resulting film properties. 
0007 Different methods for the production of thin films 
for batteries have been developed. Most efforts have focused 
on attempts to develop thin, flat, Small-area batteries, the 
batteries having low internal series resistance. Attempts to 
develop films for batteries having low electronic conductiv 
ity and high ionic conductivity have prompted research to 
develop suitable thin films for use as solid electrolytes and 
cathodes for high performance batteries, such as Li metal or 
lithium ion batteries. Solid electrolytes, as well as electrode 
materials, generally require a high degree of Surface purity. 
In addition, batteries require good electrode/electrolyte con 
tactS. 

0008. The above difficulties have been solved in part by 
a method disclosed by U.S. Pat. No. 6,132,653 to Hunt, et 
al. Hunt discloses an atmospheric method for chemical 
vapor deposition (CVD) using a very fine atomization or 
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vaporization of a reagent containing liquid or liquid-like 
fluid near its Supercritical temperature. The resulting atom 
ized or vaporized solution is entered into a flame or a plasma 
torch, and a powder is formed or a coating is deposited onto 
a substrate. While the use of the plasma flame described by 
Hunt can produce nanocrystal powders for several metals 
and oxides, the method cannot be applied to production of 
vitreous complex solid electrolytes or to produce layers with 
a thickness below approximately 10 um for most applica 
tions because the resulting films generally lack uniformity of 
thickness. Moreover, the disclosed method can result in 
trapping foreign materials in the film and partial oxidation of 
the material. 

0009. Some current vacuum methods include DC and RF 
magnetron Sputtering, thermal sputtering and molecular 
beam deposition. The preferred method generally depends 
on the desired chemical and physical properties of the 
material, the thickness of the film, and the deposition rate. 
Using molecular beam techniques, thin dense films from a 
broad group of materials have been prepared. Films prepared 
by these procedures have been used in batteries. However, 
these methods are generally characterized by low deposition 
rates, the need for ultrahigh vacuum, and difficulty in 
obtaining RF sputtering targets and for deposition of films 
having complex compositions. 
0010 Regarding batteries utilizing solid electrolytes, 
minimizing the thickness of Solid electrolytes helps reduce 
the internal series resistance of the battery. However, 
although films of solid electrolytes having a thickness below 
1 um can be used to produce batteries having low internal 
resistance, internal short circuits (e.g. from Li dendrites) 
tend to develop, particularly when the films have large 
Surface areas. In practice films with a minimum thickness of 
approximately 10-20 Lum are used because of technical 
difficulties in achieving a sufficient structural homogeneity 
to reduce the battery size. Additionally, expense can be a 
concern due to the cost of providing certain conventional 
solid electrolyte materials. 
0011 Thus, lack of structural homogeneity can limit the 
use of available thin film Sputtering processes for the pro 
duction of thin films for batteries. The methods are generally 
only suitable for production of thin films for superionic 
conductors having simple stoichiometries. For more com 
plex films, the use of these techniques is generally further 
limited by a low deposition rate. 
0012 Although vacuum thermal sputtering can generally 
provide up to a 1000 fold increase in deposition rate com 
pared to magnetron and molecular sputtering, thermal sput 
tering generally produces films having lower density, 
degraded homogeneity and adhesion to Substrates compared 
to these related methods. The adhesion of the deposited layer 
to Substrates can generally be improved by raising the 
temperature of the substrate, but can lead to structural 
changes in the deposited layer, such as increased grain size. 

0013 The above limitations of thermal vacuum sputter 
ing result mainly because the process is performed under 
high vacuum which results in low vapor density and the 
process uses low energy sputtered particles (below 1 eV). As 
a result, non-homogenous films are generally formed. 
Attempts to increase film homogeneity by increasing reactor 
size, or by increasing the evaporation temperature have been 
generally unsuccessful, as they lower the deposition effi 
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ciency and result in certain system inefficiencies, such as 
requiring more frequent replacement of the evaporating 
device. 

0014. Accordingly, there is therefore a need for new 
methods of preparing thin films, particularly films having 
thicknesses of less than about 50 lum, that are efficiently 
deposited as homogenous layers Substantially free of foreign 
materials. The deposited layers should provide physical and 
chemical properties required for efficient function in batter 
ies, fuel cells and other electronic active devices. 

SUMMARY OF THE INVENTION 

0015. A method for depositing a thin film, includes 
providing a vapor including at least one selected vapor phase 
component into an evacuated process chamber, condensing 
the vapor onto a heated Substrate to form a liquid phase 
deposit, wherein a temperature of the substrate is lower than 
the condensation temperature of the component. To avoid 
Solid phase deposition occurring directly from the vapor, the 
substrate temperature is preferably held at a temperature 
which is also higher than the sublimation temperature of the 
component, as defined herein. The liquid deposit is then 
cooled to form a solid phase film. 
0016. As used herein, the term sublimation temperature 
refers to the maximum temperature in which a solid phase 
deposit can directly result from the corresponding vapor of 
the component. The condensation temperature refers to the 
maximum temperature of actual liquid phase formation from 
the vapor of the component. These respective values are 
related to the values determined experimentally under non 
equilibrium conditions which may differ from the corre 
sponding equilibrium values which may be shown in cal 
culated phase diagrams. 
0017. The providing step can comprise evaporation. In 
this embodiment, the evaporating step can include utilizing 
a plurality of evaporation sources. The evaporation sources 
can be operated at different temperatures. 

0018. The substrate is preferably a metallic or ceramic 
substrate. The method can further include the step of clean 
ing the Surface of the Substrate surface prior to the providing 
step. The method also include the step of holding a tem 
perature of the process chamber above a Sublimation tem 
perature of the component. 

