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This'invention relates to nethods and apparatus for depositing silicon

di oxi de and, nore particularly, to nethods for depositing silicon dioxide
over conductors of an integrated circuit having a relatively high aspect
ratio. SILICON DIOXIDE DEPOSITION METHOD AND APPARATUS

Technical Fieid
This invention relates to methods and apparatus for depositing silicon
dioxide and, more particularly, to methods for depositing silicon dioxide over

> conductors of an integrated circuit having a relatively high aspect ratio.

Background of the Invention
The technology of integrated circuits has been characterized by a

continuing increase in the density with which devices can be formed in a silicon
semiconductor chip or substrate. The interconnection of such high density devices

10 requires the formation on the chip surface of conductors that are extremely small and
spaced closely together, and conductive patterns that overlap, or, in the terminology
of the technology, are vertically spaced at different conductor levels. The use of two
or more levels of conductors requires a deposition of a dependable insulation such as
silicon dioxide on the lower or first level of conductors so that the overlying upper

15 level or second level can be made without the risk of accidental short circuits or
other conductive anomalies.

A favored method for depositing silicon dioxide is known as plasma
enhanced chemical vapor deposition (PECVD) in which a radio-frequency plasma
contains a silicon component and an oxygen component. The plasma provides

20 energy for enhancing the reaction required for silicon dioxide formation at
temperatures below the melting point of the first level of conductors over which the
deposition is made. It should be noted that other oxides such as silicon monoxide
may be deposited by this process, but the predominant deposited material is silicon
dioxide, which is the term that will be used herein. Also, deposition is on a

25 ‘"substrate,” which may be part of the semiconductor, the metal conductors, or
previously deposited or grown silicon dioxide.

As circuit density increases, the ratio of the height of adjacent
conductors to their separation distance, known as the aspect ratio of the structure,
also increases. If the thickness of the deposited silicon dioxide is greater than half

30 the separation between adjacent conductors, the silicon dioxide deposited on
adjacent vertical walls of adjacent conductors is likely to meet and cause a
discontinuity in the deposited silicon dioxide. If the top corner coverage is slightly
greater than the coverage on the remainder of the vertical sidewalls, the corners may
meet first, thus producing a void within the deposited silicon dioxide between

(6]
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adjacent conductors. This problem becomes more pressing as the aspect ratio
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and cause silicon dioxide to deposit. The addition of a wafer rf bias in the deposition

10 chamber causes the silicon dioxide to sputter etch, resulting in deposition at different
angles on the substrate, thereby to reduce the problem of voids caused by merging
vertical walls. One problem with this approach is that it requires the design of new
equipment, it is more difficult to maintain the standards of ultracleanliness required
in chip manufacture, and the need for microwaves and a separate ECR chamber

15 complicate and increase the cost of the apparatus for manufacture.

The paper, "Sidewall-Tapered Oxide by Plasma-Enhanced Chemical
Vapor Deposition,” G. C. Smith et al., Journal of Electrochemical Society: Solid-
State Science and Technology, Vol. 132, No. 11, November 1985, pp. 2721-2725,
describes another approach in which sputtering is induced concurrently with silicon

20 dioxide deposition. This leads to V-shaped sidewalls of the deposited silicon
dioxide, rather than vertical sidewalls that merge to create voids. A problem with
this approach is the relatively long time period required for depositing a useful layer
of silicon dioxide over a conductor pattern having a relatively high aspect ratio.

There is therefore a continuing need in industry for a method for

25 depositing dependable layers of silicon dioxide over conductor patterns having high
aspect ratios in a manner that is amenable to mass production, is consistent with
cleanliness requirements, and which does not greatly increase the cost of

manufacture. RN S

Summary of the Invention

30 Equipment is available on the market for sputter etching a wafer in one
chamber and then moving it to another chamber for silicon dioxide deposition. I
have found that, with practical modifications, such equipment can expediently be
used to deposit silicon dioxide over conductors having high aspect ratios. In the
modified sputter etch chamber, an rf plasma is formed for depositing a layer of

35 silicon dioxide. A magnetic field extends through the wafer and plasma, in a
direction generally transverse to the rf field. Simultaneous sputter etching and
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dioxide insulation layer in a manner which is consistent with mass production and

operation by workers of moderate skill. No problems of cleanliness are introduced
because the equipment that is used is, for the most part, commercially availabie
equipment that has been designed to meet modern standards of cleanliness. As will
become clear from the detailed description, there is little added cost to the apparatus

15 or method which is used in obtaining the silicon dioxide dielectric layers. These and
other objects, features and benefits of the invention will be better understood from a
consideration of the following detailed description taken in conjunction with the
accompanying drawing.

Brief Description of the Drawing
20 FIG. 1 is a schematic view of silicon dioxide deposited over metal

conductors in accordance with the prior art;

FIGs. 2, 3 and 4 are schematic views illustrating successive steps of
silicon dioxide dielectric formation in accordance with an illustrative embodiment of
the invention;

25 FIG. 5 is a schematic view of certain commercially available equipment
that can be modified to be used in accordance with the invention;

FIG. 6 is a schematic view of one modified reactor chamber in the
apparatus of FIG. 5;

FIG. 7 is a view taken along line 7-7 of FIG. 6; and

30 FIG. 8 is a schematic view of another reactor chamber of the apparatus
of FIG. 5. '

Detailed Description
Referring now to FIG. 1, there is illustrated schematically the prior art
deposition of silicon dioxide 11 on a substrate 12, which creates the problem with
35 which the invention is concerned. Located on the top surface of the substrate 12 are
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-2- increases. . One seolation to the problemis the use of

el ectron cyclotron resonance (ECR) as described, for exanple, in the paper,
"Siderr] Planarization Technology with Biasing and El ectron Cyclotron
Resonance Pl asma Deposition for Subm cron Interconnections,” Katsuyuki

Machi da etcosductord @8y whichflusvacivelycoastitmeahel firsh ooidugsor Bevel 6§ an Jul y/ August

1986, pp. .818-821. In chamber ..connect e Q. L. 1,tLon. C er, the
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height of the vertical sidewalls 14 of the conductors to the separation distance of

adjacent vertical sidewalls of adjacent conductors. With conventional conformal

W

deposition, a high aspect ratio results in the silicon dioxide on adjacent vertical walls

growing together. The corners of the deposited silicon dioxide are likely to meet

first, which results in voids 15 in the deposited oxide layer. Even if voids are not

formed, discontinuities 16 are created, which adversely affect the etch characteristics

and insulation characteristics of the silicon dioxide layer. One can appreciate that as

10 the aspect ratio increases, the problems accompanying conformal silicon dioxide
deposidon generally increase.

Referring to FIG. 2, in accordance with the invention, the silicon
dioxide is formed in two steps. First, a first silicon dioxide layer 18 is formed, which
has generally a V-shaped configuration between adjacent conductors 13 as shown.

15 Then, as shown in FIG. 3, a second silicon dioxide layer 19 is formed over the first
silicon dioxide layer, which is generally conformal and therefore has a succession of
V-shapes in its upper surface as shown. FIG. 4 shows the silicon dioxide layer
planarized so as to permit the formation of conductors 20 on its upper surface, which
constitutes the second conductor level of the integrated circuit device being made.

20 An itnportant aspect of the inventive method is that it can be practiced
through the use of commercially available chemical vapor deposition (CVD)
equipment. Specifically, FIG. 5 illustrates schematically apparatus known as the
"Precision S000 System," commercially available from the Applied Materials
Company of Santa Clara, California, which may be used for the practice of the

25 invention. This system includes separate chambers 22-25 interconnected by a
central transfer chamber 27. Wafers are introduced into a load lock chamber 26 and
are transferred among various chambers by a robot arm contained in a transfer
chamber 27. These individual chambers can be used for different operations on
semiconductor wafers while maintaining high standards of cleanliness and avoiding

30 cross contamination from one chamber to the other. By using separate chambers to

deposit layers 18 and 19 (of FIG. 3), one can optimize the parameters to obtain the
highest possible overall deposition rate, or, in other words, to reduce as much as
possible the overall time required for the entire process.

