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(54) Title: HIGH-PURITY LOW-RESISTIVITY ELECTROSTATIC CHUCKS

=~ (57) Abstract: The vol istivity of a body

001

of i nitride is reduced by exposing the bedy to a soak.

temperature of af least about 1000°C in an atmosphere deficient in nitrogen, such as an atmosphere consisting essentially of argon.
The body can be, for example, a green body of aluminum nitride powder of a densified, or sintered body, such as a polyerystalline
body. An electrostatic chuck has an electrode within a chuck body. A first portion of the chuck body, at a first side of the electrode,
has 2 volume resistivity less than about 1x16"? ohmcm at about 23°C. A second portion of the body, at a second side of the electrode,
has a volume resistivity within one order of magnitude fhat of the first portion.
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HIGH-PURITY LOW-RESISTIVITY ELECTROSTATIC CHUCKS

RELATED APPLICATION(S)
This application is a continuation of U. S. Application No. 09/458,278, filed
December 9, 1999. The entire teachings of the above application are incorporated

herein by reference.

BACKGROUND OF THE INVENTION

Electrostatic chucks, also known as susceptors, are employed to support

various substrates, such as wafers, during the manufacture of semiconductor devices.

Electrostatic chucks often are fabricated from ceramic materials. Among these,
aluminum nitride (AIN) ceramics have a number of attractive properties such as, for
example, good shock resistance, good thermal conductivity, good thermal expansion
match to silicon, and good erosion and corrosion resistance to plasma.

Both coulombic and Johnson-Rahbek types of chucks can be employed in
wafer manufacturing. To operate in the Johnson-Rahbek mode, the volume (or
dielectric) resistivity of the chuck typically is in a range from about 10° to about 10
ohm-cm at operating temperature and preferably in a range from about 10° to about
10" For instance, in a dry etch process, where the wafers are processed near room
temperature, the chuck generally should exhibit a resistivity of 1010 ohm-cm at
room temperature. For vapor deposition processes (PVD and CVD), the chuck
exhibits the 10*10" ohm'cm volume resistivity range at higher temperatures, for
example, from about 250°C to about 700°C.

The volume resistivities of aluminum nitride ceramics, however, generally
tend to be higher than those considered suitable for fabricating Johnson-Rahbek
electrostatic chucks. For example, at room temperature, the volume resistivity of an
aluminum nitride ceramic body, in the absence of dopants, generally is above about
10" ohmeem.

Methods employed to Jower the volume resistivity of dense aluminum nitride

bodies include adding smalt amounts of metals or carbon to the aluminum nitride

JP 2004-521052 A 2004.7.15
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material. In wafer manufacturing, however, impurities present in the chuck body
can contaminate the wafer and are generally undesirable.

Impurities can also be introduced into AIN ceramics in the form of sintering
aids used to promote densification during conventional (pressureless) sintering.
Examples of sintering aids include yitrium oxide (Y,0,), calcium fluoride (CaFy),
calcium oxide (Ca0) and caleium carbonate (CaCO,). Typical amounts employed
are generally in the range of 0.1 to 3 weight percent. One disadvantage associated
with the presence of sintering aids is the formation of metal-aluminate phases such
as, for example, yttrium aluminate. During wafer manufacturing, such phases can be
attacked by plasma and can generate undesirable contamination of the wafer.

One process for forming an electrostatic chuck employs a raw AIN material
having a metal content, other than aluminum, of less than about 100 ppm. The raw
material is sintered in an inert atmosphere, such as nitrogen. However, the extent to
which volume resistivity can be lowered by such methods generally has been
limited. '

One method of modifying the dielectric properties of an aluminum nitride
body employs conventional (pressureless) sintering and coeling under an argon
atmosphere. Since as much as a few percent by weight of ¥,0, is added as a
sintering aid, to achieve densification, the resulting material is not high in purity and
can exhibit undesirable yttrium aluminate phases. Furthermore, the room
temperature volume resistivity of electrostatic chucks fabricated by this method
generally are too high for Johnson-Rahbek applications.

