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FIELD

[0002] The present disclosure relates to ion implantation systems and processes, and to
thermal management of such systems providing unexpected advantages in performance, as well as
to ion implantation processes and systems using diboron tetrafluoride (B,F,), and to boron ion
implantation apparatus and methodology generally, e.g, as used in the manufacture of

microelectronic devices and semiconductor products such as integrated circuitry.

DESCRIPTION OF THE RELATED ART

[0003] Ton implantation is used in integrated circuit fabrication to accurately introduce
contiolled amounts of dopant impurities into semiconductor wafers and is a crucial process in
microelectronic/semiconductor manufacturing.

[0004] In such implantation systems, an ion source ionizes a desired dopant element of a
dopant source gas. The ion source generates ions by introducing electrons into a vacuum chamber
filled with the dopant source gas (also commonly referred to as the “feedstock gas™). Feedstock
gases used to generate implant species include, but are not limited to, BF;, BigHy4, BiyHz,, PH;,
AsH,, PFs, AsFs, H.Se, N,, Ar, GeF,, SiF,, O,, Ha, and GeH,. Collisions of the electrons with
dopant atoms and molecules in the gas results in the creation of an ionized plasma consisting of
positive and negative dopant ions.

[0005] The resulting ions are extracted from the source in the form of an ion beam of desired

energy. Extraction is achieved by applying a high voltage across suitably shaped extraction



electrodes, which incorporate apertures for passage of the extracted beam. The extracted beam
passes through the aperture and out of the ion source as a collimated ion beam, which is accelerated
towards the substrate.

[0006] The ion beam is impinged on the surface of the substrate, such as a semiconductor
wafer, in order to implant the substrate with the dopant element. The ions of the beam penetrate the
surface of the substrate to form a region of desired doped character, e.g., specific conductivity. The
implanted dopant atoms then can be activated by annealing to form an electrically active doped
region. Implanted ion species variously include B, P, As, Se, N, Ar, Ge, Si, O, and H. Boron is a
particularly widely used implant species.

[0007] There may be many implantation steps in the typical fabrication of a microelectronic
device. Increasing wafer sizes, decreasing critical dimensions, and growing circuit complexity place
increasingly greater demands on ion implant tools, in respect of better process control, delivery of
high beam currents at lower energies, and decrease in the mean time between failures (MTBF) of
the implant apparatus.

[0008] The economic operation of the ion implantation system requires that downtime of the
system is minimized and that the ion source operates efficiently to carry out the generation of ionic
species for the implantation operation.

[0009] Boron trifluoride (BF;) has traditionally been a standard source for boron doping of
microelectronic device structures. However, BF; is problematic in that it requires a significant
amount of energy to break the B-F bond (757 kJ mole™) as compared to other dopant species used
in ion implantation, such as arsine (As-H = 274 kJ mole™) and phosphine (P-H = 297 kJ mole™). As
a result, ion sources must operate at high arc voltages when implanting boron. High arc voltages,
however, create high energy ions that bombard the hot filament or cathode in the ion source region,
contributing to spuiter erosion and failure of the cathode.

[0010] It has been reported that 80% of the BF; dopant supplied to an ion implanter may be
vented intact, suggesting either that the BF; is not ionized, or if ionized, that the fragments resulting
from initial ionmzation have recombined. The low ionization of BF; at high arc voltages therefore 1s
a significant efficiency issue for boron 1on implantation.

[0011] In addition, the ionization reactions occurring in the ion source region of the implanter
apparatus may involve significant deposition of ionization/decomposition species that are generated
or otherwise present during the active operation of the ion source in the implant operation.

[0012] In consequence, there is a need in the art for alternative boron-containing dopant
precursors for use in boron doping of microelectronic device structures, and improved processes
and systems, to achieve increased MTBF, process efficiency and operating life of the implanter,

with minimal build-up of non-volatile species in the ion source region of the implanter apparatus.



SUMMARY

[0013] The present disclosure relates to ion implantation systems and methods.

[0014] In one aspect, the disclosure relates to an ion implantation system, comprising:

an ion source including an arc chamber, arranged to ionize gas therein;

a dopant gas source;

a dopant gas feed line for mtroducing dopant gas from the dopant gas source to the arc chamber;
and

a cooling structure associated with the dopant gas feed line, and arranged to cool dopant gas in the
dopant gas feed line, to thereby combat heating of the dopant gas by heat generated in operation of
the arc chamber, and decomposition of the dopant gas resulting from such heat.

[0015] In another aspect, the disclosure relates to a method of implanting ions in a substrate,
comprising passing dopant gas from a source of same to an arc chamber of an ion source, under
conditions producing ionization of the dopant gas, and cooling the dopant gas prior to entry to the
arc chamber, to thereby combat heating of the dopant gas by heat generated in operation of the arc
chamber, and decomposition of the dopant gas resulting from such heat.

[0016] In yet another aspect, the disclosure relates to a method of operating an ion
implantation system utilizing diboron tetrafluoride to generate boron ions for implantation, said
method comprising flowing coolant from an ion source coolant supply in heat exchange
relationship to said diboron tetrafluoride prior to its entering an ion source chamber of said ion
implantation system.

[0017] In a further aspect, the disclosure relates to an ion implant apparatus for boron ion
implantation, comprising a gaseous boron source supply, and an ion source arranged to receive
gaseous boron source from said supply and to ionize said gaseous boron source to form ionic boron
species for implantation in a substrate, wherein the gaseous boron source comprises at least one
boron compound selected from among B,F,, B.He, BsHo, B;Fs, BHF,, and BH,F.

[0018] Another aspect of the disclosure relates to an ion implantation method, comprising
ionizing a gaseous boron source in an 1on source to form ionic boron species to form ionic boron
species for implantation in a substrate, wherein the gaseous boron source comprises at least one
boron compound selected from among B,F,, B,Hs, BsHy, B;Fs, BHF,, and BH,F.

[0019] A further aspect of the disclosure relates to a solids deposition monitoring and control
system for an ion implantation apparatus including an ion source having associated therewith a flow
passage susceptible to deposition of solids deriving from a dopant source material in operation of
the ion implantation apparatus, such solids deposition monitoring and control system comprising:

a monitoring device arranged to detect and provide an output indicative of accumulation of

deposition solids from the dopant source material in the flow passage; and



a control assembly responsive to said output of the monitoring device to modulate operation of the
ion implantation apparatus so as to prevent, reduce or reverse the accumulation of deposition solids
from the dopant source material in subsequent operation of the jon implantation apparatus.

[0020] A still further aspect of the disclosure relates to a method of combating solids
deposition an ion implantation system including an ion source having associated thérewith a flow
path susceptible to deposition of solids deriving from a dopant source material in operation of the
1on implantation system, such method comprising

monitoring and responsively generating an output indicative of accumulation of deposition solids
from the dopant source material in the flow path; and

responsively modulating operation of the ion implantation system so as to prevent, reduce or
reverse said accumulation of deposition solids from the dopant source material in subsequent
operation of the ion implantation system.

[0021] Other aspects, features and embodiments of the disclosure will be more fully apparent

from the ensuing description and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0022] FIG. 1 is a schematic representation of an ion implantation system, including an arc
chamber with a gas feed line for feeding dopant source gas to the arc chamber for ionization thereof
in the chamber.
[0023] FIG. 2 is a cross section of the FIG. 1 ion implantation system schematically showing
the generation of a plasma in the arc chamber of such system.
[0024] FIG. 3 1s a cross section of the FIG. 1 ion implantation system schematically showing
the generation of a plasma in the arc chamber of such system, with the gas feed line being modified
in relation to the system of FIG. 2 to provide active cooling of such line.
[0025] FIG. 4 is a perspective view of an ion source apparatus in which a jumper line has been
provided to flow ion source cooling water from the cooling water outlet of the ion source to the
inlet of the heat sink provided for cooling of the dopant source gas (heat sink not shown in this
view).
[0026] FIG. 5 is a perspective view of a heat sink apparatus that is mechanically secured to the
dopant source gas feed passages, with cooling water being flowed through the heat sink body to
cool the dopant source gas.
[0027] FIG. 6 is a perspective view of an ion source apparatus having a heat sink apparatus
mechanically secured to the dopant source gas feed passages for cooling of the dopant source gas
flowed to the ion source apparatus.
[0028] FIG. 7 is an exploded perspective view of the ion source apparatus of FIG. 6, on which
the heat sink apparatus has been installed, showing details thereof.



[0029] FIG. 8 is a perspective view, in cross-section, of the ion source assembly comprising
the ion source apparatus and heat sink apparatus variously shown in FIGS. 5-7.

[0030] FIG. 9 is a graph of temperature, in degrees Centigrade, and heat removed, in Watts, as
a function of time, showing operational data for an ion source assembly comprising the ion source
apparatus and heat sink apparatus variously shown in FIGS. 5-8.

[0031] FIG. 10 is a schematic illustration of a simplified reaction matrix for boron
implantation utilizing BF; plasma.

[0032] FIG. 11 is a schematic representation of a simplified reaction matrix of BF; plasma
utilizing hydrogen additives.

[0033] FIG. 12 is a schematic representation of an ion implant process system including a
storage and dispensing vessel containing gas which is supplied for ion implantation doping of a
substrate in the illustrated ion implant chamber.