FIG. 6 is a schematic sectional view of the chamber 22 of FIG. S used
for depositing the first silicon dioxide layer 18 of FIG. 2. A wafer 30 is mounted on

L2
th

an electrode 31 connected through a matching network 32 to a radio-frequency
source 33. A grounded electrode 35 opposite the wafer 30 constitutes a source of gas
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sets up a cyclotron resonance of ions which are directed into the
deposition chanber and cause silicor @& oxide to deposit. The addition of a
wafer rf bias in the deposition chanber causes the silicon dioxide to
sputter etch, resulting in deposition at different angles on the substrate,
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through the wafer generally parallel with the upper surface of the wafer 30 and they
promote sputter etching by increasing the density of impinging ions on the wafer
surface. Coils 42 and 43 are connected together and, when current through them is
at a maximum, they produce a magnetic field B1 shown in FIGs. 6 and 7.
15 Interconnected coils 40 and 41 produce a magnetic field 32 when they carry current
to the maximum. By directing current at a low alternation frequency through the
coils, with the current through coils 42 and 43 being displaced ninety degrees from
the current through coils 40 and 41, one can create a magnetic field of uniform
strength B which rotates in a plane parallel to the upper surface of the wafer 30.
20 Preferably, the current is varied through the coils such that the magnetic field B
remains of constant total strength and rotates with a frequency of one rotation for
each two seconds although a frequency as high as one hundred rotations per second
could be used.
Prior to deposition, argon is introduced into the system and the rf power
25 is applied so as to heat the wafer 30. Thereafter, gas from sources 37 and 38 are
introduced. Nitrogen oxide, N20, constitutes a source of oxygen, and silane, SiH 4
constitutes a source of silicon which are reacted to deposit silicon dioxide on the
upper surface of the wafer in accordance with the principles of PECVD. As will be
explained later, these gases are chosen so as to enhance sputtering from the surface
30 of wafer 30 as well as to constitute sources for deposition of silicon dioxide onto
wafer 30. The wafer 30 is supported on an electrode 31 which is rf driven and is
smaller in area than electrode 35. The total pressure within the chamber 22 is low
and the rate of silicon dioxide deposition is relatively low. Together with the
magnetic field, these choices of parameters tend to enhance sputtering.
35 Referring again to FIG. 2, it is desired in the apparatus of FIGs. 6 and 7
to deposit silicon dioxide 18 having an upper surface 45 that is generally V-shaped
between successive conductors 13. This is accomplished because sputtering occurs
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There is therefore a continuing need in_industry for a method for
deposi ti ng dependabl e | ayers of silicon dioxide over conductor patterns
havi ng hi gh aspect ratios in a nanner that is anmenable to mass production,
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surface 45 shown in FIG. 2. The rotation of the magnetic field B enhances
uniformity of deposition.

10 Referring again to FIG. 5, after completion of the silicon dioxide
deposition in chamber 22, the wafer is removed to transfer chamber 27 and then to
chamber 23, which is shown schematically in FIG. 8. In chamber 23, the upper
electrode 47, rather than the lower electrode is driven by an 1f source 48 (the
matching network is not shown for purposes of brevity). The wafer 30 rests on a

15 grounded electrode 49. As before, gases are directed through electrode 47 toward
the wafer 30, but different gas compositions are used. The silicon component of the
silicon dioxide is obtained from gaseous tetraethoxysilane (TEOS) derived from a
heated liquid source 51. Typically, TEOS is commercially available as a liquid and
a vaporized form is obtained by bubbling helium from a source 52 through the liquid

20 TEOS and deriving vaporized molecules from the TEQS container as indicated
schematically. Also included in the plasma atmosphere is pure oxygen gas from
source 53. Various known valves and metering equipment are not shown for brevity.

The lower electrode 49 is heated by a plurality of lamps 55 that direct
light through a quartz window 56 so as to impinge on an aluminum oxide layer 57 of

25 electrode 49. This heats the wafer to a temperature below the melting point of the
metal conductors contained on its surface.

In the configuration of chamber 23, the gas composition of the plasma
atmosphere and the various other parameters are chosen so as to maximize the
silicon dioxide deposition rate. Referring to FIG. 3, this process yields a conformal

30 coating 19 having an upper surface 59 that corresponds generally to the upper
surface 45 of the silicon dioxide layer 18 of FIG. 2. One can appreciate that with the
silicon dioxide depositing at a generally equal rate on all surfaces, there is not likely
1o be a problem of adjacent sidewalls growing together with consequent formation of
voids as was described with reference to FIG. 1. The upper surface of silicon

35 dioxide layer 19 is then planarized in a known manner to yield the silicon dioxide
layer 19 of FIG. 4 upon which one may then deposit the second level of conductors
20. Alternatively, the silicon dioxide 19 may be ground to a horizontal level equal to
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deposition occurs which inhibits net déeposition on the corners of the first
| evel conductors; this results in a @éhérally V- shaped surface to the
deposited silicon dioxi de between adjacent conductors. This could
constitute the entire deposition, but preferably the substrate is renoved
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conformal second | ayer | con “di oxI de or, over the pr.eviously
deposi t ed thagepdipgoperasiony Jhersaften, anqtberrsilifandioxide iayer isdeppsited i8iths con
chamber 22 of FIG. 6 to yield a silicon dioxide layer having a fiat upper surface. As

still another option, etching may be used to planarize the upper surface of deposited

[V}

layer 19.

Referring again to FIG. 2, it can be appreciated that the crux of the
invention lies in depositing a first silicon dioxide layer 18 having the upper surface
45 generally as shown. The vertical walls are prevented from growing together by
depositing the silicon dioxide 18 so as to have V-shaped upper surfaces between
10 successive conductors which, in turn, requires a balance between removal of material
by sputtering and deposition of silicon dioxide by PECVD. Table I below shows the
parameters that were used in both chambers 22 and 23 for covering conductors
having aspect ratios up to 1.7. The table also shows the parameters used in chamber
23 for increasing the deposition rate of the silicon dioxide.
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2
Electrode Spacing
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Table I demonstrates the radically different conditions for silicon
dioxide deposition in chamber 22 with respect to that in chamber 23. In the table, A
means angstrom units and sccm means standard cubic centimeters per minute. Many
experiments have demonstrated to me that the desirable objective of depositing in
chamber 22 is to maximize the sputtering rate, because the rate at which the silicon
dioxide can be deposited is limited by the rate at which it must be sputtered away
from the corners of the conductors; the time taken for the overall process is reduced
by increasing both the sputtering and deposition rates in chamber 22. Thus, to
maximize sputtering rate, argon is used to increase the mass of impinging ions on the
surface of the wafer. A much lower pressure is used in chamber 22 (between one
and one hundred millitorr) than in chamber 23 (between about one and twenty torr).
The electrode 31 of chamber 22 is made smaller than electrode 35 and is driven by
the rf source 33 in order to maximize the energy of ion impingement on the wafer
surface. The magnetic field greatly increases sputtering rate and therefore greatly
improves the efficiency of chamber 22. One hundred thirty gauss was the highest
magnetic field that could be obtained in the system used; it appears that this value
should be significantly increased to speed up the overall process. Silane as the
silicon source and N20 as the oxygen source further enhance the sputtering
component. A high rf power in chamber 22 (i.e., power in excess of at least one
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FIGs. 2, 3 and 4 are schematic views 914 ustrating successive steps of
silicon dioxide dielectric formation in accordance with an illustrative
enbodi nent of the invention; FIG 5 is a schenmatic view of
certain comrercially avail abl e equi pnent that can be nodified to be used in

accor dancgyNirkd vJa'&‘é‘) is'i;\‘@f@?rb&fb max1m1ze sputtering b, n@ facQ the ﬁﬂmtanﬁ té ew of
one nodi fied rea er |nt ea.%)aratus of % FIG 7
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sputtering rate in chamber 22, one minimizes the time needed to establish the

configuration of FIG. 2. Thus, in the embodiment described, the deposition rate in

chamber 23 is 125 angstroms per second and in chamber 22 the rate is only 700

10 angstroms per minute. In the chamber 23, no effort is made to make the electrode 49

that supports wafer 30 smaller than the electrode 47 and the electrode spacing is only

200 mils because there is no need for any sputtering component. .

