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CLUSTER TOOL FOR E-BEAM TREATED FILMS 

[0001] This is a continuation of a patent application 
entitled “Methods and Apparatus for E-Beam Treatment 
Used to Fabricate Integrated Circuit Devices” having Ser. 
No. 10/428,374 that Was ?led on May 1, 2003, Which patent 
application claimed the bene?t of US. Provisional Appli 
cation No. 60/378,799, ?led on May 8, 2002. 

TECHNICAL FIELD OF THE INVENTION 

[0002] One or more embodiments of the present invention 
pertain to apparatus for electron beam treatments used to 
fabricate integrated circuit devices. 

BACKGROUND OF THE INVENTION 

[0003] Fabrication of integrated devices, for eXample, and 
Without limitation, semiconductor integrated devices, is 
complicated and, due to increasingly stringent requirements 
on device designs due to demands for greater device speed, 
fabrication is becoming ever more complicated. For 
eXample, integrated circuit geometries have decreased in 
siZe substantially since such devices Were ?rst introduced 
several decades ago. Since then, integrated circuits have 
generally folloWed a tWo year/half-siZe rule (often called 
Moore’s LaW), Which means that the number of devices on 
a chip doubles every tWo years. Today’s fabrication facilities 
are routinely producing devices having 0.13 pm feature 
siZes, and tomorroW’s facilities soon Will be producing 
devices having even smaller feature siZes. In addition, 
integrated circuits are being layered or stacked With ever 
decreasing insulating thickness betWeen each circuitry layer. 

[0004] In the production of advanced integrated circuits 
that have minimum feature siZes of 0.13 pm and beloW, 
problems of RC delay, poWer consumption, and crosstalk 
become signi?cant. For eXample, device speed is limited in 
part by the RC delay Which is determined by the resistance 
of the metal used in the interconnect scheme, and the 
dielectric constant of the insulating dielectric material used 
betWeen the metal interconnects. In addition, With decreas 
ing geometries and device siZes, the semiconductor industry 
has sought to avoid parasitic capacitance and crosstalk noise 
caused by inadequate insulating layers in the integrated 
circuits. One Way to achieve the desired loW RC delay and 
higher performance in integrated circuit devices involves the 
use of dielectric materials in the insulating layers that have 
a loW dielectric constant 

[0005] As the required value for the dielectric constant of 
materials is decreased due to device performance demands, 
there are many different types of loW-k materials that are 
being investigated to determine Whether they can perform 
acceptably. Most of these candidates are porous materials 
that can be organic materials, inorganic materials, organic 
compositions that might include inorganic components, and 
so forth. 

[0006] Formation of loW-k materials for use in intercon 
nect applications has been attempted mainly by chemical 
vapor deposition (“CVD”) or spin-on techniques. Most such 
loW-k materials deposited using these techniques require 
thermal curing after deposition to achieve desired ?lm 
properties. This is problematic because there is a trend (due 
to the types of metals used to fabricate the integrated 
circuits, and to reduce thermal stress) to reduce the total 
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thermal budget of the interconnect process ?oW—this 
includes reducing peak process temperatures as Well as total 
process time at high process temperatures. 

[0007] Process steps to reduce the dielectric constant of a 
material must also improve its electrical properties (such as, 
for eXample, and Without limitation, by reducing failures due 
to early dielectric breakdoWns, by enhancing its perfor 
mance as an insulator, and by reducing the presence of 
unWanted charges Within its material lattice), While main 
taining or improving its physical properties. One disadvan 
tage of using a thermal process to achieve desired ?lm 
properties is that it adds an additional process step, Which 
includes possibly an additional process tool. 

[0008] The need for even further processing steps depends 
on several variables. For eXample, for porous materials there 
is a need to insure that mechanical and physical properties 
are acceptable (for eXample, and Without limitation, stress, 
planariZability, and so forth). 

[0009] In addition, the use of spin-on-glass materials is 
limited in terms of thickness by their tendency to crack When 
made in thick layers and cured. Spin-on-glass liquids consist 
of a silicon oXygen netWork of polymers, (typically, one of 
Which is siloXane), dissolved in an organic solvent (typically 
a combination of a high boiling point solvent and a loW 
boiling point solvent). The dissolved spin-on-glass material 
is coated onto a spinning semiconductor Wafer or substrate. 
After spinning onto the Wafer or substrate, loW boiling point 
solvents are eXpelled using a loW temperature hot plate bake 
process. The Wafer or substrate is then heated in vacuum or 
nitrogen to a temperature typically in a range from about 
300° C. to about 400° C. This removes higher boiling point 
solvents and/or organic components to create porosity in the 
?lm. 

[0010] In addition to the above, a typical prior art dual 
damascene fabrication process begins With deposition of an 
oXide layer over a substrate. NeXt, a relatively thin silicon 
nitride etch stop layer is deposited over the oXide layer for 
use in a subsequent etching step. NeXt, a layer of intermetal 
dielectric is deposited on the etch stop layer (typically, the 
intermetal dielectric material is silicon oXide so that the 
underlying silicon nitride layer acts an effective etch stop 
When openings for second level interconnects are provided 
in the intermetal oXide layer)—the thickness of the inter 
metal oXide layer is chosen to be that appropriate for the 
second level metal Wiring lines. NeXt, a series of photoli 
thography steps are performed to ?rst de?ne a pattern of the 
second level Wiring lines, and then to de?ne a pattern of 
interconnects Within the ?rst level of the interconnect struc 
ture. NeXt, a mask, for eXample, a photoresist mask, is 
formed on the intermetal oXide layer Where the mask 
includes a pattern of openings that correspond to the pattern 
of Wiring lines desired for the second level Wiring lines. 
NeXt, openings are formed in the intermetal oXide layer by 
etching through the openings in the photoresist mask—the 
etching step proceeds ?rst through the intermetal oXide layer 
to leave remaining portions of the intermetal oXide layer 
betWeen the openings. This ?rst etching steps stops on the 
silicon nitride layer, and then etching is performed, aligned 
With the openings, to etch through the silicon nitride layer, 
leaving remaining portions of the silicon nitride layer on 
either side of the openings. NeXt, the photoresist mask is 
removed by ashing—it is generally necessary for the Width 
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of the openings in the patterned intermetal oxide layer to be 
greater than the lithography resolution limit because further 
photolithography steps are necessary to de?ne the intercon 
nects of the ?rst level. Next, a photoresist mask is formed 
over the device by conventional photolithography. Next, 
openings are provided in the mask that expose selected 
portions of the ?rst oxide layer lying Within the openings. 
Next, etching is performed on the ?rst oxide layer exposed 
Within the openings in the photoresist mask to de?ne the 
pattern of interconnects that make up the ?rst level of the 
interconnect structure. Next, the photoresist mask is 
removed by ashing. Next, a layer of metal is deposited over 
the device to ?ll the openings in the intermetal oxide layer, 
and to ?ll the openings in the ?rst oxide layer. Convention 
ally one over?lls the openings in the intermetal oxide layer 
to ensure that the openings in both the intermetal oxide and 
the ?rst oxide layer are completely ?lled. Next, excess metal 
is removed, typically in a CMP process, to provide the 
second level metal Wiring lines and ?rst level interconnects 
of the tWo level interconnect structure—the CMP step 
provides a planariZed surface Which is Well suited to further 
processing steps. 

[0011] In light of the above, there is a need for materials 
With improved properties for use in, among other things, 
improving the above-described dual damascene process. For 
example, there is a need for improvement in ?lm properties 
such as, for example, and Without limitation, one or more of: 
mechanical properties, thermal stability, dielectric constant, 
etch selectivity, resistance to isotropic strip processes, and 
copper diffusion barrier characteristics. 

SUMMARY OF THE INVENTION 

[0012] One or more embodiments of the present invention 
advantageously satisfy one or more of the above-identi?ed 
needs in the art. In particular, one embodiment of the present 
invention is a cluster tool for processing Wafers that com 
prises: (a) one or more chemical vapor deposition chambers; 
(b) one or more e-beam treatment chambers; and (c) a 
transfer chamber adapted to transfer a Wafer from one 
chamber to another While maintaining vacuum conditions. 

BRIEF DESCRIPTION OF THE FIGURE 

[0013] FIG. 1 is a simpli?ed elevational vieW shoWing an 
e-beam treatment apparatus including an electron source; 

[0014] FIG. 2 is a cross-sectional diagram of an exem 
plary CVD reactor con?gured for use according to embodi 
ments described herein; 

[0015] FIG. 3 is a How chart of a process control computer 
program product used in conjunction With the exemplary 
CVD reactor of FIG. 1; 

[0016] FIG. 4 is a graph that illustrates the effect of 
varying a How rate of TMS in accordance With embodiments 
Wherein a chemical vapor deposition (“CVD”) deposited 
?lm is e-beam treated; 

[0017] FIGS. 5 and 6 shoW the effects of e-beam treat 
ment of Formulation II described herein; 

[0018] FIG. 7 shoWs FTIR data for an SOD ?lm before 
and after e-beam treatment; and 

[0019] FIG. 8 shoWs several proposed ?lm products fab 
ricated utiliZing ?lms described herein along With proposed 
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equipment platforms for depositing at least some of the ?lms 
included in such ?lm products. 