[0034] FIG. 13 is a cross-sectional view of an ion source of an ion implantation systen.

[0035] FIG. 14 is a schematic representation of a deposition monitoring and control system
that may be usefully employed to combat occlusion of flow passages associated with the ion source
of an ion implantation system.

[0036] FIG. 15 is a schematic representation of another ion source of an ion implantation
system.

[0037] FIG. 16 1s a graph of beam current (mA), as a function of elapsed time (min), for a

cleaning operation using NF3 to remove boron residue from surfaces of an ion source chamber.

DETAILED DESCRIPTION
[0038] The present disclosure relates to ion implantation systems and methods.
[0039] The disclosure 1s based on the discovery that performance of the ion source and the

overall ion implanter operation can be surprisingly enhanced by incorporating cooling of the dopant
gas just before the arc chamber of the ion source. The surprising character of this discovery derives
from the fact that the ionization process seeks to impart substantial energy to the dopant gas for the
formation of ionic species, and it therefore has beén conventional practice to allow the heat
generated in the ionization operation to propagate through the dopant gas feed line so that the
dopant gas is essentially preheated for the ionization and plasma formation operation, as a
perceived beneficial arrangement.

[0040] Despite this perception, however, it has been found that in the case of certain dopant
gases, such as for example diboron tetrafluoride, this heat propagation results in deleterious
decomposition of the dopant gas and resulting clogging of the gas feed line. Accordingly, the

utilization of cooling of the dopant gas feed line, to effect cooling of the dopant gas flowed through



such line, contrary to the approach of the prior art, has been found to provide high performance
efficiency in the use of such dopant gases as diboron tetrafluoride, without the incidence of
deleterious decomposition of the dopant gas and resulting clogging of the dopant gas feed line to
the arc chamber.

[0041] Thus, the disclosure contemplates an ion implantation system, comprising:

an ion source including an arc chamber, arranged to ionize gas therein;

a dopant gas source;

a dopant gas feed line for introducing dopant gas from the dopant gas source to the arc chamber;
and

a cooling structure associated with the dopant gas feed line, and arranged to cool dopant gas in the
dopant gas feed line, to thereby combat heating of the dopant gas by heat generated in operation of
the arc chamber, and decomposition of the dopant gas resulting from such heat.

[0042] The cooling structure can include a cooling passage arranged to cool the dopant gas
feed line and dopant gas flowed therethrough, in the form of a cooling jacket through which may be
flowed a suitable coolant, e.g., water or a glycol/water solution, or other suitable heat transfer
coolant medum.

[0043] For such purpose, the dopant gas feed line may be arranged at a distal end thereof to
discharge dopant gas info the arc chamber, with the cooling passage being positioned at a distal end
portion of the dopant gas feed hine.

[0044] The disclosure contemplates in one embodiment an integrated arrangement, in which a
water cooling assembly for the ion source is utilized as a source of cooling water, with the water
cooling assembly being operatively coupled to the cooling passage associated with the dopant gas
feed line, to flow water through the cooling passage to cool the dopant gas feed line and dopant gas
flowed therethrough.

[0045] The dopant gas source can be of any suitable type, but advantageously, in various
specific arrangements, comprises a pressure-regulated gas storage and dispensing vessel, e.g., of a
type including an internally disposed regulator to provide dispensing of dopant gas at a pressure set
by the set point of the internal regulator assembly, which may include one, two or more regulator
devices. Pressure-regulated vessels of such type are commercially available from ATMI, Inc.,
Danbury, CT, USA, under the trademark VAC.

[0046] The dopant gas source vessel, e.g., the aforementioned pressure-regulated gas storage
and dispensing vessel, may contain a dopant gas of any suitable type. In one embodiment, the
dopant gas may comprise a boron dopant gas, such as diboron tetrafluoride. When diboron
tetrafluoride (B,F,) is employed as the dopant gas, the cooling structure may be operatively
arranged to maintain temperature of diboron tetrafluoride in the dopant feed gas line below 700°C.
[0047] The disclosure in another aspect therefore contemplates a method of implanting ions in

a substrate, comprising passing dopant gas from a source of same to an arc chamber of an ion
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source, under conditions producing ionization of the dopant gas, and cooling the dopant gas prior to
entry to the arc chamber, to thereby combat heating of the dopant gas by heat generated in
operation of the arc chamber, and decomposition of the dopant gas resulting from such heat.

[0048] The cooling may include flowing coolant medium through a cooling passage arranged
to cool the dopant gas feed line and dopant gas flowed therethrough. As mentioned, the ion source
may be arranged with a water cooling assembly, and water from the water cooling assembly can be
flowed through the cooling passage to cool the dopant gas feed line and dopant gas flowed
therethrough. Dopant gas may be provided from a pressure-regulated gas storage and dispensing
vessel containing a boron dopant gas, e.g., diboron tetrafluoride, and the cooling may be effected to
maintain temperature of diboron tetrafluoride flowed to the arc chamber below 700°C.

[0049] The disclosure in another aspect relates to a method of operating an ion implantation
system utilizing diboron tetrafluoride to generate boron ions for implantation, said method
comprising flowing coolant from an ion source coolant supply in heat exchange relationship to said
diboron tetrafluoride prior to its entering an ion source chamber of said ion implantation system.
Such method may also be employed to enhance operating efficiency of an ion implantaﬁon system
utiizing other dopant source gases that are susceptible to decomposition that may result in clogging
the flow passages and undesired downtime of the ion implantation system.

[0050] The cooling approach of the present disclosure thus affords a way to prevent
decomposition of diboron tetrafluoride, or other decomposition-susceptible gas, when used for ion
implantation, while using the existing cooling capability (deionized water) of the ion source to
actively cool the dopant gas feed line and surrounding region of the arc chamber. Cooling the
dopant gas feed line thereby reduces the heating of the dopant gas prior to its entering the arc
chamber.

[0051] FIG. 1 is a schematic representation of an ion implantation system 10, including an arc
chamber 12 with a gas feed line 14 for feeding dopant source gas to the arc chamber for ionization
thereof in the chamber.

[0052] FIG. 2 is a cross section of the FIG. 1 ion implaﬁtation system 10 schematically
showing the generation of a plasma 16 in the arc chamber 12 of such system. The dopant gas is
flowed in the direction indicated by arrow A into the dopant gas feed line 14, having monitoring
thermocouples TC1 and TC2 secured thereto in monitoring relationship to determine the quality of
the thermal state of the feed line and gas entering the arc chamber.

[0053] FIG. 3 is a cross section of the FIG. 1 ion implantation system 10 schematically
showing the generation of a plasma 16 in the arc chamber 12 of such system, with the gas feed line
14 being modified in relation to the system of FIG. 2 to provide active cooling of such line.
Specifically, the gas feed line 14 has associated therewith a coolant passage 20 through which

cooling medium flows in the direction indicated by arrows B. The monitoring thermocouples TC1



and TC2 are secured in monitoring relationship to the dopant gas feed line to determine the quality
of the thermal state of the feed line and gas entering the arc chamber.
[0054] The coolant passage may be configured as a cooling jacket on the dopant gas feed line,
or may include passages circumscribing or interdigitated with the gas feed line, or include other
heat exchange or coolant elements, arrays or assemblies effective to provide cooling to the dopant
gas so that decomposition and deposition of clogging solid by-products in the gas feed line and in
the arc chamber are avoided.
[0055] It will therefore be appreciated that the cooling arrangement of the present disclosure
can be implemented and operated in any suitable manner to effect the requisite cooling of the
dopant gas, and the cooling arrangement may further be integrated with a thermal management
control system for the ion source, so that the flow rate of the coolant and other operating parameters
are appropriately set for effective ion implantation with dopant source gases such as B,F, that
would otherwise be unsuitable for ion implantation usage. The cooling arrangement of the present
disclosure can be utilized with ion implantation systems of widely varied type, utilizing
correspondingly varied dopant source gases, including, for example, arsine, phosphine, etc.
[0056] In one specific embodiment, the arc chamber was coupled with a dopant gas feed line
having a 0.18 inch inner diameter, and a length of 4-6 feet from a VAC® source vessel containing
B,F, with the dopant gas being flowed to the arc chamber at a flow rate of 2-3 standard cubic
centimeters per minute (sccm). The arrangement shown in FIG. 3 was employed, in which TC1
was approximately 0.4 inch from the arc chamber, in the dopant gas feed line, and TC2 was
approximately 1.4 inch from the arc chamber in such gas feed line. The resulting data were
generated, for the situation without any cooling being implemented, and with water cooling being
employed. The data are shown in Table 1 below

Table 1

Temperature |[Without [With
Percent Change
Measurement§Cooling  [Cooling
TCt
698 224 -68%
O
TC2
441 66 -85%
0

and demonstrate the efficacy of the FIG. 3 arrangement for delivery of B,F, without decomposition,
at temperature significantly below 700°C. v

[0057] FIGS. 4-8 show various additional implementations of the present disclosure, involving
heat sink apparatus secured to an ion source apparatus to effect cooling of dopant source gas fed to

the ion source apparatus.