Therefore, a need exists for a high purity aluminum nitride ceramic having a
volume resistivity suitable for the manufacture of Johnson-Rahbek type electrostatic

chucks.

SUMMARY OF THE INVENTION
1t has been found that a dense, high purity aluminum nitride ceramic material
having a room temperature volume resistivity lower than about 1 x 10" ohm-cm at a

temperature of about 23°C can be produced by heat treating a hot pressed ceramic

JP 2004-521052 A 2004.7.15
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body consisting essentially of aluminum nitride in an atmosphere deficient in
nitrogen.

The present invention is generally directed 1o a method of reducing the
volume resistivity of a body consisting essentially of aluminum nitride. The method
includes exposing the body to a soak temperature of at least about 1000°C in an
atmosphere deficient in nitrogen.

In another embodiment, the invention is a method for forming a
polycrystalline aluminum nitride body having a volume resistivity less than about
1x10"” ohm'em. In this embodiment, a green body consisting eésentially of
aluminum nitride is sintered to form a polycrystalline body, The polycrystaliine
body is exposed to a soak temperature of at least about 1000°C in an atmosphere
deficient in nitrogen for a period of time sufficient to cause the valume resistivity of
the polycrystalline body to be less than about 1x10™ ohmcm at a temperature of
about 23°C.

In still another embodiment, the invention is a method for reducing the
volume resistivity of an electrostatic chuck consisting essentially of aluminum
nitride. In this embodiment, at least a portion of the electrostatic chuck is exposed to
a soak temperature of at least about 1000°C in an atmosphere deficient in nitrogen.

The invention also is directed to an electrostatic chuck. The electrostatic
chuck includes an electrode having a first side and a second side, and a body having
a first portion at the first side of the electrode and a second portion at the second side
of the electrode. The first portion of the chuck body has a volume resistivity less
than about 1x10* ohm-em. The volume resistivity of the second portion is within
one order of magnitude that of the first portion.

The invention has numerous advantages. For example, the invention can
produce polyerystalline aluminum nitride bodies having a density higher than 98 %
of the theoretical density, a volume resistivity lower than 10 ohm-cm at room
temperature and which typically include no more than about 1000 ppm total metal
impurities and no more than about 500 ppm carbon, and preferably, less than 490

ppm carbon. The bodies can be produced in the absence of sintering aids and have
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properties which render it particularly attractive in the fabrication of electrostatic
chucks capable of operating in the Johnson-Rahbek mode. The electrostatic chucks
of the invention can be manufactured in a reproducible marnner and have a volume

resistivity which is highly uniform throughout the chuck body.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross sectional view of an electrostatic chuck of the invention.

Figure 2 is plot representation of the temperature dependence of resistivity of
sintered polycrystalline AIN materials prepared by conventional, pressureless
sintering.

Figure 3 is a plot representation of the temperature dependence of resistivity
of sintered polycrystalline samples prepared from powders A, B and C.

Figure 4 is a plot representation of the temperature dependence of resistivity
of sintered polycrystalline samples prepared from powder B.

Figure 5 is a plot of temperature dependence of resistivity of sintered

polycrystalline samples prepared from powder C.

DETAILED DESCRIPTION OF THE INVENTION

The features and other details of the invention, either as steps of the
invention or as combination of parts of the invention, will now be more particularly
described with reference to the accompanying drawings and pointed out in the
claims. It will be understood that the particular embodiments of the invention are
shown by way of illustration and not as limitations of the invention. The principle
features of this invention may be employed in various embodiments without
departing from the scope of the invention.

The present invention generally is directed to a method for reducing volume
resistivity of a body consisting essentially of aluminum nitride. In another
embodiment, the invention is directed to forming a polycrystalline aluminum nitride
body having a volume resistivity less than about 1x10" ohm-cm at a temperature of

about 23°C. In a further embodiment, the invention is directed to a method of

JP 2004-521052 A 2004.7.15
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reducing the volume resistivity of electrostatic chuck consisting essentially of
aluminum nitride. In still another embodiment, the invention is directed to an
electrostatic chuck, wherein a first portion of the body has a volume resistivity less
than about 1x10'* ochm-cm at a temperature of about 23°C, and wherein the volume
resistivity of a second portion is within one order of magnitude that of the first
portion.

