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PLASMA ENHANCED CHEMICAL
PROCESSING REACTOR AND METHOD

This is a continuation of application Ser. No. 08/500,493
filed Jul. 10, 1995 now abandoned.

BRIEF DESCRIPTION OF THE INVENTION

This invention relates to a reactor and method for pro-
cessing semiconductor integrated circuits. More particularly,
the invention relates to a plasma enhanced reactor and
method capable of performing processing operations includ-
ing depositing uniform films or layers on the surface of
integrated circuits by plasma enhanced chemical vapor
deposition (PECVD). film etchback, reactor self-clean, and
simultaneous etch and deposit operations.

BACKGROUND OF THE INVENTION

The processing of semiconductor wafers and other inte-
grated circuits (IC) includes critical manufacturing steps
such as etching wafer surfaces and depositing layers of
material on wafer surfaces to form device components,
interconnecting lines. dielectrics. insulating barriers and the
like. Various systems have been employed to deposit layers
of material and the like on the surface of integrated circuits,
and often such layers are formed by chemical vapor depo-
sition (CVD). A conventional thermal CVD process deposits
a stable chemical compound on the surface of a wafer by
thermal reaction of certain gaseous chemicals. Various CVD
reactors have been used in the art including low pressure
CVD systems and atmospheric pressure CVD systems.

More recently, plasma enhanced (sometimes called
plasma assisted) CVD systems (PECVD) have been devel-
oped. PECVD systems generally operate by disassociation
and ionization of gaseous chemicals. The high electron
temperatures associated with the plasma increase the density
of the disassociated species available for deposition on the
wafer surface. Accordingly, such systems are able to operate
at lower temperatures than conventional thermal CVD sys-
tems. Such lower temperature processes are desirable and
minimize diffusion of shallow junctions and inter-diffusion
of metals contained within the integrated circuits. Moreover,
PECVD systems are suitable for forming multiple dielectric
layers to be used to isolate stacked device features as device
densities increase. When forming such multilayer dielectric
layers it is desirable to provide a layer with good gap fill,
isolation, stress and step coverage properties. These prop-
erties become more difficult to attain as device dimensions
shrink.

In PECVD systems, the reactor is typically operated at
low pressures during processing of the semiconductors.
Such low pressures present particular gas flow dynamics
considerations that must be addressed. With low pressures,
the collision rate of the active species is relatively low and
the mean-free path of the species is relatively long.
Accordingly, it is desirable to provide a reactor capable of
uniform, controlled gas flow within the process chamber,
across the wafer, and to the exhaust, thus providing uniform
processing of the wafer. Moreover, other operating pressures
may be used for various processes, and thus it is desirable for
the reactor to be capable of operating over a large pressure
range.

Cleaning of the reactor plays an important role in the
effective operation of a system. The highly reactive species
deposit on the walls of the chamber, and the operating
components, as well as on the surface of the substrate. Such
deposits affect the operation of the system, may affect the
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plasma potentials within the system, and are a serious source
of particulates which may end up contaminating the depos-
ited film. Accordingly it is advantageous to provide a reactor
design capable of self cleaning.

OBJECTS AND SUMMARY OF THE
INVENTION

It is an object of this invention to provide a reactor for
processing semiconductor wafers and integrated circuits.

More particularly, it is an object of this invention to
provide an improved reactor for processing wafers by depos-
iting films or layers on the surface of such wafers by plasma
enhanced chemical vapor deposition (PECVD).

Another object of this invention is to provide a reactor
which is capable of operating over a wide pressure range.

Another object of this invention is to provide a reactor
capable of depositing desired films and simultaneously
etching such films.

Yet another object of the invention is to provide a reactor
capable of self-cleaning.

A related object of this invention is to provide a reactor
which improves the quality of films deposited on wafers.

These and other objects are achieved by the reactor herein
disclosed generally comprising a plasma chamber commu-
nicating with a process chamber. The plasma chamber
includes a first gas injection manifold for receiving at least
a first gas; and a source of electromagnetic energy which
excites the gas to form a plasma. The process chamber
includes a wafer support for supporting a wafer to be
processed, and a second gas manifold which encircles the
wafer support and directs reactive gases toward the wafer
support. The plasma generated in the plasma chamber
extends into the process chamber and interacts with the
reactive gases to deposit a layer of material on the wafer. A
vacuum system communicates with the process chamber for
exhausting the reactor.

The invention also includes a method of operating a
reactor having a plasma chamber and a process chamber
with a wafer support disposed within the process chamber.
which includes the steps of: generating a plasma within the
plasma chamber, introducing at least one gaseous chemical
into the process chamber proximate to the wafer support and
applying r.f. gradient to induce diffusion of the plasma to the
area proximate the wafer support, whereby the plasma and
the gaseous chemical interact proximate the wafer support to
form a layer of material on the surface of the wafer.

BRIEF DESCRIPTION OF THE DRAWINGS

Other objects and advantages of the invention become
apparent upon reading of the detailed description of the
invention and the appended claims provided below, and
upon reference to the drawings in which:

FIG. 1 is a partially broken away assembly view of the
reactor according to one embodiment of the invention.

FIG. 2 is an enlarged partially broken away cross-
sectional view of the plasma chamber and process chamber
of the reactor as shown in FIG. 1.

FIG. 3a illustrates a cross-sectional view of a first gas
injection manifold according to one embodiment of the
invention.

FIG. 3b is bottom plan view of the first gas injection
manifold.

FIG. 3¢ is an enlarged cross-sectional view of the holes in
the manifold of FIG. 3a.
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FIG. 4 represents a front plan view, partially broken away.
of one embodiment of a second gas injection manifold in
accordance with the invention.

FIG. 5a is a top plan view showing the substrate support
mounted in the reactor.

FIG. 5b depicts an alternate embodiment of the substrate
support, partially broken away. mounted in the reactor in
accordance with the invention.

FIG. 6 is a cross-sectional view of the reactor of the
invention and illustrates the flow of gases within the system
in response to the on-axis placement of the pump.

FIG. 7 is an enlarged side elevated view showing the
substrate support, partially broken away, mounted in the
reactor in accordance with the invention.

