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BACKGROUND OF THE INVENTION
This application is a continuation-in-part of application Ser. No. 08/740,553, filed
October 30, 1996 |

1. Eield of the Invention
5 This invention relates to a beam source for forming a thin film on a substrate
using molecular beam or jet vapor deposition.
2. Description of Related Art
The formation of a thin film upon a substrate has wide applications in both
manufacturing and research in a variety of fields, such as microelectronic devices,

10 - photosensitive devices and optical devices. High quality films are formed by highly
controlled deposition of materials on to a substrate. Various deposition techniques -
have been developed for such applications, _such as physical and chemical vapor
deposition, electron beam evaporation, sputtering, ionized cluster beam deposition, and
more recently, ballistic deposition and jet vapor deposition using an inert carrier gas.

15 : Many areas of application, such as integrated circuit fabrication, require
deposition techniques that are suitable for debosition of material into high aspect ratio
features, and at the same time achieve high productivity and reduced consumable cost
per wafer. Such applications further require high .unifom"aity of deposition on the
‘substrate. Thus, these applications require a deposition technique that provides high
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manuf acturing and research in a variety of fields, such as mcroelectronic
devi ces, 10 phot osensitive devices and optical devices. H gh quality
films are formed by highly controlled deposition of materials on to a
substrate. Various deposition techniques have been devel oped for such
applications, such as physical and chem cal vapor deposition, elepaTENPeam
evaporation, sputtering, ionized cluster beam deposition, a@@{Pvp; W
recently, ballistic deposition and jet vapor deposition using an I ner

carri erpegif diréBtionality, high ' 0 | Gk 5&@; 'dHrfaW ted
circuit fabri cationfyré%uyragusgggﬁg?ttei érr‘\&{ﬁ‘eﬂc ﬁ'ﬁizdd@@“’t ha gfp;ed;u' al‘): e for
deposi trequirements are expeactedtchbetoms prare stringentfasadevicsspacking densities sane

ti me achieve high productivity and reduced consunabl e cost per wafer. Such
appl i cdP¥ERE®f urt her require high unifornity of deposition on the

; ‘r“;\j |t {jgts_e-hi gﬁ ISbeddiing iRctehakingly MBRe BRFLUINE f4aPEBRRYAY YapbPGaRdditisn t hat
techniques to meet these demands for performance. For example, electron beam
evaporation techniques generally have a medium deposition rate and uniformity, but
relatively poor directionality. Molecular beam techniques, on the other hand, have

" medium directionality but relatively low deposition rate and uniformity.
To produce a highly directional beam, an unheated collimator is typically used.

10 Such a collimator collimates the beam by permitting vapor molecules traveling in
directions within a small solid angle from the collimator axis to pass through, while _
blocking and trapping molecules traveling in other directions which cause the molecules
to strike the collimator wall. This technique can produce a beam of high directionality,
but typically results in clogging of the collimator by the deposition material.

15 . Other techniques have been developed that achieve higher deposition rate,
directionality and uniformity of deposition. One such technique is ionized cluster beam
deposition. However, its implementation has been restricted due to the complexity of
the hardware which usually includes an ionizer, acce!e.r'ation grids and deflection
apparatus. More recenth}, techniques have been developed using a highly directional

20 inert gas stream to carry neutral particles of the deposition material to the substrate. In
a ballistic deposition system described in J. S. Reid, R. A. Brain and C. C. Ahn, Ballistic
Deposition of Al Clusters into High Asbect Ratio Trenches, 5995 VMIC 545, neutral
clusters 3-5 nm in size are formed in a first chamber by using standard evaporation
techniques in an ambient of high purity inert gas maintained at a pressure between 0.5

25 to several torr. Through a nozzie 1 cm in diameter and 14 cm in length, the clusters
and the condensation gas are directed as a highly energetic and directional beam
toward the substrate in a second chamber which is evacuated by a Roots pump.
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-2-" beamdirectionality, high deposition rate, and high uniformty. These
performance requirenments are expected to becone nore stringent as device

packi ng densities increase. It is becomng increasingly nore difficult to
adapt exi sting vapor deposition 5 techni ques to neet these demands for
performance. For exanple, electron beam evaporation techni ques gerssPENY

have a nmedi um deposition rate and uniformty, but relativel ¥11§??”1/PVDILW

directionality. Ml ecul ar beamtechni ques, on the other hand, Thave

Cluster velocities of several hundred meters per second are achieved, corresponding to
cluster kinetic energy on the order of 10* eV and giving sufficient kinetic energy per
atom to produce cluster melting during deposition. Thin film deposition rates of 6 um
~per minute can be attained. This process has been used to deposit aluminum into 0.5
5 prﬁ wide trenches having an aspect ratio of 2:1. .
Inert carrier gas has also been used in a jet vapor deposition technique
&escribed in B. L. Halpern and J. J. Schmitt, Jet Vapor Deposition, in HANDBOOK OF
DePOsITION TECHNOLOGIES FOR FILMS AND COATINGS 822, R. F. Bunshah, Ed., 1994, and
U.S. Pat. No. 4,788,082 to Schimitt, to achieve thin film formation at a rate on the order
10 of microns per minute. This technique involves the use of a sonic jet in a low-vacuum
fast flow to transport molecular or cluster-laden vapor to a substrate. The jet source
“has a nozzle with an exit diameter in the range of several millimeters to 2 cm. Helium
or other inert gas is supplied to the nozzle and exits from it as a jet. Typically, the
nozzle pressure is several torr, and the downstream pressure is a torr or less. The
15 vapor source is placed in the nozzle near the exit. Compared with other techniques, jet
vapor deposition requires a lower degree of vacuum in the substrate chamber where
the substrate is located, therefore reducing the costs associated with complicated high
vacuum apparatus. '
" The above references show that highly energetic and highly directional beams of
20 the deposition material may be formed and carried by an inert gas stream to the -
substrate. Such techniques typically achieve higher deposition rates and beam
directionality than traditional molecular beam techniques. However, since a single
highly directional jet beam is employed, the substrate typically must be scanned relative
-to the jet beam source in two directions (generally perpendicular to each other) to form
25 a ﬁniform film, as illustrated in the above reference of Halpern and Schmitt.
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mediumdirectionality but relatively | ow deposition rate and uniformty. To
produce a highly directional beam an unheated collimator is typically
used. 10 Such a collimator collimtes the beam by permtting vapor

nol ecul es traveling in directions within a small solid angle fromthe
collimator axis to pass through, while blocking and trapping nol ep T
traveling in other directions which cause the nolecules to ﬁg’j kal ,
collimator wall. This technique can produce a beam of high diréctiio aH/Yy,

but ty%%@g@ﬁ%g of the collimtor by the deposition
mat eri ar. i ques have been devel oped that achieve
hi gher depositis am objct of the' preiseatinvieatiortifipieRidetd Behih sdurée kRfolrhinig. a One

such technique is ionized cluster beam deposition. However, its
i npl emelRinfil AN Asubsiate at athigh depositien rate: fiids apethenabjsctive toipsovide dnar e

whi ch Ysiiah! S6urd tot YepoRiting Hhtefials iRt Righ'dibb ol ratio' 51,708 af'§ E\%g?\céciaggsition
5 rate. It is a further objective to provide a beam source for forming a thin film with '
controllable uniformity.
According to one aépect of the present invention, deposition rate and uniformity
‘of a thin film formed on a substrate are enhanced by employing a muiti-beam source for
providing a plurality of molecular beams or jet streams of substantiaily equal intensities
10 for deposition of materials on to the substrate. One embodiment of the present
invention includes a muiti-beam molecular beam source for vapor deposition
application. This embodiment is hereinafter referred to as the “molecular beam”
embodiment.of the present invention. Another embodiment of the bresent invention is a
muiti-beam source incorporating an inert carrier gas for application of the ballistic
15 deposition or jet vapor deposifion techniques. In this embodiment, the deposition
material carried by the inert gas on to the substrate may be clusters or individual atoms
or molecules. This embodiment is hereinafter referred to as the “jet vapor” embodiment
of the present invention.
According to another aspect of the present invention, heated orifices are used as
20 collimators for providing highly directional beams for deposition of materials into high
aspect ratio features, while avoiding the problem of clogging typically associated with
unheated éollimators. it is observed that, compared with an unheated collimator of the
same size and aspect ratio, a heated orifice can produce molecular beams having
comparable or superior directionality.
25 A multi-beam source according to an embodiment of the present invention
comprises a head unit having a cavity for containing a vapor of the deposition material, -

and a plurality of orifices provided in the head unit to permit exit of the vapor into a low
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apparatus. More recently, techniques have been ‘devel oped using a highly
directional 20 I nert gas streamto carry neutral particles of the
deposition material to the substrate. In a ballistic deposition system
described in J. S. Reid, R A Brain and C C Ahn, Ballistic Deposition of
Al Clusters Into H gh Aspect Ratio Trenches, 1995 VM C 545, neutrpATENT
clusters 3-5 nmin size are formed in a first chanber by uqimg_p-},pwtw
evaporation techniques in an anbient of high purity inert gas nalntal ned at

