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ABSTRACT 

Abstract of the Disclosure 

An apparatus and method improves heating of a solid 
precursor inside a sublimation vessel. In one embodiment, 
inert, thermally conductive elements are interspersed among 
units of solid precursor. For example the thermally conduc 
tive elements can comprise a poWder, beads, rods, ?bers, etc. 
In one arrangement, microWave energy can directly heat the 
thermally conductive elements. 
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SYSTEM FOR CONTROLLING THE 
SUBLIMATION OF REACTANTS 

Detailed Description of the Invention 

Related Applications 

[0001] The present application claims the priority bene?t 
under 35 U.S.C. §119(e) of Provisional Application No. 
60/389,528, ?led on June 17, 2002. The present application 
is also related to Provisional Application No. 60/400,210, 
?led on July 30, 2002, and US. Application No. 10/629,029, 
?led on July 29, 2003, entitled “An Improved Sublimation 
Bed Employing Carrier Gas Guidance Structures,” Which 
claims priority from Provisional Application No. 60/400, 
210. 

[0002] The present invention is related to solid precursor 
sources used for the deposition of thin ?lms on substrates. 
More speci?cally, the present invention is related to the 
enhancement of thermal conductivity to the solid precursor 
inside the precursor source apparatus. 

Background and Summary of the Invention 

[0003] Quite often solid precursors are used for vapor 
reactants, because liquid or gaseous precursors for a certain 
element may not be readily available or do not exist at all. 
Such solid precursors are useful in a variety of contexts, 
including, Without limitation, atomic layer deposition 
(ALD) and other semiconductor fabrication processes. HoW 
ever, it is more difficult to use solid precursors than liquid 
and gaseous precursors. 

[0004] Basically, the handling of solid precursors seems to 
be straightforWard. Solid precursor is loaded into a container 
that is heated to a suf?ciently high temperature. The pre 
cursor sublimes and the precursor vapor is conducted to a 
reaction space Where it is used for the deposition of thin ?lm 
on the substrate surface. 

[0005] Precursor poWder generally has rather poor thermal 
conductivity. The thermal conductivity of the precursor bulk 
may be loW and/or there may be empty voids betWeen the 
precursor particles With little contact surface betWeen the 
particles, Which is undesirable for the conduction of heat 
energy through the precursor. The volume of the voids 
depends on the packing density of the precursor poWder. At 
loW pressures, heat transport by convection is also generally 
inef?cient, especially When the precursor volume consists of 
very small voids betWeen the precursor particles. Heat 
transport by radiation is also generally inef?cient because 
the temperature differences are relatively small and the 
radiation vieW factor (line-of-sight paths available for radi 
ant heating) for the bulk of the poWder is essentially Zero. 

[0006] When the precursor vessel is heated from outside, 
the precursor may have a suf?ciently high temperature near 
the vessel Walls While the center parts of the precursor 
poWder are insuf?ciently heated. This temperature differen 
tial results from the long period of time required to heat the 
centrally located portions of the precursor poWder in the 
precursor vessel. In addition, sublimation of the non-cen 
trally located precursor consumes thermal energy, further 
contributing to the center of the precursor poWder volume 
remaining at a loWer temperature than the poWder proximate 
the vessel surfaces throughout the process. During ALD 
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pulsing, this temperature differential can cause the solid 
source to demonstrate a poor recovery rate after using the 
precursor source for an extended period, because it becomes 
more and more dif?cult to reach an equilibrium state in the 
gas phase of the precursor vessel. Although ALD processes 
are relatively insensitive to small drifts in pulse concentra 
tion, signi?cant decreases in the recovery rate can cause 
problems, such as less than full surface coverage of a 
semiconductor Wafer (or other substrate) With the precursor 
molecules. 

[0007] Temperature differences inside the precursor vessel 
lead to the sublimation of the precursor into the gas phase in 
hotter parts of the vessel volume and to the condensation of 
the precursor back to the solid phase in cooler parts of the 
vessel volume. Often the top surface of the precursor seems 
to be cooler than the rest of the precursor. It has been 
observed that a hard and dense crust forms over the surface 
of the heated precursor over time, causing a pulse concen 
tration drift in the process employing the vapor reactant (e.g. 
ALD). The crust limits the diffusion of precursor molecules 
from the bulk material to the surface and eventually into the 
gas phase. The result is a decrease in the observed sublima 
tion rate of the precursor. Initially, the solid precursor source 
Works Well but later it is dif?cult to get a high enough ?ux 
of precursor molecules from the source into the reaction 
chamber, despite the fact that a signi?cant amount of solid 
precursor remains in the precursor vessel. 

[0008] Another consideration in sublimation vessel design 
is that prolonged presence of heated corrosive precursors 
places heavy demands on those materials in contact With 
precursors in the precursor vessel. 