FIG. 8 is a simplified block diagram illustrating a PECVD
system with a plurality of reactors in accordance with an
alternative embodiment of the invention.

FIG. 9 illustrates sputter rate as a function of substrate
support bias power.

FIGS. 10a and 106 are cross-sectional views of surface
topography of semiconductor wafers processed in the reac-
tor of the invention.

FIG. 11 illustrates the deposition rate per silane flow as a
function of the applied r.f. bias.

DETAILED DESCRIPTION OF THE
INVENTION

A. Overview

Turning to the drawings, wherein like components are
designated by like reference numbers in the figures, FIGS. 1
and 2 represent one embodiment of the reactor in accordance
with this invention. FIG. 1 illustrates an assembly view of
the invention wherein reactor 10 generally comprises a
plasma assembly 11 and a process chamber 16. The plasma
assembly 11 which includes a plasma generating source 12,
the interior of such source 12 forms a plasma chamber 18,
and a first gas injection manifold 15 forms the top of the
chamber. The first manifold 15 conveys at least one gaseous
chemical to plasma chamber 18. The plasma assembly 11 is
operatively attached to process chamber 16. Process cham-
ber 16 generally includes a second gas injection manifold
17, which is mounted to process chamber 16, for receiving
at least a second gaseous chemical via gas delivery lines (not
shown). Preferably. the gas injection manifold 17 is mounted
near the top of chamber 16 with an outer peripheral surface
being mounted along the wall of process chamber 16, thus
forming a continuous ring. Further, positioned within cham-
ber 16 is a horizontal wafer support 20 (often referred to as
a “chuck”) for supporting a wafer 24. Preferably, wafer
support 20 is attached to chamber 16 by arm member 21
such that the wafer support 20 is suspended within the
process chamber 16. A wafer 24 is placed on the wafer
support 20 whereby the surface of the wafer 24 is facing
upwards. The wafer support 20 may be biased by applying
r.f. energy from generator 23 via matching network 22.

A vacuum system is provided for exhausting the reactor
10. A vacuum pump 26 is operatively coupled to the process
chamber 16, by port 25. Preferably, vacuum pump 26 is
substantially axially aligned with the process chamber 16
(referred to as an “on-axis pump”) which provides improved
flow control of the gases and plasma within the reactor 10.
As discussed in detail below, the suspended wafer support
20 and the on-axis pumping form a unique gas distribution
system which is designed to provide symmetrical flow of
gases within the reactor 10, and particularly to promote
uniform deposition and/or etching across the wafer 24.
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The inventive reactor is adapted for performing various
processing operations including deposition, film etchback.
reactor self-clean and simultaneous etch and deposition
steps. In an exemplary embodiment of the deposition
operation, silane and a mixture of oxygen and argon are
conveyed into the process chamber 16 via second gas
injection manifold 17. During the deposition operation, the
first gas injection manifold may be inoperative. and in this
configuration, oxygen and argon molecules migrate into the
plasma chamber 18 from the process chamber 16 where they
are originally injected. and are ionized in plasma chamber
18. Alternatively, the first gas injection manifold 15 may be
operative whereby argon and oxygen are conveyed into the
plasma chamber via first gas manifold 15. Furthermore in
yet another embodiment, oxygen and argon are conveyed
through both the first gas injection manifold 15 and the
second gas injection manifold 17.

During a reactor self-clean operation. a chemical such as
CF,. C,;F, or NH, is injected into the plasma chamber via
first gas injection manifold 15, whereby the gases are
ionized and then flow through the reactor 10 to remove
unwanted deposits on the surfaces of the chambers 16 and 18
and associated components. Alternatively, the cleaning
chemicals may be injected into the reactor via second gas
injection manifold 17, or conveyed by both the first gas
injection manifold 15 and the second gas injection manifold
17. Moreover, the reactor is adapted for application of an r.f.
and dc bias induced at the wafer support for inducing a film
etch-back operation and for simultaneous etch/deposit
operation. The reactor and methods are described in further
detail below.

B. Plasma Chamber

The plasma assembly 11 can be appreciated in further
detail with reference to FIG. 2. Plasma assembly 11 includes
a source of electromagnetic energy 12, commonly referred
to as a “plasma source” for generating a plasma within the
plasma chamber 18. Preferably the plasma source 12 is of
the type classified in the art as inductively coupled plasma
(ICP). In the preferred embodiment as shown in FIG. 2, the
plasma source 12 is cylindrical and includes a helical coil 13
made of metal and a slotted electrostatic shield 19 made of
a nonmagnetic material, said shield 19 being generally
disposed within the coil 13. The coil 13 and shield 19 are
housed within an enclosure having an inner 27 and outer 28
wall. Preferably, the inner wall 27 is made of a low loss
insulating material, such as quartz or ceramic, and the outer
wall may be comprised of a metal. Plasma is generated in the
plasma chamber 18 formed within the plasma source 12.
This preferred embodiment of plasma source 12 is more
fully described in U.S. Pat. No. 5,234,529 which is incor-
porated herein by reference.

A plurality of longitudinally extending and circumferen-
tially spaced slits 33 are formed in the shield 19. The shield
19 is used to decouple capacitive electric fields.

The shield 19 reduces the capacitive coupling between the
coil 13 and the plasma chamber 18 where the plasma is
generated. In one embodiment, the plasma source 12 and
shield 19 attempts to fully shield all capacitive components.
Preferably, the shield is grounded. Capacitively coupled
fields couple very efficiently with the plasma. and produce
large and generally uncontrollable r.f. plasma potentials.
Such a plasma is referred to as a “hot plasma.” The hot
plasma comprises very high plasma particulate energies,
particularly high electron temperatures (T,) The resulting
high plasma potential damages the reactor by the attack of
high energy particles at the chamber walls and other com-
ponents of the reactor. This reduces the life of the reactor and
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creates metal particulate contamination which often ends up
in the deposited film, thereby destroying the wafer.
Moreover, the high plasma potential may adversely affect
the wafer being processed. By employing the shield 19, the
capacitive coupling is reduced to a desired amount, and by
varying the slot openings 33 in the shield 19, the amount of
capacitive coupling can be varied depending upon the appli-
cation. For example. during a clean operation where the
reactor 10 is cleaned to remove unwanted deposition of
material on the surfaces of the reactor 10, greater capacitive
coupling may be employed thereby creating a higher energy
plasma to promote rapid cleaning.