G D ed Wil suearatd chatber if WkaY £ sBbetib s h. PR AL Brifcddd tne

dianeter and 14 cmin length, t clusters an
di r ect evhpns cantdinéd yn thecscawityiare amaintdineztat @ high teamperawrer Théhvaparbstheate in

a Seconélepcogelltpc})nerrna\{\grga rr]nalys bg \égﬁg?attgg int%grnaallyR (i)r? %hse galljvrirtr\)/'such as by heating a
source material placed inside the cavity, or it may be introduced into the cavity from an
5 external vapor source throﬁgh a vapor inlet coupled to the cavity. The vapor exits from
the heated orifices into the substrate chamber, forming highly directional molecular
beams.
In a jet vapor embodiment of the present invention, an inert gas flow is
introduced into the cavity though a gas inlet coupled to the cavity. The gas flow is
10 sufficiently large to produce a high pressure differential between the cavity and the
substrate chamber. The gas is mixed with the vapor of the deposition material within
the cavity, and forced through the orifices into the substrate chamber in éupersonic
flows as highly directional jet streams. Upon exiting the orifices, the inert gas streams
undergo adiabatic expansion, causing' cooling of the vapor. Under certain conditions,
15 supercooling may occur and clusters of the deposition material may form in the gas
stréam. The formation and the size of the clusters depend on the temperature of the
vapor source, the type of inert gas used, the flow of the inert gas, and the orifice size.
By controlling these parameters, the deposition material may be carried on to the
substrate in the form of individual atoms or moleéules, or clusters of atoms or
20 molecules. |
In both the molecular beam and the jet vapor embodiments, the orifices are
preferably arranged in a substantially linear pattern in the head unit. The muiti-beam
source and the subsfrate may be scanned relative to each other to form a uniform thin
film on a large area on the substrate. _
25 By using a plurality of orifices to produce a plurality of molecular beams or jet
vabor streams, the throughput of the deposition material is substantially increased, thus
increasing the deposition rate. In addition, the heated orifices produces highly
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-3+ Cluster velocities of several hundred neters per second are achieved,
corresponding to cluster kinetic energy on the order of 10[err] eV and
‘giving sufficient kinetic energy per atomto produce cluster nelting during
deposition. Thin filmdeposition rates of 6 [err]mper m nute can be

attai ned. This process has been used to deposit alum numinto 0. PATENTPM
w de trenches having an aspect ratio of 2:1. Inert carri erwggmqpvp,

been used in a jet vapor deposition technique described in B. L em and
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or der
highly uniform within a line, and the substrate may only need scanning relative to the
beam in the direction perpendicular to the line to form a uniform thin film on a
5 substantial area of the substrate. Thus, compared with other deposition techniques

described above, a muilti-beam source in accordance with the present invention can
accomplish higher overall rate of thin film deposition on a large area of the substrate
and increased productivity.
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10° of microns per minute. This technique involves the use of a sonic jet
in a lowvacuumfast flow to transport nolecular or cluster-laden vapor to
a substrate. The jet source has a nozzle with an exit dianmeter in the range
of several mllinmeters to 2 cm Heliumor other inert gas is supplied to
the nozzle and exits fromit as a jet. Typically, the nozzle prespATENTS

several torr, and,the downstream pressure is a torr or Iesq 3§Fpaw$§ LW
vapor source is placed in the nozzle near the exit. Conpare(] W t oPher

techni HEEF DESCRIPTIONEOPSTHE DRAVANGES a | ower degree of vacuumin the
substraie chanber where the subsirate I's |ocated, therefore reducing the
costs associFig.ctishows acpreférrediembbodingéntofthe muitibeant scurce lof thd present

ref erences ,showﬁg{lat, hi g{h_l y_energetic and highly directional beans of 20
the depd@ntiogfortarating p thinfilmeon asybatrated carried by an inert gas streamto

the Figs. 2a and 2b are longitudinal and cross-sectional views of a head unit of a

5 preférred molecular beam embodiment of the present invention.
Figs. 3a and 3b are longitudinal and cross-sectional views of a head unit in
accordance with an aiternative molecular beam embodiment of the present invention.
Figs. 4a and 4b are the side and bottom cross-sectional views of another
alternative molecular beam embodiment of the present invention.
10 Fig. 5 is a side cross-sectional view of a preferred jet vapor embodiment of the

present invention.
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substrate. Such techni ques typically achi eve higher deposition rates and
beamdirectionality than traditional nolecul ar beamtechni ques. However,
‘since a single highly directional jet beamis enployed, the substrate
typically nust be scanned relative to the jet beam source in two directions
(general l'y perpendicular to each other) to form 25 a uniform fEEFﬁE
illustrated in the above reference of Hal pemand Schmtt. @THE
| NVENTI C]\l It is an object of the present |nvent|on to provi (}e a rce
i B o5 - ion rate.

Fig. 1 illustrates an arrangement for forming a thin film on a substrate using a
multi-beam source according to the present invention. A substrate 11 which may be a
semiconductor wafer, for example, is mounted in a substrate chamber 12 which is

5  maintained at a low vacuum. A head unit 13 of a multi-beam source having a cav{ty
and a plurality of orifices on the bottom (not shown) is mounted directly above the
éubstrate 11. A reservoir 14 containing a vapor of the deposition material is coupled to
the head unit via a tube 15 for providing the vapor to the cavity. Although a vapor
reservoir is shown here, a vapor generator inside the head unit may be alternatively

10 employed. The vapor exiting from the orifices forms molecular beams for deposition on
to the substrate. The substrate may be mounted on a translation stage 16 and
-translated during deposition to provide for enhanced uniformity of thin film formation.
Alternatively, the head unit 13 may be translated to achieve desired scanning.
' Having described an environment in which the multi-beam source operates, the
18 detailed construction of the head unit of the preferred embodiments of the multi-beam
source will now be described. .

Figs. 2a and 2b show the longitudinal and cross-sectional views of a preferred
molecular beam embodiment of the present invention. The multi-beam source
comprises an inner unit 51, a shell 52 on the outside of the inner unit, and a radiation

20 shield 53 enclosing the shell and the inner unit. The substantially cylindrical-shaped
inner unit 51 is closed at one end to form a substantially cylindrical cavity 54. The other
end of the inner unit forms an access port which may be sealed by a removable cap 55.
At least one resistive heating filament 56 is wound on the outside of the inner unit 51 in
_.a helical-shaped filament channel 57 to maintain the inner unit 51 and the shell 52 at a
25 hiéh temperature. The substantially cylindrically shaped shell 52 partiaily functions to
' restrain the heating filaments, which expand when heated. The assembly of the inner
unit and the shell is enclosed within the radiation shield 53 to reduce heat losses.
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bedm source for depositing materials into high aspect ratio features at a
high deposition 5 rate. It is a further objective to provide a beam
source for formng a thin filmwth controllable uniformty. "‘According to
one aspect of the present invention, deposition rate and uniformty of a
thin filmformed on a substrate are enhanced by enpl oying a nul ti PAFENT
source for providing a plurality of nolecular beans or jet ff3Epim\ah/LW
substantially equal intensities 10  for deposition of materials on to the

substrate. Cnsection®8Githe %vihhﬁe@fr hetitceks g@ﬁtﬂa&r‘a W‘U@rlé%ﬁérg@seﬁgbﬁén

nol ecul ar beam source for vapor deposition application odi rrent S

her ei natenirining aMapar soutce materialsuch @sehigh-earity alohinlime Whe théeavityeisent
i nventi ment the resent invention is a nulti-beam

sour ce ﬁ?\%‘&é&i tg‘%lrnﬁfqg‘ﬂ%?@%t 8’&? dﬁ% terig} C%Elqe@égﬂﬁ'ﬂ sreyaporpted tost i ¢

generate a vapor in the cavity. A separate heating filament may be employed to heat
5 the widened section 58 independently of the rest of the inner unit 51 for added
“flexibility. _
A plurality of orifices 59 are provided on the bottom of the inner unit to allow
exiting of the source vapor from the cavity. The orifices are preferably arranged in a
row parallel to the cylindrical axis of the inner unit. In accordance with one aspect of
10 the present invention, the walls of the orifices are maintained at substantiaily the same
temperature as the cavity. As a consequence, the orifices 59 act as heated collimators.
Replaceable apertures may be employed, such as screw-in apertures, to permit the
head unit to eccommodate variable orifice sizes and aspect ratios (i.e. the length-to-
diameter ratio of the eriﬁce). Preferably, the orifices are cylindrical in shape and have a -
15 diameter of 5 mm and an aspect ratio of 2:1. Other sizes and shapes may also be
employed, but it is preferred that the dimensions be less than or equal to the mean-
free-path of the vapor molecules in the cavity.
The inner unit 51 and the shell 52 of the multi-beam source are preferably made
of boron nitride because of the material's inertness at high temperature, purity and
20 machinability. The heating ﬁtaments 56 are preferably tantalum filaments, and the
radiation shield 53 is preferably formed of muitiple layers of tantalum. Through careful
shielding, the cavity may be maintained at a very high temperature with modest power
consumption. For example, 400 watts may be sufficient to maintain the cavity at
1200°C. The temperature of the cavity is controlied by controlling the input power to
25 the heating filaments. In addition, thermal couples may be mounted in a plurality of
small holes 60 in the shell and the inner unit for measuring the temperature of the
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15° deposition or jet vapor deposition techniques. In this enbodi nent,
the deposition material carried by the inert gas on to the substrate may be
clusters or individual atonms or nol ecul es. This enbodi nent is hereinafter
referred to as the "jet vapor" enbodi ment of the present invention.
According to another aspect of the present invention, heated orifpagsnTe

used as 20  collimators for providing highly directional W
deposition of materials into high aspect ratio features, V\hlle'a%@ioqﬂ' th

bl I t AR ' PR | 4 ol bt
Cbser v oo b, el Emperdfipg rbabiae Mol WAV 66 uSR SeRBhELE widh,
aspect thetapplicatidteat ed orifice can produce nol ecul ar beans having

conpar abl e or superior directionality. 25 A nul ti-beam source
accor di ng t g gaﬁadialﬁhowhe longjludivahand arasstsestional views of another

preferred molecular beam embodiment of the present invention. The multi-beam
5 source of this embodiment comprises, like the embodiment of Figs. 2a and 2b, inner
unit 121, a removable plug 122, and a radiation shield 123. The cylindrical inner unit
121 is closed at one end to form a cylindrical cavity 124, which is sealed at the other
end by the plug 122. Instead of a helix-shaped ﬁlament channel like that shown for the
. embodiment of Figs.-2a and 2b, the head unit of Figs. 3a and 3b has a plurality of

16 longitudinal filament channels 125 provided in the inner unit 121 in a direction generally
parallel to the central axis of the cavity 124. Each channel 125 has a heating element
(not shown) to maintain the inner unit 121 and the plug 122 at a high terhpera_ture. To
reduce heat losses, the inner unit 121 and the plug 122 are enclosed within the
radiation shield 123, with a gap of preferably 0.5 mm between the shield and the inner

15 unit. Thermal couples may be mounted in a plurality of small holes 128 in the inner unit
for measuring the temperature of the cavity. '

The inner unit 121 has one or more orifices 126 on its bottom, which act as -
heated collimators to provide exits for the vapor from the cavity. The size, shape and
arrangement of the orifices 126 are similar to those of the embodiment illustrated in

20 Figs. 3a and 3b. (For simplicity, only one orifice is shown in Fig. 3a but, depending
upon the application, a plurality may be preferred.) '

The plug 122 has a hollow base 127 that opens toward the cavity 124 to receive
a vapor source material. The hollow base is preferably substantially cylindrical, the axis
1272 of which intersects the central axis 121a of the inner unit 121 at an angle. The

25 diameter and the angle of inclination of the hollow base 127 are preferably such that a
lengthwise extension of the hollow would intersect the ceiling of the inner unit at an
area 121b that is directly above the orifices 126.