In the "Precision 5000 System" that was used, a pair of quartz rings and

a graphite ring that surrounded electrode 31 of chamber 22 were removed. Other

15 minor structural changes were made, but essentially full advantage was taken of the
commercially available system for processing semiconductor wafers with a high
throughput. The diameter of electrode 31 was adjusted to be approximately equal to
that of the wafer 30 (six inches). The purpose of these changes was to make as
uniform as possible the plasma distribution over the upper surface of the wafer, and

20 as mentioned before it appears that substitute coils should be used to give a higher
rotating magnetic field.

The various parameters which are described merely illustrate in one
embodiment the optimum choices for balance sputtering with deposition. Various
other gases could be used in which case the parameters should be adjusted

25 accordingly. Ony a single chamber could be used for making both depositions, but
in that case more compromises in apparatus structure would have to be made. It is
not essential that the magnetic field rotate if one can tolerate non-uniform deposition
and density. Various other embodiments and modifications may be made by those
skilled in the art without departing from the spirit and scope of the invention.
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| evel of an integrated circuit. The aspect ratio o
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of depositing a first layer (18) of silicon dioxide on a substrate (12) surface by
exposing the substrate surface to an rf plasma in an atmosphere including silicon and
oXxygen components, characterized by:

5 forming a magnetic field (B) that extends through the substrate and
through the plasma contiguous to the surface in a direction substantially parallel to
the surface;

the rf plasma is formed by subjecting the atmosphere to rf power in
excess of one hundred watts;
10 and the plasma contains an inert gas component, the magnetic field, rf
power and inert gas cooperatmg to cause sputtering preferentially at discontinuities
of the substrate..

2. The method of claim 1 further characterized in that:
15 during deposition, the magnetic field is caused to rotate in a plane
substantially parallel to the substrate surface. '

3. The method of claim 1 or 2 further characterized in that:
the substrate has a generally planar configuration and is supported such
20  that its exposed surface is a relatively large-area surface of the substrate and is
located in a substantially horizontal plane; _
and the substrate surface contains a plurality of relatively closely spaced
conductive elements (13) having adjacent vertical wall portions (14), whereby the
electric and magnetic fields cause a sputtering phenomenon primarily at exposed
25  comners of the conductive elements.

4. The method of claim 3 further characterized in that:
the magnetic field has a value at the substrate surface of more than about
one hundred gauss.

50
5. The method of claim 1, 2 or 4 further characterized in that:
the magnetic field is defined by a magnetic field vector of substantially
constant value that rotates at a frequency of between about 0.5 and one hundred
rotations per second.

AV |
(] |

6. The method of claim 1, 2 or 5 further characterized in that:
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first, which results in voids 15 in tﬁé deposited oxide layer. Even if
voi ds are not forned, discontinuities 16 are created, which adversely
affect the etch characteristics and insulation characteristics of the
silicon dioxide |ayer. One can appreciate that as the aspect ratio
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FIG 3, a second silicon dioxide |ayer 19 is forned over the first silicon
di oxi de Bayer, whi &h The method af tlaim Grfucthemdhasarterized ieflat.e has a successi on
of V-shapes inits f L di oxi de
| ayer planarized soﬁg‘gﬁ%g&%agﬁﬁﬁ?f?ﬁeeé%g%? :élc?%ug u@%ﬁ%%lgkgﬁg@%aggpi ts
upper sur f sxsitedplcetods and duting formation of thedsceonbliayen thel substratofs t he

i ntegrat ed Ginh&idd ofl§ SrAmdbELRErARIE. An inportant aspect of
t he inventivg nmethod i's that it can be practiced through the use of

comercial Iy available chem cal vapor deposition (CVD) equipnment.
Specifigg |y, FIG 8 THe sthb@beslafifi BUen fusBibs ohafiRAAHYS tdpown as the

during formation of the first layer, the atmosphere contains an inert gas
component, and during formation of the second layer, the atmosphere contains
substantially no inert gas component and the total gas pressure of the atmosphere is
much higher during formation of the second layer than during formation of the first

15 layer.

9. The method of claim 6, 7 or 8 further characterized in that:
during formation of the first layer, the silicon component in the
atmosphere comprises silane and the oxygen component comprises nitrogen oxide,
20 and, during formation of the second layer, the silicon component comprises
tetracthoxysilane and the oxygen component comprises pure oxygen.

10. The method of claim 6, 8 or 9 further comprising the step of:
planarizing an upper surface of the deposited second silicon dioxide;

25 and forming a second conductive pattern on the planarized second
silicon dioxide surface.
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"Precision 5000 System " commercially available fromthe Applied Mterials
Conpany of Santa Clara, California, which may pe-used for the practice of
the invention. This systemincludes separate chanbers 22-25 interconnected
by a central transfer chanber 27. Wafers are introduced into a |oad | ock
chanber 26 and are transferred anong various chanbers by a robot arm

contained in a SHAIGONDIOXIDE DEPOSITEON METHODAND APRARATUS be used
for different operations on sem conductor wafers while maintaining high

standards of cl eanliness and avoi ding cross contam nation from one chanber
to the ot hexbstEtusi ng separate chanbers to deposit |ayers 18 and 19 (of

FIG 3), one can opi] 0t } L. POSSI bl e
overal |_ deposition irdaﬂg%ﬁ%%%?%g%?@%%&%gf 8?1%@{}%86?&(1‘;&’5[9}2(%@ hcgyg possi bl e
t he ovér al |diedideon &qubsteate. vokdstand dissontiruigesoare seduced by first deposifiags 6 is a
schematic ' idevi t b i jting
the first ??ﬁ)ggnmél o??éé\é Ittaeygr h‘%g%g?@:gzgjxﬁhﬁh%ﬂr?%n%ggﬁefsﬂ%ggﬁﬁg on an
el ect rode MithinHist plasmappdeppsifinghe Iﬁﬂ’ﬁg“ AR kSlB@k?bc%lSﬁa@ﬁtgi-ewbequency
source 33. af\d deposnsisifo®RhechhRAenMbBitORORRDbALIbR &t e teMmeRofcABSf i tutes a
sour ce of %as . - s . .
onductors over which the silicon dioxide is deposited. The substrate is then
10  removed and ransferred throu gh a load lock (27) to a conventional PECVD

deposition chamber (23).
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As can be seen in FIG 7, four coils 40 through 43 are |ocated in
quadrature around the chanber 22. The intended purpose of the chanber 22,
as part of the "Precision 5000 System ™ is to sputter etch material from
waf ers, rather than deposit the material on wafers. To this end, the coils
produce a magnetic field through the w#/ér generally parallel with the
upper surface of the wafer 30 and they pronote sputter etching by
i ncreasing the density of inpinging ions on the wafer surface. Coils 42 and
43 are connected together and, when current through themis at a maxi num
t hey produce a magnetic field Blerr] shown in FIGs. 6 and 7. Interconnected
coils 40 and 41 produce a magnetic fiel F(!%eﬁ] when they carry current to
the maximum By directing current at a alfternation frequency through
the coils, with the current through coils 42 and 43 bei ng di spl aced ninety
degrees fromthe current through cQjd p24n¢™Y one can create a magnetic
i i i o ) &S | _Re_ parallel to the upper
_Al ¥ . aried through the
coils such that the nagnetic fie{dr (Al l‘f congtant total strength and
rotates with a frequency of i 8 y

27

FIG. 7

- 41

43
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coul d be used. Prior to deposition, argon is introduced into
the systemand the rf power is applied so as to heat the wafer 30.
Thereafter, gas from sources 37 and 38 are introduced. Nitrogen oxide,

N err]0, constitutes a source of oxygen, and silane, SiHerr], constitutes
a source of silicon which are reacted éﬂideposit silicon dioxide on the
upper surface of the wafer in accordanCe with the principles of PECVD. As
will be explained |ater, these gases are chosen so as to enhance sputtering
fromthe surface of wafer 30 as well as to constitute sources for
deposition of silicon dioxide onto wafer 30. The wafer 30 is supported on
an electrode 31 which is rf driven and is smaller in area than el ectrode
35. The total pressure within the chanber 22 is |ow and the rate of
silicon dioxide deposition is relatively |low Together with the magnetic
field, these choices of paraneters tend to enﬁgn sputtering.