DETAILED DESCRIPTION 

[0020] In accordance With one or more embodiments of 
the present invention, one or more ?lm properties such as, 
for example, and Without limitation, mechanical properties, 
thermal stability, dielectric constant, etch selectivity, resis 
tance to isotropic strip processes (for example, a non-cross 
linked polymer may etch easily With an isotropic doWn 
stream plasma strip process), and copper diffusion barrier 
characteristics are improved by electron-beam (“e-beam”) 
treatment. Films Whose properties are improved include, for 
example, and Without limitation: (a) loWer-k, chemical 
vapor deposition deposited (“CVD-deposited”), organo-sili 
con-based ?lms; (b) loWer-k, spin-on-deposited (“SOD”), 
organo-silicon-based ?lms, and (c) CVD-deposited or SOD 
copper diffusion barrier ?lms, organic anti-re?ection coating 
?lms, and hard masks, including amorphous carbon-based 
?lms. It is believed that, at least in one respect, e-beam 
treatment provides such improvement because the e-beam 
treatment acts to dehydrogenatively cross-link the ?lm (i.e., 
it is believed that the e-beam treatment acts preferentially to 
remove hydrogen bonds, thereby enabling cross-linking of 
carbon bonds), thereby densifying and increasing the surface 
hardness and the Young’s modulus of the ?lm. It is further 
believed that at least in most cases this is accomplished 
Without substantially changing its bulk composition. 

[0021] As used herein, the term electron-beam or e-beam 
treatment refers to exposure of a ?lm to a beam of electrons, 
for example, and Without limitation, a relatively uniform 
beam of electrons. The e-beam may be scanned across a 
Wafer, or the e-beam may be suf?ciently broad to encompass 
a substantial portion, or the entirety, of a Wafer (to achieve 
higher throughput processing it is advantageous to use a 
large-area or ?ood beam electron source, to expose the 
Whole substrate simultaneously). The energy of the e-beam 
during the exposure is such that substantially an entire 
thickness of a layer of material is exposed to electrons from 
the e-beam, or predetermined portions of the layer beneath 
the surface of the layer are exposed to electrons from the 
e-beam. The exposure may also be accomplished in steps of 
varying energy to enable the Whole layer, or portions of the 
layer to be exposed at predetermined depths. 

[0022] FIG. 1 is a simpli?ed elevational vieW shoWing an 
e-beam treatment apparatus, including an electron source. 
As shoWn in FIG. 1, e-beam treatment apparatus 100 
includes vacuum chamber 20, large-area cathode 22, target 
or substrate 27 (With to-be-treated ?lm 28 deposited on 
target or substrate 27) that is located in ?eld-free region 38, 
and grid (for example, and Without limitation, a ?ne mesh 
screen) anode 26 placed betWeen target 27 and cathode 22 
at a distance from cathode 22 that is less than the mean free 
path length of electrons emitted therefrom. 

[0023] E-beam treatment apparatus 100 further includes 
high voltage insulator 24 Which isolates grid 26 from 
large-area cathode 22, cathode cover insulator 37 located 
outside vacuum chamber 20, variable leak valve 32 for 
controlling pressure inside vacuum chamber 20, variable 
high voltage poWer supply 29 connected to cathode 22, and 
variable loW voltage poWer supply 30 (variable, for 
example, and Without limitation, from about 0 to about 100 
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volts) connected to grid 26. Lastly, quartz lamps 36 irradiate 
the bottom side of substrate 27 to provide heating indepen 
dent of that provided by the electron beam. 

[0024] In accordance With further embodiments of the 
present invention, instead of utilizing lamp heating, the 
Wafer or substrate may be disposed on a body that is referred 
to as a chuck or susceptor. In accordance With such embodi 
ments, the chuck may be resistively heated in a manner that 
is Well knoWn to those of ordinary skill in the art to provide 
heating independent of that provided by the electron beam. 
In addition, the chuck may be an electrostatic check (for 
example, a monopolar or bipolar electrostatic chuck) to 
provide good contact betWeen the Wafer and the chuck. 
Many methods are Well knoWn to those of ordinary skill in 
the art for fabricating such electrostatic chucks. Further in 
accordance With such embodiments, a backside gas may be 
?oWn betWeen the Wafer and the chuck to enhance thermal 
conductivity betWeen the tWo in a manner that is Well knoWn 
to those of ordinary skill in the art, such backside gas being 
?oWn in one or more Zones depending on the need for 
controlling temperature uniformity. Still further in accor 
dance With such embodiments, a cooling liquid may be 
?oWn inside the chuck to be able, for some treatment 
mechanisms, to reduce the temperature of the Wafer in light 
of heating provided by the electron beam. Many methods are 
Well knoWn to those of ordinary skill in the art for ?oWing 
a cooling liquid through a chuck. 

[0025] In operation, substrate 27 is placed in vacuum 
chamber 20, and vacuum chamber 20 is pumped to a 
pressure in a range of, for example, and Without limitation, 
from about 1 to about 200 mTorr. The exact pressure is 
controlled by variable rate leak valve 32 Which is capable of 
controlling pressure, for example, and Without limitation to 
about :1 mTorr. A high voltage (for example, a negative 
voltage betWeen, for example, and Without limitation, about 
—500 volts and about —30,000 volts or higher) at Which the 
treatment is to take place is applied to cathode 22 by high 
voltage poWer supply 29. Variable voltage source 30 (for 
example: a dc. poWer supply capable of sourcing or sinking 
current) is also applied to grid anode 26. The voltage on grid 
26 is utiliZed to control electron emission from cathode 22. 

[0026] To initiate electron emission, gas in a space 
betWeen cathode 22 and target 27 must become ioniZed. This 
occurs as a result of naturally occurring gamma rays, or 
emission can instead be initiated arti?cially inside chamber 
20 by a high voltage spark gap. Once this initial ioniZation 
takes place, positive ions are attracted to grid 26 by a slightly 
negative voltage (for example, and Without limitation, from 
about 0 to about —80 volts) being applied to grid 26. These 
positive ions pass into accelerating ?eld region 136 betWeen 
cathode 22 and grid anode 26, and are accelerated toWards 
cathode surface 22 as a result of the high voltage applied to 
cathode 22. Upon striking the surface of cathode 22, these 
high energy ions produce secondary electrons that are accel 
erated back toWard grid 26. Some of these electrons (Which 
are noW traveling mostly perpendicular to the cathode 
surface) strike grid (anode) structure 26, but many pass 
through grid 26 and continue on to target 27. These high 
energy electrons ioniZe gas molecules in a space betWeen 
grid 26 and target 27. 

[0027] Grid 26 is placed at a distance less than the mean 
free path of electrons emitted by cathode 22. As a result, no 

Apr. 15, 2004 

signi?cant ioniZation takes place in accelerating ?eld region 
136 betWeen grid 26 and cathode 22. In addition, ions 
created outside grid 26 are controlled (repelled or attracted) 
by voltage applied to grid 26. Thus, emission (i.e., electron 
beam current) can be continuously controlled (from very 
small currents to very large currents) by varying the voltage 
on grid 26. Alternatively, electron emission can be con 
trolled by use of variable leak valve 32 Which can raise or 
loWer the number of molecules in the ioniZation region 
betWeen target 27 and cathode 22. HoWever, due to a 
relatively sloW response time of adjusting pressure in cham 
ber 20, it is netter to adjust the pressure initially to produce 
a nominal emission current, and then utiliZe bias voltage on 
grid 26 to control emission current. 

[0028] Electron emission can be turned off entirely by 
applying a positive voltage to grid 26 Wherein the positive 
grid voltage exceeds the energy of any of the positive ion 
species created in the space betWeen grid 26 and target 27. 

[0029] Even though the grid-to-cathode gap must be less 
than the mean free path determined by the loWest desired 
operating accelerating voltage, treatment apparatus 100 is 
operated at a vacuum level Where the breakdoWn strength of 
the vacuum exceeds the ?eld created by the highest oper 
ating voltage applied across the selected grid-to-cathode 
spacing. This loW or soft vacuum level enables cathode 22 
and target 27 to be placed in close proximity to each other 
in the same vacuum environment. 