10
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corfpri ses a head unit having a cavity for containing a vapor of the
deposition material, and a plurality of orifices provided in the head unit
to permt exit of the vapor into a | ow vacuum substrat e chanber in which
a substrate is held. The cavity, the orifices and the vapor contained in
the cavity are maintained at a high tenperature. The vapor of thepATENT

deposition material may be generated internally in the cavi
heating a source material placed inside the cavity, or it gg§2§§9PX?ﬁL uced

coupl edt o inoberaif, e Bug 1EXIE IR wHiRia, B UaRor Ml atet 8o e
subst r High-phatpaluminghiplaced ingidethe Holleiv, 8nd'théplugrépiced. When the inner
unit and the plug are heated by the heating filament, the source material is evaporated
inside the hollow base 127, and the vapor that enters the cavity 124 is preferably |
5 directed at the portion 121b of the ceiling above the orifices.

The inner unit 121 of the muilti-beam source is preferably made of boron nitride
because of the material’s inertness at high temperature, purity and machinability. The
radiation shield 123 is preferably formed of muitiple layers of tantalum. The heating
elements are preferably tantalum filaments. Temperature control is accomplished in a

10 similar fashion as described for the embodiment of Figs. 2a and 2b.
Figs. 4a and 4b are the front and bottom views of another preferred molecular
" beam embodiment of the present invention. The inner unit 131 has a cavity 132 having
a rectangular cross section for containing a vapor of the deposition material. Tantalum
filaments (not shown) for heating the inner unit 131 and a tantalum radiation shield (not
15 shown) for reducing heat loss from the head unit are provided in a manner similar to
that described in connection with the embodiment shown in Figs. 2a and 2b. The inner
unit 131 has a plurality of orifices 135 to permit the vapor to exit from the cavify. Similar
considerations in orifice design as described above for the embodiment shown in Figs.
2a and 2b also apply to the embodiment illustrated herein. As shown in Fig. 4b, the
20 orifices 135 are arranged in a plurality of staggered rows, preferably two rows, such that
the centers of the orifices, when projected on to the central axis 136 (as shown in the
figure),. are edually spaced. Compared with a single row of equally spaced orifices, the -
staggered-rows configuration allows the orifices to be arranged closer to each other in
the axial direction while maintaining an adequate distance between two orifices in the
25 same row for ease of manufacturing.
A vapor tube 137 having one end coupled-to a vapor reservoir (not shown) is
| coupled to the inner unit 131 to introduce a vapor flux 138 of the deposition material

11

This Sheet Has Been Reﬂlaced

L




beans. In a jet vapor enbodi nent of the present invention, an inert gas
flowis introduced into the cavity though a gas inlet coupled to the
cavity. The gas flowis 10 sufficiently large to produce a high pressure
differential between the cavity and the substrate chanber. The gas is m xed
with the vapor of the deposition material within the cavity, and gQfeRe

through the orifices into the substrate chanmber in supersogi
highly directional jet streans. Upon exiting the orifices, ?#%%HQ%\?P@S

t ha Dt | ' | | i f th apor . Unde
cer t ai TtoafEearn 52, 3o apop i HedsafyiiTn a8 bE Erarted s meaBR otk
deposi khown!inties art| sugty as Hidhmidl evigodlions Frefiably el Xid ko o i dapdie Si ze
of the clusters depend on the tenperature of the”vapor source, the type of
i nert &dbe hidddies ahanfangle afframdhe tep facgabi2 efithetcayityrwiiéresx is preferably

determined by the dimensions of the tube and the cavity as follows:
5 a =sin" D/s,

* where D is the diameter of the vapor tube 137 and s is the length of the cavity 132.
This geometry is believed to facilitate the flux of vapor from the tube striking the entire
or substantially the entire length of the top cavity wall. Since an arrangement is

' believed to enhance the uniformity of the molecular beams exiting from the orifices.

10 Compared with a cylindrical geometry as illustrate& in Figs. 2a and 2b, a source
unit having a rectangular cross-section has the advantage that a plurality of source
unifs can be more easily stacked side-by-side for depositing muitiple materials
simultaneously.

Fig. 5 shows a preferfed jet vapor embodiment of the present invention. The

15 structure of a head unit 150 is substantially similar to that of the molecular beam source
illustrated in Figs. 3a and 3b. A gas tube 153 is coupled to an inner unit 155 for
introducing a controllable flow of inert gas into a cavity 157. The gas flow is sufficiently
large to produce a suitable pressure differential between the cavity and the substrate
chamber. The inert gas is mixed with a vapor of the deposi?ion material in the heated

20 cavity 157, and forced through a pluraiity of orifices 159 to form jet streams, carrying the
vapor of the deposition material to the substrate.

Although not illustrated, an inert gas flow may be similarly introduced in the
molecular beam source shown in Figs. 4a and 4b to provide another jet vapor
embodiment of the present invention.

12
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By controlling these parameters, the deposition material may be carried on
to the substrate in the formof individual atons or nolecules, or clusters
of atoms or 20 nol ecul es. In both the nol ecular beam and the jet vapor

enbodi ments, the orifices are preferably arranged in a substantially |inear

pattern in the head unit. The nulti-beam source and the substrate
scanned rel ative to each other to forma uniformthin f|In1ﬁg§f?i
a

on the substrate. By using a plurality of orifi
Geposi i Xn"LB%‘Ssﬁcﬁ%m@Lde?%msaé’éq s e Tobbem sote wlldbbbene. e
deposi td,gaugs'goe In addition, the heat ed orifices produces highly
In vapor deposition techniques, the growth rate of the thin film is determined by a
variety of factors, including the temperature and vapor pressure of the source material,
5 its molecular weight, the size of the orifice, and the distance between the orifice aﬁd the |
substrate. Further, vapor pressure increases exponentially with the source
iemperature. Therefore, by varying these parameters, especially the source
temperature, the growth rate for the thin film can be increased. A deposition rate of 4
Hm/min has been demonstrated using an orifice with an aspect ratio of 1:1 and a source
10 temperature of 1100°C. In the illustrated embodiments of the present invention.'the
multi-beam source unit is maintained at a high temperature, preferably betwéen 800
“and 1350°C for deposition of aluminum and other matertals, such as silicon or copper.
For molecular beam applications requiring highly directional beams, collimation
of fhe beams is traditionally achieved by using unheated collimators. When a beam of
15 the deposition material passes through an unheated collimator, only molecules traveling
| along a direction within a small solid angle from the axis of the collimator will exit from
the collimator, while molecules traveling in other directions will strike and adhere to the
collimator wall and thus be trapbed by the unheated collimator. It is generally believed
that a collimator having the same temperature as the vapor will cause the vapor
20 molecules striking the collimator wall to be reflected from it and exit the collimator at
large angles, thereby defeating the purpose of collimation. As a result, collimators have -
heretofore typically been unheated collimators.
Contrary to generally accepted Leliefs, it has been observed that heated
. collimators are capable of achieving the same or higher degree of collimation as
25 uﬁheated collimators. In one example using an embodiment of the présent invention, a
heated orifice having a diameter of 5 mm and aspect ratio of 2:1 is placed 50 mm away
from a substrate. When the substrate is maintained at 40°C and the vapor source and

13

-

————

Has Been Reﬁaced

T



-6- directional heans suitable for deposition of materials into high aspect
Jatio features. Furthernore, by arranging the orifices in a substantially
l'inear pattern, the deposition is highly uniformwthin a line, and the
substrate may only need scanning relative to the beamin the direction
perpendicular to the line to forma uniformthin filmon a 5 spasteEagt i al
area of the substrate. Thus, conpared wth other dep05|t|on1ﬁ§pp@”qﬂgﬁyv
descri bed above, a nulti- beam source in accordance with the pr esent

| nventi g GriferftOPIIACE td Wit ERSK ndiitha of nd %psl%émhfﬁuﬁeapméému%?e a

| arge area of the strate an I ncreased prod
is approximately 40 mm, narrower than the predlcted 50 mm for a 2:1 unheated

collimator.
In the illustrated embodiments, because the centers of the orifices arranged in a
5 row are close to each other, a substantially uniform stripe of thin film may be formed, as '
compared to a narrow spot of film when a single highly directional beam is used as in
previous techniques. Thus, in many applications, the substrate may only need to be
scanned in 6ne direction with respect to the beam source unit to form a uniform thin film
on a large area of the substrate. By comparison, in previous techniques using a single
10 highly directional beam, the substrate must typically be scanned in two directions to
form a uniform thin film on a large area. Thus, it can be appreciated that a muitiple
orifice head 'unit in accordance wifh the present invention can increase the overall rate
of forming a thin film on a large area while maiﬁtaining highly directional beams.