To generate the plasma, according to one embodiment of
the invention. at least one gas is delivered to the plasma
chamber 18 by first gas injection manifold 15.

The r.f. energy 14 is directed into plasma source 12
through coils 13 arranged around plasma chamber 18 which
excites the gases in the plasma chamber 18 into a plasma
state. In a plasma state a large percentage of the gaseous
molecules introduced are dissociated to form reactive
species. including ionized atoms. Preferably, an ion density
of greater than 10! jons/cm’ is achieved, and is referred to
as a high density plasma (HDP). It is preferred that the
frequency of the r.f. energy be 13.56 MHz, a commercial
standard frequency. Generator 14 typically operates at a
standard 50 ohm impedance, and matching network 14q,
well known in the art, allows efficient coupling of the r.f.
energy into the plasma source 12. Alternatively, gas is
conveyed into the process chamber 16 via second gas
injection manifold 17, whereby the gas migrated into the
plasma chamber 18 and is excited into a plasma state as
described directly above.

Referring again to FIG. 2. the first gas manifold 1S is
illustrated as assembled on the plasma assembly. Further
detail is appreciated with reference to FIG. 3a, which depicts
a cross-sectional view of said manifold 15. In this
embodiment, first gas manifold 15 is substantially circular
and is attached to the inner periphery surface of the plasma
source assembly 12. The manifold 15 includes a plurality of
gas inlet passages 32a and 32b formed in the manifold base
30. For delivery of gaseous chemicals to the manifold 15,
gas delivery lines (not shown) are connected to each of the
gas inlet passages vias gas feed connectors 31a and 31b. In
this embodiment two gas inlet passages are shown, however
additional gas inlet passages, or only one gas inlet passage
may be used.

The gas inlet passages 32a and 325 individually lead to
concentric circumferentially extending plenums 34a and
345. The plenums extend through the manifold base 30 and
are enclosed by plate 37 mounted to manifold base 30.
Disposed within each plenum 34a and 34b is a plurality of
holes 36, drilled in the cover plate 37 and extending the
circumference of each plenum. In one embodiment, the
plurality of holes 36 are generally disposed at the bottom of
each plenum 34a and 34b and extend vertically through the
cover plate 37. Alternatively, the holes 36 may be drilled at
an angle through said cover plate 37. The configuration of
the holes 36 are selected to provide optimum gas injection
to plasma chamber 18 and the number, size, shape and
spacing of the holes may vary. Moreover, concentric hole
arrays may be drilled in cover plate 37 and extending the
circumference of each plenum.

FIG. 3b illustrates a bottom plan view of first gas injection
manifold 15. As shown in the present embodiment, the holes
36 generally form concentric circles in the bottom of first gas
injection manifold 15. Preferably, the plurality of holes
associated with the inner plenum 34b comprises five, and the
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plurality of holes associated with the outer plenum 34a
comprises ten. FIG. 3¢ is an enlarged view showing the
preferred shape of hole 36.

Thus, in the present embodiment, gas delivery lines
convey gaseous chemicals to the manifold 15 via two gas
feed connectors 31a and 31%. Each gas is discretely con-
veyed through the manifold 15 by passages 32a and 325, to
circular plenums 34a and 34b, whereby the gases exit the
manifold 15 through a plurality of holes 36 associated with
each plenum, into the plasma chamber 18.

The first gas manifold 15 employs a cooling system for
cooling the manifold 15 during operation of the reactor 10.
A cooling medium such as water is circulated through the
manifold 15 to provide substantially uniform cooling. Main-
taining uniform temperature during operation is important,
as the reaction taking place at the surface of the wafer 24 is
temperature dependent. Moreover, failure to maintain con-
stant temperature may lead to flaking of deposits on the
chamber walls and associated components, thereby creating
particulates in the system.

In the present embodiment, the cooling medium is deliv-
ered through cooling feed connector 38 to a plurality of
channels 42. The channels 42 extend through the manifold
and are enclosed by a cover plate 43 mounted to the
manifold base 30. The channels 42 extend across the mani-
fold base 30 as shown in FIG. 3b. In modifications to the
invention. the cooling system may be configured differently.

A sight glass 39 is suitably disposed in the center of the
gas injection manifold 15 for providing an optical interface
to view the plasma discharge. Preferably. the sight glass is
circular and is made of sapphire, which resists attack from
the plasma and chemicals. Furthermore, sight glass 39
allows line-of-sight access to the wafer plane to allow
remote diagnostics to be employed such as a laser interfer-
ometer (visible) to observe film growth, and a laser inter-
ferometer (IR) to observe wafer temperature.

Preferably. the manifold 15 has a substantially smooth,
planar surface for minimizing the depositing of particulate
thereon. In this embodiment the manifold 15 is made from
aluminum and has a near polished surface finish.

C. Process Chamber

In order to process semiconductor wafers and other ICs,
the reactor 10 includes a process chamber 16 which is
attached to and communicates with plasma assembly 11.
Referring again to FIGS. 1 and 2, the internal structure of the
process chamber 16 is illustrated in further detail.
Preferably, the process chamber 16 is cylindrical and is
made of a material such as aluminum. The process chamber
16 preferably includes means for a circulating a cooling
medium, such as water. such means formed within the
process chamber 16 walls. or alternatively disposed on the
outside of process chamber 16, in order to maintain the
process chamber 16 at a constant temperature. A second gas
injection manifold 17 is disposed within the process cham-
ber 16 and generally extends along the surface of the
chamber, forming a ring. Also positioned within the process
chamber 16 is wafer support 20 which supports a wafer 24
to be processed. Preferably the wafer support 20 is substan-
tially aligned with the axis of the process chamber 16, and
thus, second gas manifold 17 encircles the wafer support 20.
A valve (not shown), such as a gate valve, is disposed in a
side wall of the process chamber 16 to allow access to the
interior of the chamber 16 for transporting the wafer 24 to
and from the wafer support 20. Positioned beneath the wafer
support 20 and substantially axially aligned with the axis of
the process chamber 16 is a pump 26 and isolation valve 25,