[0030] Electrons emitted from cathode 22 are accelerated 
to grid 26, and are mostly traveling perpendicular to the 
surface of grid 26 and cathode 22. Some emitted electrons 
are intercepted by grid 26 and some are scattered by grid 26. 
If target 27 is Within a feW millimeters of grid 26, electrons 
Will cast an image of grid 26 on target 27. HoWever, if target 
27 is placed at a large distance, such as, for example, and 
Without limitation, a distance in a range from about 10 to 
about 20 centimeters from grid 26, the electron beam 
diffuses (due to initial transverse velocities and scattering) to 
a fairly uniform current density across the Whole emitting 
area. The irradiation of target 27 can be made even more 
uniform by sWeeping the beam back and forth across target 
27 by means of a time-varying magnetic ?eld produced by 
de?ection coils surrounding vacuum chamber 20. In a fur 
ther embodiment, an aperture plate or mask is placed 
betWeen grid 26, and in contact or close proximity With 
target 27. Since electrons moving toWard target 27 are nearly 
collimated by the accelerating ?eld, and have relatively 
small transverse velocities, a shadoW mask, placed in close 
proximity to target 27 Will be accurately replicated by the 
electron beam that passes through the mask or aperture plate. 
In a still further embodiment, a shaped aperture is placed 
betWeen grid 26 and target 27. This aperture can form a 
small shaped electron beam having a uniform current den 
sity. Target material 27 is then scanned or stepped under the 
beam to generate multiple patterns on the substrate or target. 
After exposing a feature of target 27, target 27 is moved, and 
a neW exposure is undertaken. 

[0031] In some applications, it may be desirable to provide 
a constant beam current at different electron beam energies. 
For example it may be desirable to expose or cure an upper 
layer of ?lm 28, but not a loWer or bottom layer. This can be 
done by utiliZing an electron beam energy loW enough such 
that most of the electrons are absorbed in the upper layer of 
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?lm 28. Subsequent to treating the upper layer, it may be 
desirable to treat a deeper layer of ?lm 28. This can be done 
by raising the accelerating voltage of the electron beam to 
penetrate to the deeper layer. It Would be desirable in 
performing these exposures to be able to alter the acceler 
ating voltage Without causing a change in the emission 
current. HoWever, if the accelerating voltage is increased it 
tends to cause more ioniZation and therefore an increase in 
beam current. Similarly if the accelerating voltage is loW 
ered, ioniZation lessens and the beam current is decreased. In 
accordance With one embodiment in Which a constant beam 
current is maintained independent of changes in accelerating 
voltage, the beam current is sampled via a sensor. An output 
from the sensor is used to control voltage on grid anode 26 
such that an increase in beam current Will cause a decrease 
in bias voltage on grid 26 and a decrease in emission current 
from cathode 26. The output from the sensor is adjusted so 
that any change in current caused by a change in the 
accelerating voltage is counteracted by a change in bias 
voltage to maintain the beam current reaching the target 
constant. Alternatively, an output from the sensor can be 
connected to a voltage controlled variable rate leak valve to 
counteract changes in emission current by raising or loWer 
ing the pressure in ioniZation region 38. 

[0032] The depth to Which impinging electrons penetrate 
a target layer before being absorbed depends on many 
factors (including the particular material Which is being 
treated); one of the most critical of Which is the energy of the 
electron beam as determined by the accelerating voltage. 
Impinging electrons penetrate the surface of the target 
relatively easily, and are absorbed principally at some depth 
beloW the surface (a peak depth). A lesser number of 
electrons is absorbed near the surface, and the density of 
absorbed electrons tapers off gradually to practically Zero at 
a greater depth. As the beam energy (controlled by acceler 
ating voltage) is increased, the peak is driven further from 
the surface. Thus, one may select a loW electron accelerating 
voltage to expose a top layer of the target Without exposing 
a deeper layer. Further, due to the nature of the electron 
beam scattering process, the loWer layer can be exposed to 
a higher level of electron treatment than the upper layer by 
selecting a suf?ciently high incident beam energy. The total 
treatment by electrons at a selected level is controlled by the 
beam current and exposure time. In effect, control of dose 
and beam energy provides selective control of treatment at 
selected depths in the target. 

[0033] In an application Where ?lm 28 on substrate 27 is 
an insulator, ?lm 28 may start to charge negatively under 
electron bombardment. HoWever, positive ions near the 
substrate surface Will be attracted to this negative charge and 
neutraliZe it. Thus, since any charge build up on the surface 
of the substrate is quickly neutraliZed by positive ions in the 
vicinity of the Wafer surface, e-beam treatment of insulating 
?lms may be carried out Without requiring a conductive 
coating to drain off charge. In addition, it is believed that 
subsurface charge dissipation is achieved by e-beam induced 
conductivity. Also, it is further believed that the combination 
of large area electron beam irradiation, and raising the 
temperature of the treated ?lm in applications Where such is 
the case, increases the electron beam conductivity of insu 
lation layers Which dissipate charge build-up created by the 
impinging electron beam. This enables treatment Without 
inducing electron traps or positive charge build-up in the 
layers. In addition, it is believed that the e-beam induced 
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conductivity effect is dependent on substrate temperature 
(becoming more conductive With increasing temperature). 
This is then taken in to account in developing e-beam 
treatment recipes to ensure that one does not create static 
charge. 

[0034] As shoWn in FIG. 1, lamps 36 irradiate and heat 
Wafer or substrate 27, thereby controlling its temperature. 
Since Wafer 27 is in a vacuum environment, and is thermally 
isolated, Wafer 27 can be heated or cooled by radiation. If 
lamps 36 are extinguished, Wafer 27 Will radiate aWay its 
heat to the surrounding surfaces and gently cool. Wafer 27 
is simultaneously heated by lamps 36 and irradiated by the 
electron beam throughout the entire process. For example, in 
accordance With one embodiment, infrared quartZ lamps 36 
are on continuously until the temperature of Wafer 27 
reaches a process operating temperature. Lamps 36 are 
thereafter turned off and on at varying duty cycle to control 
the Wafer temperature. Wafer 27 and ?lm 28 are continually 
irradiated With electrons until a suf?cient dose has accumu 
lated, and ?lm 28 has been treated. Using this technique, 
thick layers can be cured in, for example, and Without 
limitation, in less than ten minutes. 

[0035] In accordance With further embodiments of the 
present invention, infrared lamps 36 are not used to heat 
Wafer 27. In accordance With such embodiments, the elec 
tron beam is used to both irradiate and heat Wafer 27. In this 
case the product of the beam current and the beam voltage 
(poWer=current*voltage) is greater than the poWer radiated 
aWay by the Wafer, and therefore Wafer 27 is heated by the 
electron beam. In accordance With further embodiments of 
the present invention, Wafer or substrate 27 can be cooled 
using a cooled plate. This Will keep Wafer or substrate 27 
close to a predetermined temperature. 

[0036] In accordance With one or more further embodi 
ments of the present invention, cathode 22 is comprised of, 
or is coated With, one or more of Ti, Mo, and doped Si to 
provide enhanced secondary electron formation and reduced 
sputtering of cathode 22. In accordance With one or more 
still further embodiments of the present invention, grid 26 is 
comprised of, or is coated With, one or more of Ti, Mo, and 
graphite to reduce an incubation period used to prepare the 
chamber for operation. 

[0037] Process conditions for e-beam treatment include 
the folloWing. The pressure in vacuum chamber 20 may vary 
in a range of from about 10'5 to about 102 Torr, and 
preferably in a range of from about 10'3 to 10'1 Torr. The 
distance betWeen substrate 27 and grid anode 26 should be 
suf?cient for electrons to generate ions in their transit 
betWeen grid anode 26 and the surface of substrate 27. The 
temperature of Wafer 27 may vary in a range from about 0° 
C. to about 1050° C. The electron beam energy may vary in 
a range from about 0.1 to about 100 KeV. The total dose of 
electrons may vary in a range from about 1 to about 100,000 
MC/cmZ. The dose and energy selected Will be proportional 
to the thickness of the ?lms to be treated. The gas ambient 
in e-beam tool apparatus may be any of the folloWing gases: 
nitrogen, oxygen, hydrogen, argon, helium, ammonia, 
silane, xenon or any combination of these gases. The elec 
tron beam current may vary in a range from about 0.1 to 
about 100 mA. Preferably, the e-beam treatment is con 
ducted With a Wide, large beam of electrons from a uniform 
large-area electron beam source Which covers the surface 
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area of the ?lm to be treated. In addition, for thick ?lms, the 
electron beam dose may be divided into steps of decreasing 
voltage Which provides a uniform dose process in Which the 
material is cured from the bottom up. Thus, the depth of 
electron beam penetration may be varied during the treat 
ment process. The length of the treatment may range from 
about 0.5 minute to about 120 minutes As those of ordinary 
skill in the art can readily appreciate, the length of e-beam 
treatment may depend one or more of the above-identi?ed 
parameters, and that particular sets of parameters can be 
determined routinely Without undue experimentation in light 
of the detailed description presented herein. 