The method includes exposing a body éonsisting essentially of aluminum
nitride to a temperature of at least about 1000°C in an atmosphere deficient in
nitrogen. Preferably, the body includes no more than 1000 pprr; metal impurities,
more preferably no more than 500 ppm and most preferably no more than 250 ppm
metal impurities. “Metal impurities,” as defined herein, means metals other than
aluminum and silicon.

In one embodiment, the body is a green body. As defined herein, a “‘green
body” means a compacted predensified body of a powder which, upon densification,
also known as sintering, will form a‘ceramic body. A suitable aluminum nitride
powder has a content of metal impurities lower than about 1000 ppm. In one
embodiment, the aluminum nitride powder has silicon and boron impurities lower
than about 500 ppm and 100 ppm, respectively.

Examples of suitable powders include those having an average particle size
in a range of between about 0.1 jim and about 5.0 pm. Preferably, the powder has a
medium particle size of at least about 1.4 pm. Also, preferably, the powder has a
specific surface area less than about 4.5 m?g. Commercial or technical grades of
powder can be employed. Examples of commercially available AIN powders
include, but are not limited to, Tokuyama Soda Grade F (TS-F) and Tokuyama Seda
Grade H (TS-H) powders, EIf Atochem Grade A4 powder, Starck Grade C powder
and others.

The powder can be formed into a green body by a suitable method, such as in
known in the art. An example of a suitable method of forming a green body is cold
pressing. Alternatively, the powder can be formed into a green body by tape casting.

Preferably, no binders or sintering aids are combined with the powder to form the

JP 2004-521052 A 2004.7.15
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green body.

Alternatively, the body consisting essentially of aluminum nitride can be a
sintered body. In a particularly preferred embodiment, the body consisting
essentially of aluminum nitride is polycrystalline. Preferably, the polycrystalline
body has a relative density greater than about 98% of its theoretical density.

As defined herein, an atmosphere “deficient in nitrogen” means an
atmosphere that includes a partial pressure of nitrogen less than that of about 35 kPa.
1t is believed that, by exposing powder or densified bodies consisting essentially of
aluminum nitride to temperatures above about 1000°C and an atmosphere deficient
in nitrogen, an increased number of nitrogen vacancies are created in the aluminum
nitride that significantly diminishes substitution of nitrogen by dissolved oxygen
impurity. A diminished presence of oxygen in the aluminum nitride, in turn,
significantly lowers volume resistivity.

Optionally the atmasphere can include at least one other suitable inert gas.

In one embodiment, the atmosphere is selected from the group consisting essentially
of argon, helium and mixtures thereof. In a preferred embodiment, the atmosphere
consists essentially of argon.

A “soak temperature,” as defined herein, means the temperature at which a
body is maintained in an atmosphere deficient in nitrogen and which is in excess of
1000°C. A soak temperature can be a temperature at which a body is being sintered
concurrently. Alternatively, the soak temperature can be a temperature lower than
that necessary to cause sintering of a green body.

In one embodiment, the body is exposed to a soak temperature of at least
about 1200°C. In a preferred embodiment, the body is exposed to a soak
temperature of at Jeast about 1500°C. In a particularly preferred embodiment, the
body is exposed to a soak temperature of at least about 1650°C.

The body is exposed to a soak temperature for a period of time sufficient to
cause the volume resistivity of the body to be reduced to less than about 10™
ohm-cm at a temperature of about 23°C. In one embodiment, the body is exposed to

a soak temperature for a period of at least about 0.5 hours, after the body bas reached

JP 2004-521052 A 2004.7.15



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

27)

WO 01/42163 PCT/US00/42555

20

25

30

-

thermal equilibrium. Preferably, the body is exposed to a soak temperature for a
period of at least about 4 hours.

The atmosphere deficient in nitrogen, in one embodiment, is at a pressure in
a range of between about | Pa and about 14 kPa. In another embodiment, the
atmosphere is at a pressure in a range of between about 7 kPa and about 14 kPa.