[0058] FIG. 4 is a perspective view of an ion source apparatus 40 in which a jumper line 42
has been provided to flow ion source cooling water from the cooling water outlet of the ion source
to the inlet of the heat sink provided for cooling of the dopant source gas (heat sink not shown in
this view). This arrangement therefore utilizes existing cooling water supply from the ion source
apparatus that is utilized for cooling of the arc chamber and other components of the ion source
apparatus, and thereby provides an additional cooling capability in the ion implantation system that
is dedicated to cooling the dopant source gas.

[0059] FIG. 5 is a perspective view of a heat sink apparatus 50 that is mechanically secured to
the dopant source gas feed passages, as hereinafter more fully shown, with cooling water being
flowed through the heat sink body 52 by coolant flow lines 60 and 62, to cool the dopant source
gas. Thus, the heat sink body includes one or more internal passages through which coolant is
flowed through the heat sink body, to effect cooling of the heat sink body and the dopant source gas
being flowed in other passages through the heat sink body, as hereinafter described. The heat sink
body is provided with a socket head cap screw 56 and a text nut 58, as cooperative fastener
elements that permit the mechanical securement of the heat sink body to dopant source gas feed
passage structure as described hereafter in connection with FIG. 8. The coolant flow lines 60 and
62 can be coupled with the ion source cooling water flow circuitry, as will be appreciated from the
preceding discussion in respect of FIG. 4.

[0060] FIG. 6 is a perspective view of an ion source apparatus 70 having a heat sink apparatus
74 mechanically secured to the dopant source gas feed passages for cooling of the dopant source
gas flowed in gas feed line 72 to the ion source apparatus.

[0061] FIG. 7 is an exploded perspective view of the ion source apparatus 70 of FIG. 6, on
which the heat sink apparatus 74 has been installed for cooling of dopant source gas flowed to the
ion source apparatus in line 72, showing details of the ion source assembly including the ion source
apparatus and the heat sink apparatus.

[0062] FIG. 8 is a perspective view, in cross-section, of the ion source assembly comprising
the 1on source apparatus 70 and heat sink apparatus 50. This cross-sectional view shows the dopant
source gas feed line 72 connecting to gas flow passage 84 in the gas feed plug and to the gas flow
passage 86 in the gas bushing associated with the ion source. Gas flow passages 84 and §6 may be
on the order of 0.25-0.375 inch in one embodiment of the disclosure, such passage internal diameter
being larger than conventional used in the illustrated apparatus. Such oversized gas flow passages
are usefully employed when the dopant source gas is susceptible to decomposition that may in turn
results in clogging of the gas flow passage. Such decomposition-susceptible dopant source gases
include diboron tetrafluoride. As a result, the oversized gas flow passage arrangement sﬁown n

FIG. 8 enables extended life between maintenance events for the ion source apparatus.



[0063] The ion source apparatus shown in FIG. 8 includes a base liner 80 which is modified to
include an opening 82 therein, and this modification has been found to provide improved ion source
operating life when decomposition-susceptible dopant source gases are utilized.

[0064] The ion source apparatus having a heat sink apparatus installed thereon, with the
oversized dopant source gas feed passages, and the provision of a gas flow opening in the base liner
of the ion source, together provide a high efficiency ion source configuration with extended
operating life for dopant source gases such as diboron tetrafluoride, in relation to corresponding ion
source apparatus backing the heat sink apparatus, base liner opening and oversized dopant source
gas feed passages.

[0065] It will be appreciated that the heat sink apparatus may take various other forms, and
instead of being mechanically secured to dopant source gas flow lines, the heat sink apparatus may
be welded, soldered, brazed to the dopant source gas flow lines, or the heat sink apparatus may take
the form of cooling water tracing of the gas flow line, or other exchange or heat transfer cooling
structures and methods may be employed, to reduce temperature of the dopant source gas, so that it
1s not prematurely decomposed before being subjected to tonization conditions.

[0066] FIG. 9 1s a graph of temperature, in degrees Centigrade, and heat removed, in Watts, as
a function of time, showing operational data for an ion source assembly comprising the ion source
apparatus and heat sink apparatus variously shown in FIGS. 5-8. The data shown in FIG. 9 were
generated with B,F, as the dopant source gas, flowed at a rate of 1.6 standard cubic centimeters per
minute through 0.25 inch feed passages to the ion source apparatus, with cooling water being
flowed through the heat sink body of the heat sink apparatus had a flow rate of 3 L per minute. The
data show that significant sensible heat is removed from the dopant source gas stream, so that it is
effectively cooled for improved ion source system operation.

[0067] Concerning now the ion implantation of boron in greater detail, as regards dopant
source materials, apparatus and methodology, BF; is the most commonly used precursor for boron
implantation. BF;, unlike precursors employed for implantation of other elements such as
phosphorus, arsenic and silicon, is not highly efficient in producing B+ ions under plasma
conditions, in consequence of the strong B-F bond.

[00068] FIG. 10 shows a simplified reaction matrix of BF; plasma, illustrating the species and
reactions involved in the plasma arc chamber of an ion implanter when BF; is used as a dopant
source material. It is apparent that BF; stability will affect the concentration of different ions and
neutral molecules because the reaction starts with the ionization of the precursor BF;. Nonetheless,
at elevated temperature and under jonization conditions involving bombardment of electrons, the
distribution of different species is ultimately determined by the stability of all the species involved
and the equilibrium between them under conditions of chemical reaction and dissociation and/or

electron ionization and recombination. Thus, similar distributions of ions may exist with different

precursors.
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[0069] In the foregoing reaction matrix, one or more additives can be employed to shift the
reaction equilibrium toward B+. For example, when BF; is used as a dopant source, a small amount
of hydrogen and/or methane can be co-flowed with BF; to the implanter. Hydrogen, methane, or a
hydrogen/methane mixture introduced with such boron trifluoride dopant source will produce
hydrogen in the plasma, and such hydrogen will capture the fluorine atoms to form HF, which is
extremely stable. Accordingly, the system will shift to a plasma containing mostly HF, B and
corresponding ions. Such a reaction system is shown in FIG. 11, wherein the reactions in the matrix
of the BF; plasma are shown with hydrogen additives.

[0070] The present disclosure relates to various apparatus arrangements and processing
methods for ion implantation of boron. It will be recognized that although various embodiments
and aspects are variously disclosed in specific implementations, one or more of the multiple
features of various different embodiments or aspects may be combined with one another, to
constitute a modified or composite apparatus or process methodology, in further applications of the
present disclosure.

[0071] While various aspects of the disclosure are directed to specific utilization of B,F, as a
boron precursor material for ion implantation of boron, other boron source materials may be
employed in the broad practice of the present disclosure, including boron sources such as B;Hs,
B;sH,, B,;Fs, BHF; and BH,F.

[0072] In one aspect, the present disclosure relates to arc chamber temperature modification.
Under certain conditions, B,F, can thermally decompose in the gas line leading up to the arc
chamber and within the arc chamber where the gas is dispersed. This thermal decomposition entails
adverse effects. For example, deposition of boron solids may result, which can cause poor ion
source life and/or poor beam current performance of B+, BE,+, etc. Decomposition and resultant
deposition of solids can restrict or block the flow of gas completely. The location of the deposition
can be within the source tube, prior to the arc chamber, at the exit of the source tube where the gas
feeds into the arc chamber and/or in the gap between the source tube outlet and the arc chamber
liner in arc chambers that have liners.

[0073] The disclosure contemplates the resolution of such deficiencies, by reducing
temperature of the region where the source tube connects to the arc chamber. Such region includes
the last several inches, e.g., 5-10 cm, of the source tube, the actual location where the source tube
mates to the arc chamber and/or within the arc chamber near the location where the source tube
mates. Reducing temperature in such circumstances reduces the rate of thermal decomposition of
B,F,, which in tumn results in reduced boron deposition.

[0074] For this purpose, reduction of temperature can be effected in a variety of ways.

[06075] One method of temperature reduction involves power management of the arc chamber

so that it operates at Jower arc voltage and current.
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[0076] Temperature reduction can be achieved by increased efficiency of the arc chamber.
This can be accomplished by modifying components such as the cathode, to achieve a more
efficient electron emission. It may be desirable to utilize smaller cathodes for such purpose. A more
efficient arc chamber requires less energy and therefore, all other factors being constant, lower
overall arc chamber body temperature can be achieved. This in turn reduces the temperature of the
source tube, the source tube-arc chamber interface, and the arc chamber temperature near the
interface.

[0077] As a further approach to reducing temperature, more efficient heat transfer from the arc
chamber can be effected. Since most heat is dissipated by radiation heat transfer, a variety of
approaches can be implemented to increase the rate of heat dissipation. For example, the surface of
the arc chamber can be increased, e.g., by making a larger arc chamber, a thicker-walled arc
chamber (while not changing the internal dimensions), or by adding heat dissipation surfaces, such
as fins, rods, efc.

[0078] Enhanced heat transfer efficiency from the arc chamber can also be achieved by
increasing the outside wall temperature of the arc chamber, for a given arc chamber power level.
Such increase of the outside wall temperature can be effected by maximizing the arc chamber
conductivity, through use of high conductivity materials of construction, and minimization of any
thermal contact resistances in the structure. For example, a single piece tungsten or molybdenum
arc chamber can be employed.