The second gas injection manifold 17 is shown more
particularly in FIG. 4. Second gas injection manifold 17 is
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described in further detail in co-pending application, Ser.
No. 08/499.861. Flehr, Hohbach, Test et al., Docket No.
A-62196, which is incorporated by reference herein.
Generally, the manifold 17 includes a plenum body 40
mountable to the process chamber 16, a replaceable nozzle
structure 70 removably mounted to the plenum body 40 and
at least one plenum formed for receiving a gaseous chemi-
cal. The plenum body is formed with at least one conduit
which is coupled to the plenum for conveying the gaseous
chemical to the plenum. The nozzle structure 70 has a
plurality of nozzles 44a and 44b coupled to the plenum and
configured for injecting the gaseous substance from the
plenum to the chamber. In the present embodiment, the first
gas manifold 17 has an annular configuration with an outer
peripheral surface being mounted to the process chamber 16
wall; however, other configurations are within the scope of
the invention.

As shown in FIG. 4. the preferred embodiment of the
manifold 17, the plenum body 40 has two parallel, circum-
ferentially extending channels 46 and 48 formed in the
plenum body 40. The channels 46 and 48 partially define a
pair of plenums for discretely receiving the gaseous chemi-
cals employed in the processing of the wafer. Channels 46
and 48 are each connected to a gas source 50 and 52 (not
shown) through conduits 54 and 56 via supply lines 58 and
60 (not shown). Supply lines 58 and 60 extend vertically to
intersect the conduits 54 and 56, and is referred to as
“bottom feed” of the gases. In an alternative embodiment,
the supply lines 58 and 60 may be configured to extend
horizontally through the process chamber 16 wall, as a “side
feed.”

Preferably, a baffle 62 formed with a plurality of openings
(not shown) is mounted in each channel 46 and 48 as is
known in the art. Baffles 62 interrupt the flow of gas from
the conduits 54 and 56 to the nozzles 44a and 44 adjacent
the nozzles to diffuse the gas and more uniformly distribute
the flow of the gas around the circumference of the plenum
body 40. The configuration of the baffles 62 is selected to
provide optimum distribution of the gases and is subject to
considerable variation. Moreover. the baffles 62 may be
omitted if desired.

The nozzle structure 70 is removably mounted to the
plenum body 40, covering the channels 46 and 48 enclosing
the plenums. The nozzle structure 70 includes a plurality of
first nozzles 44a substantially aligned with the channel 46
and a plurality of second nozzles 44b aligned with the
channel 48 for injecting the gaseous substances retained in
the plenums into the process chamber 16. The size, shape,
spacing, angle and orientation of the nozzles may vary
considerably. The nozzles 44a and 44b are preferably con-
figured to provide the layers formed on the surface of wafer
24 with a substantially fiat profile. Plenum body 40 and
nozzle structure 70 include mating surfaces 80 and 81 which
are formed to maximize the surface contact between the
plenum body 40 and the nozzle structure 70 to couple the
nozzle structure to ground.

During operation of the reactor 10, and particularly during
PECVD processing of the wafer 24, the nozzle structure 70
is exposed to the plasma. The gas injection manifold 17 is
preferably grounded unless the nozzle structure 79 is formed
of a dielectric material.

Manifold 17 is of particular advantage in high density
plasma enhanced CVD processing because of the effects on
the gas flow of factors such as the high density of the plasma,
the low pressure of the reactor 10 of less than 34 mTorr, as
compared to more than 100 mTorr for conventional plasma
enhanced systems, and the relatively high electron tempera-
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ture T,. Because of the lower chamber pressure. the mean
free path is large and causes quick dispersion of the gaseous
chemical away from the injection point (i.e. the outlet of
second gas injection manifold 17), thus the close proximity
of the manifold 17 to the surface of the wafer 24 allows the
efficient use of chemicals and promotes a uniform gas
distribution across the wafer plane.

As mentioned above, for securing the wafer 24 during
processing, a wafer support 20 is provided in process
chamber 16. The wafer support 20 is generally described
below; however, further detail is provided in co-pending
application, Ser. No. 08/500.480, Flehr, Hohbach, Test et al.,
Docket No. A-62195 which is incorporated by reference
herein. Referring to FIGS. 2. 5b and 7, the wafer support 20
generally includes a support body S0 having a support
surface 52 for retaining a wafer 24, a voltage source 74
coupled to the support body for electrostatically coupling the
wafer to the support surface. and a cooling system 78 for
cooling the wafer. The cooling system includes a plurality of
gas distribution grooves (not shown) formed in the support
surface 52 for uniformly distributing a gaseous substance
between the wafer 24 and the support surface 52. The
cooling system includes a restriction mechanism (not
shown) in the conduit between the gas source and the gas
distribution grooves to substantially prevent catastrophic
separation of the wafer 24 from the support surface 52 in the
event a portion of the wafer becomes separated from the
support surface 52. At least one arm member 21 extending
from the support body 50 is mountable to the process
chamber 16 with the support body 50 and the arm member
21 being separated from the bottom of the process chamber
16. Referring to FIG. 7, in the present embodiment the arm
member 21 is mounted to a carriage assembly 86 and 88,
which in turn is releasably secured by plate 29 to the process
chamber 16.

The wafer 24 is lowered onto and raised from the support
surface 52 by a lifting assembly (not shown). The lifting
assembly includes a plurality of lifting pins 84 which extend
through apertures formed in the support surface 52 and an
electrode assembly (not shown). The lifting pins 84 are
movably between an extended position whereby the pins
retain the wafer 24 above the support surface 52, and a
retracted position.

The wafer support 20 employs a cooling system for
cooling the wafer during processing. A gaseous substance
such as helium, argon, oxygen, hydrogen and the like, is
distributed between the support surface 52 and the wafer 24
to provide substantially uniform cooling across the entire
wafer 24. Maintaining the entire wafer at a uniform tem-
perature during processing significantly improves the uni-
formity of the layers formed on the wafer surface.