0019. The method can include the step of varying the 
Volume of the process chamber. The varying step can 
include reducing the process chamber Volume prior to or 
during the condensing step. The varying step can include 
increasing the Volume of the process chamber prior to or 
during the cooling step. 
0020. The method can comprise multi-step cycling. In 
this embodiment, only a portion of the thickness of the solid 
phase film is deposited in each of a plurality of cycles, each 
cycle including providing, condensing and cooling steps. 
Some cycles can use at least one material chemically distinct 
from the component to produce multi-component materials 
having a plurality of different layers. 
0021. The solid phase film can include a second layer 
disposed on a first layer, the first and second layers being 
chemically distinct. The first layer can be a cathode layer and 
the second layer can be a solid electrolyte layer. The solid 
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phase film can be a eutectic composition, the eutectic 
composition including a plurality of components. 
0022. The providing step can include melting a plurality 
of components to form a homogeneous material and evapo 
rating the homogeneous material to form a solid phase 
eutectic film. The method can further include the step of 
grinding the homogeneous material prior to the evaporating 
step. The plurality of components can also be stirred. 
0023 The cooling step can comprise active cooling or 
forced gaseous cooling. The method can include the step of 
introducing at least one additional gaseous component into 
the process chamber during the evaporating step. 

0024. The solid phase film formed can be used as an 
electrolyte or an electrode for a battery or for fuel cells and 
other electromagnetically active devices. The Solid phase 
films can comprise oxides, borides, Sulfides and fluorides. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0025 A fuller understanding of the present invention and 
the features and benefits thereof will be accomplished upon 
review of the following detailed description together with 
the accompanying drawings, in which: 
0026 FIG. 1. illustrates a system for the deposition of 
thin films using vapor condensation, according to an 
embodiment of the invention. 

0027 FIG. 2. illustrates a temperature profile for an 
evaporation device for deposition of thin films using vapor 
condensation suitable for use with certain electrolyte mate 
rials. 

0028 FIG. 3 illustrates the thermodynamic conditions for 
vapor condensation on Substrates. 
0029 FIG. 4. illustrates the dependence of the specific 
electronic resistivity of a aluminum-solid electrolyte-stain 
less steel battery system on the level of defects in the 
electrolyte film. 

0030 FIG. 5. illustrates the structure of a film of the 
system LiO-LiSO. B.O. obtained according to the 
procedure described in Example 1. 
0031 FIG. 6. illustrates an X-ray analysis of the crystal 
line structure of a thin film of the system LiO LiSO, 
BO obtained according to the procedure described in 
Example 3. 

0032 FIG. 7. illustrates the film structure of the system 
LiO-Li,SO. B.O. obtained according to the procedure 
described in Example 4. 
0033 FIG. 8. illustrates an X-ray analysis of the crystal 
structure of a thin film of the system LiO—LiSO. B.O. 
obtained according to the procedure described in Example 5. 

0034 FIG. 9. illustrates a SEM image of the surface of 
mechanically deposited powder particles of (LiF) - 
LiWO POs described in Example 8. 

0035) FIG. 10, illustrates a film structure of (LiF). 
LiWO POs deposited on a Substrate using the crystal 
line powder described in Example 9. 
0036 FIG. 11. illustrates the temperature profile of an 
evaporation device during MoC) powder evaporation. 
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0037 FIG. 12. illustrates MoO film structure obtained 
using a deposition according to the procedure described in 
Example 10. 
0038 FIG. 13. illustrates an X-ray diffraction analysis of 
a thin MoO film deposited according to the procedure 
described in Example 11. 
0.039 FIG. 14. illustrates a structure evidencing spalling 
of a MoO film deposited according to the procedure 
described in Example 11. 
0040 FIG. 15. illustrates an X-ray diffraction analysis of 
a thin MoO film deposited according to the procedure 
described in Example 12. 
0041 FIG. 16. illustrates a MoO film not evidencing 
spalling deposited according to the procedure described in 
Example 12. 

0042 FIG. 17. illustrates the fine structure of MoO, film 
deposited according to the procedure described in Example 
12. 

0.043 FIG. 18. illustrates a temperature profile of an 
evaporation device for evaporation of a large amount of 
material according to the procedure described in Example 
15. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0044) The invention substantially addresses deficiencies 
in current processes used for the deposition of thin films, 
particularly for thin films having thicknesses of less than 
about 20 Lum. The invention can provide thin films having a 
high degree of homogeneity with respect to chemical com 
position, structure and thickness. In addition, the invention 
can produce films which adhere well to a variety of sub 
strates. The invention can also provide a high deposition 
rate. 

0045. In one embodiment of the invention, a method for 
depositing a thin film includes the steps of providing a vapor 
including at least one selected vapor phase component into 
a Substantially evacuated processing chamber. The vapor is 
condensed onto a heated Substrate to form a liquid phase 
deposit by holding the temperature of the substrate lower 
than the condensation temperature of the component, but 
higher than the Sublimation temperature of the vapor phase 
component. As used herein, the term Sublimation tempera 
ture refers to the maximum temperature in which a solid 
phase deposit can directly result from the corresponding 
vapor of the component. The liquid component is then 
cooled to form a solid phase film of the desired material. 
0046 Under the above conditions, the vapor material is 
deposited on the Substrate not as a Solid film, as in conven 
tional thermal sputtering, but as a liquid film of Substantially 
constant thickness, depending on the wetability of the Sub 
strate surface. This ensures good adhesion to the Substrate, 
low porosity and uniform thickness of the deposit. After 
cooling, the liquid deposit Solidifies. 
0047 The invention permits deposition of thin films 
without chemically altering the source material. Although 
the invention can be used with a single source material, the 
invention can provide two or more vapor phase components, 
Such as co-evaporation of at least two reagent sources to 
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form a plurality of vapor phase components, and condensa 
tion of the same onto a substrate. The condensed reagent 
components can react in the liquid phase on the Substrate 
Surface following condensation. This process is shown in 
Example 14. 

0048. The invention is applicable to deposit a wide 
variety of layers, including thin films of metallic, semicon 
ductor and nonmetallic inorganic materials. The invention is 
also useful for forming solid electrolytes and electrodes for 
batteries. In addition, films formed using the invention can 
be used for fuel cells and other electromagnetically active 
devices. 