" Although three preferred embodiments of the multi-beam source are described, it -
will be appérent to those skilled in the art that alternative designs are possible and are
within the scope of the present invention. For éxample, although an embodiment
having a round cross-section and an internal vapor source, and an embodiment having
a rectangular cross-section and an external vapor source are described, it should be
apparent that other combinations of geometries and vapor source configurations may
be employed. The shape of the cavity is believed not to be critical, so long as the
conductance of the vapor through the cavity is not compromised. This condition
ensures that beams of substantially equal intensity are formed by the orifices. In
addition, other configurations for the inert gas supply are possible for the jet vapor
embodiment. Further, vaporization of the source material may be achieved by a variety
of ways well known in the art, such as thermal evaporation, glow discharge sputtering,
microwave reaction, or laser ablation. Moreover, although multi-beam sources for
molecular beam deposition and jet vapor deposition are described, it shouid be

14
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-7- BRI EF DESCRI PTION OF THE DRAWMSS Fig. 1 shows a preferred enbodi nent
of the nulti-beam source of the present invention for formng a thin film
“on a substrate. Figs. 2a and 2b are |ongitudinal and cross-sectional views
of a head unit of a 5 preferred nol ecul ar beam enbodi nent of the present
invention. Figs. 3a and 3b are longitudinal and cross-sectional \BeyeNgf a
head unit in accordance with an alternative nol ecul ar beanﬁﬁﬂﬁgqyﬁg%ﬁngf

t he present -invention.
apparent to those skilled in the art that the multi-beam source of the present invention
may also be applied in other deposition techniques, such as ionized beam deposition.

The scope of the invention should be determined by the claims.

15
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Figs. 4a and 4b are the side and bottom cross-sectional views of another
.alternative nol ecul ar beam enbodi nent of the present invention. 10

Fig. 5is a side cross-sectional view of a preferred jet vapor enbodi nent
of the present inventi on.This ShedFAlHebR | PTI ON OF THE PREFERRED

EVMBODI MENT Fig. 1 illust raiwﬂmmmﬁﬁmnt for formng a thin PATENTY a
substrate using a nulti-be rding to the pres i ' A
substrate 11 which may be r QWBZ,WPW/%’\?/ed in

a subm_ﬁmqharrber 12 which is

waf er, for exanple, is nou

1. A multi-beam molecular beam source for deposition of a material on to a
substrate comprising: _ |
a vapor source for supplying a vapor of said deposition material; and
a head unit having a cavity for cbntaining said vapor of said deposition material,
5 wherein said head unit defines a plurality of orifices for permitting exit of said vapor from
said cavity. -

2. The muiti-beam molecular beam source of claim 1, wherein said vapor
source comprises a vapor reservoir coupled to said head unit, said vapor reservoir
comprising a vapor generator for generating a vapor of said deposition material.

3. A molecular beam source for deposition of a material on to a substrate
comprising:
a vapor source for supplying a vapor of said deposition material;
a head unit having a cavity for containing said vapor of said deposition material,
5 wherein said head unit defines at least one orifice for permitting exit of said vapor from
said cavity; and . '
a heater positioned to heat said orifice.

4. The molecular beam source of claim 3, wherein said orifice is heated to a
temperature substantially equal to the temperature of said vapor supplied by said vapor

source.

5. The molecular beam source of claim 3, wherein the temperature of said
orifice is within the range of 800 to 1350°C.

16
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-5 * mintained at a | ow vacuum A head unit 13 of a nulti-beam source
having a cavity and a pluralitfy of orifices on the bottom (not shown) is

mounted directly above the subsmis?gheeti{asse&mﬁgdvoir 14 contai ning a vapor

of the deposition material is co ad unit via a tube 15 for
provi ding the vapor to the cavit
here, a vapor generator inside t |

apor reservoir is pRAGWNT
enpl oyed. The vapor exiting fromthe orifices forns nol ecul ar beans

y be al terna|t1i3\2q§,y/ I!SYV
deposi tion to '“%“%ﬁ' U .
transl ati on@t ageﬂi% an é@\%’g;gggr%uﬁ‘%@ﬁgg'p@ﬁeﬁﬁ%%?gﬁggﬁc%f or
enhancesbrprisey an eyapdratdri for &vaporatrgeaidadepositiony Matdriatinsidd Saidasy Bni t 13
may be translated to achi eve desired scanning. Having described an
envi r orf@idhhend Uit ch the nul ti-beam source operates, the 15 det ai | ed
construction of the head unit of the preferred enbodi nents of the
mul ti - beam )

7. The molecular beam source of claim 3, wherein said vapor source

comprises a vapor reservoir coupled to said cavity, said vapor reservoir comprising a
vapor generator for generating a vapor of said deposition material.

8. A multi-beam jet vapor source for deposition of a material on to a
substrate comprising:” '

a vapor source for supplying a vapor of said deposition material;

a head unit having a cavity for containing said vapor of said deposition material;

5 and’
- gas supply means coupled to said head unit for supplying an inert gas flow into

'said cavity; -

wherein said head unit defines a plurality of orifices for permitting exit of said
vapor and said inert gas from said cavity.

9. The muiti-beam jet vapor source of claim 8, wherein said gas supply
means comprises means for controlling the flow of said inert gas.

10. The multi-beam jet vapdr source of claim 8, wherein said vapor source

comprises a vapor reservoir coupled to said head unit, said vapor reservoir comprising
a vapor generator for generating a vapor of said deposition material.

17
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source will now be described:—Fi gs. 2a and 2b show the | ongitudinal and

. cross-sectional views is SneR'16l BLh & 4p4 ecul ar beam embodi ment of the
present invention. The ce conprises an inner unit 51, a
shell 52 on the outside | ﬂD nit, and a radiation 20 shield 53
encl osing the shell and . The substantially PATENT

cylindrical -shaped inner unit 51 is closed at one end to fm2P1/PVD/L
substantially cylindrical cavity 54. The other end of the inner unit Torns

an access ppr.t Vithe mulibelm e daper B0rée bEERIM B! mrﬂw}g cgfnptrﬁgnq 5 Piehtet 6,

resistive heating filanment 56 is wound on the outsi nner unrt 51
in a rheating said speity and saidorifidcesitoa tefmperaturesubstantiallycequaldo theni t 51 and

the shell 52 at 25, hi gh tepperatfure. The substantially cylindrically
shapegemr?t‘%?° §7id; vancy SEBH@?‘JTBYQE‘F’OVMISPH\"W% he heating filanments,

whi ch expand when heated. The assenbly of the inner

12.  The muiti-beam jet vapor source of claim 10, wherein said vapor sou'rce
comprises an evaporator for evaporating said deposition material inside said cavity of
said head unit.

13. A method for depositing a material on to a substrate comprising: |
generating a vapor of said deposition material;
containing said vapor in a cavity maintained at an elevated temperature as a
function of the temperature of said vapor generated; and- |
5 permitting said vapor to exit from said cavity through at least one orifice
maintained at substantially the same temperature as said cavity on to said substrate.

14. A method for depositing a material on to a substrate comprising:

generating a vapor of said deposition material;

containing said vapor in a cavity; and

permitting said vapor to exit from said cavity through a plurality of orifices on to
5 said substrate.

15. A method for depositing a material on to a substrate comprising:
generating a vapor of said deposition material;
containing said vapor in a cavity;
introducing a flow of inert gas into said cavity; and
5 permitting said inert gas and said vapor to exit from said cavity through a plurality
of orifices on to said substrate. ' |

18
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unft and the shell is enclosed within the radiation shield 53 to reduce
heat | osses. A section 58 of the cavity near the access port has a
"wi dened cross-section for containing a vapor source material, such as
hi gh-purity alum num Wen the cavity is heated by the heating filanent,

the source material contained therein is evaporated to generate a TN
the cavity. A separate heating filanent may be enpl oyed to Pi/pvmi_bg
wi dened section 58 independently of the rest of the inner ) for ded

flexibility. Aplurality of orifice re.provi ded on the bottom of the
inner unit to allow gﬁm

A multi-beam source for deposition of a méterial on to a substrate with enhanced

deposition rate, uniformity and beam directionality. A plurality of orifices are provided in
a head unit having a cavity containing a vapor of the deposition material. The cavity

5 and the vapor contained therein are maintained at a high temperature to increase the
deposition rate. The orifices are maintained at the same high temperature and act as
heated collimators to produce highly directional beams for deposition of materials into
high aspect ratio features. When used in jet vapor deposition techniques, an inert gas
flow'is introduced into the cavity and forced out thereof through the orifices as jets to

10 transport particles of the deposition material to the substrate.

This Sheet Has Been Rzﬂlaced
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-t the source vapor fromthe cavity. The orifices are preferably

arranged in a row parallel to the cylindrical axis of the inner unit.. In
accordance with one aspect of 10 the present invention, the walls of the
orifices are maintained at substantially the sane tenperature as the
cavity. As a consequence, the orifices 59 act as heated collimtors.