[0038] Processes to Produce E-beam Treated Films 

[0039] Processes to Produce LoW-k Dielectric Films 
Using a Chemical Vapor Deposition (“CVD”) Step: 
Approach 1 (Deposit a LoW-k Film, and E-beam Treat it to 
Improve, for Example, its Mechanical Properties) 
[0040] In accordance With one or more embodiments of 
the present invention, in a ?rst step of a method of producing 
a loW-k dielectric ?lm, a loWer-k dielectric ?lm is deposited 
using a CVD deposition process (in the manner described in 
detail beloW), Which loWer-k dielectric ?lm may contain a 
predetermined porosity. Normally, such a CVD-deposited 
?lm Would be soft, and contain metastable species. When 
such a CVD-deposited ?lm is thermally annealed, meta 
stable species are driven off, and the ?lm shrinks —such a 
?lm might have a k value of ~2.6. In the prior art, a plasma 
anneal process has been used to reduce the time it takes to 
carry out a thermal anneal by exposing the ?lm to a plasma 
environment. HoWever, this prior art plasma anneal process 
is ineffective because its effect is limited to the surface of the 
?lm. Next, in accordance With this embodiment of the 
present invention, in a second step of the method of pro 
ducing a loW-k dielectric ?lm, an e-beam treatment (includ 
ing heating the ?lm at the same time) is carried out on the 
CVD-deposited ?lm to convert it into a hard, heavily cross 
linked ?lm. Finally, in accordance With this embodiment of 
the present invention, in an optional third step of the method 
of producing a loW-k dielectric ?lm, the e-beam treated ?lm 
may be thermally annealed. Advantageously, e-beam treat 
ing the CVD-deposited ?lm strengthens the structure of the 
?lm While driving out metastable species to prevent shrink 
ing. 
[0041] CVD Deposition of LoWer-k Dielectric Films 

[0042] One embodiment of a method for depositing a 
loWer dielectric constant ?lm containing silicon, oxygen, 
and carbon entails the use of a precursor comprised of one 
or more cyclic organo-silicon-based compounds. Further 
such embodiments entail blending one or more cyclic 
organo-silicon-based compounds and one or more acyclic 
organo-silicon compounds. In one aspect, a cyclic organo 
silicon compound, an acyclic organo-silicon, and a hydro 
carbon compound are reacted With an oxidiZing gas at 
conditions suf?cient to form a loW dielectric constant ?lm 
having k less than 2.5. The cyclic organo-silicon compound 
includes at least one silicon-carbon bond. The acyclic 
organo-silicon compound includes, for example, and With 
out limitation, a silicon-hydrogen bond or a silicon-oxygen 
bond. The hydrocarbon could be linear or cyclic, and may 
include a carbon-carbon double or triple bond. In accordance 
With one or more embodiments of the present invention, if 
at least one the organo-silicon gases contains oxygen, one 
may not need an oxidiZing gas. 
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[0043] The CVD ?lms contain a netWork of —Si—O— 
Si— ring structures that are cross-linked With one or more 

linear organic compounds. Because of the cross-linkage, a 
reactively stable netWork is produced having a greater 
separation betWeen ring structures and thus, the deposited 
?lms possess a greater degree of porosity. 

[0044] The ?lms also contain a carbon content betWeen 
about 10 and about 30 atomic percent (excluding hydrogen 
atoms), preferably betWeen about 10 and about 20 atomic 
percent. The carbon content of the deposited ?lms refers to 
atomic analysis of the ?lm structure Which typically does not 
contain signi?cant amounts of non-bonded hydrocarbons. 
The carbon contents are represented by the percent of carbon 
atoms in the deposited ?lm, excluding hydrogen atoms 
Which are dif?cult to quantify. For example, a ?lm having an 
average of one silicon atom, one oxygen atom, one carbon 
atom and tWo hydrogen atoms has a carbon content of 20 
atomic percent (one carbon atom per ?ve total atoms), or a 
carbon content of 33 atomic percent excluding hydrogen 
atoms (one carbon atom per three total atoms). 

[0045] The cyclic organo-silicon compounds may include 
a ring structure having three or more silicon atoms, and the 
ring structure may further comprise one or more oxygen 
atoms. Commercially available cyclic organo-silicon com 
pounds include rings having alternating silicon and oxygen 
atoms With one or tWo alkyl groups bonded to the silicon 
atoms. For example, the cyclic organo-silicon compounds 
may include one or more of the folloWing compounds: 

1,3,5—trisilano—2,4,6-trimethylene 
1,3,5,7-tetramethylcyclotetra 
siloxane (I‘MCTS) 
octamethylcyclotetrasiloxane 
(OMCTS) 
1,3,5,7,9—pentamethylcyclopenta- —(—SiHCH3—O—)5— (cyclic) 
siloxane 
1,3,5,7-tetrasilano-2,6—dioxy—4,8- —(—SiH2—CH2—SiH2—O—)2— 
dimethylene (cyclic) 
hexamethylcyclotrisiloxane —(—Si(CH3)2—O—)3— (cyclic) 

[0046] The acyclic organo-silicon compounds include lin 
ear or branched (i.e. acyclic) organo-silicon compounds 
having one or more silicon atoms and one or more carbon 

atoms and linear or branched hydrocarbon compounds hav 
ing at least one unsaturated carbon bond. The structures may 
further contain oxygen. Commercially available acyclic 
organo-silicon compounds include organo-silanes that do 
not contain oxygen betWeen silicon atoms and organo 
siloxanes Which contain oxygen betWeen tWo or more sili 
con atoms. For example, the acyclic organo-silicon com 
pounds may include one or more of the folloWing 
compounds: 

methylsilane CH3—SiH3 
dimethylsilane (CH3)2—SiH2 
trimethylsilane (CH3)3—SiH 
tetramethylsilane (CH3)4—Si 
dimethyldimethoxysilane (CH3)2—Si—(OCH3)2 
(DMDMOS) 
ethylsilane CH3—CH2—SiH3 
disilanomethane SiH3—CH2—SiH3 
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-continued 

bis(methylsilano)methane 
1,2-disilanoethane 
1,2-bis(methylsilano)ethane 
2,2-disilanopropane 
1,3-dimethyldisiloxane 
1,1,3,3-tetramethyldisiloxane 
(TMDSO) 
hexamethyldisiloxane (HMDS) 
1,3 
bis(silanomethylene)disiloxane 
bis(1— 
methyldisiloxanyl)methane 
2,2-bis(1 
methyldisiloxanyl)propane 
hexamethoxydisiloxane 
(HMDOS) 
diethylsilane 
propylsilane 
vinylmethylsilane 
1,1,2,2-tetramethyldisilane 
hexamethyldisilane 
1,1,2,2,3,3—hexamethyltrisilane 
1,1,2,3,3-pentamethyltrisilane 
dimethyldisilanoethane 
dimethyldisilanopropane 
tetramethyldisilanoethane 
tetramethyldisilanopropane 

[0047] The linear or branched hydrocarbon compounds 
include between one and about 20 adjacent carbon atoms. 
The hydrocarbon compounds can include adjacent carbon 
atoms that are bonded by any combination of single, double, 
and triple bonds. For example, the organic compounds may 
include alkenes having tWo to about 20 carbon atoms, such 
as ethylene, propylene, acetylene, butadiene, t-butylethyl 
ene, 1,1,3,3-tetramethylbutylbenZene, t-butylether, methyl 
methacrylate (MMA), and t-butylfurfurylether. 

[0048] Some of the above-described precursors contain 
oxygen, therefore an additional oxidiZer may not be needed. 
HoWever, in case one or more oxidiZing gases or liquids are 
needed, they may include oxygen (O2), oZone (O3), nitrous 
oxide (N20), carbon monoxide (CO), carbon dioxide (CO2), 
Water (H2O), hydrogen peroxide (H202), an oxygen—con 
taining organic compound, or combinations thereof Prefer 
ably, the oxidiZing gas is oxygen gas. HoWever, When oZone 
is used as an oxidiZing gas, an oZone generator converts 
from 6% to 20%, typically about 15%, by Weight of the 
oxygen in a source gas to oZone, With the remainder typi 
cally being oxygen. Yet, the oZone concentration may be 
increased or decreased based upon the amount of oZone 
desired and the type of oZone generating equipment used. 
The one or more oxidiZing gases are added to the reactive 
gas mixture to increase reactivity and achieve the desired 
carbon content in the deposited ?lm. 

[0049] Deposition of the ultra loW dielectric constant ?lm 
can be continuous or discontinuous in a single deposition 
chamber. Alternatively, the ?lm can be deposited sequen 
tially in tWo or more deposition chambers, such as Within a 
cluster tool like the ProducerTM available from Applied 
Materials, Inc. of Santa Clara, Calif. 