[0009] The preferred embodiments of the invention pro 
vide means for improving the uniformity of the source 
temperature in the Whole solid precursor vessel volume. In 
accordance With one aspect of the present invention, inert 
materials that have high thermal conductivity are mixed With 
the solid precursor to improve the thermal conductivity 
through the precursor. For example, the inert materials can 
comprise particles, ?bers, rods, or other elements With high 
thermal conductivity distributed through the precursor ves 
sel and intermixed With precursor poWder. 

[0010] In accordance With one embodiment of the inven 
tion, a method of producing a vapor from a solid precursor 
for processing a substrate is provided, including placing 
solid units of precursor into a vessel and interspersing a 
thermally conductive material through the precursor. The 
thermally conductive material thereby preferably serves to 
conduct heat energy throughout the units of precursor. A 
vapor is then formed through applying heat energy to both 
the thermally conductive material and the solid units of 
precursor. In one embodiment, after vapor formation, the 
vapor is routed from the vessel to a reaction chamber and 
reacted to deposit a layer on a substrate. 

[0011] In accordance With another embodiment, a sub 
strate processing system is provided for forming a vapor 
from a solid precursor by distributing heat throughout the 
precursor. The provided system comprises a heat conducting 
vessel con?gured to hold units of solid precursor, thermally 
conductive elements being interspersed With the units of 
solid precursor. Aheater is also provided for heating both the 
precursor and the thermally conductive elements. 

[0012] In accordance With yet another embodiment, a 
substrate processing system for forming a vapor from a solid 
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precursor is provided. The system includes a vessel con?g 
ured to hold units of solid precursor and a microwave 
generator adjacent to the vessel. The generator is con?gured 
to transmit heat energy in the form of microWave energy to 
effectuate the heating of the precursor. 

[0013] In accordance With a further embodiment, a miX 
ture for producing a vapor used in substrate processing is 
provided. The mixture includes a batch of precursor for 
producing a substrate processing vapor and a plurality of 
heat transmitting solid forms interspersed through the batch 
of precursor. The plurality of heat transmitting solid forms 
collectively increase the thermal conductivity of the batch of 
precursor. 

[0014] Advantageously, implementation of the preferred 
embodiments decreases crust formation at the precursor 
surface and enhances the sublimation of the precursor. In 
addition, improving sublimation rate uniformity over the 
operational life of the precursor batch decreases the amount 
of unused precursor. Re?lling of the precursor vessel is also 
needed less often due to more efficient material utiliZation. 
Another bene?t of the present invention is the improvement 
of the thin ?lm thickness uniformity on substrates by pro 
cesses employing vapor from the solid precursor by encour 
aging rapid recovery of the partial pressure of reactant in the 
gas phase of the vessel to a steady-state value (one such 
value is PO, the saturation vapor pressure of the material) 
from pulse-to-pulse. 

[0015] For purposes of summarizing the invention and the 
advantages achieved over the prior art, certain objects and 
advantages of the invention have been described herein 
above. Of course, it is to be understood that not necessarily 
all such objects or advantages may be achieved in accor 
dance With any particular embodiment of the invention. 
Thus, for eXample, those skilled in the art Will recogniZe that 
the invention may be embodied or carried out in a manner 
that achieves or optimiZes one advantage or group of advan 
tages as taught herein Without necessarily achieving other 
objects or advantages as may be taught or suggested herein. 

[0016] All of these embodiments are intended to be Within 
the scope of the invention herein disclosed. These and other 
embodiments of the present invention Will become readily 
apparent to those skilled in the art from the folloWing 
detailed description of the preferred embodiments having 
reference to the attached ?gures, the invention not being 
limited to any particular preferred embodiment(s) disclosed. 

Brief Description of the DraWings 

[0017] Figure 1A is a schematic overvieW of a precursor 
source apparatus inline betWeen a gas source and a reaction 
chamber. 

[0018] Figure 1B is a schematic side vieW of the precursor 
source apparatus of Figure 1A, constructed in accordance 
With a preferred embodiment. 

[0019] Figure 2 is a schematic, partially cut-aWay per 
spective vieW of the precursor source apparatus of Figure 
1B, shoWing a precursor vessel inside a pressure chamber. 

[0020] Figure 3 is a schematic side vieW of a precursor 
vessel from the prior art With crust formation at the upper 
surface of a volume of solid precursor, With arroWs shoWing 
the direction of heat ?oW. 
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[0021] Figure 4 is a schematic top vieW of a vessel insert 
With thermally conductive rods attached to a vessel base, 
constructed in accordance With a preferred embodiment. 

[0022] Figure 5 is a schematic perspective vieW of the 
insert of Figure 4. 

[0023] Figure 6 is a schematic side vieW of a precursor 
source apparatus having thermally conductive units inter 
spersed With the precursor, in accordance With a preferred 
embodiment. 