[0079] Thus, the disclosure contemplates arc chamber thermal modifications, which may
include thermal/temperature management to prevent or minimize deposition and clogging in feed
tubes or lines or other components of the arc chamber. Alternatively, coating materials may be
applied to inhibit decomposition, or the feed tube may be shielded to accomplish the same
objective. The uradiation load may be minimized, and irradiative drain on the nozzle can be
effected, to minimize conductive drain associated with the nozzle.

[0080] As a still further arc chamber temperature modification, the residence time in the arc
chamber can be decreased in areas of high temperature, as for example by using higher flows
through such areas.

[0081] More efficient heat transfer from the arc chamber can also be achieved by coating,
wrapping or covering the outside surface of the arc chamber with a material of higher emissivity
than the existing materials of construction.

[0082] The arc chamber can also be enhanced in thermal character by constructing the arc
chamber from more than one material, wherein a second or more than two additional materials of
construction having a different enussivity than the first material are utilized. The amount of the
second or additional niaterial(s) is selected to reduce temperature of the arc chamber by a sufficient
amount that significantly reduces or eliminates thermal decomposition of the dopant gas in the

source tube or at the inlet of the arc chamber.
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[0083] For example, two of the walls of the arc chamber may be fabricated of graphite, having
an emissivity of 0.7-0.8, and the other four walls of the arc chamber may be fabricated of tungsten,
having an emissivity of approximately 0.1-0.2 at typical arc chamber temperatures. In one
embodiment, the wall to which the dopant gas feed tube 1s connected, 1s fabricated of graphite since
the higher emissivity of such material will drive temperature of the arc chamber lower than would
otherwise be the case if lower emissivity material were used as the material of construction of such
wall. In another embodiment, two or more walls of the arc chaniber are formed of graphite or other
high emissivity material. In a specific embodiment, all of the walls (top, bottom, sides, front and
back) are fabricated of graphite or other high emissivity material.

[0084] The arc chamber may be modified in other ways to increase emissivity, such as by
reaction, thermal cycling, etc. The heat transfer efficiency to remove heat from the arc chamber can
also be achieved by reducing the temperature of the surface being radiated to, e.g., the source
housing or components of the source housing. Temperatures of these components can be decreased
by active or passive cooling, e.g., using a coolant fluid such as air, water, etc.

[0085] In addition to, or in lieu of, optimization of radiation cooling, the arc chamber can be
cooled by forced convection. For such purpose, a cooling agent such as water, air, etc. can be
flowed around or through (via grooves, for example) the arc chamber. The coolant in such
arrangement thereby serves to minimize the arc chamber temperature.

[0086] As a further approach, the heat transfer from the arc chamber can be increased by
reducing the contact resistance between the arc chamber and the source housing, by increasing the
contact area and/or improving the surface finish, and/or by increasing the conductivity of the
supports.

[0087] Better temperature control of the source tube, source tube interface and immediate area
within the arc chamber near the source tube can be of significant benefit. For example, a thermally
non-conductive adaptor can be used at the source tube to arc chamber interface. Such an adaptor
will aid in minimizing the temperature of the source tube and increasing the temperature gradient in
that region.

[0088] Using a coaxial adaptor at the source tube to arc chamber interface can also be
employed to achieve better temperature control. Such a coaxial adaptor would further minimize the
temperature of the feed gas until it enters the arc chamber, since the inside tube will not be in
thermal contact with the arc chamber, and the outside tube should assist in shielding the inside tube
from radiation.

[0089] The section of the arc chamber near the gas source tube to the arc chamber interface
may be modified so that it is of a different, and thermally less conductive, and/or higher emissivity,

material. Such expedients will assist in reducing temperature in the interface.
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[0090] The section of the arc chamber near the gas source tube to the arc chamber interface
may be modified to include a radiation shield. The shield will reduce radiative heat transfer to the
source tube at the arc chamber interface.

[0091] As a further modification, the gas tube may be constructed from a material having low
thermal conductivity, so that heat transfer along the length of the tube is minimized. Altemnatively,
the gas tube may be constructed from a material having a high thermal conductivity so that heat
transfer is maxinuzed from the hot end of the tube (near the arc chamber) to the cold end of the tube
(remote from the arc chamber).

[0092] Another approach for thermal modification to achieve more efficient heat transfer from
the arc chamber involves modifying the arc chamber to contain small cylindrical protrusions of
suitable size, e.g., having a diameter greater than or equal to 3/8 inch (9525 cm). The source tube
adaptor in one embodiment is connected to such a protrusion. This arrangement enables the source
tube/arc chamber interface temperature to be reduced, due to the length of the protrusion, and
enables a molecular flow regime to be developed in the protrusion itself. The protrusion thereby
becomes a cold/hot interface, and deposition in such region will be reduced due to the reduced
number of wall collisions occurring as a result of the molecular flow.

[0093] A further thermal modification involves decrease of the residence time, t (= V/Q,
wherein V = volume of the source tube and Q = volumetric flow rate of the boron source gas), of
the boron source gas, e.g., B,F,, within the source tube. Such decrease in the residence time can be
achieved in conjunction with methods to reduce temperature, or as a stand alone modification.
Reducing residence time reduces the extent of thermal decomposition that can occur within the
source tube or within the source tube-arc chamber interface region.

[0094] Residence time can be decreased in a variety of ways, e.g., by adding a diluent gas to
increase the overall flow rate. As long as flow rate is increased by a larger percentage than the
resulting pressure increase, and the residence time will decrease. The diluent gas can be of any
suitable type, and may for example comprise a noble gas, an inert gas, BF;, H,, CH,, NH;, etc.
[0095] The residence time can also be reduced by using a smaller diameter shielded (coaxial)
tube to increase the velocity in the cooler region approaching the arc chamber before transitioning
to an insulating adaptor, or by increasing the diameter of the tube.

[0096] Any modification to the geometry, vacuum conductance, or pumping capabilities that
enables a velocity increase in accordance with the Continuity of Mass equation, pl*v1*Al =
p2*v2*A2, wherein A2 (the cross-sectional area of location 2) and p2 (density at location 2) to be
changed in order to ensure that v2 > v1, will reduce the residence time of the gas flow to the arc
chamber.

[0097] In a further modification, the deposition of unwanted decomposition species can be
managed by using a large diameter tube/adaptor of suitable dimensions, such as a diameter greater

than 0.25 inch (0.635 cm). Deposition may occur for some period of time, but will take longer to
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form a complete blockage of the passageway, and/or may not become blocked at all since the boron
residue will act as a self-insulating material and will eventually stop building up, once temperature
has been sufficiently reduced. Such deposition management may involve the provision of multiple
inlets for the gas to be flowed into the arc chamber, or through the hiner so that if one port becomes
blocked, then the gas can continue to flow.

(00981 In another implementation, the disclosure contemplates arc chamber modifications that
may include one or more of: utilization of a different material of construction than normally is
employed for arc chamber fabrication; optimization of arc voltage for B,F, or other specific boron
source material; electron behavior optimization; optimization of beam transmission for B,F,; or
other boron source material; and optinization of the fractionation of B2F4 or other specific boron
source material. In such manner, the arc chamber may be constructed and arranged to achieve
significant operating advantages.

[0099] Another aspect of the disclosure relates to modification of plasma properties, by use of
magpets, or by adjustment or optimization of boron source operating parameters. In this respect,
optimization of arc voltage for B,F, or other specific boron source material can be employed as an
enhancement technique. Electron energy distribution in the plasma can be lowered by lowering arc -
voltage. Lower arc voltage can be used with B,F,, as compared to BF;, due to lower binding energy
associated with B,F,. Lower arc voltage has other benefits, in that lower cathode sputtering
accompanying such lower arc voltage levels can improve ion source life.

[00100]  Arc power (arc voltage x arc current) can be optimized for the boron source gas, e.g.,
B,Fs. Conceming the choice of specific boron source material, B,F, can enable lower power
operation to be achieved, as compared to BF;; this in turn has advantages for source life and source
stability, since there is less plasma instability, and less high voltage arcing.

[00101]  Concerning the ion source operating parameters, source tuning and optimization
techniques can be employed to modify plasma properties for high performance operation of the
implanter.

[00102] In another embodiment, co-bleed or co-flow of diluents, reactants and/or cleaning
agents may be employed to achieve operational advantages in the ion implant system. For example,
a diluent, reactant-and/or cleaning agent may be employed to react with boron, or to mitigate boron
deposition. This may involve boron deposition, or removal/cleaning of dopant materials that are
deposited in the arc chamber prior to flowing the boron source material to the ion source during
active processing, or it may involve etching and depositing metal or other material in the arc
chamber, gas line, or other parts of the ion source.

[00103] Reactants or cleaning agents may be employed, for example, to address B,F,
decomposition and accumulation of deposits in the gas line that result from the use of such source

material.
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[00104] A boron-containing diluent, reactant and/or cleaning agent may be employed, such as
B,He, BsHy, BF;, etc. A dilute feed gas with inert or other suitable diluent material may be
employed, such as XeF,, Ar, N,, a mixture of Xe and H,, CH;, NH;, etc. Altematively, a
system/hardware implementation may be employed in which mixtures are delivered from a single
package, pre-mixed before delivery to the arc chamber, or materials may be individually delivered
to the arc chamber via separate delivery lines. |

[00105]  Another aspect of the disclosure relates to cleaning processes, which may involve
sequential or concurrent flow of B,F, and cleaning agent, to perform cleaning and implantation of
B,F,, or molecular ions or atomic ions thereof, concurrently or sequentially.