Referring again to FIG 2, it is desired in't e_gfparatus of FIGs. 6 and 7
to deposit silicon dioxide 18 having an upper_surface 45 that is generally
V- shaped between successive conductors 13. This~ cageidished because
Sputtering occurs '
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fdm nantly at the corners of conductors 13, which results in a net

t hi ckness of deposition that is |lowest at the corners. Thus, in effect, we
deposit at a rate that is balanced with respect to the rate of renoval by
sputtering so as to give a mninmm net deposition at the corners of
conductors 13. | have found that using/garaneters designed to give a
sputtering rate of three hundred angstrons per mnute and a silicon dioxide
deposition rate of one thousand angstronms per mnute will yield a net
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deposition rate of seven hundred angstrons per m nute and wi Il yield the
“upper svrface 45° shown ~i-n- BlG: 2. -The rotation of tﬁ magneti.c.fiel:d B 1
enhances! uni fUrmW foft - éfep@srtlbn‘,‘.....f Refgrl ng-‘agai n to_mFI G 5, n
after ¢’_ retldh* ofthe.sitbipcont .di.axi de deposition chanber .22, : mhe waf er 4
i s renmped oot r ansfed . bhamaer ‘2?’and -tRen to chanbér 23, which. |sp,shown -
schemat P&dll ¢+ ni:Fl:Gr I.n_chanber the upper el ectrode 47, rather than’

the | ower €electy fggﬂ @?bgﬁ ??E?)@)Srfré B ég) %%'WFK’RK@‘W'[ V\D‘{;/KH\LS

not shown for parpo fests on a grounded
el ectrode 49. As before, gases are direct ed t hrough el ectrode 47 toward the

wafer 30, b ) gas conpositions are used. The silicon corrponent of
the sili conlfde'lsg%sg'e—ﬁgﬁ' obt ai ned from gasequs tetraet hoxysil g I

derived from a heat eBhis ippenEOR sl Imethpds apd RPRATATELGS 4380%6%% ‘E?‘hl ly
avai | abl e agigkidid 14, thr'd afacmﬂ rﬂozrﬁ&hf)@s"fsrldé @@ﬁﬁg §Reorhdiokideldveng hel i um
froma source%éthrgér? the g nllg é h%‘pvaporlzed nol ecul es
from t he TECRPEGHTEP uﬁiﬁrﬁrﬁé ﬁ‘fléBa‘é‘Bﬁérfﬁ Fieely hieh a¥Ped AR uded in t he

pl asma at nosphere is pure oxygen gas from source 53. Various known val ves

and neteri n%ae:ﬂgm%n% ft%?nvé?l %hown for brevity.
The technology of integrated circuits has been characterized by a

continuing increase in the density with which devices can be formed in a silicon
semiconductor chip or substrate. The interconnection of such high density devices
requires the formation on the chip surface of conductors that are ¢xtremely small and
spaced closely together, and conductive patterns that overlap, or, in the terminology
of the technology, are vertically spaced at different conductor levels. The use of two
or more levels of conductors requires a deposition of a dependable insulation such as
silicon dioxide on the lower or first level of conductors so that the overlying upper
level or second level can be made without the risk of accidental short circuits or
other conductive anomalies.

A favored method for depositing silicon dioxide is known as plasma
enhanced chemical vapor deposition (PECVD) in which a radio-frequency plasma
contains a silicon component and an oxygen component. The plasma provides
energy for enhancing the reaction required for silicon dioxide formation at
temperatures below the melting point of the first level of conductors over which the
depositon is made. It should be noted that other oxides such as silicon monoxide
may be deposited by this process, but the predominant deposited material is silicon
dioxide, which is the term that will be used herein. Also, deposition is on a
“substrate," which may be part of the semiconductor, the metal conductors, or
previously deposited or grown silicon dioxide.

As circuit density increases, the ratio of the height of adjacent
conductors to their separation distance, known as the aspect ratio of the structure,
also increases. If the thickness of the deposited silicon dioxide is greater than half
the separation between adjacent conductors, the silicon dioxide deposited on
adjacent vertical walls of adjacent conductors is likely to meet and cause a
discontinuity in the deposited silicon dioxide. If the top corner coverage is slightly
greater than the coverage on the remainder of the vertical sidewalls, the corners may
meet first, thus producing a void within the deposited silicon dioxide between
adjacent conductors This problem becomes more pressmg as the aspect ratio
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The | ower electrode 49 is heated by a plurality of lanps 55 that direct
‘l'ight through a quartz w ndow 56 so as to inpinge on an al um num oxi de

| ayer 57 of electrode 49. This heats the wafer to a tenperature bel ow the
melting point of the netal conductors contained on its surface.

In the configuration of chamber 23, the2gas conposition of the plasma

at nosphere and the various other paraneters are chosen so as to naxim ze
t he siliconigbdreasese deposition rate. Referring to FIG 3, this process

| d f | d
yeneral Ty o the. uppdhe KIFGEIe Gk pRFbIER ¥ BRise BK P rbibal R ghiEp oS
2. One can #PERyas a¢seriberd fovdxampitidn shd papen 'a@%meamqsmﬂqchgolagy &ith
general |y e%féénwgﬁ‘fm%{?n&l b@%&ﬂ“i&ﬁoua{n@@bﬁa sliohGbY SibinRfor? Probl em

of adj acent I&g conseéquent tornmation of voids
as was descrlmtbwnmqunmneK@tsetml@ cladeet al., Jowaal phecubn Sdercediechralpgdon

di oxi de 'ay§4 (kg Ih@/AE%B: m@gygl 8?81821‘ th KBIRMbRBARICtdddothelighdsi®nsi | i con

di oxi de | ay one may then deposit the second | evel
of conduct ofBarpber, WPF@WP&WW@W antaaghgq wceewam ﬁﬂ%clgnwgﬂ%tlfgﬁfd@nd to a
hori zontal k&yap a@gbRtroh@esonance of ions which are directed into the deposition chamber

and cause silicon dioxide to deposit. The addition of a wafer rf bias in the deposition
chamber causes the silicon dioxide to sputter etch, resulting in deposition at different
angles on the substrate, thereby to reduce the problem of voids caused by merging
vertical walls. One problem with this approach is that it requires the design of new
equipment, it is more difficult to maintain the standards of ultracleanliness required
in chip manufacture, and the need for microwaves and a separate ECR chamber
complicate and increase the cost of the apparatus for manufacture.

The paper, "Sidewall-Tapered Oxide by Plasma-Enhanced Chemical
Vapor Deposition,” G. C. Smith et al., Journal of Electrochemical Society: Solid-
State Science and Technology, Vol. 132, No. 11, November 1985, pp. 2721-2725,
describes another approach in which sputtering is induced concurrently with silicon
dioxide deposition. This leads to V-shaped sidewalls of the deposited silicon
dioxide, rather than vertical sidewalls that merge to create voids. A problem with
this approach is the relatively long time period required for depositing a useful layer
of silicon dioxide over a conductor pattern having a relatively high aspect ratio.

There is therefore a continuing need in industry for a method for
depositing dependable layers of silicon dioxide over conductor patterns having high
aspect ratios in a manner that is amenable to mass production, is consistent with
cleanliness requirements, and which does not greatly increase the cost of
manufacture.