[0024] Figure 7 is a schematic, partially cut-aWay per 
spective vieW of a precursor source apparatus having an 
adjacent microWave unit, in accordance With an embodiment 
of the present invention. 

Detailed Description of the Preferred Embodiments 

[0025] Referring to Figure 1A, a precursor source appa 
ratus 5 is shoWn inline betWeen a carrier gas source 4 and a 
reaction chamber 6 con?gured to accommodate a substrate 
8. 

[0026] Figure 1B shoWs a preferred embodiment of the 
precursor source apparatus 5 for vaporiZing a solid precur 
sor, the resulting vapor to be employed in substrate process 
ing, having a pressure chamber 10, an inlet 12, an outlet 14 
and, preferably, an over-pressure relief valve 16. The inlet 12 
is preferably attached to a carrier gas source 4 (Figure 1A) 
via a ?rst conduit 2, While the outlet 14 is preferably attached 
via a second conduit 3 to the reaction chamber 6 (Figure 

1A). 
[0027] Figure 2 is a schematic, partially cut-aWay, per 
spective vieW of the precursor source apparatus 5 of Figure 
1, shoWing an inner precursor vessel or crucible 20 inside 
the pressure chamber 10. The inner crucible 20 located 
inside the pressure chamber 10 is used as a precursor vessel. 
The shape and dimensions of the crucible 20 are selected 
depending on the volume available inside the temperature 
controlled pressure chamber 10. The material of the crucible 
20 can comprise inert substances, such as quartZ glass or 
silicon carbide. In addition, a particle ?lter 22 is preferably 
located on top of the crucible 20. In an alternative embodi 
ment, the particle ?lter is located on the vessel outlet 14 or 
second conduit 3. Porous crucible Walls are employed in 
certain preferred embodiments, the Walls of the crucible 
acting as particle ?lters as the precursor vapor diffuses 
through the Walls. 

[0028] Figure 3 illustrates crust formation in the prior art, 
one of the problems that preferred embodiments of the 
present invention seek to address. Figure 3 shoWs a sche 
matic side vieW of the crucible 20 holding a volume of solid 
precursor 32. A crust 34 tends to form at the upper surface 
of the solid precursor 32, With arroWs 36 in Figure 3 
shoWing the direction of travel of heat Which is applied to 
the crucible 20. 

[0029] Figures 4 and 5 shoW still another preferred 
embodiment of the present invention. An insert 38 is con 
?gured to ?t Within the crucible 20 (Figure 2) or other vessel 
in Which the solid precursor is to be held. The insert 38 is 
preferably selected to have good heat conductivity. The 
insert 38 includes heat conducting elements 40, here rods, 
Which are machined and attached to a vessel base 42. 
Preferably, heat ?oWs along primary aXis of the the elements 
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40, then radially outward into the material, resulting in the 
Whole precursor volume being heated efficiently and uni 
formly. The elements 40 are preferably formed from, for 
example, SiC of the highest purity and quality, since the 
elements 40 can be cleaned and re-used. In another embodi 
ment, the heat conducting elements are preferably made of 
the same material as the vessel, e.g., stainless steel. In the 
illustrated embodiment, the elements are formed from SiC 
coated graphite, but in other embodiments the elements are 
uncoated. In yet other embodiments the elements are formed 
from heat conducting substances other than SiC and graph 
ite. 

[0030] In accordance With one preferred embodiment, the 
insert 38 of Figures 4 and 5 is machined and ?tted into the 
precursor vessel 20. Precursor is then poured into the vessel 
20. In accordance With another embodiment a precursor 
vessel 20 is ?rst ?lled With precursor poWder 32 and then 
elements 40, shoWn in Figures 4 and 5 as inert, heat 
conducting rods, are pushed through the precursor 32 so that 
the loWer ends of the rods 40 touch the bottom of the 
precursor vessel 20. In an alternate embodiment, the rods are 
attached to the base of the source container 10 and the source 
container 10 is ?lled With the precursor poWder 32. In yet 
other arrangements, rods are each con?gured to be inserted 
independently of one another. Preferably, the selected rod 
density is a function of the heat transfer properties of the 
solid (i.e. a solid Which has poor heat transfer desirably is 
selected to have a higher density to lessen the heat transfer 
path). 
[0031] In accordance With the embodiments shoWn in 
Figures 4 and 5, the rods 40 can be located on the bottom 
plate 42. Preferably the rods 40 are arranged, for eXample, 
in a polar coordinate type layout, so that each unit of the 
precursor 32 is located Within a certain maXimum distance 
from the rods 40 or the base plate 42. The number of vertical 
rods 40 attached to a plate depends on the physical proper 
ties of the precursor 32. More rods can be used if the heat 
transport through the precursor is very poor. 