[00106]  For example, concurrent flow of B;F, or other molecules such as BsHs, BsHo, BsFs,
BHF,, or BH,F, and one or more cleaning agents, can be employed during ion implantation.

[00107]  Alternatively, B,F, or such other molecules, and an agent capable of shifting the
equilibrium between solid boron and boron in the gas phase toward boron in the gas phase, can be
co-flowed through the apparatus. Fluorine-containing gases that do no react with B,F, can serve as
such agents. The disclosure thus contemplates utilization of equilibrium shifting toward the desired
ionic species, €.g., B+, in the gas phase.

[00108]  Sequential cleaning of an ion source, between ion implantation steps using B,F, or the
aforementioned molecules or combinations thereof, can be employed to flow a cleaning agent gas
contmuously or pulse-wise through the apparatus.

[00109]  The disclosure in another aspect relates to use of specific feed materials, molecules and
molecule combinations, and methods for implanting the same, using one or more of source
materials such as B,Fy, B,Hg, BsHs, B;Fs, BHF,, and BH,F. Such materials may be employed for
implantation of atomic ions such as B+ or F+. Such materials may be employed for implantation of '
molecular ions formed by fragmentation of the feed molecules or fragment recombination, such as
BF', BF*, B:F,", B,F", BoF™, etc.

[00110] The foregoing boron source materials can be used for atomic or molecular ion
implantation in conventional beam line or plasma (e.g., PLAD or PIII) ion implantation tools, e.g.,
in ion or plasma ion implantation processes, such as conventional ion implantation, plasma
immersion or pulse-plasma doping ion implantation, etc.

[00111]  The foregoing boron source materials can also be used for boron implantation using gas
cluster ion beam (GCIB) technologies. Generation of a GCIB involvés agglomeration of a source
material into neutral clusters, ionization of the clusters, and subsequent acceleration and mass
selection on the way to a target. Agglomeration may be facilitated by use of non-dopants such as
N,, Ar, etc.

[00112]  As indicated, an advantage of B;F; as a boron source material is that it allows the

implanter to operate at lower power than when BF; is used as a source material.
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[00113] In a further aspect, the disclosure contemplates optimization of extraction optics for
higher B+ fractions, or optimization of extraction or beam optics for B,F,. When extracting
maximum B+ from BE; plasma, the space charge in the extraction region is very high because of
high beam current and high mass of fragments involved. Concerning high beam current, the
extracted current is the sum of all 1ons, including F+, BF+, BF,+, eftc., which can be greater than
three times the B+ current. Space charge is proportional to beam current, and with higher B+
fractions, the total current in the extraction region can be reduced. Concerning the high mass of
fragments involved, the average mass is greater than 11. Space charge is proportional to
(mass)*1/2. With a higher B+ fraction, average mass is reduced.

[00114]  Accordingly, space charge in the extraction gap can be reduced with B,F;. Reduced
space charge allows different optimization of the extraction optics immediately downstream of the
ion source to be achieved. A larger extraction gap (lower electric field) is allowable. This is
advantageous to reduce high voltage arcing. Appropriate design of extraction apertures can also be
utilized to enhance beam quality and stability.

[00115]  Source life optimization can be employed in various applications of the disclosure, to
prevent or minimize detrimental occurrences. For example, potential arc chamber or ion source
failure modes can be overcome or avoided by such source life optimization. Appropriate ratios of
materials and/or operating conditions (e.g., plasma properties) can be selected to manage halogen
recycling efforts, and operating conditions and ratios of materials can also utilize co-bleed
arrangements.

[00116]  The various aspects and embodiments of the disclosure can be implemented in and
practiced with a variety of ion implant systems.

[00117]  FIG. 12 is a schematic representation of an ion implant process system 300 including a
storage and dispensing vessel 302 holding B,F, gas which is supplied for ion implantation doping
of a substrate 328 in the illustrated ion implant chamber 301.

[00118] The storage and dispensing vessel 302 comprises a vessel wall 306 enclosing an
interior volume holding the B,F, gas.

[00119] The vessel may be a gas cylinder of conventional type, with an interior volume
arranged to hold only gas, or alternatively, the vessel may contain a sorbent material having
sorptive affinity for the dopant source gas, and from which the dopant source gas is desorbable for
discharge from the vessel under dispensing conditions.

[00120]  The storage and dispensing vessel 302 includes a valve head 308 coupled in gas flow
communication with a discharge line 312. A pressure sensor 310 is disposed in the line 312,
together with a mass flow controller 314. Other monitoring and sensing components may be
coupled with the line, and interfaced with control means such as actuators, feedback and computer

control systems, cycle timers, etc.
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[00121]  The ion implant chamber 301 contains an ion beam generator or ionizer 316 receiving
the dispensed B,F, gas from line 312 and generating an ion beam 305. The ion beam 305 passes
through the mass analyzer unit 322 which selects the ions needed and rejects the non-selected ions.
[00122]  The selected ions pass through the acceleration electrode array 324 and then the
deflection electrodes 326. The resultingly focused ion beam is impinged on the substrate element
328 disposed on the rotatable holder 330 mounted in turn on spindle 332. The ion beam of B+ ions
is used to p-dope the substrate as desired to form a p-doped structure.

[00123]  The respective sections of the ion implant chamber 301 are exhausted through lines
318, 340 and 344 by means of pumps 320, 342 and 346, respectively.

[00124]  FIG. 13 is a cross-sectional view of an ion source such as may be usefully employed in
an ion implantation system of the type shown in FIG. 12, and which is more fully described in U.S.
Patent 6,135,128 issued October 24, 2000 to M.A. Graf, et al.

[00125]  The ion source 112 comprises a housing which defines a plasma chamber 122, and an
ion extractor assembly. Energy is imparted to the ionizable dopant gas to generate ions within the
plasma chamber 122. Generally, positive ions are generated, although the present disclosure is
applicable to systems wherein negative ions are generated by the source. The positive ions are
extracted through a slit in the plasma chamber 122 by the ion extractor assembly 124, which
comprises a plurality of electrodes 142. Accordingly, the ion extractor assembly functions to extract
a beam of positive ions from the plasma chamber through an extraction aperture plate 146 and to
accelerate the extracted ions toward a mass analysis magnet (not shown in FIG. 13).

[00126]  Ionizable dopant gas is flowed from a source 166 of ionizable dopant gas and is
injected into the plasma chamber 122 through conduit 170 containing mass flow controller 168
therein. The source 166 may include a sorbent-based gas storage and supply vessel, e.g., of a type
as commercially available from ATMI, Inc. (Danbury, CT, USA) under the trademark SDS, a
pressure-regulated vessel including an internal gas pressure regulator, e.g., of a type commercially
available from ATMIL, Inc. (Danbury, CT, USA) under the trademark VAC, or, when a solid dopant
source material is employed, the source 166 may include a solid source vessel, e.g., of a type as
commercially available from ATMI, Inc. (Danbury, CT, USA) under the trademark ProE-Vap. The
plasma chamber 122 has electrically conductive chamber walls 412, 414, 416 that bound an
ionization zone 420 in the chamber interior. Side wall 414 is circularly symmetric about a center
axis 415 of the plasma chamber 122. A conductive wall 416 that faces a resolving magnet is
connected to a plasma chamber support 422. Wall 416 supports the aperture plate 146 having
multiple openings that allow ions to exit the plasma chamber 122 and then combine to form the ion
beam at a location downstream from multiple spaced apart and electrically isolated extraction
electrodes 124. The aperture plate 146 includes a number of openings arranged in a specified
pattern that align with similarly configured multiple apertures in the spaced-apart extraction

electrodes 142. Only one such aperture is shown in FIG. 13.
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[00127] A metallic antenna 430 has a metal surface 432 exposed within the chamber interior for
emitting energy into the plasma chamber 122. A power supply 434 outside the plasma chamber 122
energizes the metallic antenna 430 with a radio frequency (RF) signal of suitable character, e.g., an
RF signal of approximately 13.56 megahertz (MHz), to set up an alternating electric current in the
metallic antenna to induce an ionizing electric field within the plasma chamber 122. The power of
the antenna may be of any suitable magnitude suitable for the specific ionization operation, e.g., a
power on the order of 500-3000 watts (W). The pressure in the source chamber can for example be
on the order of 1-10 millitorr, so that the source 112 functions as a low pressure, high-density
inductive source. The plasma chamber 122 may also include a magnetic filter assembly 440
extending through a region of the chamber interior between the antenna 430 and the aperture plate
146.

[00128]  The antenna 430 can be positioned within the plasma chamber 122 by a removable
support plate 450. The support plate 450 is supported by the side wall 414 at a location having a
circular cutout 452 through which the antenna extends. A support plate 450 for the antenna 430 is
sized to fit within the cutout 452 in the chamber wall 414 while positioning the exposed U-shaped
metal portion 432 of the antenna 430 within the jonization zone 420.