Repl aceabl e apertures may be enpl oyed, such as screwin apertures, to
permt the head unit to accommobdate vari abl e d2 fice sizes and aspect
ratios (i.e. the length-to- dianeter_ratio—eétre=orTTTCE)./IPreferably, the
orifices are cylindrical in shape_and have a 45 dia f 5 nmmand an
aspect ratio of 2:1. O her sizes il pyed, but it is
preferred that the dinmensions bg | €ss than or equal to tHe an- free-path
of the vapor nolecules in the £Lavity. The inner unit 51/an he shell 52 of
the nulti-beam source are pregferably nade
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of "boron nitride because of the material's inertness at high tenperature,
.purity and 20 machinability. The heating filanments 56 are preferably
tantalumfilanments, and the radiation shield 53 is preferably forned of
nmul tiple layers of tantal udehr% refu shielding, the cavity may be
mai nt ai ned at a very high te#per dest power consunption. For

exanpl e, 400 watts nay be suffici i tain the cavity at 1200 C. The
tenperature of the caV|tryass con trolling the.input power to
25 the heating fil ame | coupl es may be mounted in
a plurality of small hol es \Q0 = I he inner unilgfor neasuring
the tenperature of the 8 y ~
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-10- cavity. O course, other tenperature resistant materials may be used
-dependi ng upon the application. Figs. 3a and 3b show the | ongitudinal.and
cross-sectional views of another preferred nol ecul ar beam enbodi ment of the
present invention. The nulti-beam 5. source of this enbodi nent conpri ses,
| i ke the enbodi nent of Figs. 2a and 2b, inner unit 121, a renovable plug
122, and a radiation shield 123. He cylindrical inner unit 121 is closed

at one end to forma cylindrtgal cavj which is seal ed at the other
end by the plug 122. Instead *ef | X-= € i | ament channel |ike that
shown for the enbodi nent of Fi s ed unit of Figs. 3a and
3b has a plurality of 10 | o t g e nels 125 provided in
the inner unit 121 in a ggrec er alllly ~
-t ! "4 2 4 - - ﬁ
- } ’ s b Y ﬂ
— - "—"l .
< P 5 ~f- §! SO
el 3] AR
3 +
’ E §
i .
n
=
Qo Q
B B
g _ e g
€ \ g #l B 20
8% 33 B8 3
e i
E§ L 2N
8(7‘ : 1 \ |
é |.- o= LK ﬁ —
gs N "r" ,‘(‘:‘ N ' %
.N | "/' s P ! ;’
} [ ] ) : 1 R 2
& ‘ d S
§ §§ <b ,/ . NI g Q ~
$ / Vi i m 6
» ¥ , a ot
é ] :ll -y “
= R SO 3
SE g; g 3: i :
3 - ] ] ' z.'
D = o~ : l (] ®
= o ¥ -
{72 . \ ' N
§‘6 3] ¥ D l D §- 2
oS . \ Q
£t 5
@ g ' ; o
EE E | »
EE L
g M. W

T



parallel to the centra

" at a high tenperature.

for neasuring
nore orifices
exits for the
orifices 126 ar

Figs. 3a and 3b.

dependi ng upon

l .
132 l’/’/'/A/‘/ L RVALY, G R VAR, A

136

e

t

axis of the cavity 124. Each channel
“heating elenent (not shown) to nmaintain the inner
To reduce heat |osses, the inner
plug 122 are enclosed wthin the radiation shield 123, with a gap of
preferably 0.5 mm between the shield and the inner L,dL
coupl es may be mounted in a plurality of smal

heg AHHSIJIJIJIAIHILHILJ

ho!

g@ 4(a)

unit.

125 has a
unit 121 and the plug 122
unit 121 and the

Ther mal
s 128 in the inner
unit 121 has one or
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The plug 122 has a holl ow base 127 that opens toward the cavity 17#%¢wd
-recei ve a vapor source material. The holl ow base is preferably" -
substantially cylindrical, the axis 127a of which intersects the central
axis 121 a of the inner unit 121 at an angle. The 25 di ameter” and the
angle of inclination of the hollow basel127 are preferably such that a

| engt hwi se extension of the hollow would intersect the ceiling of the inner
unit at an area 121b that is directly above the orifices 126. In

operation, the plug 1RERQGSITHEN QMAVEHIN FIbM ONASUBSTRATERISINGal such as
hi gh-purity alum num pl aced inside the hollow, and the plug replaced. Wen

t he i nner A MULTI-BEAM SOURCE

BACKGROUND OF THE INVENTION
This application is a continuation-in-part of application Ser. No. 08/740,553, filed
October 30, 1996 | '

1. Eield of the Invention
5 This invention relates to a beam source for forming a thin film on a substrate
using molecular beam or jet vapor deposition.
2. Description of Related Art
The formation of a thin film upon a substrate has wide applications in both
manufacturing and rasearch in a variety of fields, such as microelectronic devices,

10 photoserisitive. devices and optical devices. High quality films are formed by highly
controlled deposition of materials on to a substrate. Various deposition techniques -
have been developed for such applications, suc_h as physical and chemical vapor
deposition, electron beam evaporation, sputtering, ionized cluster beam deposition, and
more recently, ballistic deposition and jet vapor deposition using an inert carrier gas.

15 Many areas of application, such as integrated circuit fabrication, require
deposition techniques that are suitable for def:osition of material into high aspect ratio
features, and at the same time achieve high productjvity_and reduced consumable cost
per wafer. Such appl_icationé furtl'_l'er require high uniformity of deposition on the
‘substrate. Thus, these applications require a deposition technique that provides high
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unit and the plug are heated by the heating filanment, the source naterial

I s evaporated inside the hollow base 127, and the vapor that enters the
cavity 124 is preferably 5 directed at the portion 121 b of the ceiling
above the orifices. The inner unit 121 f the multi-beam source is
preferably made of boron nitride becau the material's inertness at
hi gh tenperature, puri-ty and machinability. The radiation shield 123 is -
preferably fornmed of multiple layers of tantalum The heating el enent’'s are

preferabl y beémauem.dndn@rrﬁ@hsaepaema@faéuaiﬂa KGR UhASrmii. a*ﬁ&@éraé ﬂ‘hg%cbn a 10°

simlar fashion as described for the enbodi nent of Fig

4a and 4b afequira@entssire expectsdte bmm%m@r@stnalgmtmdqymmkm depsities| ar
beam embodi peplas@f the present invention. The inner unit 131 has a cavity
132 having a rectangul ar cross section for containing a vapor of the
deposi ti on mat erlt isl becbaninginareasingly more difficult to adapt existing vapor deposition

5 techniques to meet these demands for performance. For example, electron beam
evaporation techniques generally have a medium depasition rate and uniformity, but
relatively poor directionality. Molecular beam techniques, on the other hand, have

" medium directionality but relatively low deposition rate and uniformity.
~ To produce a highly directional beam, an unheated collimator is typically used.

10 Such a collimator collimates the beam by permitting vapor moiecules traveling in
directions within a small solid angle from the collimator axis to pass through, while
blocking and trapping molecules traveling in other directions which cause the molecules
to stiike the collimator wall. This technique can produce a beam of high directionality,
but typically results in clogging of the collimator by the deposition material.

15 - Other techniques have been deveioped that achieve higher deposition rate,
directionality and uniformity of deposition. One such technique is jonized cluster beam
deposition. However, its implementation has been restricted due to the complexity of
the hardware which usually includes an ionizer, acceleration grids and deflection

. apparatus. More recently.', techniques have been developed using a highly directional

-20 inert gas stream to carry neutral particles of the deposition material to the substrate. In
a ballistic deposition system described in J. S. Reid, R. A. Brain and C. C. Ahn, Ballistic
Deposition of Al Clusters Into High Aspect Ratio Trenches, :l995 VMIC 545, neutral
clusters 3-5 nm in size are formed in a first chamber by using standard evaporation
techniques in an ambient of high purity inert gas maintained at a pressure between 0.5

25 to several torr. Through a nozzle 1 cm in diameter and 14 ¢m in length, the clusters
and the condensation gas are directed as a highly energetic and directional beam
toward the substrate in a second chamber which is evacuated by a Roots pump.
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filaments (not shown) for heating the inner unit 131 and a tantal um

radi ation shield (not 15 shown) for reducing heat loss fromthe head
unit are provided in a manner simlar to that described in connection with
t he enbodi nent shown in Figs. 2a and 2b. The inner unit 131 has a plurality
of orifices 135 to permt the vapor tq=3xit fromthe cavity. Sinilar
considerations in orifice design as described above for the enbodi nment
shown in Figs. 2a and 2b also apply to the enbodinent illustrated-herein.

St agger e raetr véRritbSBr eera il ERiels Barebol P HRtlp ol B lptF dpinatoc,
when proj ewlwedﬂneﬂ!: eﬂergy: en&mabg&:: OF 1e a‘iriég{lv andé gisrmngfﬁoierttf:?:{tjnc g:!léﬁ)jcpee; ar ?he

2?235363%3&& o dee tgqrfreﬂvstswﬂa fing o, éee?ﬁ'ﬁ'qrb Jthig '&l'% ee&?%&fg@éﬁq S o
each other pdet rhiRGteednbe Qﬂtilﬁé& | Phis\Wrbdes TRk Bldh 588 tiBepstRUNTh AU :ﬁfoa@?:e
between two orifices in
5 pm wide trenches havmg an aspect ratio of 2:1.
Inert carrier gas has also been used in a jet vapor deposition technique
&escribed in B. L. Halpemn and J. J. Schmitt, Jet Vapar Deposition, in HANDBOOK OF
DEPOSITION TECHNeLoetss FOR FILMS AND COATINGS 822, R. F. Bunshah, Ed., 1994, and
U.S. Pat. No. 4,788,082 to Schimitt, to achieve thin film formation at a rate on the order
10 of microns per minute. This technique ihvolves the use of a sonic jet in a low-vacuum
fast flow to transport mnlecular or cluster-laden vapor to a substrate. The jet source
"has a nozzle with an exit diameter in the range of several millimeters to 2 cm. Helium
or other inert gas is supplied to the nozzle and exits from it as a jet. Typically, the
nozzle pressure is several torr, and the downstream pressure is a torr or less. The
18 vapor source is placed in the nozzle near the exit. Compared with other techniques, jet |
vapor deposition requires a lower degree of vacuum in the substrate chamber where
the substrate is located, therefore reducing the costs associated with complicated hugh
vacuum apparatus.
The above references show that highly energetic and hlghly directional beams of
20 the deposition material may be formed and carried by an inert gas stream to the
substrate. Such techniques typically achieve higher deposition rates and beam
directionality than traditionzl molecular beam techniques. However, since a single
highly directional jet beam is employed, the substrate typically must be scanned relative .
. to the jet beam source in two directions (generally perpendicular to each other) to form
25 a uniform film, as illustrated in the above reference of Halpern and Schmitt.
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25 . same row for ease of manufacturing. A vapor tube 137 having one end
coupled to a vapor reservoir (not shown) is coupled to the inner unit 131
:to introduce a vapor flux 138 of the deposition naterial -12- into the
- cavity 132. The vapor in the reservoir may be generated. using means wel |
known in the art, such as thermnal evapaﬁation Preferably, the axis 140 of
the vapor tube 137 lies at an angle a fromthe top face 142 of the cavity,
where a is preferably determined by the di mensions of the tube and the