[0050] FIG. 2 shoWs a vertical, cross-section vieW of 
parallel plate chemical vapor deposition (CVD) processing 
chamber 210 having a high vacuum region 215. Processing 
chamber 10 contains gas distribution manifold 211 having 
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perforated holes for dispersing process gases there-through 
to a substrate (not shoWn). The substrate rests on substrate 
support plate or susceptor 212. Susceptor 212 is mounted on 
support stem 213 that connects susceptor 212 to lift motor 
214. Lift motor 214 raises and loWers susceptor 212 betWeen 
a processing position and a loWer, substrate-loading position 
so that susceptor 212 (and the substrate supported on the 
upper surface of susceptor 212) can be controllably moved 
betWeen a loWer loading/off-loading position and an upper 
processing position Which is closely adjacent to manifold 
211. Insulator 217 surrounds susceptor 212 and the substrate 
When in an upper processing position. 

[0051] During processing, gases introduced to manifold 
211 are uniformly distributed radially across the surface of 
the substrate. Vacuum pump 232 having a throttle valve 
controls the exhaust rate of gases from chamber 210 through 
manifold 224. Deposition and carrier gases ?oW through gas 
lines 218 into mixing system 219 and then to manifold 211. 

Generally, each process gas supply line 218 includes safety shut-off valves (not shoWn) that can be used to 

automatically or manually shut off the How of process gas 
into the chamber, and (ii) mass ?oW controllers (also not 
shoWn) to measure the How of gas through gas supply lines 
218. When toxic gases are used in the process, several safety 
shut-off valves are positioned on each gas supply line 18 in 
conventional con?gurations. 

[0052] During deposition, a blend/mixture of one or more 
cyclic organo-silicon compounds and one or more acyclic 
organo-silicon compounds are reacted With an oxidiZing gas 
to form a loW k ?lm on the substrate. In accordance With one 
such embodiment, the cyclic organo-silicon compounds are 
combined With at least one acyclic organo-silicon compound 
and at least one hydrocarbon compound. For example, the 
mixture contains about 5 percent by volume to about 80 
percent by volume of the one or more cyclic organo-silicon 
compounds, about 5 percent by volume to about 15 percent 
by volume of the one or more acyclic organo-silicon com 
pounds, and about 5 percent by volume to about 45 percent 
by volume of the one or more hydrocarbon compounds. The 
mixture also contains about 5 percent by volume to about 20 
percent by volume of the one or more oxidiZing gases. In 
accordance With one such embodiment, the mixture contains 
about 45 percent by volume to about 60 percent by volume 
of one or more cyclic organo-silicon compounds, about 5 
percent by volume to about 10 percent by volume of one or 
more acyclic organo-silicon compounds, and about 5 per 
cent by volume to about 35 percent by volume of one or 
more hydrocarbon compounds. 

[0053] In one aspect, the one or more cyclic organo-silicon 
compounds are introduced to mixing system 19 at a How rate 
of about 1,000 to about 10,000 mgm, and in accordance With 
one embodiment, about 5,000 mgm. The one or more acyclic 
organo-silicon compounds are introduced to mixing system 
19 at a How rate of about 200 to about 2,000, and in 
accordance With one embodiment, about 700 sccm. The one 
or more hydrocarbon compounds are introduced to the 
mixing system 219 at a How rate of about 100 to about 
10,000 sccm, and in accordance With one embodiment, 
1,000 sccm. The oxygen containing gas has a How rate 
betWeen about 200 and about 5,000 sccm. In accordance 
With one embodiment, the cyclic organo-silicon compound 
is 2,4,6,8-tetramethylcyclotetrasiloxane, octamethylcy 
clotetrasiloxane, or a mixture thereof, and the acyclic 
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organo-silicon compound is trimethylsilane, 1,1,3,3-tetram 
ethyldisiloxane, or a mixture thereof. In accordance With one 
embodiment, the hydrocarbon compound is ethylene. 

[0054] The deposition process can be either a thermal 
process or a plasma enhanced process. In a plasma enhanced 
process, a controlled plasma is typically formed adjacent the 
substrate by RF energy applied to gas distribution manifold 
211 using RF poWer supply 225. Alternatively, RF poWer 
can be provided to susceptor 212. The RF poWer to the 
deposition chamber may be cycled or pulsed to reduce 
heating of the substrate and promote greater porosity in the 
deposited ?lm. The poWer density of the plasma for a 200 
mm substrate is betWeen about 0.03 W/cm2 and about 3.2 
W/cm2, Which corresponds to a RF poWer level of about 10 
W to about 2000 W. In accordance With one embodiment, 
the RF poWer level is betWeen about 300 W and about 1700 
W. 

[0055] RF poWer supply 225 can supply a single fre 
quency RF poWer betWeen about 0.01 MHZ and 300 MHZ. 
Alternatively, the RF poWer may be delivered using mixed, 
simultaneous frequencies to enhance the decomposition of 
reactive species introduced into high vacuum region 215. In 
one aspect, the mixed frequency is a loWer frequency of 
about 12 kHZ and a higher frequency of about 13.56 MHZ. 
In another aspect, the loWer frequency may range betWeen 
about 300 HZ to about 1,000 kHZ, and the higher frequency 
may range betWeen about 5 MHZ and about 50 MHZ. 

[0056] During deposition, the substrate is maintained at a 
temperature betWeen about —20° C. and about 500° C., and 
in accordance With one embodiment, betWeen about 100° C. 
and about 400° C. The deposition pressure is typically 
betWeen about 1 Torr and about 20 Torr, and in accordance 
With one embodiment, betWeen about 4 Torr and about 6 
Torr. The deposition rate is typically betWeen about 10,000 
A/min and about 20,000 A/min. 

[0057] When additional dissociation of the oxidiZing gas 
is desired, an optional microWave chamber 228 can be used 
to input from betWeen about 0 Watts and about 6000 Watts 
to the oxidiZing gas prior to the gas’s entering processing 
chamber 210. The additional microWave poWer can avoid 
excessive dissociation of the organo-silicon compounds 
prior to reaction With the oxidiZing gas. A gas distribution 
plate (not shoWn) having separate passages for the organo 
silicon compound and the oxidiZing gas is preferred When 
microWave poWer is added to the oxidiZing gas. 

[0058] Typically, any or all of the chamber lining, distri 
bution manifold 211, susceptor 212, and various other 
reactor hardWare is made out of materials such as aluminum 
or anodiZed aluminum. An example of such a CVD reactor 
is described in US. Pat. No. 5,000,113, entitled “A Thermal 
CVD/PECVD Reactor and Use for Thermal Chemical Vapor 
Deposition of Silicon Dioxide and In-situ Multi-step Pla 
nariZed Process,” issued to Wang et al. and assigned to 
Applied Materials, Inc., the assignee of the present inven 
tion. 

[0059] System controller 234 controls motor 214, gas 
mixing system 219, and RF poWer supply 225 Which are 
connected thereWith by control lines 236. System controller 
34 controls the activities of the CVD reactor and typically 
includes a hard disk drive, a ?oppy disk drive, and a card 
rack. The card rack contains a single board computer (SBC), 
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analog and digital input/output boards, interface boards, and 
stepper motor controller boards. System controller 34 con 
forms to the Versa Modular Europeans (VME) standard 
Which de?nes board, card cage, and connector dimensions 
and types. The VME standard also de?nes the bus structure 
having a 16-bit data bus and 24-bit address bus. 

[0060] FIG. 3 shoWs an illustrative block diagram of a 
hierarchical control structure of computer program 410. 
System controller 234 operates under the control of com 
puter program 410 stored on hard disk drive 238. Computer 
program 410 dictates the timing, mixture of gases, RF poWer 
levels, susceptor position, and other parameters of a par 
ticular process. The computer program code can be Written 
in any conventional computer readable programming lan 
guage such as, for example, 68000 assembly language, C, 
C++, or Pascal. Suitable program code is entered into a 
single ?le, or multiple ?les, using a conventional text editor, 
and stored or embodied in a computer usable medium, such 
as a memory system of the computer. If the entered code text 
is in a high level language, the code is compiled, and the 
resultant compiler code is then linked With an object code of 
precompiled WindoWs library routines. To execute the linked 
compiled object code, the system user invokes the object 
code, causing the computer system to load the code in 
memory, from Which the CPU reads and executes the code 
to perform the tasks identi?ed in the program. 