In the present embodiment, the wafer support 20 is
particularly adapted for use with PECVD processing. The
electrode assembly (not shown) includes means for applying
an rf. bias to the support body 50. Electrode assembly
includes a pair of electrical connectors (not shown) which
couple inner and outer electrodes and, respectively, to an r.f.
source 23 and a matching network 22. Applying an r.f. bias
to the support surface 52 increases the floating potential of
the plasma in the localized area of the support surface 52.
The self-bias induced by applying the r.f. bias to the support
surface 52 accelerates ions diffusing into the plasma sheath
in the region of the wafer support 20 and towards the wafer
24. This enhances sputter etching which is desirable in the
formation of void-free layers of material on the surface of
the wafer 24.

The frequency of the r.f. bias applied to the wafer support
20 is within the range of 1-60 MHz. Preferably, the r.f.
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frequency of the plasma source 12 is different from that of
the wafer support 20 to minimize frequency beating.
Preferably, the frequency of r.f. applied to the wafer support
20 is approximately 3.39 MHz, and the plasma source 12
operates at approximately 13.56 MHz.

During processing, the wafer 24 is positioned on the
support surface 52, and particularly placed on lifter pins 54,
by a transport device known in the art (not shown). DC
voltage is applied to the at least one electrode of the wafer
support 20, to electrostatically attract and securely retain the
wafer to the support surface 52. After processing the wafer
24, the electrode is substantially grounded in order to
sufficiently deactivate the electrostatic charge for release of
the wafer 24 from the support surface 52. Preferably, the
support body 50 includes two clectrodes whereby positive
voltage is applied to one electrode. and negative voltage is
applied to the other electrode. After the wafer 24 is removed
from the process chamber 16, preferably the polarity of the
electrodes is reversed for the next wafer.

The unique mounting of the wafer support 20 in the
process chamber 16 is of particular advantage in processing
the wafer 24 substantially due to the promotion of sym-
metrical gas flow. Referring again to FIG. 2, at least one arm
member 21 mounts the wafer support 20 to the process
chamber 16 such that the wafer support 20 is suspended with
the process chamber 16. Suspending the wafer support 20
such that it is removed from the bottom of the process
chamber 16, unlike prior art systems, offers improved flow
control during processing and increased flexibility in the
design of the overall reactor 10. In the preferred
embodiment, the vacuum system pump 26 is substantially
axially aligned with the process chamber 16, minimizing the
footprint of the reactor 10 and improving the effectiveness of
the pump during operation.

Turning to FIGS. 5a and 55, two embodiments of the
wafer support 20 mounted in the process chamber 16 are
shown. Preferably, two arm members 21a and 215 extending
toward one wall of the process chamber 16 are employed as
depicted in FIG. 5b; however, it is to be understood that the
number of arm members 21, and their position where
attached to the process chamber 16, may vary.

Arm members 21a and 215 are each formed with a
longitudinally extending bore 60 as illustrated in FIG. Sb.
The bore of one arm member 21a provides a conduit from
the support body 50 for the electrical connectors 62 and 64
which couple the electrodes of the wafer support 20 to the
voltage source 74. Further. electrical connectors 66 and 68
couple the r.f. source 23 to the electrodes. The gas source 76
and the fluid source 78 for the electrodes assembly are
connected to the support body 50 through conduits 72 and
73, respectively, which extend through the bore 60 of arm
member 21b. Alternatively. FIG. 5a illustrates the use of one
arm member 21 mounted to process chamber wall 16
whereby the fluid source 78. gas source 76, dc and r.f.
sources 74 and 23 and their respective connections extend
through the bore of arm member 21 to the wafer support 20.

Operatively attached to the process chamber 16 is a
vacuum system for exhausting the reactor 10. Referring
again to FIG. 1, the vacuum system includes an opening 27,
a pump 26 and preferably a vacuum isolation valve 2§
positioned beneath wafer support 20 and the bottom of the
process chamber 16. Preferably, the pump 26 and valve 25
are mounted substantially axially aligned with the process
chamber 16. Such inventive “on-axis” pumping is of par-
ticular advantage, and promotes symmetrical flow of gases
within the reactor 10. Pump 26 and valve 25 preferably are
a turbo pump and a gate valve, respectively, as known in the
art.
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A particular advantage of the invention is the symmetrical
flow of the gases within the reactor provided by the inven-
tive design, and the corresponding reduction of interference
with the symmetry of the pump flow in the region proximate
the wafer 24. Referring to FIG. 6, the symmetrical flow
within the reactor 10 is represented by flow lines.

According to the inventive reactor described herein, the
placement of the side mounted substrate support 20 and the
on-axis pumping form a unique gas distribution system that
is designed to provide symmetrical flow of gases within the
reactor 10, and particularly to promote uniform deposition
and/or etching across the wafer 24.

FIG. 8 depicts an alternative embodiment of the
invention, wherein a plurality of reactors 10e—d are con-
nected by a common transport module 75 known in the art.
for processing a plurality of wafers. Each reactor 104, 10b,
10¢ and 104 may perform a separate processing step, or the
same processing step may be performed in each reactor.

D. Operation of the Reactor

To promote extension of the plasma into the process
chamber 16, the inventive reactor induces a potential gra-
dient causing diffusion of the plasma. Plasma is generated
close to coil 13 and will diffuses out in any direction.
Referring again to FIG. 3aq, first gas injection manifold has
a surface 41 which acts to reference the plasma to a voltage
potential. To direct the plasma, first gas injection manifold
15 preferably is grounded which induces the plasma to
generate a slight positive charge at the surface 41 of the
manifold 15 (i.e. the plasma potential). Alternatively, first
gas injection manifold 15 may be held at some potential,
instead of ground. Thus, the plasma is referenced to a
particular potential in the localized area of the surface 41.
The plasma extends into the plasma chamber 16, and ambi-
polar diffusion of the plasma will replenish any loss of
charged particles in the process chamber 16, providing for a
steady supply of charged particles in the region where
chemistry is taking place. i.e. at the wafer support 20.
Moreover, the plasma generated is a “cold plasma,” i.e. the
plasma potential is low. Thus the potential at the walls is
very low, so the plasma is less likely to erode the walls of
the chamber which minimizes metal contamination. Plasma
is cold substantially due to the electrostatic shield 19 which
forces the primary ionization mechanism to be inductive.