0049. The invention requires that at least one vapor be 
provided in the process chamber. Evaporation of solid 
Source materials can be used to provide a vapor. For more 
complex desired compositions, such as the formation of 
eutectic electrolytes having a plurality of components, indi 
vidual components in a Suitable molar ratio in Solid form can 
be placed into a heating device, such as a furnace, for 
melting. The melt is preferably stirred. Stirring may be 
provided by a cavitational stirring device. The liquid mate 
rial can be dispensed onto a solid Surface and cooled to 
obtain particles having the desired eutectic composition. The 
particles can then be ground to a size preferably being less 
than 100 um to form a powder suitable for evaporation. 
Regardless of the Source of the vapor, the vapor is condensed 
on a heated Substrate to form a liquid phase deposit by 
holding the temperature of the substrate at a temperature 
lower than the condensation temperature of the vapor phase 
component. 

0050. It is preferable to hold the process chamber walls at 
a temperature Sufficient to avoid deposition thereon, because 
deposition of evaporated material on the reactor chamber 
walls can lower the deposition rate on the Substrate and can 
lead to particulate inclusion in the deposited layer. For 
example, flaking of films deposited on the process chamber 
walls can result in particulate incorporation in the deposited 
film. Thus, respective temperatures of the process chamber 
and Substrate are preferably selected to condense liquid on 
the substrate, but not on the process chamber walls. For this 
purpose, the temperature of chambers walls are maintained 
at a value above the condensation temperature of the vapor, 
while the substrate is maintained at a temperature below the 
condensation temperature of the vapor. 
0051. The deposit spreads uniformly over the whole 
substrate surface under the influence of the surface tension 
of the deposited liquid. The deposited liquid is then cooled 
to form a Substantially homogeneous Solid thin film layer. 

0052 The resulting structure of the solid film formed 
depends on the cooling rate of the deposited liquid. Selected 
cooling rates depend on the particular material as well as the 
intended use of the material. As the cooling rate increases, 
the structure of the deposited layer generally changes from 
crystalline to microcrystalline (polycrystalline) to amor 
phous-crystalline to amorphous. The term amorphous-crys 
talline as used herein refers to a structure having localized 
Small crystallites disposed in a Substantially amorphous 
matrix. 

0053 Microcrystalline and amorphous-crystalline struc 
tures generally exhibit a high degree of uniformity in 
chemical composition and also good electrochemical prop 
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erties, such as ionic conductivity and electrochemical activ 
ity. Electrochemical properties of films of cathode materials 
based on molybdenum oxide, and solid electrolytes based on 
eutectic oxide and Sulfide systems, have shown high values 
of cathode specific energy and electrolyte conductivity when 
the films have microcrystalline and amorphous-crystalline 
structures, respectively. The invention can be used to deposit 
thick and multilayer films to provide electrode and electro 
lyte materials for batteries including an electrode layer 
disposed on an electrolyte layer. 
0054 FIG. 1 shows a system 100 adapted for depositing 
uniform thin films using vapor condensation. System 100 
can include a dosing device 110, a process chamber 120 
having an adjustable working chamber Volume and a valve 
20 permitting isolation of the substrate from other parts of 
the working chamber. A decrease in the volume of the 
working chamber during the evaporation/condensation pro 
cess can increase the vapor density and the rate of conden 
sation of vapor on the substrate. After the evaporation/ 
condensation process is complete, a Subsequent volume 
increase of the working chamber with the valve closed can 
be used to lower the temperature of the deposited layer 
resulting from adiabatic expansion, which can increase the 
rate of solidification of the film. 

0055. If evaporation is used to provide the vapor, cavi 
tation stirring of the melt in the evaporation device can be 
used in combination with a system for correcting the com 
position of the vapor. For example, when evaporating heavy 
and light elements together, the vapor composition prefer 
ably is corrected because of the different agility and partial 
pressure of the respective elements comprising the vapor. 
One or more additional evaporating or inlet gas systems can 
be used simultaneously with the main evaporator to Supply 
additional vapor of one or more components to raise the 
partial pressure of this component to correct the composition 
of the vapor. 
0056. In some cases the electric resistance of the vapor 
depends on its composition. In this instance, it is possible to 
control the vapor composition “in situ' by measuring the 
electric current between two specific electrodes under high 
(e.g. 500 V) voltage and correcting as described above. 
0057 This method allows production of thin films of 
different materials on various Substrates, such as metallic 
and ceramic Substrates and Substantially avoids segregation 
in the heater bath and provides formation of a high homo 
geneity vapor composition. 

0.058 When the vacuum condensation method includes 
evaporation of at least one solid source material, the result 
ing thickness, structural homogeneity, and resulting physical 
and chemical properties of the deposited film have been 
found to principally depend on the following parameters: 

0059) 
0060 2. Temperature of the vapor of the evaporated 
material; 

1. Temperature of the evaporation device; 

0061 3. Pressure and density of the evaporated material 
vapor, 

0062 4. Temperature and state of the substrate surface; 
0063 5. Rate of deposition of the condensed film; 
0064 6. Rate of cooling of the condensed film. 
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0065 Other factors which can influence the process 
include the geometry and the process chamber material, as 
well as the specific power density of the evaporation device. 
The influence of each of these parameters is considered 
separately, using an apparatus for the production of thin 
films using vapor condensation, Such as the apparatus shown 
in FIG. 1. 

0066 Referring again to FIG. 1, desired film components 
are typically introduced as a powder 3 inside a dosing device 
110, which are introduced into the process chamber 120 
through a chute 4 using a dosing needle 2. Dosing needle 2 
can be controlled by an electromagnetic lever 1. 
0067. The process chamber 120 is heated by a heating 
device 6. Such as resistive heating elements, that can be 
protected by a shield 7. An inert gas, Such as argon, may be 
introduced through a pipe 5 which can be directed to the side 
of the Substrate 12. A second inlet for an inert gas through 
a pipe 8 can be provided for flowing an optional gas over the 
deposited film. Preheated gas may also be introduced into 
the chamber through a pipe 21. 