Summary of the Invention
Equipment is available on the market for sputter etching a wafer in one
chamber and then moving it to another chamber for silicon dioxide deposition. I

have found that, with practical modifications, such equipment can expediently be
used to deposit silicon dioxide over conductors having high aspect ratios. In the
modified sputter etch chamber, an f plasma is formed for depositing a layer of
silicon dioxide. A magnetic field extends through the wafer and plasma, in a
direction generally transverse to the rf field. Simultaneous sputter etching and
Thie is the replacement sheet

4 WOV 9%

Uate:



-7- the top | evel of conductors 13 using the top surface of the
‘conductors as a "stop"” to the grinding operation. Thereafter, another
silicon dioxide |ayer is deposited in the chanber 22 of FIG 6 to yield a
silicon dioxide |layer having a flat upp&r-surface. As still another option,
etching may be used to planarize the upper surface of deposited |ayer 19.

deposition occurs which inhibits net deposition on the corners of the first level
conductors; this results in a generally V-shaped surface to the deposited silicon
dioxide between adjacent conductors. This could constitute the entire deposition, but
preferably the substrate is removed and transferred to the conventional deposition
chamber. Here, a generally conformal second layer of silicon dioxide is formed over
the previously deposited layer but, because of the configuration of the first silicon
dioxide layer, there can be no problems of voids or other discontinuities. Thereaftef,
the upper surface is planarized and the second level of conductors is deposited.

The method which has been briefly described yields a reliable silicon
dioxide insulation layer in a manner which is consistent with mass production and
operation by workers of moderate skill. No problems of cleanliness are introduced
because the equipment that is used is, for the most part, commercially available
equipment that has been designed to meet modern standards of cleanliness. As will
become clear from the detailed description, there is little added cost to the apparatus
or method which is used in obtaining the silicon dioxide dielectric layers. These and
other objects, features and benefits of the invention will be better understood from a
consideration of the following detailed description taken in conjunction with the
accompanying drawing.

Brief Description of the Drawing
FIG. 1 is a schematic view of silicon dioxide deposited over metal

conductors in accordance with the prior art;

FIGs. 2, 3 and 4 are schematic views illustrating successive steps of
silicon dioxide dielectric formation in accordance with an illustrative embodiment of
the invention;

FIG. 5 is a schematic view of certain commercially available equipment
that can be modified to be used in accordance with the invention;

FIG. 6 is a schematic view of one modified reactor chamber in the
apparatus of FIG. 5;

FIG. 7 is a view taken along line 7-7 of FIG. 6;.and

FIG. 8 is a schematic view of another reactor chamber of the apparatus
of FIG. 5. '

Detailed Description
Referring now to FIG. 1, there is illustrated schematically the prior art
deposition of silicon dioxide 11 on a substrate 12, which creates the problem with

which the invention is concemed. Located on the top surface of the substrate 12 are
Thie s e (aplacemient shest
14 MOV R
Oate:



Referring again to FIG 2, it can be appreciated that the crux of the

I nvention lies in depositing a first silicon dioxide |ayer 18 having the
upper surface 45 generally as shown. The vertical walls are prevented from
grow ng together by depositing the silicon dioxide 18 so as to have

V- shaped upper surfaces between successi-vé conductors which, in turn,

requi res a bal ance between renoval of material by sputtering and deposition

of si i con di gxi de. by PECYD el el B8O EURS I ARRABRRTLI hal ver &

used in both %%g%tg S or “covering conductors having aspect
rati os up to ibregratdheirtwb| Eheadspectstibmef th sopduciors ixdefingd aglthefaup ghihér 23

for increasi nﬂaiélﬂeof GePOS1iEdI AUeLARNE 181 IR onbihdi6RMo Me3epBition distance of
adjacent vertical sidewalls of adjacent conductors. With conventional conformal
deposition, a high aspect ratio results in the silicon dioxide on adjacent vertical walls
growing together. The corners of the deposited silicon dioxide are likely to meet
first, which results in voids 15 in the deposited oxide layer. Even if voids are not
formed, discontinuities 16 are created, which adversely affect the etch characteristics
and insulation characteristics of the silicon dioxide layer. One can appreciate that as
the aspect ratio increases, the problems accompanying conformal silicon dioxide
depositon generally increase.

Referring to FIG. 2, in accordance with the invention, the silicon
dioxide is formed in two steps. First, a first silicon dioxide layer 18 is formed, which
has generally a V-shaped configuration between adjacent conductors 13 as shown.
Then, as shown in FIG. 3, a second silicon dioxide layer 19 is formed over the first
silicon dioxide layer, which is generally conformal and therefore has a succession of
V-shapes in its upper surface as shown. FIG. 4 shows the silicon dioxide layer
planarized so as to permit the formation of conductors 20 on its upper surface, which
constitutes the second conductor level of the integrated circuit device being made.

An important aspect of the inventive method is that it can be practiced
through the use of commercially available chemical vapor deposition (CVD)
equipment. Specifically, FIG. 5 illustrates schematically apparatus known as the
"Precision 5000 System," commercially available from the Applied Materials
Company of Santa Clara, California, which may be used for the practice of the
invention. This system includes separate chambers 22-25 interconnected by a
central ransfer chamber 27. Wafers are introduced into a load lock chamber 26 and
are transferred among various chambers by a robot arm contained in a transfer
chamber 27. These individual chambers can be used for different operations on
semiconductor wafers while maintaining high standards of cleanliness and avoiding
cross contamination from one chamber to the other. By using separate chambers to
deposit layers 18 and 19 (of FIG. 3), one can optimize the parameters to obtain the
highest possible overall deposition rate, or, in other words, to reduce as much as
possible the overall time required for the entire process.

FIG. 6 is a schematic sectional view of the chamber 22 of FIG. 5 used
for depositing the first silicon dioxide layer 18 of FIG. 2. A wafer 30 is mounted on
an electrode 31 connected through a matching network 32 to a radio-frequency
source 33. A grounded electrode 35 opposite the wafer 30 constitutes a source of gas

This is the replacement shiset
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- Par anet er
500 watts
9 torr

Ar gon

20 sccm

Tabl e |

Chanber 22 Chanber 23 RF Power
450 watts Pressure 30 mllitorr
Magnetic Fietd - 130 gauss 0
180 sccm 0 N err]O

0

for forming an rf plasma between electrodes 35 and 31. The grounded electrode 35
is hollow and contains a plurality of apertures that permit the flow of injected gas as
shown by the arrows. The gas is taken from a source of argon 36, a source of
nitrogen oxide 37 and a source of silane 38. Appropriate valves and transmission
lines permit a mixture of these gases to be directed into the region between the
electrodes 35 and 31.

_As can be seen in FIG. 7, four coils 40 through 43 are located in
quadrature around the chamber 22. The intended purpose of the chamber 22, as part
of the "Precision 5000 System," is to sputter etch material from wafers, rather than
deposit the material on wafers. To this end, the coils produce a magnetic field
through the wafer generally parallel with the upper surface of the wafer 30 and they
promote sputter etching by increasing the density of impinging ions on the wafer
surface. Coils 42 and 43 are connected together and, when current through them is
at a maximum, they produce 2 magnetic field B1 shown in FIGs. 6 and 7.
_Interconnected coils 40 and 41 produce a magnetic field 32 when they carry current
to the maximum. By directing current at a low alternation frequency through the
coils, with the current through coils 42 and 43 being displaced ninety degrees from
the current through coils 40 and 41, one can create a magnetic field of uniform
strength B which rotates in a plane parallel to the upper surface of the wafer 30.
Preferably, the current is varied through the coils such that the magnetic field B
remains of constant total strength and rotates with a frequency of one rotation for
each two seconds although a frequency as high as one hundred rotations per second
could be used. '

Prior to deposition, argon is introduced into the system and the f power
is applied so as to heat the wafer 30. Thereafter, gas from sources 37 and 38 are
introduced. Nitrogen oxide, N20; constitutes a source of oxygen, and silane, SiH ,,
constitutes a source of silicon which are reacted to deposit silicon dioxide on the
upper surface of the wafer in accordance with the principles of PECVD. As will be
explained later, these gases are chosen so as to enhance sputtering from the surface
of wafer 30 as well as to constitute sources for deposition of silicon dioxide onto
wafer 30. The wafer 30 is supported on an electrode 31 which is rf driven and is
smaller in area than electrode 35. The total pressure within the chamber 22 is low
and the rate of silicon dioxide deposition is relatively low. Together with the
magnetic field, these choices of parameters tend to enhance sputtering.