Upon application of r.f. bias, a self bias is induced at the
wafer support 20 and wafer 24. Control of the self bias may
be effected by considering the ratio of the area of the bias r.f.
current return path and the area of the wafer. In one
embodiment during the deposition operation, the self bias
accelerates ions from the plasma sheath in the reactor to the
surface of the wafer 24. The ions sputter etch the layer of
material as it is deposited thereby enhancing deposition of a
void-free. dense good quality film. The r.f. bias applied to
the wafer support may range from 75 to 400 volts, and
preferably is approximately 300 volts for an r.f. bias power
of 1700 Watts.

1t is desirable to choose the bias frequency such that it
minimizes interference with the frequency of the plasma
source 12 (i.e. intermodulation), and yet is sufficiently high
in frequency as to allow for the induction of the dc self bias
at the wafer. and to achieve such bias without excessive
power requirements. Generally, lower frequencies generate
larger induced voltages at the cost of ripple on top of the
induced voltage. The sputter etch rate at the wafer 24 surface
is proportional to the induced bias. An acceptable compro-
mise if found at frequencies greater than 2 MHz and less
than or equal to 13.56 MHz. The preferred embodiment
employs a r.f. bias frequency applied to the wafer support 20
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of 3.39 MHz; whose first harmonic coincides with a Federal
Communications Commission (FCC) 6.78 ISM frequency
(which stands for the Instruments, Scientific and Medical
frequency band). and is sufficiently different from the of
plasma source 12 frequency to prevent intermodulation
thereby minimizing control system instabilities.

The dependency of the sputter etch rate on the bias
frequency is illustrated in FIG. 9. A wafer 24 with a layer of
oxide is placed on the wafer support 20. The reactor 16
pressure is approximately 1.8 mTorr, and argon gas at
approximately 100 sccm is injected into the process chamber
16. Two different bias frequencies, 3.39 MHz and 13.56
MHz. are applied. and the sputter etch rate is plotted as a
function of bias power applied to the wafer support 20 for
the two frequencies.

Circulating r.f. energy fields are present in the reactor 10,
and are of a particular concern when proximate to the wafer
24 in the process chamber 16. One particular advantage of
the invention is the function of the second gas injection
manifold 17 as a r.f. current return path for the r.f. currents
generated by biasing the wafer support with r.f. energy. A
substantial amount of the circulating r.f. currents find a
return path through the manifold 17. Referring again to FIG.
4. the second gas injection manifold 17 is well grounded
through mating surfaces 80 and 81 which are preferably
plated with a suitable material such as nickel to enhance the
metal surface-to-surface contact between the plenum body
40 and the nozzle section 70. The interfacing surfaces of the
metal are designed to promote low impedance contact and
employs a special gasket material such as a spiral shield
known in the art. The manifold 17 is coupled to ground and
the mating surfaces 80 and 81 provide the return path for the
r.f. energy generated when an r.f. bias is applied to the wafer
support 20. The r.f. currents travel along surfaces, not
through the bulk of the metal; accordingly, the gasket
material is placed close to the metal interfaces. Moreover,
the placement of manifold 17 within the process chamber 16
is important; the manifold 17 is placed in close proximity to
the wafer support 20 as compared to the proximity of the
plasma source 12 and first gas injection manifold 15 to the
wafer support 20. The circulating r.f. currents generally
encounter the second gas injection manifold 17 and are
removed before encountering the other components. In the
event the r.f. currents were to return through the plasma
source 12, unlike in the present invention, the resonance in
the plasma source 12 could be adversely affected. Also, as
described above, the frequencies are sufficiently different to
prevent such occurrences.

The reactor 10 of the invention is particularly suitable for
providing stable, substantially repeatable operation by pro-
viding isolation of the r.f. currents and plasma potential of
the source 12 and first manifold 15, from the wafer support
20. Such isolation allows the plasma potential at the surface
41 of the first gas manifold 15 to be well defined and
maintained. Without a well defined plasma potential, the
systemn may differ from day to day depending upon the
amount of plasma contact with the surface 41 of the first gas
manifold 15, causing the system to drift and adversely effect
the repeatability of the deposition process. It is important to
note that the mechanical configuration of the second gas
manifold 17 may vary considerably while achieving the
same 1.f. return function as described above, and that all such
mechanical variations are within the scope of the invention.

As mentioned above a particular advantage of the inven-
tion is the symmetrical flow of the gases within the reactor
provided by the inventive design and the on-axis pump in
particular, which corresponds to a reduction of interference
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with the symmetry of the pump flow in the region proximate
the wafer 24. Referring again to FIG. 6, the symmetrical
flow within the reactor 1@ is represented by flow lines, and
shows desirable uniform radial flow at the wafer plane. At
low pressures the mean free path of the gas is relatively long,
providing fewer collisions between molecules. It is desirable
for the gas density to be highly uniform in the area proxi-
mate to the wafer. This is enhanced by the reactor by
providing equal effective pumping speed around the wafer
plane at the wafer support 20. Equal effective pumping
speed is accomplished by axially aligning the wafer and the
pump with the process chamber, so that the geometric
orientation (the spacing between the opening of the vacuum
system and the wafer support and the size of the opening)
promotes equal-distance flow around the wafer. Thus, the
flow of gas is symmetrical across the wafer which enhances
uniform processing of the wafer. Moreover, during the
reactor self-clean operation. gases are preferably injected
through first gas injection manifold 15 and having the pump
along the axis of symmetry enhances uniform gas flow, and
thus cleaning action. throughout the reactor 10.

The inventive reactor 10 design promotes deposition of
uniform films as illustrated by FIGS. 10a and 10b. A wafer
24 is provided having a substrate 83 with a plurality of
device features 85a—c formed thereon. The gap spacing
between device features 85a and 855 is 0.25 microns, and
the gap spacing between device features 854 and 85¢ is 0.30
microns. The aspect ratio is 2.5:1. An oxide layer 82 is
deposited on device features 85 and substrate 83 in the
reactor of this invention. As shown the reactor 10 and
method successfully deposit void-free layers filling the 0.25
and 0.30 micron gaps with excellent step coverage.