0068. The substrate can be heated by a heater 11. The 
temperature of the substrate can be monitored by a thermo 
couple 13. A vacuum valve 20 is provided to allow evacu 
ation of the reactor chamber. An external compartment 15 of 
the process chamber is preferably expandable and contract 
ible to permit the volume of the process chamber to be 
modified. Evaporating device 17 can melt and evaporate one 
or more components to be deposited. 
0069. The temperature profile of the evaporation device 
can be adjusted to ensure a preliminary drying and outgas 
sing of the source material. With rising vapor density, the 
evaporation rate can decrease. This decrease can be com 
pensated by a corresponding temperature increase of the 
evaporation device. However, too sharp an increase of this 
temperature at the beginning of the process may lead to 
formation of macroscopic droplets. Macroscopic droplets 
generally show poor adhesion to Substrates upon condensa 
tion on the Substrate. However, macroscopic droplets can be 
usefull when applied at the final step of the process since 
these droplets are generally of an aerosol size and conden 
sation on the already formed film can increase the specific 
area of the film. Increased specific film area can be useful in 
battery applications because it generally enhances the elec 
trochemical properties of the cathode or solid electrolyte 
material. 

0070 A typical temperature profile for an evaporation 
device Suitable for evaporating most eutectic oxide, Sulfide 
and boride systems with a melting temperature in the range 
of approximately 900° C. to 1000° C. is shown in FIG. 2. 
The temperature profile shown in FIG. 2 includes 3 stages. 
A first low temperature stage at 100-150° C. is a drying 
stage. An intermediate temperature stage at 900-1100° C. is 
an outgassing stage. The third stage, being at a temperature 
of up to 2000, is where evaporation occurs. 
0071. The temperature of the vapor determines the 
kinetic energy of the vapor atoms or molecules. The equa 
tion E=3/2 kT relating energy of a gas and temperature 
should generally not be used to estimate the kinetic energy 
of the vapor atoms or molecules described herein as that 
equation generally applies well to an ideal gas, but not for 
a vapor. An increase in vapor temperature generally 
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improves the adhesion of the resulting film to the substrate. 
However, assuming the reactor Volume is held constant, 
increasing the temperature of the vapor during the evapo 
ration stage influences its pressure and density. Generally, at 
a temperature approaching the critical temperature of the 
vapor in the vicinity of Substrate maximizes the deposition 
rate and provides a highly homogeneous film. 
0072 Vapor temperatures near the evaporator and sub 
strate are generally significantly different. This is due to the 
high rate of evaporation of an initial Substance and a low 
thermal conductivity of the vapor. Because of the high rate 
of Substance evaporation, pressure and vapor density are 
also variable, but generally to a lesser extent than tempera 
ture. 

0073. Thus, in the described system the vapor pressure, 
temperature and vapor density are different in all parts of the 
system. Therefore, phase diagrams are not presented. 
0074. However, approximate consideration of the pro 
posed invention can be presented where the pressure and 
vapor density can be considered as constants within a 
Volume of the system. In this case, vapor condensation 
without its solid phase deposition can be explained on the 
basis of the schematic phase diagram shown in FIG. 3. 
0075. As shown in FIG. 3, at a constant pressure P, the 
Substance that is near evaporator has higher temperature and 
is in a vapor state 310. On the other hand, near the substrate, 
where the substance is deposited, the temperature is lower. 
The phase corresponding the Substrate temperature at pres 
sure P is located in the region of a stable liquid phase 320. 
Thus, the invention provides vapor condensation on the 
substrate. 

0076. In the invention, vapour density and associated 
thermodynamic parameters are determined by the evapora 
tion rate of the starting Substance and the rate of condensa 
tion on the Substrate. In addition, initiation of vapor con 
densation on a Substrate occurs at a pressure which is 
generally higher as compared with its equilibrium value 
(located on a diagram line). This likely results because in 
passing to condensed state the vapor has to reach the 
necessary degree of Supersaturation. 

0.077 Independent temperature control systems are pref 
erably provided for control of the evaporator and substrate 
temperature. The temperature control systems are preferably 
computer regulated. Independent temperature control sys 
tems for the evaporator and a substrate enable the mainte 
nance of a desired temperature distribution in a working 
chamber Substantially independent of the rate of spraying. 

0078 Wetting properties of several materials on a variety 
of substrates, such as stainless steel (CrsNicTi) were 
investigated. It was found that most eutectic cathode oxide 
electrode materials are deposited on stainless steel 
(CrsNicTi) as a liquid film rather than discrete droplets, the 
thickness of which depends on the viscosity and the surface 
tension of the liquid at the selected substrate temperature. 
0079. Following liquid deposition, forced cooling may be 
used to more quickly Solidify the liquid. For example, a jet 
of an inert gas may be used to cool the liquid deposited. The 
structure of the solid that is formed generally depends on the 
cooling rate. As the cooling rate increases, the degree of 
crystallinity generally decreases. 
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0080 For electrode and solid electrolyte materials used in 
batteries, such as oxides of Mo, W. Li, B, and their eutectic 
compositions, at cooling rates of up to 2 K/s a crystalline 
structure is generally formed. An increase in the cooling rate 
to approximately 5 to 7 K/s generally leads to the formation 
of a eutectic fine-grained structure. A further increase of the 
cooling rate in eutectic systems of Solid electrolytes leads to 
the formation of an amorphous-crystalline structure and a 
microcrystalline or mostly amorphous structure in the case 
of electrode materials. An amorphous-crystalline structure 
consists of highly dispersed crystalline phases with a broad 
homogeneous amorphous domain, and allows different 
kinds of solid solutions therein. 

0081. The invention can be used to form a thin film 
structure that differs from the structure of the initial source 
material. For example, for the deposition of solid electro 
lytes for batteries, the initial materials are generally eutectic 
compositions having a melting temperature in the range 
800-1000° C. Using the invention, a condensed thin liquid 
film is initially formed which subsequently solidifies under 
controlled cooling. Controlled cooling can be provided by 
forced gas, Such as an argon jet. The Substrate temperature 
and the cooling rate are chosen in Such a manner that an 
amorphous-crystalline structure is formed having an 
enhanced ionic conductivity at room temperature. 
0082) Such a structure can provide for a 500-1000 fold 
increase of the ionic conductivity of the electrolyte, which is 
believed to result from the formation of vacancies on the 
interfaces between the inserted crystalline phases in an 
amorphous matrix. An inserted phase increasing the con 
ductivity of solid electrolytes has been reported in several 
investigations regarding mechanical mixtures of aluminum 
and silicon oxides and halogenides of lithium, silver and 
copper (Wagner Jr., J. B. in: C.A.C. Sequeira and A. Hooper, 
Sequeira and A. Hooper, Solid State Batteries, Matinus 
Nijhoff Publ. Dordrecht, 1985, p. 77). The invention can 
enhance this effect because of the minimization of 
micropores and other macrodefects. In addition, additional 
ion transfer along vacancies between the most closely 
packed faces of the crystal lattice can further enhance this 
effect. 