cavity as foghRFARY OF THE INVENTION |
It is an object of the present invention to provide a beam source for forming a
thin film on a substrate at a high deposition rate. It is another objective to provide a
beam source for depositing materials into high aspect ratio features at a high deposition
5 rate. It is a further objective to provide a beam source for forming a thin film with
controllable uniformity. |
According to one aspect of the present invention, deposition rate and uniformity
of a thin film formed on a substrate are enhanced by employing a multi-beam source for
providing a plurality of molecular beams or jet streams of substantially equal intensities
10 for deposition of materials on to the substrate. One embodiment of the present
invention includes a muiti-beam molecular beam source for vapor deposition
application. This embodiment is hereinafter referred to as the “molecular beam”
embodiment'of the present invention. Another embodiment of the bresent inventionisa -
muiti-beam source incorporating an inert carrier gas for application of the ballistic
15 deposition or jet vapor deposition techniques. In this embodiment, the deposition
material carried by the inert gas on to the substrate may be clusters or individual atoms
or molecules. This embodiment is hereinafter referred to as the “jet vapor” embodiment
of the present invention.
) According to another aspect of the present invention, heated orifices are used as
20  collimators for providing highly directional beams for deposition of miaterials into high
aspect ratio features, while avoiding the problem of clogging typically associated with
unheated éollimators. It is observed that, compared with an unheated collimator of the '
same size and aspect ratio, a heated orifice can produce molecular beams having '
comparable or superior directionality. |
25 A multi-beam source according to an embodiment of the present invention
comprises a head unit having a cavity for containing a vapor of the deposition material,
and a plurality of orifices provided in the head unit to permit exit of the vapor into a low
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5 a =sin-' Ds, where Dis the dianeter of the
vapor tube 137 and s is the length of the cavity 132. This geonetry is
pbelieved to facilitate the flux of vapor fromthe tube striking the entire .
or substantially the entire length of the top cavity wall. Since an
arrangenment is believed to enhance the:ﬁ:n.iforrrity of the nol ecul ar beans
exiting fromthe orif,ices. 10 Conpared with a cylindrical' geonetry
as illustrated in Figs. 2a and 2b, a source unit having a rectangul ar

o, YRR HROMAPE )R RN, e e
si nul t aneowapyr cdritained irsthe\wavity areahaintainked atia Ngh@émpdﬁﬂﬂéﬁ&'hé vegoﬁ ¢fehe

present inventi n The structure of a unj t 0 is substantially
Dl ar 1 o deRayEg] material ey e enesRg ntBmAl I the cauy such as by Reating a

source material placed inside the cavity, or it may be introduced into the cavity from an

5 external vapor source through a vapor inlet coupled to the cavity. The vapor exits from
the heated orifices into the substrate chamber, forming highly directional molecular
beams.

In a jet vapor embodiment of the present invention, an inert gas flow is
introduced into the cavity though a gas inlet coupled to the cavity. The gas flow is

10 sufficiently large to produce a high pressure differential between the cavity and the
substrate chamber. The gas is mixed with the vapor of the deposition material within
the cavity, and forced through the orifices into the substrate chamber in .supersonic

" flows as highly directional jet streams. Upon exiting the orifices, the inert gas streams
undergo adiabatic expansion, causing. cooling of the vapor. Under certain conditions,

15 supercooling may occur and clusters of the deposition material may form in the gas

~ stream. The formation and the size of the clusters depend on the temperature of the
vapor source, the type of inert gas used, the flow of the inert gas, and the orifice size.
By controlling these parameters, the deposition material may be carried on to the
substrate in the form of individual atoms or moleéules, or clusters of atoms or

20 molecules. ' - .

In both the molecular beam and the jet vapor embodiments, the orifices are
preferably arranged in a substantially linear pattern in the head unit. The multi-beam
source and the subs'trate may be scanned relative to each other to form a uniform thin
film on a large area on the substrate. '

25 By using a plurality of orifices to produce a piurality of molecular beams or jet

- Vabor streams, the throughput of the deposition material is substantially increased, thus
increasing the deposition rate. In addition, the heated orifices produces highly
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illustrated in Figs. 3a and 3b. A gas tube 153 is coupled to an inner unit
155 for introducing a controllable flow of inert gas into a cavity 157. The
:;gas flowis sufficiently large to produce a suitable pressure differenti al
between the cavity and the substrate chanber The inert gas is mxed with a
vapor of the deposition material in thgbheated 20. cavity 157, and forced
through a plurality of orifices 159 to formjet streans, carrying t he vapor
of the deposition material to the substrate Al t hough not il]ustrated, an
inert gas flow in the nol.ecul ar beantsource

shown in Fi gt ecn%a/aiggaélg r‘r‘lf‘;sgél? E’g‘ﬂg‘g Fe?gmaf%h/@lﬂ)'i“:’ﬁ AEBRAL TRl fegturene
present i nvefjrinafmore, by arranging the orifices in a substantially linear pattern, the depasition is
highly uniform within a line, and the substrate may only need scanning relative to the
beam in the direction perpendicular to the line to form a uniform thin film on a
5 substantial area of the substrate. Thus, compared with other deposition techniques
described above, a'multi-beam source tn accordance with the present invention can
accomplish higher overall rate of thin film deposition on a large area of the substrate

and increased productivity.
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-13- Design considerstions and results for the nulti-beam source will now
be di scussed. |In vapor deposition techniques, the growh rate of the thin
filmis determned by a variety of factors, including the tenperature and
vapor pressure of the source material, 5 its ol ecul ar weight, the size
of the orifice, and the distance betweet-the orifice and the substrate.
Further, vapor pressure increases exponentially with the source
tenperature. Therefore, by varying these paraneters, especially the source

t enper at ur e,&g&mﬁﬂlﬁfm%ﬁ_méﬂm%éi | mcan be increased. A
deposition rate of 4 [err m n has been denonstrated using an orifice with
an aspect ratio &9.1: showsa preferred-embodiment of the multi-beam source of the present
invention for forming a thin film on a substrate. '
Figs. 2a and 2b are longitudinal and cross-sectional views of a head unit of a
5 preferred molecular beam embodiment of the present invention.
Figs. 3a and 3b are longitudinal and cross-sectional views of a head unit in
accordance with an alternative molecular beam embodiment of the present invention.
Figs. 4a and 4b are the side and bottom cross-sectional views of another
alternative molecular beam embodiment of the present invention.
10 Fig. 5 is a side cross-sectional view of a preferred jet vapor embodiment of the
present invention. ' |
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10 tenperature of 1100[err]C. In the illustrated enbodi nents of the
present invention, the nulti-beamsource unit is maintained at a high
_tenperature, preferably between 800 and 1350[err] C for deposition of

al um num and other materials, such as silicon or copper. For nol ecul ar beam
applications requiring hlghly directi offzl. beans, collimation of the heans
is traditionally achi eved by using unheated collimtors. Wen a beam of 15
t he deposition material passes through an unheated collimator, only

mol ecul es tr%mmmm%mmﬁww angl e from the
axi s of the collimator exl rom_the colll nator e nol ecul es

traveling in ot hdhg.dl Wustrates en amangementdor fomingchibinefiinon asubstrate usingia wal |

That o ool i MR Sl BcladTRE e Bresblbintioh, A SuHERR' ff which Ty B
vapor 20 smhneomd@orsﬁafek iforgexalmple; d inoomtedrin wdubsﬁralelmbamht‘ $2M€thf|§. omit

and exi % ' hemgft)'lltallr'wr@l ata Iow vacuum. A head unit 13 of a multi-beam source having a cavrty

and a plurality of orifices on the bottom (not shown) is mounted directly above the
substrate 11. A reservoir 14 containing a vapor of the deposition material is coupled to
the head unit via a tube 15 for providing the vapor to the cavity. 'Although a vapor
reservoir is shown here, a Vapor generator inside the head unit may be alternatively
10 employed. The vapor exiting from the orifices forms molecular beams for depaosition on
o the substrate. The substrate may be mounted on a translation stage 16 and
-translated during deposition to providjé for enhanced uniformity of thin film formation.
Alternatively, the head unit 13 may be translated to achieve desired scanning.
Having described an environment in which the multi-beam source operates, the
15 detailed construction of the head unit of the preferred embodiments of the multi-beam
| ~ source will now be described. ' '
Figs. 2a and 2b show the longitudinal and cross-sectional views of a preferred-
molecular beam embodiment of the present invention. The multi-beam source
. comprises an inner unit 51, a shell 52 on the outside of the inner unit, and a radiation
20 shield 53 enclosing the shell and the inner unit. The substantially cylindrical-shaped
inner unit 51 is closed at one end to form a substantially cylindrical cavity 54. The other
end of the inner unit forms an access port which may be sealed by a removable cap 55.
At least one resistive heating filament 5_6 is wound on the outside of the inner unit 51 in
_.a helical-shaped filament channel 57 to maintain the inner unit 51 and the shell 52 at a
25 hiQh temperature. The substantially cylindrically shaped sheil 52 partially functions to
' restrain the heating filaments, which expand when heated. The assembly of the inner
unit and the shell is enclosed within the radiation shield 53 to reduce heat losses.
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| arge angl es, thereby defeating the purpose of collimation. As a result,
collimators have heretofore typically been unheated col|limators. Cbntrary
.to generally accepted beliefs, it has been observed that heated collinntors
are capabl e of achieving the sanme or higher degree of collimation as 25
unheated collimators. |In one exanpl e usd-ng an enbodi ment of the present

i nvention, a heated orifice having a dianeter of 5 nmand aspect rati 06 of
2:1 is placed 50 mMm away from a substrate. Wen the substrate i's maintai ned