[0032] In yet other alternate embodiments the thermally 
conductive elements interspersed With the precursor units 
can be formed from ?Xed elements such as, for eXample, 
rods, stacked screens, sieves, coils, plates, etc. These units or 
elements can include both porous and nonporous structures. 
Preferably, these ?Xed units or elements are arranged so as 
to maXimiZe the total amount of thermally conductive sur 
faces in contact With precursor, While alloWing vapor diffu 
sion from the carrier gas inlet to the outlet. Precursor 
preferably diffuses through the miXture of poWder and 
thermally conductive elements. Preferably, the carrier gas 
convectively transports the chemical in the upper portion of 
the vessel (or head space) from the inlet to the outlet. 

[0033] Figure 6 shoWs a preferred embodiment in Which 
loose thermally conductive elements 46 are miXed With 
precursor poWder 32 inside the crucible 20. In certain 
preferred arrangements the conductive elements 46 are 
poWder particles, While in alternate arrangements the con 
ductive elements 46 can comprise larger loose elements, 
such as ?bers, pieces, ?akes, pellets, spheres, or rings, etc. 
The chemical catalyst industry uses elements having similar 
geometry (beads, pellets, spheres, rings, etc), each being 
coated With a catalytic material, Which Would also provide 
appropriate geometric unit con?gurations in order to prac 
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tice alternate arrangements of the present invention. These 
units or elements 46 can include both porous and nonporous 
structures. Preferably, these loose elements 46 are arranged 
so as to maXimiZe the total amount of thermally conductive 
surfaces in contact With precursor 32. In certain preferred 
embodiments the elements 46 are formed from an inert, 
thermally conductive material, such as a ceramic, e.g., SiC. 
The shapes and materials from Which these elements 46 can 
be formed is discussed in greater detail beloW. 

[0034] In an alternate embodiment, a plurality of conduc 
tive elements 46 are interspersed With a batch of precursor 
to form a mixture. Preferably, the inclusion of heat trans 
mitting solid forms collectively increases the thermal con 
ductivity of the batch of precursor. 

[0035] Referring to Figure 7, another embodiment of the 
present invention is shoWn employing an energy emitter 48 
adjacent to the crucible 20. SiC or another inert, energy 
absorbing material (not shoWn) is placed in the precursor 
vessel, preferably in the illustrated vessel or crucible 20 
along With precursor material, so that the precursor (not 
shoWn) is in close contact With the energy absorbing mate 
rial. In one arrangement, the precursor vessel is also pref 
erably transparent to the emitted energy. The Wavelength of 
the emitted energy is preferably in the microWave range, 
although alternate arrangements of the embodiments dis 
closed herein employ other Wavelengths of emitted energy. 

[0036] In a preferred operation, microWaves heat the 
microWave-absorbing material and heat ?oWs from the 
heated material, Which can be in accordance With Figures 4 
and 5 or 6, to the precursor. In other arrangements, a crucible 
is employed inside a vessel, the crucible itself absorbing 
microWave energy, thereby transmitting heat from the Walls 
of the crucible to the precursor. Generally precursors that are 
normally used for the deposition of thin ?lms do not absorb 
microWaves and, thus, cannot be directly heated With micro 
Waves. HoWever, substances such as SiC absorb micro 
Waves, alloWing SiC to heat up rapidly, thereby effectuating 
the desired uniform heating of the precursor. Similarly, other 
combinations of energy-absorbing material and energy 
sources operating at different Wavelengths Will be appreci 
ated in vieW of the present disclosure. In still another 
arrangement, When the precursor material is capable of 
directly absorbing electromagnetic energy like microWaves, 
direct heating of the precursor material is sufficient to 
effectuate the desired precursor vaporiZation, such that sepa 
rate microWave absorbing material can be omitted. 

[0037] In alternate arrangements of the aforementioned 
embodiments, it should be understood that it is also possible 
to omit the inert crucible and load the precursor directly into 
the bottom of the pressure chamber 10; preferably, the 
pressure chamber 10 surfaces in contact With the precursor 
are sufficiently inert. A particle ?lter is also preferably 
placed on top of the precursor poWder or, in an alternate 
embodiment, in the conduit (not shoWn in ?gures) betWeen 
the precursor source and reaction chamber. In embodiments 
in Which a crucible is employed, the crucible can be formed 
to have porous Walls to serve as a ?lter, thereby reducing the 
need for a separate particle ?lter. In accordance With one 
preferred embodiment, heat conducting material is then 
miXed With the precursor, While in another preferred 
embodiment a machined insert is placed into the chamber 
prior to, during, or after loading of the precursor into the 
chamber. 
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Size And Shape Of The Inert Heat Conducting 
Material 

[0038] Heat conducting material or thermally conductive 
elements can be used in different shapes, e.g., powders, 
?bers, irregular pieces and machined pieces. 