0083. Additional ion transfer is achieved primarily as a 
result of vacancies created in the solid electrolyte. It is 
known that rising temperature increases the equilibrium 
concentration of vacancies. During forced cooling of thin 
films by a jet of a cooling gas, some of the vacancies are not 
annihilated and remain in the final film. This generally has 
a positive effect on the ionic conductivity of the electrolyte 
film. 

0084. The cooling process can be adjusted based on 
desired film properties. In the case of forced gaseous cooling 
(e.g. Ar) to achieve thick layers, a gas can be directed toward 
the side of the substrate. This can prevent thermal cracking 
of the film. When a desired thin film requires a high cooling 
rate for formation of an amorphous-crystalline structure, the 
cooling jet can be directed to the side of the deposited film. 
When high thermal stresses are known to develop, the jet 
can be directed from both sides of the deposited film. 
0085 To reduce the time required for deposition, the 
deposition rate may be increased by decreasing the Volume 
of the process chamber. The decreased process chamber 
Volume increases the density of the vapor, which can 
increase the deposition rate. 
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0.086 A multilayer deposition of the same or different 
materials may be achieved by using a cyclic multistep 
process. For example, an evaporation device can be filled 
with the desired source material, the source material evapo 
rated and the resulting vapor condensed on a Substrate. The 
substrate can then be cooled at a rate 0.1 to 100 K/s to 
solidify the film. The process chamber can then be evacu 
ated. The evaporating device can then be refilled with the 
same or a different source material, and the steps repeated. 
Alternatively, if multiple evaporating devices are provided, 
the refilling step would not be required. 
0087 Using a cyclic procedure, relatively thick films 
(e.g. >20 um) can be produced which retain their microc 
rystalline or amorphous-crystalline structure compared to 
the one step evaporation, when a Substantially crystalline 
structure often results from non-optimum cooling. Rela 
tively thick films can be produced which retain their micro 
crystalline or amorphous-crystalline using the cyclic proce 
dure, where only a thin layer is rapidly cooled during each 
cycle. 
0088. There are generally substantial difficulties in effec 
tively cooling relatively thick films (e.g. >20 um), obtained 
by a one step evaporation method, where cooling follows 
deposition of substantially the entire layer thickness. 
Because of low thermal conductivity of many materials, 
including most electrolyte and electrode materials, the cool 
ing rate necessary for amorphous-crystalline structure for 
mation is obtained only for a thin outer surface layer of the 
film. Inside the film, heat removal is less efficient and as a 
result, a crystalline (e.g. polycrystalline) structure generally 
forms throughout the material. During the multilayer cyclic 
deposition process, a plurality of cooling and deposition 
steps are used, cooling occurring after each thin layer 
deposition. As a result, cooling is much more efficient as 
compared to conventional cooling processes. 
0089. The vapor condensation followed by cooling pro 
duces composite film stacks (e.g. cathode/solid electrolyte) 
with good adhesion between the respective layers. Good 
intra-layer adhesion as well as inter-layer adhesion also 
results when interval deposition is used for one or more 
layers. 
0090. If a large amount of material is to be deposited 
using evaporation from a melt (see Example 15), it is 
recommended to cavitationally stir the melt, such as by 
using an ultrasound magnetostriction device to couple ultra 
Sound radiation to facilitate evaporation of the material. In 
the experiments performed a frequency of 22 KHZ was used. 
0.091 Melt stirring can be helpful because the evapora 
tion process takes place mostly from the Surface of the melt. 
In the case of large amount of the material to be evaporated, 
convection in the liquid does not have sufficient time to 
compensate the lack of the component with the highest 
evaporating rate being on the Surface of the melt. 
0092 For the deposition of complex multi-component 
electrode and electrolyte materials, if the components have 
low reciprocal solubility in the solid state, separate evapo 
ration devices for each component with different evapora 
tion temperatures are preferably used. For cyclic deposi 
tions, an adiabatic compression or expansion of the process 
chamber may be used during the deposition and cooling 
steps, respectively, in order to accelerate the procedure and 
to enhance heat transfer from the deposited film. 

Jun. 14, 2007 

0093. The adhesion of thin films deposited using the 
invention generally depends on the state of the specific 
Substrate Surface. The adhesion may be enhanced by adding 
a preliminary cleaning of the Substrate surface prior to 
deposition. For example, Solution cleans, ion beam and 
plasma treatments known in the art may be used. 

0094. A pulse deposition may be used in some cases, to 
produce thin films with improved surface Smoothness. A 
pulse deposition deposits a portion of the desired layer 
thickness, Suspends the deposition process for a period, and 
then deposits another layer portion. A pulsed deposition can 
be realized using a shutter that can isolate the evaporated 
vapor from the process chamber. For example, the shutter 
can be opened for a short time when the vapor reaches a 
predetermined temperature and the walls of the process 
chamber and the substrate reach the desired temperature. If 
the shutter is reasonably hermetic, the pressure increases 
near the heater. As a result, the flow of the depositing 
material becomes oriented towards the substrate. 

0095. In some applications it may be desirable to add 
components into the film which are not present, or are 
present only in Small quantities in the initial source material 
(see Example 7). In this case, one or more gases can be 
introduced into the process chamber during deposition 
which contains the desired additional component before 
cooling the Substrate. The gas is preferably preheated to a 
desired temperature, such as the temperature of the reactor 
chamber. 