Referring again to FIG. 2, it is desired in the apparatus of FIGs. 6 and 7
to deposit silicon dioxide 18 having an upper surface 45 that is generally V-shaped
between successive conductors 13. This is accomplished because sputtering occurs
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Si H4 8 sccm 0 Sigerr]

700 A/m n 125 Al sec Deposition Rate

TECS 0 500 sccm O[err]
0 500 sccm ~Ef ectrode Spacing 6-8 inches
200 mls Tabl e | denonstrates the radically different

conditions for silicon dioxide deposition in chanber 22 with respect to

that in Chag%cgm?n‘%mlkgt H%g:oh?cm &f cﬁdﬂ@@ﬁl?%ﬁ&ﬂ R intSnA Rkl cRiGoreans

standard cu cen
deposition that is lowest at the corners. Thus in effect, we deposit at a rate that is

balanced with respect to the rate of removal by sputtering so as to give a minimum
net deposition at the comers of conductors 13. I have found that using parameters
designed to give a sputtering rate of three hundred angstroms per minute and a
silicon dioxide deposition rate of one thousand angstroms per minute will yield a net
deposition rate of seven hundred angstroms per minute and will yield the upper
surface 45 shown in FIG. 2. The rotation of the magnetic field B enhances

uniformity of deposition.

Referring again to FIG. 5, after completion of the silicon dioxide
depositon in chamber 22, the wafer is removed to transfer chamber 27 and then to
chamber 23, which is shown schematically in FIG. 8. In chamber 23, the upper
electrode 47, rather than the lower electrode is driven by an rf source 48 (the
matching network is not shown for purposes of brevity). The wafer 30 rests on a
grounded electrode 49. As before, gases are directed through electrode 47 toward
the wafer 30, but different gas compositions are used. The silicon component of the
silicon dioxide is obtained from gaseous tetraethoxysilane (TEOS) derived from a
heated liquid source 51. Typically, TEOS is commercially available as a liquid and
a vaporized form is obtained by bubbling helium from a source 52 through the liquid
“TEOS and deriving vaporized molecules from the TEOS container as indicated
schematically. Also included in the plasma atmosphere is pure oxygen gas from
source 53. Various known-valves and metering equipment are not shown for brevity.

The lower electrode 49 is heated by a plurality of lamps 55 that direct
light through a quartz window 56 so as to impinge on an aluminum oxide layer 57 of
elecrode 49. This heats the wafer to a temperature below the melting point of the
metal conductors contained on its surface.

In the configuration of chamber 23, the gas composition of the plasma
atmosphere and the various other parameters are chosen so as to maximize the
silicon dioxide deposition rate. Referring to FIG. 3, this process yields a conformal
coating 19 having an upper surface 59 that corresponds generally to the upper
surface 45 of the silicon dioxide layer 18 of FIG. 2. One can appreciate that with the
silicon dioxide depositing at a generally equal rate on all surfaces, there is not likely
to be a problem of adjacent sidewalls growing together with consequent formation of
voids as was described with reference to FIG. 1. The upper surface of silicon
dioxide layer 19 is then planarized in a known manner to yield the silicon dioxide
layer 19 of FIG. 4 upon which one may then deposit the second level of conductors
20. Alternatively, the silicon dioxide 19 may be ground to a horizontal level equal to

Thie is the replacement shoaet
N4 LS
“‘ I4 "\2 ! ‘:} k
Date:



experinments have denonstrated to ne that the desirable objective of
depositing in chanber 22 is to nmaxinmize the sputtering rate, because the
rate at which the silicon dioxide can be deposited is limted by the rate
at which it nust be sputtered away fromthe corners of the conductors; the
time taken for the overall process is_rgeduced by increasing both the
sputtering and deposition rates in chanber 22. Thus, to maxim ze sputtering
rate, argon is used to increase the mass of inpinging ions on the surface
of the wafer. A much |ower pressure is used in chanber 22 (between one and
one hundr ecihgitdp let€lraf)lcohligdiods 3aiRmghke tddutfaet vfee cohduttosas adswpt went y

torr). The el ectrode 31 of anhgr. 22 i s pade Il er ect. 35 and
is driven bVeEHRIINE OPSTRHR .gge{eﬁﬁ%rr éréorth?ro%%%gé %Yg} g;?]&eblp §§/‘?"§f‘5?g‘eﬁ

i npi ngenmentchambeh?2 obFEG. 6 ur fielda siliten diexjdelayer havihgla flatuppey sunizgeeasses
Sputtering { e 1 kG zhanber
22 ne harieaopfer op{ioh Falifi #aF B wkod B ARR WUl R BhodlR 1"
obt ai ned i nlay¢rel%yst em used; it appears that this value should be

significantly incr e@é?&rihga PRYSFIG. 2,erca9\b%fa%lé}ec%&§ﬁ§§the%ﬂ;@6ﬁhés the
silicon source and N err|0 as the axygen source further enhance the:

sput t eri ng BEeEHIRdIRS In Aeprsitng § fisbHeton dioxids ey 18 ayingdhe uppRRSPTTAGE excess
of at | east4Pgenerally as shown. The vertical walls are prevented from growing together by

depositing the silicon dioxide 18 so as to have V-shaped upper surfaces between
successive conductors which, in turn, requires a balance between removal of material
by sputtering and deposition of silicon dioxide by PECVD. Table I below shows the
parameters that were used in both chambers 22 and 23 for covering conductors
having aspect ratios up to 1.7. The table also shows the parameters used in chamber
23 for increasing the deposition rate of the silicon dioxide.
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hundred watts)

power and the nagnetic field are perhaps the two nobst
for increasing the sputtering conponent.

alternative gases coul d be

Is preferred to maxi m ze sputtering and,

O course,

-8 -
Table [

Parameter Chamber 22 | Chamber 23

RF Power 500 watts 450 watts

Pressure 30 millitorr 9 torr

Magnetic Field 130 gauss 0

Argon 180 sccm 0

N 2O 20 sccem 0

SiHy 8 sccm 0

Si0, 700 A/min 125 A/sec

Deposition Rate -

TEOS 0 500 sccm

O2 0 500 scem

Electrode Spacing 6-8 inches 200 mils

in fact, the rf
i mportant paraneters
TEGCS, Of[err]

and ot her

Table I demonstrates the radically different conditions for silicon

dioxide deposition in chamber 22 with respect to that in chamber 23. In the table, 4
means angstrom units and sccm means standard cubic centimeters per minute. Many
experiments have demonstrated to me that the desirable objective of depositing in
chamber 22 is to maximize the sputtering rate, because the rate at which the silicon
dioxide can be deposited is limited by the rate at which it must be sputtered away
from the corners of the conductors; the time taken for the overall process is reduced
by increasing both the sputtering and deposition rates in chamber 22. Thus, to
maximize sputtering rate, argon is used to increase the mass of impinging ions on the
surface of the wafer. A much lower pressure is used in chamber 22 (between one
and one hundred millitorr) than in chamber 23 (between about one and twenty torr).
The electrode 31 of chamber 22 is made smaller than electrode 35 and is driven by
the rf source 33 in order to maximize the energy of ion impingement on the wafer
surface. The magnetic field greatly increases sputtering rate and therefore greatly
improves the efficiency of chamber 22. One hundred thirty gauss was the highest
magnetic field that could be obtained in the system used; it appears that this value

should be significantly increased to speed up the overall process. Silane as the

silicon source and NZO as the oxygen source further enhance the sputtering
component. A high rf power in chamber 22 (i.e., power in excess of at least one

Thie is the replacement sheet
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used in chanber 22, but the process w ndow for good quality filnms is nuch
‘narrower with these gases in chanber 22. In chanber 23, one w shes to
maxi m ze the deposition rate and so TECS and O[err] are appropriate
choices. By maxim zing the sputtering rate in chanber 22, one mnimzes the
time needed to establish the configuratigon of FIG 2. Thus, in the

enbodi nent described, the deposition rate in chanber 23 is 125 angstrons
per second and in chanber 22 the rate is only 700 angstrons per nminute. In
t he chanber 23, no effort is nmade to nake the el ectrode 49 that supports

wafer 30 smgller than.the el ectrode. 47 and th l,ect S ' ' nly
200 1 |5 becHIcEd HERY S Brefef s Faripios oottt Bt it 2 BBk andul
I n the "Preansgreric fieRlarSpstheps thetwb mess impedant parsanaters fominareasingithiys and a