[0039] The grain siZe of inert poWders is selected accord 
ing to the application, as Would be appreciated by the skilled 
artisan. Precursor source vessels that do not include any 
particle ?lters should preferably be ?lled With conductive, 
inert elements (e.g., SiC poWder) that are coarse enough to 
prevent the dusting of the material. Precursor source vessels 
equipped With a ?lter can be ?lled With a Wide range of 
conductor particle siZe; preferably the smallest particles are 
stopped by the particle ?lter. One bene?t of using small 
inert, conductive particles is that very small voids in the 
precursor poWder can be ?lled and the packing density and 
the heat conductivity through the precursor volume is 
increased. One goal of certain preferred embodiments is to 
provide uniform and high heat conductivity through the 
precursor poWder. 

[0040] In accordance With a preferred embodiment, the 
mixture of conductive elements and precursor has a heat 
conductivity loWer than that of pure conductor material and 
higher than that of pure precursor. For example, inert heat 
conducting material is added to the solid precursor forming 
a solid mixture, so that there is preferably about 10 - 80% by 
volume of heat conducting material in the precursor/con 
ductor mixture and, more preferably, about 30 - 60% by 
volume of heat conducting material in the mixture. Re-use 
of the conductor, although possible, is a challenge, espe 
cially When the particle siZe of the conductor is very small. 

[0041] In another embodiment, ?bers of inert, conductive 
material, such as carbides or carbon, are employed. Fibers 
preferably conduct heat ef?ciently along the ?bers through 
the precursor volume and, also, donate heat to the precursor 
that is located near the ?bers. The ?bers are preferably cut 
into pieces that have a length of about 1 - 20 mm and are 
mixed With the aforementioned precursor. For example, 
suitable SiC ?bers are sold, e.g., by Reade Advanced Mate 
rials, USA. The heat conducting ?bers selected preferably 
distribute heat from the heater or the precursor vessel Walls 
to the precursor. 

[0042] In accordance With yet another embodiment, 
machined pieces of inert, conductive material are used, 
thereby preferably alloWing certain bene?ts. By employing 
larger machined pieces, recovery of heat conducting mate 
rial is relatively easy after use. In addition, the heat con 
ducting material can be cleaned and reused many times. 
Accordingly, very high purity and expensive heat conduct 
ing material can be used economically. Machined pieces can 
take the form of, for example, rods and plates (as illustrated 
in Figures 4 and 5), or combinations of those shapes and a 
variety of other shapes, including, for example, screens 
mounted at various levels along the length of rods or other 
extensions. 

[0043] Oneembodiment employs a combination of 
machined pieces and smaller heat conducting pieces. 
Machined pieces preferably effectuate long-distance heat 
transport from the heater or heated Walls of the precursor 
vessel deep into the precursor volume, While loose heat 
conducting units (e.g., beads, poWder, ?bers, etc.) are pref 
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erably mixed With the precursor to effectuate the local 
distribution of heat to the precursor. In one arrangement, 
heat conducting material in the form of poWder is employed 
in combination With heat conducting material in the form of 
?bers. In another arrangement, rods are employed in con 
junction With a poWdered heat conducting material. In vieW 
of the disclosure contained herein, the skilled artisan Will 
readily recogniZe other combinations of heat conducting 
material forms and materials that Would also be advanta 
geous. 

[0044] In selecting the added inert material that is used 
according to the present invention, good thermal conductiv 
ity is desirable. Inert materials for this purpose preferably 
have a thermal conductivity of at least about 50 W/m*K, 
more preferably at least about 80 W/m*K, for the applica 
tions presented in this patent application at room tempera 
ture, and most preferably have such high conductivity under 
the conditions of use. 

Silicon Carbide 

[0045] Silicon carbide (SiC) is employed in certain pre 
ferred embodiments to form the inert material Which is 
added to the crucible or vessel. SiC is an extremely hard 
material that has high thermal conductivity, negligible vapor 
pressure and very good resistance against chemicals at 
elevated temperatures. According to Performance Materials, 
Inc., USA, the thermal conductivity of SiC is 250 W/m*K at 
room temperature and about 120 W/m*K at 400°C. AWide 
range of SiC grades With different purities are commercially 
available. The color of silicon carbide (SiC) is knoWn to 
correlate With its purity. According to Reade Advanced 
Materials, USA, black SiC has a purity of up to about 99.2%, 
dark green SiC has a purity of about 99.5% and the purity 
of light green SiC is about 99.7%. SiC is available in the 
form of poWder, grit, crystals, granules, Wafers, ?bers, 
platelets, bars and arbitrary form pieces. Typical impurities 
in SiC that is produced from silica sand and coke are SiO2, 
elemental Si, free C, and Fe203. Preferably, such impurities 
are minimiZed to decrease potential contamination of the 
process employing the precursor. Accordingly, in a preferred 
embodiment, the inert conductive material is preferably 
greater than 99% pure. 