The body can be exposed to a soak temperature in an atmosphere deficient in
nitrogen according to the method of the invention at any time prior to, during or after
densification of a suitable green body. In a preferred embodiment, a green body is
exposed to a soak temperature in a range of between about IOOOF"C and 2000°C in
an atmosphere deficient in nitrogen for a peried of time, after the body has reached
thermal equilibrium, in a range of between about 0.5 and about 4 hours. Most
preferably, in this embodiment, the atmosphere consists essentially of argon and is at
a pressure in a range of between about 7 kPA and about 14 kPa.

In still another embodiment, the method of the invention includes exposing a
densified body to an atmosphere deficient in nitrogen while cooling the body ’
following densification. In this embodiment, the densified body preferably is cooled
at a rate of less than about 15°C per minute to a temperature in a range of between
about 1650°C and about 1000°C. Most preferably, the densified body is cooled to a
temperature of about 1650°C. Preferably, the densified, or polycrystalline, body is
then maintained at a soak temperature of about 1650°C for a period of at least about
4 hours. Preferably, the atmosphere is maintained at a pressure of about 7-14 kPa
during cooling of the densified body and during maintenance at the temperature of
1650°C. Optionally, the densified body then can be cooled at a rate of about 15°C
per minute to a temperature of about 1500°C. Preferably, the atmosphere is
maintained at a pressure of about 20 MPa and remains an atmosphere that deficient
in nitrogen. Thereafter, the densified body can be maintained at a soak temperature
of about 1500°C. In one embodiment, the densified body is maintained at a soak
temperature of 1500°C for a period of time, after the body has reached thermal
equilibrium, in a range of between about 0.5 and about 4 hours. Thereafter, the

densified body is cooled to an ambient temperature.
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In another embodiment, the densified body is cooled following densification
to a temperature of about 1500°C and maintained at that temperature for a period of
time, after the body has reached thermal equilibrium, in a range, for example, of
between about 0.5 and about 4 hours. Alternatively, the densified body is cooled
following densification to a temperature of about 1200°C and maintained at that
temperature for a period of time, after the body has reached thermal equilibrium, for
example, of between about 0.5 and about 4 hours. In both embodiments, a preferred
rate of cooling is about 15°C per minute. Also, in both embodiments, the
atmosphere preferably is maintained at about the same pressure employed during
densification.

In one embodiment, the body consisting essentially of aluminum nitride is
exposed to a temperature of at least about 1000°C in an atmosphere deficient in
nitrogen for a period of time sufficient to cause the volume resistivity of the body at
a temperature of about 23°C to be in a range of between about 1x10° ohmrem and
about 1x10" ohm-cm. Preferably, the- body is exposed to a temperature in excess of
1000°C in an atmosphere deficient in nitrogen for a period of time sufficient to
cause the volume resistivity of the body at a temperature of about 23°Ctobeina
range of between about 1x10° and about 5x10 ohm-em.

In one preferred embodiment, the invention is a method for forming a
polyerystalline aluminum nitride body having a velume resistivity of less than about

1x10" ohm-cm at a temperature of about 23°C. The method includes sintering a

green body consisting essentially of aluminum mitride to form a polycrystalline body.

In one embodiment, the green body includes aluminum nitride powder baving a
particle size in a range of between about 0.1 pm and about 5.0 pm. Preferably, the
aluminum nitride powder is selected from the group consisting of A and B, and
mixtures thereof. Most preferably, the aluminum nitride powder consists essentially
of B powder. The powder characteristics for these powders are given in Table 1. In
one embodiment, the green body is sintered in a nitrogen deficient atmosphere.
Preferably, the atmosphere consists essentially of argon. In one embodiment, the

green body is sintered at a pressure in a range of between about 10 MPa and about
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50 MPa. Preferably, the green body is sintered at a pressure of at least about 10
MPa. In one embodiment, the green body is sintered at a temperature of at least
about 1650°C for a period of time of at least about 4 hours. Preferably, the green
body is sintered until it has been densified to at least about 98% of the theoretical
density of the aluminum nitride powder.