at 4OC and the VRBEEtionBY 61hé Bavity neat fhe access port has a widened cross-section for
containing a vapor source material, such as high-purity aluminum. When the cavity is
heated by the heating filament, the source material contained therein is evaporated to
generate a vapor in the cavity. A separate heating filament may be employed to heat
5  the widened section 58 independently of the rest of the inner unit §1 for added
“flexibility.
A plurality of orifices 59.are provided on the bottom of the inner unit to allow
exiting of the source vapor from the cavity. The orifices are preferably arranged in a
row parallel to the cylindrical axis of the innér- unit. In agcordance with one aspect of
10 the present invention, the walls of the orifices are maintained at substantially the same
temperature as the cavity. As a consequence, the orifices §9 act as heated collimators.
Replaceable.aperti:res may be employed, such as screw-in apertures, to permit the
head unit to accomm_odate variable orifice sizes and aspect ratios (i.e. the length-to-
diameter ratio of the orifice). Preferably, the orifices are cylindrical in shape and have a
15 diameter of 5 mm and an aspect ratio of 2:1. Other sizes and shapes may also be
employed, but it is preferred that the dimensions be less than or equal to the mean-
free-path of the vapor molecules in the cavity.
The inner unit 51 and the shell 52 of the muiti-beam source are preferably made
of boron nitride because of the material’s inertness at high temperature, purity and
20  machinabiiity. The heating ﬁlaments 56 are preferably tantaium filaments, and the
radiation shield 53 i is preferably fom'ted of multiple layers of tantalum. Through careful
sh|eldmg. the cavity may be maintained at a very high temperature with modest power
consumption. For example, 400 watts may be sufficient to maintain the cavity at
1200°C. The temperature of the cavity is controlled by controlling the input power to
25 the heating filaments. In addition, thermal couples may be mounted in a plurality of
small holes 60 in the shell and the inner unit for measuring the temperature of the -
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the orifice at 1142C, the full width at half maxima of the deposited film
on the substrate is approximately 40 mm narrower than the predicted 50 mm
for a 2:1 unheated collimator. In the illustrated enbodi nents, because.the
centers of the orifices arranged in a 5 row are close to each other, a
substantially uniformstripe of thin f izh9% may be formed, as conpared to a
narrow spot of filmwhen a single highly directional beamis used as in
previ ous techni ques. Thus, in many applications, the substrate may only

need to be AN dolirse)Bthdk &ﬁéé@&r&%&sﬁkt&@%ﬁﬁﬁﬁal& Pyt z?é’e?:rBBe%%H&ﬁg upBht to

t
forma uniformthin filmon a l'arge area o e substrate. By conparison,
in previ ousthecanlicatigds using a single 10 hi ghly directional beam the

e s 1P 58 96 SRRl fs 5B ot BB At
preferred molecular beam embodiment of the present invention. The multi-beam
5 source of this embodiment comprises, like the embodiment of Figs. 2a and 2b, inner
unit 121, a removable plug 122, and a radiation shield 123. The cylindrical inner unit
121 is closed at one end to form a cylindrical cavity 124, which is sealed at the other
end by the plug 122. Instead of a helix-shaped filament channel like that shown for the
. embodiment of Figs.-2a and 2b, the head unit of Figs. 3a and 3b has a plurality of
10 longitudinal filament channels 125 provided in the inner unit 121 in a direction generally
parallel to the central axis of the cavity 124. Each channel 125 has a heating element
(not shown) to maintain the inner unit 121 and the plug 122 at a high tefnpera_ture. To
reduce heat losses, the inner unit 121 and the piug 122 are enclosed within the
radiation shield 123, with a gap of greférably 0.5 mm between the shield and the inner
15  unit. Thermal couples may be mounted in a plurality of small holes 128 in the inner unit
for measuring the temperature of the cavity. '
The inner unit 121 has one or more orifices 126 on its bottom, which act as
| heated collimators to provide exits for the vapor from the cavity. The size, shape and
arrangement of the orifices 126 are similar to those of the embodiment illustrated in
-20 Figs. 3a and 3b. (For simplicity, only one orifice is shown in Fig. 3a but, depending
upon the application, a piurality may be preferred.) ' .
The plug 122 has a hollow base 127 that opens toward the cavity 124 to receive
a vapor source material. The hollow base is preferably substantially cylindrical, the axis
127a of which intersects the central axis 121a of the inner unit 121 at an angle. The
25 diameter and the angle of inclination of the hollow base 127 are preferably such that a
lengthwise extension pf the hollow would intersect the ceiling of the inner unit at an
area 121b that is directly above the orifices 126.
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orifice head unit in accordance with the present invention can increase the
overall rate of formng a thin filmon a |arge area while maintaining
-highly directional beams. Al though three preferred ‘enbodi ments of the .

mul ti-beam source are described, it will_ be apparent to those skilled in
the art that alternative designs are pdiklble and are within the scope of
the present invention.. For exanple, although an enbodi nent having a round
cross-section and an internal vapor source, and an enbodi nent having a

oo e o o SRS A 16 Belariahe, AR o8 eI Bed gl L
conf i gur at i digh-purity akintinpringjackd ifside tHechoow( and thecgiug rgplacedbeWhervthé mnér to
R e A R T TN SR
intensity airsidetheibiibw bade 127 ahd Bfe vapbr that enters the cavity 124 is preferably

5 directed at the portion 121b of the ceiling above the orifices.

The inner unit 121 of the multi-beam source is preferably made of boron nitride
because of the material’s inertness at high temperature. purity and machinability. The
radiation shield 123 is preferably formed of multiple layers of tantalum. The heating
elements are preferably tantalum filaments. Temperature control is accomplished in a

10 similar fashion as described for the embodiment of Figs. 2a and 2b.
Figs. 4a and 4b are the front and bottom views of another preferred malecular
*. beam embodiment of the present invention. The inner unit 131 has a cavity 132 having
a rectangular cross section for containing a vapor of the deposition material. Tantalum
filaments (not shown) for heating the inner unit 131 and a tantalum radiation shield (not
16 shown) for reducing heat loss from the head unit are provided in a manner similarto
that described in connection with the embodiment shown in Figs. 2a and 2b. The inner
unit 131 has a plurality of orifices 135 to permit the vapor to exit from the cavity. Similar
considerations in orifice design as described above for the embodiment shown in Figs.
2a and 2b also apply to the embodiment illustrated herein. As shown in Fig. 4b, the
-20 orifices 135 are arranged in a plurality of staggered rows, preferably two rows, such that
the centers of the orifices, when projected on to the central axis 136 (as shown in the
figure),. are equally spaced. Compared with a single row of equally spaced orifices, the -
staggered-roWs conﬁguraﬁon allows the orifices to be aranged closer to each other in
the axial direction while maintainirig an adequate distance between two orifices in the
25 same row for ease of manufacturing.
. A vapor tube 137 having one end coupled-to a vapor reservoir (not shown) is
coupled to the inner unit 131 to introduce a vapor flux 138 of the deposition material
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addition, other configurations for the inert gas supply are possible for
the jet vapor enbodi nent. Further, vaporization of the source material may
:be achieved by a variety of ways well known in the art, such as thernal
evaporation, glow di scharge sputtering, mcrowave reaction, or |aser

abl ati on. Mreover, although mul ti - beapl&our ces for nol ecul ar beam ,
deposition and jet vapor deposition are described, it should be appar ent
to those skilled in the art that the nulti-beam source of the present

i nvention na SO _b | ied in qther deposition technjques, such as
L oni zed beanMEBBGRRG {32786 vaderdn d7e sahaR e Po HSSHBIN 4 51 BERE KPhed by
the cl ai ms." known in the art, such as thermal evaporation. Preferably, the axis 140 of the vapor
tube 137 lies at an angle o from the top face 142 of the cavity, where a is preferably
determined by the dimensions of the tube and the cavity as follows:

5 a =sin* Dis,

" where D is the diameter of the vapor tube 137 and s is the length of the cavity 132.
This geometry is believed to facilitate the flux of vapor from the tube striking the entire
or substantially the entire length of the top cavity wall. Since an arréngement is

_ believed to enhance the uniformity of the molecular beams exiting from the orifices.

10 Compared with a cylindrical geometry as illustrate& in Figs. 2a and 2b, a source
unit having a rectangular cross-section has the advantage that a pluraiity of source
units can be more easily stacked side-by-side for depositing muitiple materials
simuitaneously. .

Fig. 5 shows a preferfed jet vapor embodiment of the present invention. The

16 structure of a head unit 150 is substantially similar to that of the molecular beam source
illustrated in Figs. 3a and 3b. A gas tube 153 is coupled to an inner unit 155 for
introducing a controllable flow of inert gas into a cavity 157. The gas flow is sufficiently
large to produce a suitable pressure differential between the cavity and the éubstrate
chamber. The inert gas is mixed with a vapor of the deposigion' material in the heated

20  cavity 157, and forced thraugh a plurality of orifices 159 to form jet streams, carrying the
vapor of the deposition material to the substrate. '

Although not illustrated, an inert gas flow may be similarly introduced in the
molecular beam source shown in Figs. 4a and 4b to provide another jét vapor
embodiment of the present invention.
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-16- 1. A mul ti-beam nol ecul ar beam source for deposition of a materi al
on to a substrate conprising: a vapor source for supplying a vapor of said
deposition material; and a head unit having a cavity for containing said
vapor of said deposition material, 5 wherei'n said head unit defines a
plurality of orifices for permtting extl¥-of said vapor fromsaid cavity.
2. The multi-beam nmol ecul ar beam source of claim1l, wherein said vapor