[00129]  The support plate 450 defines two through passageways that accommodate two vacuum
pressure fittings 456. After elongated leg segments 457 of the antenna 430 are pushed through the
fittings, end caps 458 are screwed onto the fittings to seal the region of contact between the fittings
456 and the leg segments 457. The antenna 430 is preferably U-shaped in its radiation-emitting
region and may for example be constructed from aluminum. The tube has an outer diameter
dimensioned to pass through the pressure fittings 456. While in use the antenna absorbs the heat
from its surroundings. To dissipate this heat a coolant is routed through the center of the tube.
[00130]  The plate 450 has a generally planar surface 460 that is exposed to an interior of the
plasma chamber and includes a parallel outer surface 462 that faces away from the chamber
interior. A flanged portion 464 of the plate 450 overlies a ring magnet 470 that surrounds the cutout
in the wall 414 and that is attached to the wall 414 by connectors 472. A ferromagnetic insert 474
attached to the support plate 450 fits over the magnet 470 so that as the plate 450 is positioned
within the cutout 452, the ferromagnetic insert 474 and the magnet 470 attract each other to secure
the plate 450 in position with the antenna 430 extending into the chamber interior.

[00131]  During operation of the ion source, heat is generated and this heat is absorbed by the
walls 412, 414, 416, 418. The absorbed heat can be removed from the chamber 122 by a coolant
that is introduced through a fitting 476 for routing water into a passageway through the walls and
away from the chamber by a second exit fitting (not shown). By this arrangement, the temperature
of the walls may be maintained at temperature below 100°C, so that the ion source 112 functions as

a cold walled ion source.
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[00132] A region of the antenna 430 near the support plate 450 is particularly susceptible to
coaiing with sputtered material during operation of the ion implanter. To minimize the effect of
such sputtering, two shields 480 can be slipped over the aluminum antenna before the antenna is
mserted into the support plate 450. These shields are preferably constructed from aluminum and are
maintained in place by a friction fit between the shields and the outer surface of the exposed
aluminum of the antenna 430.

[00133]  During operation of the ion source 112, deposits of dopant elements may form on the
interior walls 412, 414 and 416 that bound the ionization zone 420. The present disclosure
contemplates flowing a co-gas or cleaning gas simultaneously with the source gas while the ion
source 112 is operated under normal operating conditions. A cleaning gas source 482 and a
corresponding mass flow controller 484 may be provided, with the cleaning gas output of the mass
flow controller 484 being combined with the source gas output of the mass flow controller 168 in
conduit 170 prior to being delivered to the plasma chamber 122. Alternatively, the source gas and
the cleaning gas may be delivered separately to the plasma chamber.

[00134] It will be recognized that the source 166 may contain the dopant source material in
combination with cleaning material and/or other materials, such as diluents, equilibrium-directing
materials, reactants, coolants, etc. Altematively, the source 482 may contain cleaning material in
combination with any one or more of such other materials, e.g., diluents, equilibrium-directing
materials, reactants, coolants, etc. Any such supplemental materials may be supplied to the ion
source andfor associated flow circuitry, using any suitable arrangement of source vessels and/or
other supply equipment components.

[00135)  Thus, cleaning material, e.g., cleaning gas, may be supplied from a same or a different
source vessel in relation to the source vessel supplying the dopant source material, for co-flow of
the dopant source material and cleaning material to the ion source chamber.

[00136] By co-flow of a cleaning gas through the ion source with the dopant gas, a separate
cleaning step is avoided through the in-process use of a cleaning gas. By "in-process" it is
understood that the cleaning process occurs while the ion implanter is undergoing normal
production operation.

[00137]  Such in-process cleaning with co-flow of cleaning vapor can be used to effectively
remove deposits attributable to thermal decomposition of implant dopant vapor or other ion source
feed material, particularly in especially hot areas of the ion source. As an example, during use of
B,F, for generation of B+ ion beams, deposits may occur in the gas tube feeding the dopant
material into the ion source. Such deposits are concentrated at the hot end of the tube where it
attaches to the ion source arc chamber, and result from thermal decomposition of B,F; to form solid
boron or higher boron fluoride mixtures of the general formula B,F,, where x<y/2. These deposits
pose a serious operating occurrence, since such deposits can build up and eventually cause failure

of the 1on source.
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[00138]  The disclosure, in various aspécts thereof, provides additional methods for combating
and minimizing the amount of deposited material in the ion source and associated flow passages,
that can be used in combination with, or as an alternative to, use of a cleaning gas.

[00139] In one such aspect, the mechanical design of the tube is modified to minimize thermal
heat transfer (conductive and radiative) from the arc chamber to the gas feed tube, thereby
minimizing the temperature of the tube and consequently minimizing thermal decomposition.
[00140] In another aspect, a cleaning vapor is co-flowed into the ion source together with the
B,F; gas. The cleaning vapor reacts with any solid deposits formed due to decomiposition,
converting them to vapors that can be pumped away, thereby avoiding premature failure of the ion
source. The cleaning vapor can be any material that reacts with the deposited material at about the
same temperature as the decomposition temperature of the dopant vapor. Preferred cleaning vapors
include, without hmitation, reactive fluorides, snch as XeF, and NF,;. Relative flow rates of the
cleaning and dopant vapors are advantageously determined by empirical or other means, within the
skill of the art, based on the disclosure herein, to establish suitable co-flow conditions for the
respective vapors.

[00141]  Swuitable cleaning vapors for such purpose can readily be selected for specific thermally
decomposing dopant vapors, to provide a combined flow of dopant vapor and cleaning vapor that is
effective for in-situ cleaning of the ion source.

[00142]  FIG. 14 is a schematic representation of a deposition monitoring and control system
that may be usefully employed to combat occlusion of flow passages associated with the ion source
544 of an ion implantation system 500.

[00143]  As shown, the ion implantation system 500 includes a gas box 510 in which are
disposed gas supply cylinders including a dopant source cylinder 512, coupled to dispensing line
518 having flow control valve 524 therein, a cleaning fluid cylinder 514 coupled to dispensing line
520 having a flow control valve 526 therein, and a diluent fluid cylinder 516 coupled to dispensing
line 522 having flow control valve 528 therein.

[00144]  The valves 524, 526 and 528 are connected to a central processing unit (CPU) by signal
transmission lines 530, 536 and 534, respectively, whereby the CPU can operate to open or close
the respective valves to a specific extent in response to a cycle time program, or other signal
generating capability of the CPU that provides a valve-modulating response to process conditions
and/or components monitored by the CPU.

[00145]  The dispensing lines 518, 520 and 522 coupled to the respective cylinders terminate at
a mixing chamber 532, so that multiple ones of the respective dopant source, cleaning fluid and
diluent fluid can be selectively mixed with one another, as desired. Alternatively, a single cylinder
may be arranged to dispense its contents to chamber 532, for flow therefrom to the feed line
containing pressure transducer 540 and mass flow controller (MFC) 542 therein, and thence to the

ion source 544. The ion source 544 is arranged for ionization operation, to ionize the dopant source
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therein, and produce an ion beam that is transmitted to the ion implanter chamber 546. The ion
implanter chamber 546 contains a semiconductor or other microelectronic device substrate mounted
therein for implantation of the selected 10nized dopant species in the substrate.

[00146] In thus illustrative system, the pressure transducer 540 in the feed line to the 1on source
is joined in signal transmission relationship to the CPU by signal transmission line 538. The mass
flow controller also is joined in signal transmission relationship to the CPU by a signal transmission
line. By this arrangement of the pressure transducer, a signal is generated that is correlative of the
pressure in the feed line, and transmitted in line 538 to the CPU for monitoring purposes.

[00147] If during the flow of dopant source material to the ion source, dopant material
decomposes in the feed line, e.g., due to heat propagation in such line from the ion source, and
accretion of deposited material causes the pressure in the feed line to increase as a result of reduced
conductance in the feed line from the bmld-up of solid deposits, the resulting pressure increase can
be sensed by the pressure transducer 540 and transmitted in signal transmission line 538 to the
CPU.

[00148]  The CPU then responsively can initiate action to mitigate the incipient occlusive action
of the deposits in the feed line. For example, the CPU can flow the cleaning fluid into the feed line
from cylinder 514 by opening the flow control valve 526 by a control signal sent to the valve in
signal transmission line 536. Alternatively, the arc power to the ion source could be reduced. Asa
s‘till further alternative, the residence time of the dopant source could be reduced by increasing the
flow rate of the dopant source, by opening of valve 524 by control signal transmitted in signal
transmission line 530 to the valve, and/or by adding cleaning fluid and/or diluent fluid so that
overall increase in volumetric flow rate causes the residence time of the dopant source in the flow
circuitry and ion source to be reduced.

[00149] In this manner, the pressure monitoring afforded by the pressure transducer and CPU
provides an early onset deposition detection capability in the system, with the capacity to
responsively modulate the system to combat such solids deposition in the system.

[00150]  Deposition of solids deriving from the dopant source can also be detected in the system
by the mass flow controller 542. As deposition occurs during system operation, the valve position
on the mass flow controller will open to a greater extent in order to maintain a predetermined
flowrate. Such mass flow controller valve position is typically available as a voltage output from
the mass flow controller, and such voltage output is transmitted as a monitoring signal in the
associated signal transmission line to the CPU.

[00151] In response to the increasingly open valve position of the mass flow controller
attnibutable to the progressive buildup of decomposition solids deriving from the dopant source
material, the CPU can actuate the same remedial action as described above in connection with the

pressure transducer monitoring of the feed line to the ion source.
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[00152]  Thus, the disclosure contemplates in one aspect the provision of a pressure monitoring
device that provides an output correlative of solids deposition in the ion source feed line or other
passages associated with the ion source, to provide an early warning that a clog may form soon, so
that remedial action can be taken to suppress solids accunmlation.