[0061] A user enters a process set number and process 
chamber number into process selector 420 in response to 
menus or screens displayed on the CRT monitor by using the 
light pen interface. The process sets are predetermined sets 
of process parameters necessary to carry out speci?ed pro 
cesses, and are identi?ed by prede?ned set numbers. Process 
selector 420: selects a desired process chamber on the 
cluster tool, and (ii) selects a desired set of process param 
eters needed to operate the process chamber for performing 
the desired process. The process parameters for performing 
a speci?c process are provided to the user in the form of a 
recipe and relate to process conditions such as, for example, 
process gas composition, ?oW rates, temperature, pressure, 
plasma conditions such as RF bias poWer levels and mag 
netic ?eld poWer levels, cooling gas pressure, and chamber 
Wall temperature. The parameters speci?ed by the recipe are 
entered utiliZing the light pen/CRT monitor interface. The 
signals for monitoring the process are provided by the 
analog input and digital input boards of system controller 
234 and the signals for controlling the process are output to 
the analog output and digital output boards of system 
controller 234. 

[0062] Process sequencer 430 comprises program code for 
accepting the identi?ed process chamber and set of process 
parameters from process selector 420, and for controlling 
operation of the various process chambers. Multiple users 
can enter process set numbers and process chamber num 

bers, or a user can enter multiple process chamber numbers, 
so process sequencer 430 operates to schedule the selected 
processes in the desired sequence. In accordance With one 
embodiment, process sequencer 430 includes computer 
readable program code to perform steps of: monitoring 
the operation of the process chambers to determine if the 
chambers are being used, (ii) determining What processes are 
being carried out in the chambers being used, and (iii) 
executing the desired process based on availability of a 
process chamber and type of process to be carried out. 
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Conventional methods of monitoring the process chambers 
can be used, such as polling. When scheduling a process 
execute, process sequencer 430 can be designed to take into 
consideration the present condition of the process chamber 
being used in comparison With the desired process condi 
tions for a selected process, or the “age” of each particular 
user entered request, or any other relevant factor a system 
programmer desires to include for determining the schedul 
ing priorities. 

[0063] Once process sequencer 430 determines Which 
process chamber and process set combination is going to be 
executed next, process sequencer 430 causes execution of 
the process set by passing the particular process set param 
eters to chamber manager 440 Which controls multiple 
processing tasks in a process chamber according to the 
process set determined by process sequencer 430. For 
example, chamber manager 440 includes program code for 
controlling CVD process operations in process chamber 
210. Chamber manager 440 also controls execution of 
various chamber components Which control operation of the 
chamber component necessary to carry out the selected 
process set. Examples of chamber component are susceptor 
control 450, process gas control 460, pressure control 470, 
heater control 480, and plasma control 490. Those having 
ordinary skill in the art Would readily recogniZe that other 
chamber controls can be included depending on What pro 
cesses are desired to be performed in a processing chamber. 

[0064] In operation, chamber manager 440 selectively 
schedules or calls the process component in accordance With 
the particular process set being executed. Chamber manager 
440 schedules the process components in a manner that is 
similar to the manner in Which sequencer 430 schedules 
Which process chamber and process set is to be executed 
next. Typically, chamber manager 440 includes steps of 
monitoring the various chamber components, determining 
Which components needs to be operated based on the 
process parameters for the process set to be executed, and 
causing execution of a chamber component responsive to the 
monitoring and determining steps. 

[0065] Operation of particular chamber components Will 
noW be described With reference to FIG. 2. Susceptor 
control positioning 450 comprises program code for con 
trolling chamber components that are used to load the 
substrate onto susceptor 212, and optionally to lift the 
substrate to a desired height in processing chamber 210 to 
control the spacing betWeen the substrate and gas distribu 
tion manifold 211. When a substrate is loaded into process 
ing chamber 210, susceptor 212 is loWered to receive the 
substrate, and thereafter, susceptor 212 is raised to the 
desired height in the chamber to maintain the substrate at a 
?rst distance or spacing from gas distribution manifold 211 
during the CVD process. In operation, susceptor control 450 
controls movement of susceptor 212 in response to process 
set parameters that are transferred from chamber manager 
440. 

[0066] Process gas control 460 has program code for 
controlling process gas compositions and flow rates. Process 
gas control 460 controls the open/close position of the safety 
shut-off valves, and also ramps up/doWn the mass flow 
controllers to obtain the desired gas flow rate. Process gas 
control 460 is invoked by chamber manager 440, as are all 
chamber components, and receives from the chamber man 
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ager process parameters related to the desired gas flow rates. 
Typically, process gas control 460 operates by opening the 
gas supply lines, and repeatedly: reading the necessary 
mass flow controllers, (ii) comparing the readings to the 
desired flow rates received from chamber manager 440, and 
(iii) adjusting the flow rates of the gas supply lines as 
necessary. Furthermore, process gas control 460 includes 
steps for monitoring the gas flow rates for unsafe rates, and 
activating the safety shut-off valves When an unsafe condi 
tion is detected. 

[0067] In some processes, an inert gas such as helium or 
argon is put into processing chamber 210 to stabiliZe the 
pressure in the chamber before reactive process gases are 
introduced. For these processes, process gas control 460 is 
programmed to include steps for ?oWing the inert gas into 
chamber 210 for an amount of time necessary to stabiliZe the 
pressure in the chamber, and then the steps described above 
Would be carried out. 

[0068] Additionally, When a process gas is to be vaporiZed 
from a liquid precursor, such as OMCTS for example, 
process gas control 460 Would be Written to include steps for 
bubbling a carrier/delivery gas such as argon, helium, nitro 
gen, hydrogen, carbon dioxide, ethylene, or mixtures 
thereof, for example, through the liquid precursor in a 
bubbler assembly. For this type of process, process gas 
control 460 regulates the How of the delivery gas, the 
pressure in the bubbler, and the bubbler temperature in order 
to obtain the desired process gas flow rates. As discussed 
above, the desired process gas flow rates are transferred to 
process gas control 460 as process parameters. Furthermore, 
process gas control 460 includes steps for obtaining the 
necessary delivery gas flow rate, bubbler pressure, and 
bubbler temperature for the desired process gas flow rate by 
accessing a stored table containing the necessary values for 
a given process gas flow rate. Once the necessary values are 
obtained, the delivery gas flow rate, bubbler pressure and 
bubbler temperature are monitored, compared to the neces 
sary values and adjusted accordingly. 

[0069] Pressure control 470 comprises program code for 
controlling the pressure in processing chamber 210 by 
regulating the siZe of the opening of the throttle valve in 
exhaust pump 232. The siZe of the opening of the throttle 
valve is set to control the chamber pressure to the desired 
level in relation to the total process gas ?oW, siZe of the 
process chamber, and pumping set point pressure for the 
exhaust pump 232. When pressure control 470 is invoked, 
the desired, or target pressure level is received as a param 
eter from chamber manager 440. Pressure control 470 oper 
ates to measure the pressure in processing chamber 210 by 
reading one or more conventional pressure manometers 

connected to the chamber, compare the measure value(s) to 
the target pressure, obtain PID (proportional, integral, and 
differential) values from a stored pressure table correspond 
ing to the target pressure, and adjust the throttle valve 
according to the PID values obtained from the pressure 
table. Alternatively, pressure control 470 can be Written to 
open or close the throttle valve to a particular opening siZe 
to regulate the processing chamber 210 to the desired 
pressure. 

[0070] Heater control 480 comprises program code for 
controlling the temperature of the heat modules or radiated 
heat that is used to heat susceptor 212. Heater control 480 is 
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also invoked by chamber manager 440, and receives a target, 
or set point, temperature parameter. Heater control 480 
measures the temperature by measuring voltage output of a 
thermocouple located in susceptor 212, compares the mea 
sured temperature to the set point temperature, and increases 
or decreases current applied to the heat module to obtain the 
set point temperature. The temperature is obtained from the 
measured voltage by looking up the corresponding tempera 
ture in a stored conversion table, or by calculating the 
temperature using a fourth order polynomial. Heater control 
480 gradually controls a ramp up/doWn of current applied to 
the heat module. The gradual ramp up/doWn increases the 
life and reliability of the heat module. Additionally, a 
built-in-fail-safe mode can be included to detect process 
safety compliance, and can shut doWn operation of the heat 
module if processing chamber 10 is not properly set up. 

[0071] Plasma control 490 comprises program code for 
setting the RF bias voltage poWer level applied to the 
process electrodes in processing chamber 210, and option 
ally, to set the level of the magnetic ?eld generated in the 
reactor. Similar to the previously described chamber com 
ponents, plasma control 490 is invoked by chamber manager 
440. 

[0072] The pretreatment and method for forming a pre 
treated layer of the present invention is not limited to any 
speci?c apparatus or to any speci?c plasma excitation 
method. The above CVD system description is mainly for 
illustrative purposes, and other CVD equipment such as 
electrode cyclotron resonance (ECR) plasma CVD devices, 
induction-coupled RF high density plasma CVD devices, or 
the like may be employed. Additionally, variations of the 
above described system such as variations in susceptor 
design, heater design, location of RF poWer connections and 
others are possible. For example, the substrate could be 
supported and heated by a resistively heated susceptor. 