0096. A thin additional metallic layer such as Cu, Au, Pt, 
Al, Al-Li alloy or Li layer having a thickness of up to 
approximately 5 um may be deposited on the Surface of the 
deposited thin film. This layer can be used for determining 
properties of the layer formed from the vapor condensation 
process. For this purpose, the specific electrical resistivity 
(expressed in units of ohm-cm) between the Substrate and 
the additional metallic layer can be measured through the 
film formed from the vapor condensation process. If the 
resistance value measured is lower than the value calculated 
from the specific conductivity and the geometric dimensions 
of the film, the presence of a film having high porosity 
and/or the presence of a high concentrations of defects may 
be indicated (see FIG. 4). Lower specific electrical resis 
tance using the invention is believed to result because of 
good adhesion to solid electrolytes and cathode materials 
and because the deposited metals penetrate in porous micro 
cracks and other defects of the film. This reduces local short 
circuits and generally decreases the specific electric resis 
tance of the film. 

EXAMPLES 

0097. The following examples are included to demon 
strate preferred embodiments of the invention. It should be 
appreciated by those having skill in the art that the methods 
and procedures disclosed in the examples which follow 
represent methods discovered by the inventors to function 
well in the practice of the invention, and thus can be 
considered to constitute possible modes for its practice. 
However, those of skill in the art should appreciate that 
many changes can be made in the specific embodiments 
which are disclosed and still obtain a like or similar result 
without departing from the spirit and scope of the invention. 
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Example 1 

High Vacuum Evaporation on a Substrate Held at 
Room Temperature 

0098) Vitreous electrolyte of the system LiO LiSO, 
BO at a component ratio of 0.5-0.15-1 moles, respectively, 
in a quantity of 40 g was melted in a muffle furnace in an 
environment of flowing argon. After complete melting of the 
components at temperature 950° C., the melt was subjected 
to ultrasonic cavitational stirring at 22 kHz frequency for 5 
minutes. Pouring was carried out on a Surface of rotating 
rolls to obtain a homogeneous material. After pouring 
through the rotating rolls the solidified material forms thin 
flake-like particles with scales (cracked) edges. The material 
was then ground mechanically up to fractions less 100 um 
for spraying. 
0099 Powder weight, with a mass of 40 mg was placed 
in the 5 cm volume-chamber preliminary pumped out to a 
high vacuum of about 10 torr, and was evaporated using a 
tungsten pipe heater under the temperature conditions shown 
in FIG. 2. 

0100 Spraying was carried out on a stainless steel sub 
strate at room temperature. A thin film with the following 
parameters was obtained: 
0101 Thickness—4 um, 
0102 Variation in thickness +1.8 um, 
0103) Number of defects (discontinuities) determined 
using quantitative metallography—18%, 
0104. Amorphous structure. 
0105. A large number of defects (FIG. 5) which indicate 
poor adhesion to a substrate and significant variation in 
thickness of the film did not allow determination of con 
ductivity. This indicates application of the film formed for 
batteries would generally not be practical. 

Example 2 

Chamber Wall Temperature 

0106 Conditions described in Example 1 were again 
used, except the temperature of chamber walls was increased 
up to 600° C. A thin film having the following parameters 
has been obtained: 

0107 Thickness—8 um, 
0108 Variation in thickness +0.2 um, 
0109) Number of defects (discontinuities) determined 
using quantitative metallography—12.6%, 
0110. Amorphous structure. 
0111. The higher chamber wall temperature increased the 
deposition efficiency. However, the conditions used did not 
significantly increase in film quality and adhesion to a 
substrate. 

Example 3 

Substrate Temperature 

0112 Conditions described in Example 2 were again 
used, except the temperature of a Substrate was changed to 
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300° C., and the rate of film cooling after spraying was 
25K/min. A thin film having the following parameters was 
obtained: 

0113 thickness—8 um, 
0114 variation in thickness +0.2 Lum, 
0115 number of defects (discontinuities) determined 
using quantitative metallography—0.6%, 

0.116) 
50 um. 

crystalline structure (FIG. 6) with grain size up to 

0.117) The increase in substrate temperature did not 
change the deposition efficiency. However, the higher Sub 
strate temperature allowed a significant increase in the 
quality of the film and its adhesion to a substrate. The 
coarse-crystalline structure of the resulting film also limited 
its ionic conductivity to being about 1.1x10 Scm'. 

Example 4 

Substrate Cooling Rate 

0118 Conditions described in Example 3 were again 
used, except the rate of film cooling after spraying was 
increased to 150K/min. A thin film with the following 
parameters was obtained: 

0119) Thickness 7.2 um 

0120 Variation in thickness +0.2 um 
0121 Number of defects (discontinuities) according to 
the data of quantitative metallography—0.3% 

0.122 Fine dispersion crystalline structures with the aver 
age grain size 8 um (FIG. 7). 
0123 Increasing the rate of film cooling as compared 
with Example 3 did not significantly changed the efficiency 
of material deposition, film quality and its adhesion to a 
substrate. However, the increased film cooling rate has 
resulted in an increase in crystalline phase dispersion. 

Example 5 

Substrate Cooling Rate 

0.124 Conditions described in Example 4 were again 
used, except the rate of film cooling after spraying was 
increased up to 350K/min. As a result, thin film with the 
following parameters has been obtained: 

0.125. Thickness 7.5 um, 
0.126 Variation in thickness +0.2 um, 
0127. Number of defects (discontinuities) determined 
using quantitative metallography—0.4%, 

0128. Amorphous-crystalline structure (FIG. 8). 

0129. Increasing the rate of film cooling did not signifi 
cantly change the efficiency of the material deposition, film 
quality, and its adhesion to the substrate. However, the 
higher Substrate cooling rate produced an amorphous-crys 
talline structure which resulted in an improvement in ionic 
conductivity, reaching a level of 4.6x10" Scm'. 
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Example 6 

Substrate Temperature and Vapor Density 
Optimization 

0130 Deposited material: LiO LiSO BO 
0131 Deposition Parameters: 
0132) Temperature profile of evaporating device: as indi 
cated in FIG. 2 

0.133 Amount of the used material: 140 mg 
0134) Deposition duration: 40s (non cyclic) 
0135) Vapor density: 60 kg/m 
0.136 Temperature of reactor chamber: 600° C. 
0137 Temperature of substrate: 250° C. 
0138 Parameters of the Deposited Film 
0.139. Thickness of the deposited film: 6. 
0140. Thickness nonuniformity: 4% 
0141 Ionic conductivity (from impedance measure 
ments): 2.0x10 S-cm 
0142. Substrate diameter: 20 mm 
0143) Substrate material: stainless steel CrsNiTi after 
cleaning with a ionic beam. 
0144 Structure: amorphous-crystalline (see FIG. 8) 
0145 Electronic resistance at room temperature (between 
the substrate and additional deposited Al film) 22 kS2 
0146 Simultaneously optimization of substrate tempera 
ture and vapor density resulted in increasing the ionic 
conductivity of the film without Substantially changing the 
uniformity in composition and thickness. 