& her i nor PpiHle lpbaIRE O LR TBRR, B, Aha R By O et age
was taken ofusetin comher 22 abytyhepraresahrindey fergaddotualitnilarssis mepchairesisduct or
vafers wi th Gl LINC0uORMIber I LIRS 3060 RAE] Bifadisghead] uSt ed 1 o
e approxi mately eqBal to that of the wafer 30 (six Inches). The purpose of
t hese changelsparison mieaRGSHSEQRiang (P a1 ppEPrigrecchoitesp BYSRaxigRzng itut i on
over the upRBtusidg AtLinthainber Y8 oAE midfdizes the time needed to establish the
configuration of FIG. 2. Thus, in the embodiment described, the deposition rate in
chamber 23 is 125 angstroms per second and in chamber 22 the rate is only 700
angstroms per minute. In the chamber 23, no effort is made to make the electrode 49
that supports wafer 30 smaller than the electrode 47 and the electrode spacing is only
200 mils because there is no need for any sputtering component. .
In the "Precision 5000 System" that was used, a pair of quartz rings and
a graphite ring that surrounded electrode 31 of chamber 22 were removed. Other
minor structural changes were made, but essentially full advantage was taken of the
commercially available system for processing semiconductor wafers with a high
throughput. The diameter of electrode 31 was adjusted to be approximately equal to
that of the wafer 30 (six inches). The purpose of these changes was to make as
uniform as possible the plasma distribution over the upper surface of the wafer, and
as mentioned before it appears that substitute coils should be used to give a higher

rotating magnetic field.

The various parameters which are described merely illustrate in one
embodiment the optimum choices for balance sputtering with deposition. Various
other gases could be used in which case the parameters should be adjusted
accordingly. Ony a single chamber could be used for making both depositions, but
in that case more compromises in apparatus structure would have to be made. It is
not essential that the magnetic field rotate if one can tolerate non-uniform deposition
and density. Various other embodiments and modifications may be made by those
skilled in the art without departing from the spirit and scope of the invention.
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as nentioned before it appears that substitute coils should be used to give

-a higher rotating magnetic field. The vari ous ar arret ers which
are described nerely illustrate in one enbodi nent the of latfeér
bal ance sputtering with deposition. Various other gases ﬁ i
whi ch case the paraneters should be adfdsted accordlngly

chanber coul d be used for nmaking both depositions, but in that case m)re
conpr om @R$mkN apparatus structure would have to be made. It is not
essential that the mayxetlct&?gld rotate if one. can.tolerate.non- unlfor

deposi ti on and densik mAking AL RIS GirEUIL AV IR ETPPIAPS Hivs tf:rPtiy be
made by thoscfdﬂpbhxhﬁg aifitsttihyerd18) ofisilivontdickdgach arsgbsftr_mr(lﬂheusfmerb}t and

scope of the Ip%\s/ﬁrg] thelibstrate surface to an rf plasma in an atmosphere including silicon and
oxygen components, characterized by:
forming a magnetic field (B) that extends through the substrate and
through the plasma contiguous to the surface in a direction substantially parallel to

the surface;
the rf plasma is formed by subjecting the atmosphere to rf power in

excess of one hundred watts;

and the plasma contains an inert gas component, the magnetic field, rf
power and inert gas cooperatmg to cause sputtering preferentially at discontinuities
of the substrate..

2. The method of claim 1 further characterized in that:
during deposition, the magnetic field is caused to rotate in a plane
substantially parallel to the substrate surface. '

3. The method of claim 1 or 2 further characterized in that:

the substrate has a generally planar configuration and is supported such
that its exposed surface is a relatively large-area surface of the substrate and is
located in a substantially horizontal plane;

and the substrate surface contains a plurality of relatively closely spaced
conductive elements (13) having adjacent vertical wall portions (14), whereby the
electric and magnetic fields cause a sputtering phenomenon primarily at exposed
corners of the conductive elements.

4. The method of claim 3 further characterized in that:
the magnetic field has a value at the substrate surface of more than about

one hundred gauss.

5. The method of claim 1, 2 or 4 further characterized in that:
the magnetic field is defined by a magnetic field vector of substantially
constant value that rotates at a frequency of between about 0.5 and one hundred

rotations per second.

6. The method of claim 1, 2 or 5 further characterized in that:
------------ This is the raplacemem sheet
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- 10 - | claim 1. A nethod for making integrated circuits conpris-

-ing the steps of: formng a first conductive pattern over a sem con-
duct or substrate, cross-sectional areas of conpo- TRIE BheetG 8 Beth Roplsced f
the pattern each having two upper, .corners; pl aci te on
a first electrode of a first char’rﬂ)er t he chanber |;m ond

el ec- trode;

a second layer (19) of silicon dioxide is deposited on the first layer by
exposing the substrate surface to an rf plasma in an atmosphere containing silicon
and oxygen components, but without a magnetic field.

7. The method of claim 6 further characterized in that:
during formation of the first layer, the substrate is supported on an rf
excited electrode, and during formation of the second layer, the substrate is
supported on a grounded electrode.

8. The method of claim 6 or 7 further characterized in that:
during formation of the first layer, the atmosphere contains an inert gas
component, and during formation of the second layer, the atmosphere contains
substantially no inert gas component and the total gas pressure of the atmosphere is
much higher during formation of the second layer than during formation of the first
layer.

9. The method of claim 6, 7 or 8 further characterized in that:
during formation of the first layer, the silicon component in the
atmosphere comprises silane and the oxygen component comprises nitrogen oxide,
and, during formation of the second layer, the silicon component comprises
tetracthoxysilane and the oxygen component comprises pure oxygen.

10. The method of claim 6, 8 or 9 further comprising the step of:
planarizing an upper surface of the deposited second silicon dioxide;
and forming a second conductive pattern on the planarized second

silicon dioxide surface. ‘

MR e o e eecsnon e



introducing into the first chanber inert gas and gas i ncluding silicon
‘and oxygen conponents; causing first silicon dioxide to deposit on a
first sur- face of the substrate conprising the step of produc-

ing a first rf electric field betmeen ?e first and second el ectrodes;
during the first silicon dioxide deposition, causing the sputtering of
certain silicon dioxide predom nantly fromthe upper corners of
conmponent conductors conprising the step of producing, along the first
surface of the substrate, a magnetic field that is substantially

Chanber and ST ROk DERGSTICR VT HeD A8 AR BRI oe, '
t he second chanber including a second el ectrode; introducing into the
second reag[)gtggctcharrber gas

In plasma enhanced chemical vapor deposition (PECVD) of silicon
dioxide on a substrate, voids and discontinuities are reduced by first depositing
silicon dioxide in a sputter etch chamber (22) in which a magnetic field is produced
within the rf plasma for depositing the silicon dioxide. Simultaneous sputter etch
and deposition occurs which inhibits net deposition at the corners of metal
conductors over which the silicon dioxide is deposited. The substrate is then
removed and transferred through a load lock (27) to a conventional PECVD
deposition chamber (23).