Referring to FIG. 11, the deposition rate as a function of
r.f. bias applied to the wafer support in the invention is
illustrated. The deposition rate is normalized and is repre-
sented as: the deposition rate per silane flow (in angstroms
per minute per sccm) which is then plotted as a function of
r.f. bias power (watts) applied to the wafer support.

The foregoing description of specific embodiments of the
invention have been presented for the purpose of illustration
and description. They are not intended to be exhaustive or to
limit the invention to the precise forms disclosed. and
obviously many modifications, embodiments, and variations
are possible in light of the above teaching. It is intended that
the scope of the invention be defined by the Claims
appended hereto and their equivalents.

What is claimed:

1. A plasma chemical processing reactor, comprising:

a plasma chamber;

a first gas injection manifold communicating with said

plasma chamber for receiving at least one first gas;

a source of electromagnetic energy for exciting said at
least one first gas to form a plasma;

a process chamber communicating with the plasma cham-
ber whereby the plasma extends into said process
chamber;

a wafer support for supporting a wafer in coupled rela-
tionship to said plasma, said wafer support being sus-
pended in said process chamber;

a continuous annular gas manifold, disposed in said
process chamber above said wafer support mounted
along the periphery of said process chamber for direct-
ing reactive gases towards said wafer support in such
proximity that the density of the reactive gases is
substantially uniform at the surface of said wafer,
whereby the reactive gases interact with the plasma to
process the surface of a wafer supported on said wafer
support; and
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a vacuum system, with an opening disposed directly
beneath said wafer support and positioned substantially
axially aligned with said process chamber to promote
substantially equal effective pumping speed at the
wafer, whereby to provide substantially axial flow of
the gases around the surface of the wafer and for
removing gases from the bottom of said process cham-
ber in a substantially symmetrical manner.

2. The reactor of claim 1 wherein said source of electro-

magnetic energy is an inductively coupled plasma source.

3. The reactor of claim 1 wherein said source of electro-
magnetic energy comprises a helical resonator and a capaci-
tive shield disposed within said helical resonator.

4. The reactor of claim 1 wherein said wafer support is
attached to at least one surface of said process chamber, such
that said wafer support is suspended within said process
chamber.

5. The reactor of claim 1 wherein said vacuum system
comprises a turbo pump.

6. The reactor of claim 5 wherein said vacuum system
further comprises a vacuum isolation valve disposed
between said process chamber and said pump for isolating
said process chamber from said pump.

7. The reactor of claim 1 wherein said second gas mani-
fold includes a plurality of spaced nozzles for distributing
gases proximate to said wafer.

8. The reactor of claim 1 wherein said wafer support
comprises a support body having a support surface for
retaining said wafer;

a voltage source coupled to said support body for elec-
trostatically coupling said wafer to said support sur-
face;

a cooling system having a plurality of gas distribution
grooves formed in said support surface and configured
for uniformly distributing a gaseous substance between
said wafer and said support surface;

at least one member having two ends, one of said ends
attached to said support body and the other said end
attached to a surface of said process chamber.

9. The reactor of claim 8 wherein said at least one member
is attached to a vertical surface of said process chamber such
that said support body is suspended within said process
chamber.

10. The reactor of claim 9 wherein said at least one
member is hollow and contains therein at least one conduit
for passing cooling medium to said support body, and at
least one conduit for coupling dc emergy to said wafer
support.

11. The reactor of claim 8 wherein said at least one
member is hollow and contains therein at least one conduit
for passing cooling medium to said support body, and at
least one conduit for coupling dc energy to said wafer
support.

12. The reactor of claim 11 wherein said at least one
member further comprises at least one conduit for coupling
cf. energy to said wafer support.

13. The reactor of claim 1 wherein said wafer support is
attached to a carriage assembly, and said carriage assembly
is attached to said process chamber, such that said wafer
support may be removed from said process chamber.

14. The reactor of claim 1 wherein said first gas manifold
comprises at least one plenum formed therein for receiving
at least one gaseous chemical; and

a plurality of holes communicating with each of said at
least one plenum and said holes disposed along said
plenum, for distributing said at least one gaseous
chemical to said plasma chamber.
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15. A plasma CVD system for depositing a void free layer

of material on the surface of a wafer, comprising:

a plasma chamber having a source of electromagnetic
energy, said source having a helical resonator and a
capacitive shield disposed within said helical resonator
for exciting a gas to form a plasma having an ion
density of equal to or greater than 10! jons/cm’;

a process chamber communicating with said plasma
chamber for receiving reactive gases and whereby the
plasma extends into said process chamber;

a support, in said processing chamber, for supporting a
wafer for interaction with the reactive gases and the
plasma extending into the process chamber to form a
layer of material on the surface of said wafer;

a continuous annular gas manifold disposed in said pro-
cess chamber above said support mounted along the
periphery of said process chamber for directing reactive
gases towards said support in such proximity that the
density of the reactive gases is substantially uniform at
the surface of said wafer. whereby the reactive gases
interact with the plasma to process the surface of said
wafer supported on said support: and

a vacuum system, with an opening disposed directly
beneath said support to promote substantially equal
effective pumping speed at the wafer, and for evacuat-
ing said process chamber,

wherein said layer fills gaps on said surface having a
width of less than approximately 0.5 microns and a
depth greater than or equal to two times the width
without the presence of voids.

16. The reactor of claim 15 wherein said support is
attached to at least one surface of said process chamber, such
that said support is suspended within said process chamber.

17. The reactor of claim 15 wherein said support com-
prises a support body having a support surface for retaining
said wafer;

a voltage source coupled to said support body for elec-
trostatically coupling said wafer to said support sur-
face;

a cooling system having a plurality of gas distributions
grooves formed in said support surface and configured
for uniformly distributing a gaseous substance between
said wafer and said support surface;

at least one member having two ends, one of said ends
attached to said support body and the other said end
attached to a surface of said process chamber.

18. The reactor of claim 17 wherein said at least one
member is hollow and contains therein at least one conduit
for passing cooling medium to said support body, and at
least one conduit for coupling dc energy to said support.