Example 7 

Cycling Evaporation 

0147 Deposited material: (LiF) LiWO POs 
0148 Deposition Parameters: 
0149 Temperature profile of evaporating device: as indi 
cated in FIG. 2 

0150 Regime of evaporation: two cycle (cycle dura 
tion 70 s.) 
0151. Amount of used material: 120 mg per one cycle 
0152) Maximum vapor density: 80 kg/m 
0153 Temperature of reactor chamber: 600° C. 
0154) Temperature of substrate: 250° C. 
0155 Chamber volume decreasing during evaporation, 
and increasing during cooling by a factor of 2.2 times 

0156) 
O157) 
0158 
0159) 

Cooling procedure: argon jet from both sides 
Parameters of the Deposited Film: 
Thickness of the deposited film: 16 um 
Thickness nonuniformity: less than 5% 
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0.160) Ionic conductivity (from impedance measure 
ments): 2.6x10 S-cm 
0.161 Substrate diameter: 20 mm 
0162 Substrate material: stainless steel CrsNiTi after 
cleaning with a ionic beam. 
0.163 Structure: amorphous-crystalline (see FIG. 8) 
0.164 Electronic resistance at room temperature (between 
the substrate and additional deposited Al film: 45 kS2. 

Example 8 

Liquid Phase Formation on the Substrate 
0.165 Solid electrolyte of the (LiF). Li WO POs 
system obtained by the method described in Example 1 was 
ground up into fractions less than 20 Lum and were applied 
in a dry manner to a stainless Steel Substrate. The particles 
were fixed on the Substrate Surface using compression of 
about 100 kg/sm. Small (up to 7-9 um) particles of frag 
mental forms were confined by Surface tension forces and 
had sufficient adhesion to a substrate. The structure of a 
Surface having the mechanically deposited powder particles 
thereon is shown in the Scanning electron micrograph of 
FIG. 9. 

Example 9 

Cycling Evaporation of Powder 

0166 The material having the same composition as the 
powder applied in the method of Example 8 was evaporated 
onto the substrate obtained by the method described in 
Example 7. 
0167. The analysis of structure of the obtained film (FIG. 
10) was obtained by the methods of optical and scanning 
electron microscopy. This example showed that Small frag 
mental particles dissolved in the evaporated layer while 
larger particles had modified their shape from fragmental 
form to round one. Such structural modifications can be 
explained only due to formation of liquid phase on a Surface 
of a Substrate. This liquid phase hardens during Subsequent 
cooling. 

Example 10 

High Vacuum Evaporation of MoC). Cathode 
Material 

0168 Chemically pure powder MoC) was sprayed after 
30 seconds drying at 100° C. in a closed volume under the 
temperature conditions shown in FIG. 11 at vapor density 40 
kg/m in a vacuum with residual pressure of 10 torr. The 
evaporation was onto a stainless steel Substrate held at a 
temperature of 100° C. The temperature of the working area 
was 650° C. 

0169. The thin (5 um) film obtained had a considerable 
number of exfoliation sections from the substrate (up to 
20%, see FIG. 12), that prevented resulting electrochemical 
characteristics to be determined. 

0170 X-ray analysis revealed a small amount of an 
amorphous component and oxide phases, such as MooO. 
The composition obtained is not generally suitable for 
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electrochemical applications because of larger deviation of 
phase composition from that of terminal oxide (MoC). 

Example 11 

Oxygen Added During Evaporation Substrate and 
Walls Chamber Temperature Optimization, One 

Sided Cooling of Substrate 
0171 Evaporation was made under the conditions 
described in Example 10, except an oxygen pressure of 0.05 
torr was established in the chamber, the substrate tempera 
ture was increased to 250° C. and the temperature of 
working space set to 650° C. After evaporation the chamber 
was cooled by cold argon of high purity with the rate 4K/sec 
directed at the side of the film. 

0172. As a result, a thin film with the following param 
eters has been obtained: 

0173 Thickness 7.5 um, 
0174 Variation in thickness +0.4 um, 
0175 Number of defects (discontinuities) determined 
using quantitative metallography—8.8%, 
0176). A generally amorphous structure resulted having 
crystal phases MooO and Mo.O of no more than 6-7% 
(see FIG. 13). However, analysis by optical microscopy 
revealed considerable film spalling (FIG. 14), that nega 
tively influenced the resulting galvanostatic characteristics 
shown below. 

0177 Galvanostatic Characteristics 
0178 Substrates with the thin layer of the above 
described cathode material of known weight were placed in 
a standard element 2325. One molar LiClO in a mixture of 
propylene carbonate solvents and dimethoxyethane in a ratio 
of 3 to 1 was used as the electrolyte. A lithium anode and 
microporous polypropylene separator were also provided. 
Charge-discharge cell characteristics were investigated 
using an automatic cycling stand with computer control. 
Cycling range of the system was 1.1-3.5 V, discharge current 
-25 (LA/cm, charging current was 12.5 LLA/cm. 
0179 The specific capacity of the cathode material was 
determined to be 50 mAh/gr (14% of theoretical), having no 
ability for reversible work. 

Example 12 

Both Inner and Outside Cooling of the Substrate 
0180 Spraying was carried out under the conditions 
described in Example 11. However cooling was directed to 
both the substrate and the film. 