[0046] A number of commercial sources of high purity 
SiC exist. For example, SiC of 99% purity is available from 
Atlantic Equipment Engineers, USA, in all grit siZes. Poco 
Graphite, Inc., USA, also produces very high purity SiC 
With a Chemical Vapour In?ltration (CVI) method Where 
pure graphite is contacted With silicon monoxide (SiO) 
vapor (Eq. 1). The amount of impurities in SiC is in the ppm 
level. SiO(g) + 2C -----> SiC + CO(g) Eq. 1 Cerac, Inc., 
USA, sells vacuum deposition grade (99.5%) SiC pieces that 
have dimensions in the range of 3 - 12 mm. 

Other Materials 

[0047] A number of other suitable inert carbides are com 
mercially available. The thermal conductivity of transition 
metal carbides is typically about 50% loWer than the thermal 
conductivity of SiC; the conductivity of transitions metal 
carbides Will often be suf?cient to provide improved subli 
mation. Atlantic Equipment Engineers, USA, sells poWders 
of tungsten carbide (WC), vanadium carbide (VC), tantalum 
carbide (TaC), Zirconium carbide (ZrC), hafnium carbide 
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(HfC), molybdenum carbide (MoC), niobium carbide (NbC) 
and titanium carbide (TiC). The purity of the carbide powder 
is typically 99.8 - 99.9%. Such metal carbides may also have 
useful metal-carbon stoichiometries other than 1:1. 

[0048] In addition, alternate carbides, such as boron car 
bides (e.g., B4C) that have suf?ciently high thermal con 
ductivity can also be employed; boron carbides are prefer 
ably not used for applications that are sensitive to boron 
impurities. 
[0049] Another suitably inert and conductive material is 
PocoFoamTM, manufactured by Poco Graphite, USA, Which 
is very light carbon foam and has a thermal conductivity in 
the 100 to 150 W/m*K range. 

Coated Materials 

[0050] In selecting a material from Which to form the heat 
conducting material, it is undesirable to utiliZe materials that 
have high heat conductivity but have a property that, 
unmodi?ed, prevents the direct use of the material in solid 
precursor vessels. For example, a potential material may 
have a desirable thermal conductivity, but the material reacts 
With the precursor during processing, i.e., during sublima 
tion. Therefore, the material Which is chosen to directly 
contact the precursor is preferably inert. Certain preferred 
embodiments alloW the use of material that if used alone 
Would be undesirable, by coating a non-inert material having 
a high thermal conductivity With an inert substance. For 
example, both graphite and silicon are good conductors of 
heat. Graphite is very soft and easily forms solid particles 
that may contaminate substrates in a reaction chamber. A 
hard inert coating is thus preferably formed on the graphite 
surface to decrease the number of particles released from the 
graphite. Similarly, silicon is an ef?cient reducing agent if 
the native oxide on the silicon surface is broken. An inert 
coating deposited on the silicon surface preferably prevents 
the reactions betWeen the silicon and precursors. 

[0051] In particular, graphite or silicon can, in certain 
preferred embodiments, be coated With SiC. Other suitable 
coating materials are boron carbides, niobium carbide 
(NbC), tantalum carbide (TaC), titanium carbide (TiC), 
tungsten carbide (WC), Zirconium carbide (ZrC), molybde 
num carbide (MoC), vanadium carbide (VC) and hafnium 
carbide (HfC). Such metal carbides may also have useful 
stoichiometries other than 1:1. In one embodiment, insuf? 
ciently pure carbides are preferably coated With a thin, 
high-purity CVD carbide ?lm that prevents the contamina 
tion of the precursor in the precursor vessel. In this embodi 
ment, impurities of the CVD carbide coatings are in the parts 
per million (ppm) range and, thus, do not signi?cantly 
contaminate precursors or substrates. Transition metal 
nitrides, such as niobium nitride (NbN), tantalum nitride 
(TaN), titanium nitride (TiN), tungsten nitride (WN), Zirco 
nium nitride (ZrN), molybdenum nitride (MoN), vanadium 
nitride (VN) and hafnium nitride (HfN), serve as further 
examples of suitable inert coatings on heat conducting 
materials. In addition, in one embodiment, silicon nitride is 
formed on the silicon surface and, thus, silicon parts and 
pieces are passivated. 

[0052] The folloWing examples, including the methods 
performed and results achieved are provided for illustrative 
purposes only and are not to be construed as limiting upon 
the present invention. 

Feb. 2, 2006 

[0053] EXAMPLES 

[0054] Example 1 

[0055] APulsar® 3000 ALCVDTM reactor, available com 
mercially from ASM International, N.V. of Bilthoven, The 
Netherlands, Was used for the deposition of HfO2 from 
alternating pulses of HfCl4 and H20 via sequential, self 
saturating surface reactions. The HfCl4 vapor for those 
pulses Was provided from a solid source. Amixture of 157.6 
g of HfCl4 and 200.8 g of 99.5% SiC (obtained from Orkla 
Exolon, NorWay) Was loaded into a source container. In the 
mixture there Was approximately 100 cm3 of each precursor. 
Thus, the mixture of precursor material and conductive 
elements Was a 1:1 volumetric mixture. 