19. The reactor of claim 18 wherein said at least one
member further comprises at least one conduit for coupling
r.f. energy to said support.

20. A plasma CVD system, comprising:

a plasma chamber;

a first gas injection -manifold communicating with said

plasma chamber;

a source of electromagnetic energy;

a process chamber communicating with the plasma cham-
ber;

a wafer support for supporting a wafer, said wafer support
being substantially axially aligned with said process
chamber;

a continuous annular gas manifold for receiving a first gas
and a plurality of reactive gases wherein said first gas
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is excited by said source of electromagnetic energy to
form a plasma. said continuous annular gas manifold
being substantially axiaily aligned with said process
chamber above said wafer support mounted along the
periphery of said process chamber and where reactive
gases are directed towards said wafer support in such
proximity that the density of the reactive gases is
substantially uniform at the surface of said wafer,
whereby the reactive gases interact with the plasma and
deposit a material on the wafer; and

a vacuum system substantially axially aligned with said
process chamber with an opening disposed directly
beneath said wafer support to promote substantially
equal effective pumping speed at the wafer, and for
providing substantially axial flow of the gases around
the surface of the wafer and for removing gases from
said process chamber in a substantially symmetrical
manner.

21. The reactor of claim 20 wherein said wafer support is
attached to at least one surface of said process chamber. such
that said wafer support is suspended within said process
chamber.

22. The reactor of claim 20 wherein said first gas manifold
comprises a plurality of channels formed therein for dis-
cretely receiving at least one gaseous chemical;

and a plurality of holes communicating with each of said
channels, for discretely distributing said at least one
gaseous chemical to said plasma chamber.

23. The reactor of claim 20 wherein said vacuum system

comprises a turbo pump.

24. The reactor of claim 23, wherein said vacuum system
further comprises a vacuum isolation valve disposed
between said process chamber and said pump for isolating
said process chamber from said pump.

25. The reactor of claim 20 wherein said second gas
manifold includes a plurality of spaced nozzles for distrib-
uting gases proximate to said wafer.

26. The reactor of claim 20 wherein said wafer support
comprises a support body having a support surface for
retaining said wafer;

a voltage source coupled to said support body for elec-
trostatically coupling said wafer to said support sur-
face;

a cooling system having a plurality of gas distribution
grooves formed in said support surface and configured
for uniformly distributing a gaseous substance between
said wafer and said support surface;

at least one member having two ends, one of said ends
attached to said support body and the other said end
attached to a surface of said process chamber.

27. The reactor of claim 26 wherein said at least one
member is hollow and contains therein at least one conduit
for passing cooling medium to said support body, and at
least one conduit for coupling dc energy to said wafer
support.

28. The reactor of claim 27 wherein said at least one
member further comprises at least one conduit for coupling
r.f. energy to said wafer support.

29. The reactor of claim 20 wherein said wafer support is
attached to a carriage assembly, and said carriage assembly
is attached to said process chamber, such that said wafer
support may be removed from said process chamber.

30. A plasma chemical processing reactor, comprising:

a cylindrical plasma chamber;

a first gas injection manifold communicating with said
plasma chamber;
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a source of electromagnetic energy having a helical reso-
nator and a capacitive shield disposed within said
helical resonator, for exciting at least a first gas to form
a plasma having an ion density of equal to or greater
than 10" ions/cm?;

a cylindrical process chamber communicating with the
plasma chamber;

a wafer support for supporting a wafer in coupled rela-
tionship to said plasma. said wafer support being dis-
posed on axis within said process chamber and attached
to at least one vertical surface of said process chamber
such that said wafer support is suspended within said
process chamber;

a continuous annular gas manifold for receiving the at
least a first gas and a plurality of reactive gases,
disposed on axis within said process chamber, above
said wafer support and mounted along the periphery of
said process chamber for directing reactive gases
towards said wafer support in such proximity that the
gas density of the reactive gases is substantially uni-
form at the surface of said wafer, whereby the reactive
gases interact with the plasma to deposit a material on
the wafer; and

a vacuum system communicating with said process
chamber, with an opening disposed directly beneath
said wafer support to promote substantially equal effec-
tive pumping speed at the wafer. and being substan-
tially aligned on axis with said process chamber, for
providing substantially axial flow of the gases around
said wafer and for removing gases from said process
chamber in a substantially symmetrical manner.

31. The reactor of claim 30 wherein said vacuum system

comprises a turbo pump.

32. The reactor of claim 30 wherein said vacuum system
further comprises a vacnum isolation valve disposed
between said process chamber and said pump for isolating
said process chamber from said pump.

33. The reactor of claim 30 wherein said second gas
manifold includes a plurality of spaced nozzles for distrib-
uting gases proximate to said wafer.

34. The reactor of claim 30 wherein said wafer support
comprises a support body having a support surface for
retaining said wafer;

a voltage source coupled to said support body for elec-
trostatically coupling said wafer to said support sur-
face;

a cooling system having a plurality of gas distribution
grooves formed in said support surface and configured
for uniformly distributing a gaseous substance between
said wafer and said support surface;

at least one member having two ends, one of said ends
attached to said support body and the other said end
attached to a surface of said process chamber.

35. The reactor of claim 34 wherein said at least one
member is hollow and contains therein at least one conduit
for passing cooling medium to said support body, and at
least one conduit for coupling dc energy to said wafer
support.

36. The reactor of claim 35 wherein said at least one
member further comprises at least one conduit for coupling
r.f. energy to said wafer support.

37. The reactor of claim 34 wherein said at least one
member further comprises at least one conduit for coupling
r.f. energy to said wafer support.
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38. The reactor of claim 30 wherein said wafer support is
attached to a carriage assembly, and said carriage assembly
is attached to said process chamber, such that said wafer
support may be removed from said process chamber.

39. The reactor of claim 30 wherein said first gas manifold
comprises at least one plenum formed therein for discretely
receiving at least one gaseous chemical; and
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a plurality of holes communicating with each of said at
least one plenum and said holes disposed along said
plenum, for discretely distributing said at least one
gaseous chemical to said plasma chamber.