0181. As a result, thin film with the following parameters 
were obtained: 

0182. Thickness—6.0 um, 
0183 Variation in thickness +0.4 um, 
0184 Number of defects (discontinuities) according to 
the data of quantitative metallography—0.4%, 
0185. Rate of film cooling 3 K/s, 
0186 Amorphous structure with the contents of crystal 
phase Mo.O. of no more than 7-8% (FIG. 15). Film 
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spalling was not found in an analysis by optical microscopy 
performed (FIG. 16). Detailed analyses of the crystalline 
phase by the method of scanning electron microscopy (FIG. 
17) revealed the crystallites were dispersed, less than 25-40 
nm in thickness, and showed a plate-like morphology (FIG. 
17). 
0187. The method described in this example provided 
improved galvanostatic characteristics as determined by the 
technique described in Example 11. Resulting galvanostatic 
characteristics included a specific capacity of a cathode 
material of 270 mAh/gr, (75% of theoretical), and reversible 
work ability. These characteristics are considered satisfac 
tory for electrochemical applications. 

Example 13 
Multi-Layer (Cathode Solid Electrolyte) Thin 

Films 

0188 In this example, a LiO—LiSO. B.O. electro 
lyte was evaporated onto a MoC) cathode. Spraying was 
performed under the conditions described in Example 12, 
except solid electrolyte of the LiO—LiSO BO system 
at a component ratio of 0.5-0.15-1 moles was evaporated 
onto the surface MoO, under the conditions of Example 6. 
Morphological and structural characteristics of the films of 
the cathode and electrolyte materials corresponded to 
Example 12 and 6, respectively. 
0189 Resulting Parameters of the Films: 
0.190 Total conductance of the electrolyte (from imped 
ance measurements): 2.9x10' Scm' 
0191 Diameter of the substrate: 20 mm 
0.192 Structure of the electrolyte: amorphous-crystalline 
0193 Structure of the cathode: amorphous containing not 
more than 8% of crystalline phases of the type Mo.O. 
0194 Measurement of the galvanostatic characteristics 
by the method of Example 12 showed that the specific 
capacity of the cathode material was 330 mAh/gr (92% of 
theoretical), with capability to reversible work. These char 
acteristics are considered satisfactory for electrochemical 
applications. 

Example 14 
Process and Condition of Co-Evaporation 

0.195 Thin film from the material and by the process 
desribed in Example 4 was obtained, except 10 mg BO 
was sprayed from additional evaporator simultaneously with 
evaporation the main electrolyte component LiO— 
LiSO. B.O. The evaporation of B.O. was performed 
according the temperature regime shown in FIG. 2, except 
the outgassing stage temperature used was 500° C. 
0196. An amorphous-crystalline structure shown in FIG. 
8 was substantially obtained. This resulting structural char 
acteristic produces electrolytes having improved ionic con 
ductivity (see Example 5). 

Example 15 
A Large Amount of Material for Evaporation Aided 

by Ultrasound Stirring 
0.197 A (LiF). Li WO POs film with the thickness 
18 um was obtained using the Example 1 process conditions 
and apparatus, except as noted below. 
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0198 The amount of the material for evaporation was 
300 mg. The time of evaporation was increased to 150 
seconds (FIG. 18). 
0199 Microprobe analyses revealed the concentration of 
W in the film compared with the concentration in initial solid 
material. 

0200. The experiment was repeated without changing 
conditions, but the melt in the heater was stirred using an 
ultrasound magnetostriction device operated at a frequency 
of 22 KHZ. The difference in W concentration between the 
evaporation Source material and the Solid layer formed from 
vapor condensation was less than 1.0%, as shown in fol 
lowing table below: 

Material 9% W 

Initial (LiF)2—LiWO—POs powder 61.2 
Film deposited without stirring 44.0 
Film deposited with stirring 60.3 

0201 While the preferred embodiments of the invention 
have been illustrated and described, it will be clear that the 
invention is not so limited. Numerous modifications, 
changes, variations, Substitutions and equivalents will occur 
to those skilled in the art without departing from the spirit 
and scope of the present invention as described in the claims. 

1-23. (canceled) 
24. An apparatus for depositing a thin film for depositing 

uniform thin films using vapor condensation comprising: 
a dosage device; 
a Substrate holding device for holding a Substrate as the 

thin film is deposited thereon; and 
a process chamber exposed to the Substrate and having a 

pair of members telescopingly engaged with one 
another and movable cyclically and adiabatically with 
respect to one another thereby increasing and decreas 
ing the Volume of said process chamber to increase the 
density of the vapor as said members are contracted 
relative one and the other. 
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25. An apparatus as set forth in claim 24 wherein by said 
members expand and contract relative one and the other for 
increasing and decreasing the Volume of said process cham 
ber as the thin film is deposited on the substrate. 

26. An apparatus as set forth in claim 24 including 
wherein said dosage device holds a powder and a chute with 
a needle through which the powder is introduced into said 
process chamber. 

27. An apparatus as set forth in claim 24 including an 
electromagnetic lever for controlling said dosing needle. 

28. An apparatus as set forth in claim 24 including a 
heating device for heating said process chamber with said 
heating device having resistive heating elements, and a 
shield for protecting said resistive heating elements. 

29. An apparatus as set forth in claim 24 including a pipe 
exposed to said Substrate holding device for introducing a 
inert gas directed to the side of the substrate. 

30. An apparatus as set forth in claim 24 including a 
second inlet exposed into said process chamber for intro 
ducing the inert gas through a pipe over the deposited thin 
film. 

31. An apparatus as set forth in claim 24 including a third 
pipe for introducing preheated gas into said process cham 
ber. 

32. An apparatus as set forth in claim 24 including a 
thermocouple for monitoring temperature of the Substrate. 

33. An apparatus having a dosage device for depositing a 
thin film for depositing uniform thin films using vapor 
condensation, said apparatus comprising: 

a Substrate holding device for holding a Substrate as the 
thin film is deposited thereon; and 

a process chamber exposed to the Substrate and having a 
pair of members telescopingly engaged with one 
another and movable cyclically and adiabatically with 
respect to one another thereby increasing and decreas 
ing the Volume of said process chamber to increase the 
density of the vapor as said members are contracted 
relative one and the other. 