[0056] As a result, the source temperature could be loW 
ered from 200 - 205°C (no carbide ?ll) to 180°C (With 
carbide ?ll). It is believed that the recovery rate (i.e., time 
after pulsing that suf?cient vapor develops for the next 
pulse) of the source improved because of the increased and 
more stable sublimation rate of the precursor. The deposition 
of thin ?lms from the same precursor batch Was made 
possible for a longer time than Without the carbide ?ll. The 
addition of SiC improved the HfO2 thin ?lm thickness 
uniformity on the substrates. Use of SiC conductive ?ller did 
not affect the number of particles on Wafers. 

[0057] Example 2 

[0058] ZrCl4 poWder Was mixed With boron carbide 
(B4C) poWder in a glove box. The mixture Was loaded into 
a source boat made of glass. The source boat With the 
mixture Was then placed in a glass tube to serve as a carrier 
tube. Ends of the tube Were covered With Para?lm to prevent 
the exposure of ZrCl4 to room air and moisture. The tube 
Was carried from the glove box to an F120 ALD reactor from 
ASM International N.V., and the source boat Was moved 
from the carrier tube to a source tube (pressure vessel) of the 
reactor While inert nitrogen gas Was ?oWing out of the 
source tube. After the loading of the source boat Was 
completed and substrates Were placed into the reaction 
chamber of the reactor, the reactor Was evacuated to vacuum 
With a mechanical vacuum pump. Pressure of the reactor 
Was adjusted to about 3 — 10 mbar With ?oWing inert 
nitrogen gas. The reaction chamber Was heated to the 
deposition temperature and the ZrCl4 reactant Zone of the 
reactor Was heated also to the sublimation temperature. 
ZrO2 thin ?lm Was deposited from sequential alternating 
pulses of ZrCl4 and H20 vapor. It Was found that the 
sublimation rate of ZrCl4 increased clearly When boron 
carbide had been mixed With ZrCl4. Boron carbide helped to 
transport heat energy through the precursor volume. 

[0059] Although this invention has been disclosed in the 
context of certain preferred embodiments and examples, it 
Will be understood by those skilled in the art that the present 
invention extends beyond the speci?cally disclosed embodi 
ments to other alternative embodiments and/or uses of the 
invention and obvious modi?cations thereof. Thus, it is 
intended that the scope of the present invention herein 
disclosed should not be limited by the particular disclosed 
embodiments described above, but should be determined 
only by a fair reading of the claims that folloW. 

What is Claimed is: 
1. A method of producing a vapor from a solid precursor 

for processing a substrate, comprising: placing solid units of 
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precursor into a vessel; interspersing a thermally conductive 
material With the units of precursor; forming a vapor through 
applying heat energy to both the thermally conductive 
material and the solid units of precursor; and routing the 
vapor from the vessel to a reaction chamber. 

2. The method of Claim [Claim 1], further comprising 
reacting the vapor to deposit a layer on a substrate. 

3. The method of Claim [Claim 1], Wherein interspersing 
the thermally conductive material With the solid units of 
precursor comprises forming a solid mixture having about 
10% to 80% by volume of thermally conductive material in 
the mixture. 

4. The method of Claim [Claim 1], Wherein the inter 
spersing the thermally conductive material With the solid 
units of precursor comprises forming a solid mixture having 
about 30 - 60% by volume of thermally conductive material 
in the mixture. 

5. Asubstrate processing system for forming a vapor from 
a solid precursor by distributing heat to the precursor, 
comprising: a vessel con?gured to hold units of solid 
precursor; and a plurality of thermally conductive elements 
interspersed With the units of solid precursor. 

6. The system of Claim [Claim 5], Wherein the vessel is 
a heat conducting vessel. 

7. The system of Claim [Claim 5], further including a 
reaction chamber ?uidly coupled to the vessel, the chamber 
being con?gured to provide a suitable environment for the 
reaction of a vapor, originating from the vessel, to deposit a 
layer on a substrate. 

8. The system of Claim [Claim 7], Wherein the reaction 
chamber is a chemical vapor deposition chamber (CVD). 

9. The system of Claim [Claim 7], Wherein the reaction 
chamber is an atomic layer deposition chamber 

10. The system of Claim [Claim 5], Wherein the units of 
solid precursor are in poWder form. 

11. The system of Claim [Claim 5], Wherein the thermally 
conductive elements are formed from a substance Which is 
substantially inert to reactions Within the vessel. 

12. The system of Claim [Claim 5], Wherein the thermally 
conductive elements have a coating Which is substantially 
inert to reactions Within the vessel. 