[00153] FIG. 15 is a schematic representation of another ion source of an ion implantation
systen

[00154] FIG. 15 1s a cross-sectional elevation view of an indirectly heated cathode (IHC) ion
source according to one embodiment that may be usefully employed in the practice of the
disclosure, showing the arc chamber and related components. Such type of ion source is more fully
described in U.S. Patent 7,138,768 to Maciejowski et al.

[00155] In this IHC ion source, an the arc chamber housing 1010 having an extraction aperture
1012 defines an arc chamber 1014. A cathode 1020 and a repeller electrode 1022 are positioned
within the arc chamber 1014. A filament 1030, positioned outside arc chamber 1014 in close
proximity to cathode 1020, produces heating of the cathode. A gas to be ionized is provided from a
gas source to arc chamber 1014 through a gas inlet 1034. In another configuration, not shown, arc
chamber 1014 may be coupled to a vaporizer which vaporizes a material to be ionized in arc
chamber 1014.

[00156]  An arc power supply has a positive terminal connected to arc chamber housing 1010
and 2 negative terminal connected to cathode 1020. Repeller electrode 1022 can be floating or can
be connected to the negative terminal of arc power supply. The arc power supply may have a rating
of 100 volts at 25 amperes and may operate at about 70 volts. The arc power supply accelerates
electrons emitted by cathode 1020 into the plasma in arc chamber 1014.

[00157] A bias power supply having a positive terminal is connected to cathode 1020 and a
negative terminal connected to filament 1030. The bias power supply may have a rating of 600
volts at 4 amperes and may operate at a current of about 2.5 amperes and a voltage of about 350
volts. The bias power supply accelerates electrons emitted by filament 1030 to cathode 1020 to
produce heating of cathode 1020.

[00158] A filament power supply has output terminals connected to filament 1030. The filament
power supply may have a rating of 6 volts at 200 amperes and may operate at a filament current of
about 140 to 170 amperes. The filament power supply produces heating of filament 1030, which in
turn generates electrons that are accelerated toward cathode 1020 for heating of cathode 1020.
[00159] A source magnet produces a magnetic field within the arc chamber 1014. Typically, the
source magnet includes poles at opposite ends of arc chamber 1014. The direction of the magnetic
field may be reversed withount affecting operation of the 1on source. The source magnet is connected
to a magnet power supply, which may have a rating of 20 volts at 60 amperes. The magnetic field
produces increased interaction between electrons emitted by cathode 1020 and the plasma in arc

chamber 1014.
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[00160] It will be understood that the voltage and current ratings and the operating voltages and
currents of the various power supplies are given by way of example only.

[00161]  An extraction electrode and a suppression electrode are suitably positioned in front of
extraction aperture 1012. Each of extraction electrode and suppression electrode has an aperture
aligned with extraction aperture 1012 for extraction of a well-defined ion beam. The extraction
electrode and suppression electrode are connected to respective power supplies.

[00162]  An ion source controller can be utilized to provide control of the ion source through an
isolation circuit. In other embodiments, circuitry for performing the isolation function may be built
into power supplies. The ion source controller may be a programmed controller or a dedicated
special putpose controller. In one embodiment, the ion source controller is incorporated into the
main control computer of an ion implanter.

[00163]  When the ion source is in operation, the filament 1030 is heated resistively by filament
current to thermionic emission temperatures, which may be on the order of 2200°C.

[00164]  Electrons emitted by filament 1030 are accelerated by the bias voltage VB between
filament 1030 and cathode 1020 and bombard and heat cathode 1020. The cathode 1020 is heated
by electron bombardment to thermionic emission temperatures. Electrons emitted by cathode 1020
are accelerated by the arc voltage and ionize gas molecules from the gas source within arc chamber
1014 to produce a plasma discharge. The electrons within arc chamber 1014 are caused to follow
spiral trajectories by the magnetic field. Repeller electrode 1022 builds up a negative charge as a
result of incident electrons and eventually has a sufficient negative charge to repel electrons back
through the arc chamber 1014, producing additional ionizing collisions.

[00165]  The arc chamber 1010 is supported by an ion source body 1150 and an arc chamber
base. A plate, which is part of ion source body 1150, defines a boundary between the vacoum
regidn of the ion source and the external environment. A tube 1160 provides a connection between
the gas inlet 1034 of the arc chamber 1014 and the gas source.

[00166]  The repeller electrode 1022 is mounted to the arc chamber base by a conductive
support member 1170 and an insulator 172. The repeller electrode 22 is electrically isolated from
arc chamber 1010 by an insulator.

[00167]  The cathode assembly includes cathode 1020, filament 1030 and a clamp assembly
1210 for mounting cathode 1020 and filament 1030 in a fixed spatial relationship and for
conducting electrical energy to cathode 1020 and filament 1030. The cathode 1020 is mounted in an
opening at one end of arc chamber housing 1010 but does not physically contact arc chamber
housing 1010. Preferably, a gap between cathode 1020 and arc chamber housing 1010 is on the
order of about 0.050 inch.

[00168]  There is a gap between the cathode 1020 and the arc chamber housing 1010. The
heating loop of filament 1030 is located within the cup-shaped cavity 1240 and migration of the

plasma from arc chamber 1014 to filament 1030 is minimal.
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[00169]  The ion source may further include a shield 1400. Shield 1400 substantially encloses a
region 1402 outside arc chamber 1014 in proximity to cathode 1020 and filament 1030. A function
of shield 1400 is to form a barrier to electrons and plasma in the vicinity of cathode 1020 and
filament 1030. The shield 1400 substantially encloses region 1402 in the sense that it forms a
barrier to electrons and plasma but does not seal region 1402.

[00170]  The shield 1400 may have a box-like structure and may be fabricated of a refractory
metal. The shield 1400 includes a two-level main wall 1410, a top wall 1412, a first side wall 1414
and a second side wall (not shown). The two-level main wall 1410 permits shield 1400 to be
electrically and mechanically connected to a filament clamp but to be spaced from cathode clamp
1300. It will be undetstood that different shield configurations may be utilized. For example, shield
1400 may have a flat main wall and may be mounted to a filament clamp using standoffs.
Furthermore, shield 1400 may be mounted to another element of the ion source.

[00171]  The clamp assembly 1210 may include a cathode clamp 1300, filament clamps, and an
insulator block 1310. Cathode clamp 1300 and the filament clamps are mounted in fixed positions
to insulator block 1310 and are electrically isolated from each other.

[00172]  The ion source may further include an insulator shield 1460 between insulator block
1310 and cathode 1020. The insulator shield 1460 may be a refractory metal element attached to
ion source body 1150. The insulator shield 1460 has cutouts to provide electrical isolation from
cathode clamp 1300 and the filament clamps. The insulator shield 1460 inhibits buildup of deposits
on insulator block 1310 which otherwise could produce a short circuit between one or more cathode
clamp 1300 and the filament clamps.

[00173]  FIG. 16 is a is a graph of beam current (mA), as a function of elapsed time (min), for a
cleaning operation using NF; to remove boron residue frbm surfaces of an ion source chamber,
showing that the boron residue can be removed by flowing NF; vapor. The operational conditions
of this test included an NF; gas flow of 1.5 sccm, arc power of 145 W (arc voltage = 100 volts, arc
current = 1.45 amps), a source beam current of 20 mA, and an extraction voltage of 40 kV. The
curves in the graph of FIG. 16 include beam current curves for BF**, BF*, and B*, as a function of
time. Evidence of cleaning is observed by the dramatic reduction in these beam currents as the
cleaning gas is flowed into the ion source. The cleaning gas effectively reacts with boron residues,
creating volatile boron fluoride, which then ionizes in the arc chamber plasma, producing the
various beam currents shown in FIG. 16. In addition to the tlifee sets of curves obtained for a source
beam current 20 mA, additional BF** data are shown when the power of the arc chamber is
increased to 200 W, producing an associated source beam current of 30 mA. The additional power
further assists in enhancing the cleaning effectiveness of the cleaning gas.

[00174] In this operational example, NF; was not co-flowed with B,F,, but was flowed after a
B,F, test in which deposits were observed. Removal of the deposits was observed visually, and the

observed removal involved decay of the BF,+ and B+ ions (see curves at lower left-hand portion of
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FIG. 16) that were formed in the ion source from BF; created by reaction between NF; and the

boron deposits.
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CLAIMS

1. An ion implantation system, comprising;

an ion source including an arc chamber, arranged to ionize
gas therein;

a dopant gas source;

a dopant gas feed line for introducing a dopant gas from the
dopant gas source to the arc chamber under conditions
producing ionization of the dopant gas; and a cooling
structure associated with the dopant gas feed line, and
arranged fo cool dopant gas in the dopant gas feed line,
to iherehy combat heating of the dopant gas by heat
generated in operation of the arc chamber, and decom-
position of the dopant gas resulting from such heat.

2. The ion implantation system of claim 1, wherein the
cooling structure includes a cooling passage arranged to cool
the dopant gas feed line and dopant gas flowed therethrough.