Design considerations and resuits for the multi-beam source will now be
discussed.
In vapor deposition techniques, the growth rate of the thin film is determined by a
variety of factors, including the temperature and vapor pressure of the source mater.ial.
5 its molecular weight, the size of the orifice, and the distance between the orifice aﬁd the
~substrate. Further, vapor pressure increases exponentially with the source
iemperature. Therefore, by varying these parameters, especially the source
temperature, the growth rate for the thin film can be increased. A deposition rate of 4
pm/min has been demonstrated using an orifice with an aspect ratio of 1:1 and a source
10 temperature of 1100°C. In the illustrated embodiments of the present _invention..the
* multi-beam source unit is maintained at a high temperature, preferably be’tvc)een 800
‘and 1350°C for deposition of aluminum and other materials, such as silicon or copper.
For molecular beam applications requiring highly directional beams, collimation
of the beams is traditionally achieved by using unheated collimators. When a beam of
15 ~ the de_position material passes through an unheated collimator, only molecules traveling
| along a direction within a small solid angle from the axis of the collimator will exit from
the collimator, while molecules 'traveling in other directions will strike and adhere to the
collimator wall and thus be trapbed by the unheated collimator. It is generally believed
that a collimator having the same temperature as the vapor will cause the vapor
- 20 molecules striking the collimator wall to be reflected from it and exit the collimator at
| large angles, thereby defeating the purpose of collimation. As a result, collimators have
heretofore typicaily been unheated collimators.
Contrary to generally accepted teliefs, it has been observed that heated
- collimators are capable of achieving the same or higher degree of collimation as
25 unheated collimators. In one example using an embodiment of the présent invention, a
heated orifice having a diameter of 5 mm and aspect ratio of 2:1 is placed 50 mm away
from a substrate. When the substrate is maintained at 40°C and the vapor source and

_ This is the replacement sheet

Date: 1 2 DEC 1997



source conprises a vapor reservoir coupled to said head unit, said vapor
reservoir conprising a vapor generator for generating a vapor of said
deposition material. 3. A nol ecul ar beam source for deposition of a
material on to a substrate conprising: a vapor source for supplying a vapor
'of said-deposition material; a head unitl4aving a cavity for containing
sai d vapor of said deposition material, 5 wherein said head unit defines
at | east one orifice for permtting exit of said vapor fromsaid cavity;

Source of ol et BFEF4A . 35 3R bat i ative HeRcH AL AN Ine substate
substanti al lig aﬁﬁtﬁméﬁlyt@nir?fﬂa%%ﬂﬂﬁn%e pRIdiLted 80 nd Yot 2:4AUnR¥ateg! d vapor
collimator. _
~ Inthe illustrated embodiments, because the centers of the orifices arranged in a
5 row are close to each other, a substantially uniform stripe of thin film may be formed, as
compared to a narrow spot of film when a single highly directional beam is used as in
- previous teqhniques. Thus, in many applications, the substrate may only need to be
scanned in one direction with respect to the beam source unit to form a uniform thin film
on a large area of the substrate. By comparison, in previous techniques using a single
10 highly directional beam, the substrate must typically be scanned in two directions to
form a uniform thin film on a large area. Thus, it can be appreciated that a multiple
orifice head .unit in accordance wifh the present invention can increase the overali rate
of forming a thin film on a large area while mainiaining highly directional beams.
Although three preferred embodiments of the muiti-beam source are described, it
will be appérent to those skilled in the art fhat alternative designs are possible and are
within the scope of the present invention. For example, although an embodiment
having a round cross-section and an internal vapor source, and an embodiment having
a rectanghlar cross-section and an external vapor source are described, it should be
apparent that other combinations of geometries and vapor source configurations may
be employed. The shape of the cavity is believed not to be critical, so long as the
conductance of the vapor through the cavity is not compromised. This condition
ensures that beams of substantially equal intensity are formed by the orifices. In
addition, other configurations for the inert gas supply are possible for the jet vapor
embodiment. Further, vaporization of the source material may be achieved by a variety
of ways well known in the art, such as thermal evaporation, glow discharge sputtering,
microwave reaction, or laser ablation. Moreover, although multi-beam sources for
‘molecular beam deposition and jet vapor deposition are described, it should be
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source. 5. The nol ecul ar beam source of claim 3, wherein the tenperature
of said orifice is within the range of 800 to 1350[err]C. 6. The.

.mol ecul ar beam source of claim3. wherein said vapor source conprises. an
evaporator for evaporating said deposition material inside said cavity of
said head unit. 7. The nol ecul ar beamddsource of claim 3, wherein_said
vapor source conprises a vapor reservolir coupled to said cavity, said vapor

reservoir conprising a
' apparent to those skilled in the art that the multi-beam source of the present invention

may also be applied in other deposition techniques, such as ionized beam deposition.
The scope of the invention should be determined by the claims.
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vapor generator for generating a vapor of said deposition material. 8. A
mul ti-beamj et vapor source for deposition of a material on to a substrate
‘conpri sing: a vapor source for supplying a vapor of said deposition i

" material; a head unit having a cavity fg contai ni ng said vapor of said
deposition material; and gas supply nmears.coupled to said head unit for
supplying an inert gas flowinto said cavity; wherein said head unit .
defines a plurality of orifices for permtting exit of said vapor dnd said
i nert gas f@@wd cavity.. 9. The nulti-beamjet vapor source of claim

5 s

8, wherein s supply
1. A multi-beam molec_:ular beam source for deposition of a material on to a
substrate comprising:

a vapor source for supplying a vapor of said deposition méterial; and
a head unit having a cavity for containing said vapor of said deposition material,

5 wherein said head unit defines a plurality of orifices for permitting exit of said vapor from
said cavity. -

2. The multi-beam molecular beam source of claim 1, wherein said vapor
source comprises a vapor reservoir coupled to said head unit, said vapor reservoir
comprising a vapor generator for generating a vapor of said deposition material.

3. A molecular beam source for deposition of a material on to a substrate -
comprising: |
a vapor source for supplying a vapor of said deposition material;
a head unit having a cavity for coritaining said vapor of said deposition material,
5 wherein said head unit defines at least one orifice for permitting exit of said vapor from
said cavity; and . '
a heater positioned to heat said orifice.

4. The moleculir beam source of claim 3, wherein said orifice is heatedtoa -
temperature substantially equal to the temperature of said vapor supplied by said vapor .
source.

. 5. The molecular beam source of claim 3, wherein the temperature of said .
orifice is within the range of 800 to 1350°C.
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means conprises neans for controlling the flow of said inert gas: 10.. Tﬁ
mul ti-beam jet vapor source of claim8, wherein said vapor source -conpri Ses
a vapor reservoir coupled to said head unit, said vapor reservoir ) L
conprising a vapor generator for generating a vapor of said deposition
mat eri al . -18- 11. The nulti-beam fe¥=vapor source of claim8, further
conprising a heater for heating said cavity and said orifices to a

tenperature substantially equal te the tenperature of said vapor supplied

by said vapor sqyr ©©The molecular bsam source of claim 3. wherein said vapor sourca

comprises an evaporator for evaporating said deposition material inside said cavity of
- said head unit. '

7. The molecular beam source of claim 3, wherein said vapor source
comprises a vapor reservoir coupled to said cavity, said vapor reservoir comprising a
vapor generator for generating a vapor of said deposition material.

8. A multi-beam jet vapor source for deposition of a material on to a
substrate comprising:” '
a vapor source for supplying a vapor of 'said deposition material;
a head unit hé\)ing a cavity for containing said vapor of said deposition material;
5 and’
gas supply means coupled fo said head unit for supplying an inert gas flow into
said cavity; o
wherein said hgad unit defines a plurality of orifices for permitting exit of said
" vapor and said inert gas from said cavity.

9. The multi-beam jet vapor source of claim 8, wherein said gas supply
means comprises means for controlling the flow of said inert gas.

10.  The multi-beam jet vapor source of claim 8, wherein said vapor source

comprises a vapor reservoir coupled to said head unit, said vapor reservoir comprising .
a vapor generator for generating a vapor of said deposition material.
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12. The multi-beamjet vapor source of claim 10, wherein said vapor source
conprises an evaporator for evaporating said deposition nateri al |nS|de
'said cavity of said head unit. 13. A nethod for depositing a material’

to a substrate conprising: generating a vapor of said deposition naterlal
containing said vapor in a cavity mai nf8#'ned at an el evated tenperature as
a function of the tepperature of said vapor generated; and 5 _
permtting said vapor to exit fromsaid cavity through at | east one orifice

mai nt ai ned at bst i a t he arrete rature .a cavi.t nto sald

subst rate. 14, Via natheRiheaidntibr MRS sheiT & st Sotrind e

conpri si ngieating e davity and 381 orffice$ f & téiRptature SlbsBARlly@qual to the
temperature of said vapor supplied by said vapor source.

12. The multi-beam jet vapor source of claim 10, wherein said vapor squ}ce '
comprises an evaporator for evaporating said deposition material inside said cavity of
said head unit.

13. A method for depositing a material on to a substrate comprising': '
generating a vapor of said deposition material;
containing said vapor in a cavity maintained at an elevated temperature as a
function of the temperature of said vapor generated; and-
5 permitting said vapor to exit from said cavity through at least one orifice
maintained at substantially the same temperature as said cavity on to said substrate.

14. A method for depositing a material on to a substrate comprising:

generating a vapor of said deposition material;

containing said vapor in a cavity; and :

permitting said vapor to exit from said cavity through a plurality of orifices on to
" 5 said substrate.

15. A method for depositing a material on to a substrate comprising:
generating a vapor of said deposition material;
conta_iniﬁg said vapor in a cavity;
introducing a fiow of inert gas into said cavity; and
5 : permitting said inert gas and said vapor to exit from said cavnty through a plurahty
of orifices on to said substrate.
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containing said vapor in a cavity; and permitting said vapor to exit from
said cavity through a plurality ofidrifices on to-5 said substrate. 15.
‘A nmet hod for depositing a material on to a substrate conprising: generating
a vapor of said deposition material; containing said vapor in a-cavity;

introducing a flow of inert gas into salidd cavity; and 5 permtting
said i nermbmﬂ t ON hﬁmﬁgﬁ}ﬁWpl- urality

of orifices on to said sub'strate.

‘A multi-beam source for deposition of a material on to a substrate with enhanced
deposition rate, uniformity and beam directionality. A plurality of orifices are provided in
a head unit having a cavity containing a vapor of the deposition material.  The cavity
and the vapor contained therein are maintained at a high temperature to increase the
deposition rate. The orifices are maintained at the same high temperature and act as
heated collimators to produce highly directional beams for deposition of materials into
high aspect ratio features. When used in jet vapor deposition techniques, an inert gas
flow'is introduced into the cavity and forced out thereof through the orifices as jets to
transport particles of the deposition material to the substrate.

Figure 1
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