13. The system of Claim [Claim 5], further including a 
vacuum chamber surrounding the vessel. 

14. The system of Claim [Claim 5], further comprising a 
heater comprising a microWave generator con?gured to 
transmit microWave energy to the thermally conductive 
elements. 

15. The system of Claim [Claim 5], Wherein the thermally 
conductive elements are rods con?gured to be inserted 
Within the vessel. 

16. The system of Claim [Claim 15], Wherein the rods are 
attached to a base plate con?gured to be inserted into the 
vessel. 

17. The system of Claim [Claim 15], Wherein the rods are 
attached to a vessel base. 

18. The system of Claim [Claim 15], Wherein the rods are 
each con?gured to be inserted independently of one another. 

19. The system of Claim [Claim 5], Wherein the thermally 
conductive elements are ?bers con?gured interspersed With 
the units of solid precursor contained Within the vessel. 
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20. The system of Claim [Claim 5], Wherein the thermally 
conductive elements are in poWder form. 

21. The system of Claim [Claim 5], Wherein the thermally 
conductive elements comprise carbon. 

22. The system of Claim [Claim 21], Wherein the ther 
mally conductive elements comprise metal carbide. 

23. The system of Claim [Claim 21], Wherein the ther 
mally conductive elements comprise transition metal car 
bide. 

24. The system of Claim [Claim 21], Wherein the ther 
mally conductive elements comprise boron carbide. 

25. The system of Claim [Claim 21], Wherein the ther 
mally conductive elements comprise silicon carbide (SiC). 

26. The system of Claim [Claim 5], Wherein the thermally 
conductive elements comprise a combination of rods and 
poWder. 

27. The system of Claim [Claim 5], Wherein the thermally 
conductive elements comprise a combination of rods and 
?bers. 

28. The system of Claim [Claim 5], Wherein the thermally 
conductive elements have a thermal conductivity of at least 
about 50 W/m*K at room temperature. 

29. The system of Claim [Claim 5], Wherein the thermally 
conductive elements have a thermal conductivity of at least 
about 80 W/m*K at room temperature. 

30. A substrate processing system for forming a vapor 
from a solid precursor comprising: a vessel con?gured to 
hold units of solid precursor; and a microWave generator 
adjacent to the vessel, the generator being con?gured to 
transmit heat energy in the form of microWave energy to 
effectuate the heating of the precursor. 

31. The system of Claim [Claim 30], further comprising 
a plurality of thermally conductive elements interspersed 
With the units of solid precursor, the thermally conductive 
elements readily absorbing the microWave energy. 

32. The system of Claim [Claim 30], Wherein the units of 
solid precursor are formulated to be directly heated by the 
microWave energy transmitted from the microWave genera 
tor. 

33. The system of Claim [Claim 30], Wherein the vessel 
is formulated to be directly heated by the microWave energy 
transmitted from the microWave generator. 

34. A mixture for producing a vapor used in substrate 
processing comprising: a batch of precursor for producing a 
substrate processing vapor; and a plurality of heat transmit 
ting solid forms interspersed through the batch of precursor, 
the plurality of heat transmitting solid forms collectively 
increasing the thermal conductivity of the batch of precur 
sor. 

35. The mixture of Claim [Claim 34], Wherein the shape 
of the plurality of heat transmitting solid forms is selected 
from a group consisting of poWder, spheres, irregularly 
shaped pieces, and machined pieces. 

36. The mixture of Claim [Claim 34], Wherein the shape 
of the plurality of heat transmitting solid forms is selected 
from a group consisting of rods, screens, sieves, coils, and 
plates. 

37. The mixture of Claim [Claim 34], Wherein, the 
plurality of heat transmitting solid forms are formed from a 
material selected from a group consisting of metal carbide, 
transition metal carbide, boron carbide, and silicon carbide. 
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38. The mixture of Claim [Claim 34], wherein the plu 
rality of heat transmitting solid forms are substantially inert 
With respect to desired reactions employed in the substrate 
processing. 

39. The miXture of Claim [Claim 34], Wherein the plu 
rality of heat transmitting solid forms are coated With a 
substantially inert material With respect to desired reactions 
employed in the substrate processing. 

40. The miXture of Claim [Claim 34], Wherein the plu 
rality of heat transmitting solid forms are con?gured to 
conduct heat from the precursor proximate to edges of the 
precursor batch to precursor substantially centrally located 
Within the precursor batch. 
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41. The miXture of Claim [Claim 34], Wherein the plu 
rality of heat transmitting solid forms absorb microWave 
energy originating from a microWave generator and release 
heat to the solid precursor. 

42. The system of Claim 5, further comprising a heater 
being con?gured to transmit heat energy to both the ther 
mally conductive elements and the precursor. 

43. The system of Claim 42, Wherein the heater is a 
microWave generator con?gured to transmit microWave 
energy to the thermally conductive elements. 