FIGURE 5.
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2. The nethod of claim1l
t he frequ$gcy of the1éf energy1én both the

causi ng second silicon dioxide
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second chanbers is |ess than about five hundred megahert z.
4. The nethod of claim3 wherein: in the first chanber, the first

el ectrode is excited with

43~

FIG. 7

41

/\.-—42

40

This s the rapiacement shent

1 4 NOV 1996

Q)
et
[
“e



rf energy and the second el ectrode is grounded and in the second

* chanber, the second el ectrode is excited with rf energy and the first
el ectrode is grounded; and in both chanbers, the rf power exceeds
about one hundred watts. 5. The met hod of claim4 wherein: t he
magnetic field exceeds about one hundnfd gauss and, during deposition
in the first rf reactor cham bery ‘the magnetic field rotates about an
axi s sub- stantially parallel to the rf field but nmaintains a
substantially constant strength. 6. The nethod of claimb5 wherein:

t he atnosphere of the first chanber during deposition of the first
silicon dioxide |ayer contains argon, silane and nitrogen oxide, and

t he at nosphere of

"
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t he second chanber during deposition of the sec- ond silicon dioxide

| ayer contains TECS and oxy- gen and no argon. 7. The net hod of

cl ai m 6 wherein: the gas pressure in the first chanber during deposi -
tion of the first silicon dioxide is between about one and one hundred
mllitorr; the gas pressure in the second chanber during deposi -

tion of the second silicon dioxide is Hetween about one and twenty
torr; t he spacing of the first and second el ectrodes in the first
chanber is nore than about ten tines greater t han t he spaci ng between
the first and second el ec- trodes and the second chanber. 8. The

nmet hod of claim 7 wherein: the first conductor pattern has an aspect

rati o greater

FIG. 8
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th.an about 1 .O0. 9. A nethod for

fiobtss.o Afe’

maki ng an integrated circuit com

- prising the steps of: formng a first conductor pattern on a substrate, -
at - least part of the conductor pattern being defined by ™ -conductors
each havi ng exposed corners, adjacent conduct prs having an -'.a-;sépect ratio
greater than about 1.0; formng over the first conductor. pattern a
first |ayer of silicon dioxide; -said-first |ayer of silicon-dioxide. -
bei ng fornmed by - deposition froma first rf ipl asma cont aj-ni-ng..sili.con, ..

I claim: b S ."ﬂdq?'. R

1. A method for making integrated circuits compris-

ing the steps of:

forming a first conductive pattern over a semicon-
ductor substrate, cross-sectional areas of compo-
nent conductors of the pattern each having two
upper corners;

placing the substrate on a first electrode of a first
chamber, the chamber including a second elec-
trode;

introducing into the first chamber inert gas and gas
including silicon and oxygen components;

causing first silicon dioxide to deposit on a first sur-
face of the substrate comprising the step of produc-
ing a first rf electric field between the first and
second electrodes; '

during the first silicon dioxide deposition, causing the
sputtering of certain silicon dioxide predominantly
from the upper corners of component conductors
comprising the step of producing, along the first
surface of the substrate, a magnetic field that is
substantially perpendicular to the rf field;

withdrawing the substrate from the first chamber and
placing it on a first electrode of a second chamber,
the second chamber including a second electrode;

introducing into the second reaction chamber gas
including silicon and oxygen components;

causing second silicon dioxide to deposit over the
first silicon dioxide comprising the step of produc-
ing a second rf electric field between the first and
second electrodes of the second chamber, said last
mentioned deposition being in the absence of any
magnetic field and at a higher deposition rate than
the first silicon dioxide deposition.

2. The method of claim 1 further comprising the step

of:

planarizing an upper surface of the deposited second
silicon dioxide;

and forming a second conductive pattern on the
planarized second silicon dioxide surface.

3. The method of claim 2 wherein:

the frequency of the rf energy in both the first and
second chambers is less than about five hundred

megahertz.

This is the replacement sheet
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- 12 - a group VIIl gas and oxygen conponents; the rf power and ot her
"paraneters of the first rf pl asma being selected to give significant
pref éren- tial sputtering of silicon dioxide fromexposed cor- ners of
conductors of first conductor pattern as the first silicon dioxide |ayer
I s being deposited, t her eby | eadi ng Iolfu_bstant lally V-shaped silicon

4. The method of claim 3 wherein:

in the first chamber, the first electrode is excited with
rf energy and the second electrode is grounded and
in the second chamber, the second electrode is
excited with rf energy and the first electrode is
grounded;

and in both chambers, the rf power exceeds about one
hundred watts.

5. The method of claim 4 wherein:

the magnetic field exceeds about one hundred gauss
and, during deposition in the first rf reactor cham-
ber, the magnetic field rotates about an axis sub-
stantially parallel to the rf field but maintains a
substantially constant strength.

6. The method of claim § wherein:

the atmosphere of the first chamber during deposition
of the first silicon dioxide layer contains argon,
silane and nitrogen oxide, and the atmosphere of
the second chamber during deposition of the sec-
-ond silicon dioxide layer contains TEOS and oxy-
gen and no argon.

7. The method of claim 6 wherein:

the gas pressure in the first chamber during deposi-
tion of the first silicon dioxide is between about one
and one hundred millitorr;

the gas pressure in the second chamber during deposi-
tion of the second silicon dioxide is between about
one and twenty torr;

the spacing of the first and second electrodes in the
first chamber is more than about ten times greater
than the spacing between the first and second elec-
trodes and the second chamber.

8. The method of claim 7 wherein:

the first conductor pattern has an aspect ratio greater
than about 1.0.

9. A method for making an integrated circuit com-

prising the steps of:

forming a first conductor pattern on a substrate, at
least part of the conductor pattern being defined by
conductors each having exposed corners, adjacent
conductors having an aspect ratio greater than
about 1.0;

forming over the first conductor pattern a first layer
of silicon dioxide;

said first layer of silicon dioxide being formed by
deposition from a first rf plasma containing silicon,

e — This is the repladcement shest
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di oxi de surfaces between adjacent conductors of

silicon dioxide froma second rf plasma

t he conductor pattern;
"formng over the first silicon dioxide |ayer a second silicon dioxide
| ayef; said second silicon dioxide | ayer being formed by deposi ting
containing silicon and oxygen
the rf power and other paraneters of the second rf pl asma

conponent s;
bei ng selected so as to give insignificant2 -
mat eri al during depo-
t he upper surface of the second silicon dioxide
the first silicon dioxide

Blot) T Lol bRy EhApARE! | on Of Che s

wher eby

generally conforns to the upper surface of
| ayer. 10. The net hocL
| ayer of silicon di %

powcr and other parameters of the first rf

p]asma being selected to give significant preferen-
tial sputtering of silicon dioxide from exposed cor-
ners of conductors of first conductor pattern as the
first silicon dioxide layer is being deposited,
thereby leading to substantially V.-shaped silicon
dioxide surfaces between adjacent conductors of
the conductor pattern;
forming over the first silicon dioxide layer a second

silicon dioxide layer;
said second silicon dioxide layer being formed by

depositing silicon dioxide from a second rf plasma

containing silicon and oxygen components;
the rf power and other parameters of the second rf
plasma being selected so as to give insignificant
sputtering of silicon dioxide material during depo-
sition of the second silicon dioxide layer, whereby
the upper surface of the second silicon dioxide
layer generally conforms to the upper surface of
the first silicon dioxide layer.

10. The method of claim 9 wherein:

during formation of the first layer of silicon dioxide,
a magnetic field is made to extend through the first
rf plasma and through the substrate.

11. The method of claim 10 wherein:

during formation of the first layer of silicon d:oxzde,
the substrate is located in a first reactor and is in
contact with an rf electrode;

and during formation of the second layer of silicon
dioxide, the substrate is located in a second reactor
and is in contact with a grounded electrode.
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a magnetic field is made to extend through the first rf plasma and

t hrough the substrate. 11. The nmethod of claim 10 wherein: ERMW@;F;V rmat-i on
of the first layer of silicon dioxide, the substrate is |ocated i'no4EET
first.reactor and is in contact with an rf electrode; and during
formati on of the second | ayer of skl k8on di oxi de, the substrate is

| ocated in a second reactor andTs 1n contact with a grounded el ectrode.

SILICON DIOXIDE DEPOSITION METHOD AND APPARATLS

Abstract

In plasma enhanced chemical vapor deposition (PECVD) of silicon
dioxide on a substrate, voids and discontinuities are reduced by first depositing
silicon dioxide in a sputter etch chamber (22) in which a magnetic field is produced
within the ff plasma for depositing the silicon dioxide. Simultaneous sputter etch
and deposition occurs which inhibits net deposition at the corners of metal
conductors over which the silicon dioxide is deposited. The substrate is then
removed and transferred through a load lock (27) to a conventional PECVD
deposition chamber (23).

FIGURE 5.