3. The ion implantation system of claim 2, wherein the
dopant gas feed line is arranged at a distal end thereof to
discharge dopant gas into the arc chamber, and wherein the
cooling passage is positioned at a distal end portion of the
dopant gas feed line.

4. The ion implantation system of claim 3, further compris-
ing a water cooling assembly tor the ion source, wherein the
water cooling assembly is operatively coupled to the cooling
passage to flow water ﬂlerethrﬁu gh to cool the dopant gas feed
line and d@pam gas flowed therethrough.

5. The ion ;mp},mtatam; system of claim 1, wherein the
dopant gas comprises a boron dopant gas.

6. The ion implantation system of claim 5, wherein the
boron dopant gas comprises diboron tetrafluoride.

7. The ion implantation system of claim 6, wherein the

cooling structure is operative o mainiain temperature of
diboron tetrafluoride in the dopant feed gas line below 700° C.
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8. The ion implantation system of claim 1, wherein the
cooling structure comprises a heat sink body including at
least one passage therein through which coolant is flowable to
effect cooling of the dopant gas, wherein the heat sink body is
adapted to be secured to the dopant gas feed line by a
mechanical securement.

9. The ion implantation system of claim 8, comprising an
ion source cooling flow circnitry through which coolant is
circulated, wherein said flow circuitry is coupled in coolant
supply relationship to the heat sink body for flow of coolant
through said at least one passage therein.

10.The ion implantation system of claim 1, wherein theion
source chamber comprises a base liner having an opening
therein in gas flow communication with the dopam feed gas

line.
11.

prising at least one of a cleaning gas supply, a
supply, and a su;}piezmﬁniai material supply,
wherein when the cleaning gas supply is present, the ion
source is arranged 1o receive cleaning gas from said
cleaning gas supply, during receipt by said ion source of
said dﬁ}pmﬁ‘i’t gas from smd d{}pam gas source, and/or
when the ion source is not receiving said dopant gas
from said dopant gas source,
wherein when the diluent gas supply is present, the ion
source is arranged to receive diluent gas from said dilu-
ent gas supply during receipt by said ion source of said
dopant gas from said dopant gas source, and
wherein when the supplemental material supply is present,
the ion source is arranged to receive supplemental mate-
rnal from said supplemental material supply during
receipt by said jon source of said dopant gas from said
dopant gas source.

"he jon implantation system of claim 1, further com-
diluent gas
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12. The lon implantation system of claim 11, wherein: the
cleaning gas comprises at least one gas species selected from
- among XeF2 and NF3: the diluent gas comprises at least one
diluent gas species Q&Iec:{ed from among XeF2, inert gases,
noble gases, BF3, H2, Ar, N2, a mixture of Xe and H2, (’f H4,
and NH3; and the .bﬁppifi‘m&ﬁlﬁl material comprises at least
one of a supplemental material effective to shift jonization
reaction equilibrium toward B+, hydrogen, methane, and
material effective to combat deposition of decomposition
species in the arc chamber, in the dopant gas feed line for
- flowing the dopant gas to the arc chamber, and/or in a region
of an interface between the arc chamber and dopant gas feed

line.
| 13. The ion imp}amaﬁi@n system of claim 1, further com-
prising at least one of features selected from the group con-
sisting of:

(1) a controller arranged to maintain a predetermined tem-
p&mmr& in the arc chamber or in an outside wall thereof,
in the dopant gas feed line, or in a region of an interface
between the arc chamber and dopant gas feed line, to
combat deposition therein;

(i) the arc chamber being mg&d to dissipate heat by
radiation heat transfer;

(iii) the arc chamber including heat dissipation extended
surface;

(iv) the arc chamber comprising structure formed of tung-
sten or molybdenum;

(v) the arc chamber and/or a feed tube thereto comprising
a deposition-combating coating or shielding;

(vi) ﬂl@ arc chamber being coated, wrapped or covered with
a higher emissivity material than material of construc-
tion ﬁf the arc chamber;

(vii) the arc chamber being formed of at least two materials
of construction, and including materials having differing
emissivity;

(viii) a controller mged to maintain pmeegg conditions

 combating deposition in the arc chamber and/or dopant
gas feed line;
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(ix) the arc chamber comprising at least one graphite wall
and/or tungsten wall;

(x) the arc chamber comprising at least one wall having an
emssivity of 0.7-0.8;

{xi) the arc chamber c&mpﬂsg at least one wall having an
emissivity of 0.1-0.2;

(xii) the arc chamber comprising at least one tungsten wall;

("xm} a conftroller arranged to control emissivity in opera-

 tion of the ion source;

{xix} a controller comprising a cooler;

(xx) a thermally non-conductive adaptor between the
dopant gas feed line and arc chamber;

(xxi) a coaxial adaptor between the dopant gas feed line
and arc chamber;

(xxii) an adaptor between the dopant gas feed line and arc
chamber that is of a different conduehvrty and/or emis-
sivity than material of construction of at least one of the
dopant gas feed line and arc chamber;

(xxiii) a radiation shield between the source tube and arc
chamber;

(xxiv) the dopant gas feed line being constructed of mate-
rial having lower thermal conductivity than materie
construction of the arc chamber;

(xxv) the arc chamber comprising cylindrical protrusions,
and optionally an adaptor between the dopant gas feed
line and arc chamber that is connected to one of said
cylindrical protrusions, arranged to provide a molecular
flow regime in the protrusion;

(xxvi) the dopant gas feed line comprising a coaxial tube;

(xxv11) the dopant gas feed line having a diameter greater
than 0.635 cm; and

(xxv m) muitipie inlets for flow of dopant gas into the arc
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14. The jon implantation system of claim 1, wherein a flow
passage of the jon implantation system is msceyubie to depo-
sition of solids deriving from the dopant gas in operation of
- the jon implantation :»,ygmm further comprising a solids
deposition monitoring and control system comprising:

a monitoring device arranged to detect and provide an
output mdjcmwe of accumulation of ﬁ&p&sxtlﬁn solids
deriving from said dﬁpaﬂt gas in the flow passage; and

a control assembly responsive to said output of said moni-
toring device to modulate operation of the ion implan-
tation system s0 as to prevent, reduce or reverse said
accut ,ulamm of deposition solids deriving from said
dopant gas in subsequent operation of the ion implanta-
tion system,

15, The ion implantation system of claim 14, wherein the
solids deposition monitoring and control system is character-
ized by at least one of the features of:

(i) the monitoring device comprising a pressure transducer
arranged to monitor pressure in said flow passage;

(ii) the monitoring device comprising a mass flow control-
ler arranged to output a signal indicative of valve posi-
tion of the mass flow controller, wherein a valve defining
said valve position opens in response to solids accumu-
lation in the flow passage to maintain a predetermined
flow rate through the passage;

(iii) the control assembly comprising a flow control valve
operable to modulate flow of dopant gas though the flow
passage;

(iv) the control assembly comprising a flow conirol valve
operable to modulate flow of a cleaning fluid through the
flow passage;

(v) the control assembly comprising a flow control valve
operable to modulate flow of a diluent fluid though the
flow passage;

(vi) the control assembly being operable to modulate resi-
dence time of the dopant gas in the flow passage and/or
the ion source of the ion implantation system; and
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(vii) the control assembly being operable to modulate

power input to the arc chamber of the ion source.

16. A method @i‘imp’fan{iﬁg ions 1n a substrate, the method
comprising passing a dopant gas from a source of same to an
arc chamber of an jon source, under conditions pmducmg
ionization of the dopant gas, and cooling the dopant gas prior
to entry to the arc chamber, to thereby combat heating of the
dopant gas by heat generated in operation of the arc chamber,
and decomposition of the dopant gas resulting from such heat.

17. The method of claim 16, wherein the dopant gas is
flowed to the arc chamber in a dopant gas feed line arranged
at a distal end thereof to discharge dopant gas into the arc
chamber, and the dopant gas is cooled at a distal end portion
of the dopant gas feed line.

18. The method of claim 17, wherein the ¢ooling comprises
flowing coolant medium tﬁ%m:mah a cooling passage arranged
to cool the distal end portion of the dopant gas feed line and
dopant gas flowed therethrough.

19. The method of claim 16, wherein the dopant gas com-
prises a boron dopant gas.
 20. The method of claim 16, wherein the dopant gas com-
prises diboron tetrafluoride, and said cooling is operative to
maintain temperature of the diboron tetrafluoride inthe dmtai
end portion of the dopant gas feed line below 700° C.

21. The method of claim 16, further comprising flowing at
least one of a cleaning gas, a diluent gas, and the supplemental
material to the arc chamber, wherein the cleaning gas com-
prises at least one gas spﬁszﬁs selected from among XeF2 and
NF3; thediluent gas comprises at least one diluent gas species
selmied from among Xel2, inert gases, noble gases, BF3,
H2, Ar, N2, and a mixture of Xe and H2, CH4, and NH3; aﬁd
the sugpiememai material comprises at }east one ofa supplfa-
mental matenal effective to shift ionization reaction equilib-
rium toward B+, hydrogen, methane, and material effective to
combat deposition of decomposition species in the arc cham-
ber, in a dopant gas feed line for flowing the dopant gas to the
arc chamber, and/or in a region of an interface between the arc
chamber and the dopant gas feed line.

32