[0073] The folloWing examples illustrate the loWer-k 
dielectric ?lms that Were deposited using the above-de 
scribed CVD chamber. In particular, the ?lms Were depos 
ited using a “Producer” system, Which is available from 
Applied Materials, Inc. of Santa Clara, Calif. 

EXAMPLE 1 

[0074] A loW dielectric constant ?lm Was deposited on a 
200 mm substrate from the folloWing reactive gases at a 
chamber pressure of about 6 Torr and substrate temperature 
of about 400° C. 

[0075] Octamethylcyclotetrasiloxane (OMCTS), at 
about 5,000 mgm; 

[0076] Trimethylsilane (TMS), at about 200 sccm; 

[0077] Ethylene, at about 2,000 sccm; 

[0078] Oxygen, at about 1,000 sccm; and 

[0079] Helium, at about 1,000 sccm 

[0080] The substrate Was positioned 1,050 mils from the 
gas distribution shoWerhead. ApoWer level of about 800 W 
at a frequency of 13.56 MHZ Was applied to the shoWerhead 
for plasma enhanced deposition of the ?lm. The ?lm Was 
deposited at a rate of about 12,000 A/min, and had a 
dielectric constant (k) of about 2.54 measured at 0.1 MHZ. 
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EXAMPLE 2 

[0081] A loW dielectric constant ?lm Was deposited on a 
200 mm substrate from the folloWing reactive gases at a 
chamber pressure of about 6 Torr and substrate temperature 
of about 400° C. 

[0082] Octamethylcyclotetrasiloxane (OMCTS), at 
about 5,000 mgm; 

[0083] Trimethylsilane (TMS), at about 400 sccm; 

[0084] Ethylene, at about 2,000 sccm; 

[0085] Oxygen, at about 1,000 sccm; and 

[0086] Helium, at about 1,000 sccm; 

[0087] The substrate Was positioned 1,050 mils from the 
gas distribution shoWerhead. ApoWer level of about 800 W 
at a frequency of 13.56 MHZ Was applied to the shoWerhead 
for plasma enhanced deposition of the ?lm. The ?lm Was 
deposited at a rate of about 12,000 A/min, and had a 
dielectric constant (k) of about 2.51 measured at 0.1 MHZ. 

EXAMPLE 3 

[0088] A loW dielectric constant ?lm Was deposited on a 
200 mm substrate from the folloWing reactive gases at a 
chamber pressure of about 6 Torr and substrate temperature 
of about 400° C. 

[0089] Octamethylcyclotetrasiloxane (OMCTS), at 
about 5,000 mgm; 

[0090] Trimethylsilane (TMS), at about 600 sccm; 

[0091] Ethylene, at about 2,000 sccm; 

[0092] Oxygen, at about 1,000 sccm; and 

[0093] Helium, at about 1,000 sccm 

[0094] The substrate Was positioned 1,050 mils from the 
gas distribution shoWerhead. ApoWer level of about 800 W 
at a frequency of 13.56 MHZ Was applied to the shoWerhead 
for plasma enhanced deposition of the ?lm. The ?lm Was 
deposited at a rate of about 12,000 A/min, and had a 
dielectric constant (k) of about 2.47 measured at 0.1 MHZ. 

EXAMPLE 4 

[0095] A loW dielectric constant ?lm Was deposited on a 
200 mm substrate from the folloWing reactive gases at a 
chamber pressure of about 6 Torr and substrate temperature 
of about 400° C. 

[0096] Octamethylcyclotetrasiloxane (OMCTS), at 
about 5,000 mgm; 

[0097] Trimethylsilane (TMS), at about 800 sccm; 

[0098] Ethylene, at about 2,000 sccm; 

[0099] Oxygen, at about 1,000 sccm; and 

[0100] Helium, at about 1,000 sccm 

[0101] The substrate Was positioned 1,050 mils from the 
gas distribution shoWerhead. ApoWer level of about 800 W 
at a frequency of 13.56 MHZ Was applied to the shoWerhead 
for plasma enhanced deposition of the ?lm. The ?lm Was 
deposited at a rate of about 12,000 A/min, and had a 
dielectric constant (k) of about 2.47 measured at 0.1 MHZ. 



US 2004/0069410 A1 

EXAMPLE 5 

[0102] A loW dielectric constant ?lm Was deposited on a 
200 mm substrate from the following reactive gases at a 
chamber pressure of about 6 Torr and substrate temperature 
of about 400° C. 

[0103] Octamethylcyclotetrasiloxane (OMCTS), at 
about 5,000 mgm; 

[0104] Trimethylsilane (TMS), at about 900 sccm; 

[0105] Ethylene, at about 2,000 sccm; 

[0106] Oxygen, at about 1,000 sccm; and 

[0107] Helium, at about 1,000 sccm 

[0108] The substrate Was positioned 1,050 mils from the 
gas distribution shoWerhead. ApoWer level of about 800 W 
at a frequency of 13.56 MHZ Was applied to the shoWerhead 
for plasma enhanced deposition of the ?lm. The ?lm Was 
deposited at a rate of about 12,000 A/min, and had a 
dielectric constant (k) of about 2.48 measured at 0.1 MHZ. 

EXAMPLE 6 

[0109] A loW dielectric constant ?lm Was deposited on a 
substrate from the folloWing reactive gases at a chamber 
pressure of about 14 Torr and substrate temperature of 350° 
C. 

[0110] Octamethylcyclotetrasiloxane (OMCTS), at 
about 2,000 mgm; 

[0111] Trimethylesilane (TMS), at about 400 sccm; 

[0112] Oxygen, at about 600 sccm; and 

[0113] Helium, at about 800 sccm 

[0114] The substrate Was positioned 450 mils from the gas 
distribution shoWerhead. A poWer level of 800 W at a 
frequency of 13.56 MHZ Was applied to the shoWerhead for 
plasma enhanced deposition of the ?lm. The deposited ?lm 
had a dielectric constant (k) of about 2.67 measured at 0.1 
MHZ. 

EXAMPLE 7 

[0115] A loW dielectric constant ?lm Was deposited on a 
substrate from the folloWing reactive gases at a chamber 
pressure of about 6 Torr and substrate temperature of 400° 
C. 

[0116] Octamethylcyclotetrasiloxane (OMCTS), at 
about 5,000 mgm; 

[0117] Ethylene, at about 2,000 sccm; 

[0118] Oxygen, at about 1,000 sccm; and 

[0119] Helium, at about 1,000 sccm 

[0120] The substrate Was positioned 1,050 mils from the 
gas distribution shoWerhead. A poWer level of 800 W at a 
frequency of 13.56 MHZ Was applied to the shoWerhead for 
plasma enhanced deposition of the ?lm. The deposited ?lm 
had a dielectric constant (k) of about 2.55 measured at 0.1 
MHZ. 

[0121] FIG. 4 illustrates the effect of varying the How rate 
of TMS in Examples 1-5 described above. It Was found that 
the dielectric constant signi?cantly decreased as the How 
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rate of TMS increased betWeen about 200 sccm to about 600 
sccm. The loW dielectric constants Were achieved With a 

ratio of hydrocarbon compound to acyclic organo-silicon 
compound of about 15:1 to about 1:1. As illustrated With 
Example 6 and shoWn in FIG. 4, the addition of a suf?cient 
amount of the hydrocarbon compound to the cyclic organo 
silicon and acyclic organo-silicon compounds provided a 
dielectric constant at least 7% loWer than a dielectric con 
stant obtained by omitting the hydrocarbon compound. 
Further, the addition of a suf?cient amount of the acyclic 
organo-silicon compound to the cyclic organo-silicon and 
hydrocarbon compounds provided a dielectric constant 
about 3% loWer than a dielectric constant obtained by 
omitting the acyclic organo-silicon compound as shoWn in 
Example 7. 

[0122] Then, after the above-described ?lms are depos 
ited, they are e-beam treated using, for example, and Without 
limitation, a chamber like that described above in conjunc 
tion With FIG. 1. 

[0123] Further embodiments of the present invention 
entail fabricating a loWer-k dielectric ?lm referred to herein 
as formulation-II. This ?lm Was fabricated using the cham 
ber described above in conjunction With FIG. 2 Wherein the 
precursors Were octamethylcyclotetrasiloxane (“OMCTS:), 
trimethylsilane ((CH3)3—SiH), O2, ethylene (C2H4), and He 
as a diluent. In accordance With one such embodiment, the 
process conditions Were: a How rate for OMCTS of about 
5000 mgm; a How rate for trimethylsilane of about 600 
sccm; a How rate for 02 of about 1000 sccm; a How rate for 
ethylene of about 2000 seem; a ?ow rate for He of about 
1000 sccm; a chamber pressure of about 5.75 Torr; a Wafer 
susceptor temperature of about 400° C.; a Wafer to shoW 
erhead spacing of about 1050 mils; and an RF poWer of 
about 800 W. Further useful deposition process conditions 
can be determined routinely by one of ordinary skill in the 
art Without undue experimentation in light of the detailed 
description presented herein. 
[0124] After this ?lm Was deposited, it Was e-beam treated 
in a chamber like that described above in conjunction With 
FIG. 1. The process conditions Were: a treatment dose of 
about 100 ptC/cm2 for about 2 min., a chamber pressure for 
an ambient gas of about 15 mTorr, a voltage of about 
4.5 KeV, an electron current of about 3 ma, and a Wafer 
temperature of about 400° C. This resulted in a ?lm Whose 
hardness and Young’s modulus improved from about 0.699 
GPa and about 4.902 GPa for a control Wafer (i.e., no 
e-beam treatment) to about 1.414 GPa and about 9.563 GPa, 
respectively, for the e-beam treated Wafer, While the dielec 
tric constant remained substantially the same, i.e., a k value 
of about 2.52 for the control Wafer vs. a k value of about 2.49 
for the e-beam treated Wafer. The thickness changed from a 
nominal value of about 5000 A (5292.1 for the control 
Wafer to a thickness of about 4889.3 A for the e-beam treated 
Wafer. These results are important because they shoW that 
the e-beam treatment increased the strength of a ?lm Which 
is otherWise mechanically Weak, leaving other properties 
relatively unchanged. A mechanically Weak ?lm may be 
problematic in use in fabricating integrated circuits having 
many layers such as, for example, logic circuits because 
stresses Which build up due to use of mechanically Weak 
materials may cause stress fractures in upper layers. 

[0125] In addition to the above-described improvement 
for e-beam treated formulation-II, the Wetting angle 
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decreased for the e-beam treated Wafer; showing that the 
e-beam treated ?lm became hydrophilic. In particular, the 
Wetting angle changed from a value of over about 80° C. for 
the control Wafer to a value of under about 40° C. for the 
e-beam treated Wafer. This is important because many 
photoresists Will not deposit on a hydrophobic surface. 

[0126] Still further embodiments of the present invention 
entail fabricating a loWer-k dielectric ?lm using an oxidiZer 
(such as, for example, and Without limitation, H202, O3, and 
so forth) and a stable silicon precursor (such as, for example, 
and Without limitation, tri-methyl silane (“TMS”) or tetra 
methyl silane or a precursor having a built-in metastable 
functional group, for example, and Without limitation, 1,3, 
5,7-tetramethylcyclotetrasiloxane (TMCTS). The CVD 
deposition may take place, for example, and Without limi 
tation, using the chamber described above in conjunction 
With FIG. 2 at a relatively loW temperature. For example, in 
accordance With one embodiment of the present invention, 
a process recipe for one such thermal deposition process 
using TMS and O3 entails: a chamber pressure of about 100 
Torr, a Wafer holder temperature of about 100° C., a How rate 
for O3 of about 4000 sccm, a How rate of a diluent such as, 
for example, and Without limitation, He, of about 8000 
sccm, and a How rate of TMS of about 125 sccm. Next, the 
?lm is e-beam treated (including heating the ?lm at the same 
time) using, for example, and Without limitation, a chamber 
like that described above in conjunction With FIG. 1. 

[0127] Processes to Produce loW-k Dielectric Films Using 
a Chemical Vapor Deposition (“CVD”) Step: Approach 2 
(Deposit a Film that Includes Unstable Groups, and E-beam 
Treat it to Eject Metastable Groups, Improve, for Example, 
its Dielectric Constant, and Mechanical Properties and to 
Shorten Thermal Anneal Times) 

[0128] In accordance With one or more embodiments of 
the present invention, a ?lm is fabricated that includes 
metastable groups. In accordance With one or more such 

embodiments, the precursors include vinyl cyclohexane 
(“VCH”), octamethylcyclotetrasiloxane (“OMCTS”), and 
He as a diluent, and embodiments of this ?lm Were fabri 
cated using the chamber described above in conjunction 
With FIG. 2. In accordance With one such embodiment, the 
process conditions Were: a How rate for OMCTS of about 
500 mgm, a How rate for VCH of about 500 mgm, a How rate 
for He of about 1000 sccm; a chamber pressure of about 5 
Torr; a Wafer susceptor temperature of about 100° C.; a 
Wafer to shoWerhead spacing of about 800 mils; and an RF 
poWer (13.56 MHZ) of about 300 W; and a loW frequency 
poWer (356 KHZ) of about 100 W. The deposition rate for 
this ?lm Was about 12,000 A/min. Further useful deposition 
process conditions can be determined routinely by one of 
ordinary skill in the art Without undue experimentation in 
light of the detailed description presented herein. After this 
?lm Was deposited it had a refractive index (“RI”) equal to 
about 1.47, and a dielectric constant k equal to about 2.77. 
The ?lm Was thermally annealed for about 30 min. at 440° 
C. in a furnace. After the thermal anneal, RI Was equal to 
about 1.37, and k Was equal to about 2.45. 

[0129] After this ?lm Was annealed, it Was e-beam treated 
in a chamber like that described above in conjunction With 
FIG. 1. The process conditions Were: a treatment dose of 
about 200 ptC/cm2 for about 2 min., a chamber pressure for 
an ambient gas of about 15 mTorr, a voltage of about 
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4 KeV, an electron current of about 3 ma, and a Wafer 
temperature of about 400° C. This resulted in a ?lm having 
RI equal to about 1.43, k equal to about 2.46, and increased 
hardness and Young’s modulus. 

[0130] In accordance With this approach, further embodi 
ments include the use of precursors that provide metastable 
species (for example, and Without limitation, cyclohexane or 
phenyl in the ?lm), and precursors that provide silicon. In 
accordance With one or more such embodiments, the pre 
cursors that provide metastable species include, for example, 
and Without limitation, one or more of norborndiene and 
butadiene, and the precursors that silicon include, for 
example, and Without limitation, one or more of OMCTS, 
TMCTS, DMDMOS, and DEMS (Si singly bonded to H, 
CH3, and (OC2H5)2). In accordance With this approach, still 
further embodiments include the use of precursors Where the 
metastable functional group can be attached to an organic 
compound, for example, VCH, or it can be built into a 
silicon precursor, for example, t-butyl TMCTS. 

[0131] Further embodiments of the present invention With 
respect to Approach 1 and Approach 2 entail carrying out 
multiple process step cycles (i.e., thermal deposition/e-beam 
treatment process step cycles). Finally, and optionally, the 
resulting ?lm is thermally annealed. In accordance With one 
such embodiment, the e-beam treatment steps are short to 
reduce shrinkage and to obtain k values <2.5. 

[0132] In accordance With another embodiment of the 
present invention, any of the above-described embodiments 
may be folloWed by further treatment processes, prior to 
and/or after, the optional thermal anneal step, to further 
harden such organo-silicon-based ?lms. For example, and 
Without limitation, such further treatment processes may 
include exposure to relatively inert plasmas such as He or H2 
plasmas. HoWever, in the absence of penetration throughout 
the ?lm by higher energy electrons, such effects, for 
example, hardening, may be linked largely to changes in 
surface composition induced by sputtering aWay of organic 
constituents by ions rather than the cross-linking processes 
believed to be operative during e-beam treatment. HoWever, 
for very thin barrier ?lms containing suf?ciently high carbon 
content, the use of such processes can also be advantageous. 
In accordance With one or more such embodiments, the 
plasma treatment may be carried out in conventional 
PECVD or plasma etch hardWare. 

[0133] Processes to Produce LoW-k Dielectric Films 
Using a Spin-on Dielectric (“SOD”) Deposition Step 

[0134] E-beam treatment of a loWer-k dielectric ?lm such 
as a spin-on-dielectric (“SOD”) ?lm provides a rapid cure 
process that improves the properties and performance of the 
?lm (over those obtained by thermal curing alone). For 
example, e-beam treatment of a loWer-k SOD ?lm provides 
one or more of: improved mechanical properties (for 
example, and Without limitation, one or more of increased 
hardness and increased Young’s Modulus), loWer dielectric 
constant; dielectric constant stability, improved resistance to 
Wet and dry strip processes; and reduced thermal budgets. In 
accordance With one or more embodiments of the present 
invention, the e-beam treatment cures a porous spin-on 
dielectric ?lm. It is believed that advantageous effects of this 
cure are achieved by removing silanol functionality to 
improve the ?lm’s mechanical properties and dielectric 
stability. 






