Optionally, the powder employed to form the body exposed to a soak
temperature of at least about 1000°C in a nitrogen deficient atmosphere also can be
exposed to a soak temperature of at least about 1000°C in a nitrogen deficient
atmosphere, such as, for example, Ar. In one embodiment of the invention, the
powder is exposed to a soak temperature of about 1500°C for at a period of time of
at least 0.5 hours after the powder has reached equilibrium. In another embodiment
the powder is exposed to a soak temperature of at least about 1650°C for at a period
of time of at least 0.5 hours after the powder has reached equilibrium.

In one embodiment, the green body is sintered in an atmosphere deficient in
nitrogen for a period of time sufficient to cause the volume resistivity of the
resulting polycrystalline body to be less than about 1x10" ohm-cm at a temperature
of about 23°C. Optionally, or alternatively, the palycrystalline body is exposed
following densification to a temperature of at least about 1000°C in an atmosphere
deficient in nitrogen for a period of time sufficient to cause the volume resistivity of
the polycrystalline body to be less than about 1x10' ohmcm at a temperature of
about 23°C. In one embodiment, the polyerystalline body is cooled from a sintering
temperature to a temperature of at least about 1000°C. Preferably, the
polyerystalline body is cooled at a rate less than about 15°C per minute. The
conditions, including the temperature to which the polycrystalline body is cooled,
the period of time at which it is maintained at the lower temperature, the
composition of the nitrogen deficient aimosphere, and the pressure of the
atmosphere, can be any of those described above with regard to treatment of 2
densified aluminum nitride body.

In another embodiment, the volume resistivity of a body consisting

essentially of aluminum nitride can be reduced by heating a densified body, such as a

JP 2004-521052 A 2004.7.15



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(30)

WO 01/42163 PCT/US00/42555

10

15

20

25

-10-

polyerystalline body, to a soak temperature of at least about 1000°C in an
aimosphere deficient in nitrogen. The body can be maintained at soak temperatures,
pressures, atmospheres and periods of time as are described above with regard to
other embodiments of the invention.

In another embodiment, the invention is an electrostatic chuck, such as is
shown in Figure 1. Electrostatic chuck 10 of the invention includes electrode 12
having first side 14 and second side 16. Electrode 12 is formed of a suitable metal,
such as, for example, molybdenum, tungsten or combinations thereof. Electrode 12
can be a foil, plate, mesh, screen print or some other suitable shape, Optionally,
electrostatic chuck 10 can include additional metal elements. For example,
electrostatic chuck 10 can include additional electrodes and/or a heating element
(not shown).

Chuck body 18 consists essentially of aluminum nitride. Further, chuck body
18 has first portion 20 at first side 14 of electrode 10 and second portion 22 at
second side 16 of electrode 10. First portion 20 of body 18 has a volume resistivity
less than about 1x10' ohm-cm. The volume resistivity of second portion 22 is
within one order of magnitude that of first portion 20. For example, the volume
resistivity of second portion 22 will be no less than ten percent of, and no more than
ten times greater than that of first portion 20. Termination 24 extends from
electrode 12. Preferred electrostatic chucks and methods of fabricating them are
described in U.S. Patent Application No. 09/457,968, Electrostatic Chuck, Susceptor
and Methods for Fabrication, filed on December 9, 1999, incorporated herein by
reference in its entirety, and U. S. Provisional Patent Application No. 60/169,859,
Electrostatic Chuck with Flat Film Electrode, filed on December 9, 1999,
incorporated herein by reference in its entirety.

The electrostatic chuck of the invention can be fabricated from the materials
and by the method described above. In one embodiment, a first green portion in the
form of a compacted AIN powder is placed in a dye. A metal element or electrode is

placed onto the first green portion. A second portion of the AIN powder is
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compacted onto and overlaying the metal element or electrode and the resulting
preform is hot pressed and exposed to a soak temperature of at least about 1000°C in
an atmosphere deficient in nitrogen for a period of time sufficient to cause the
volume resistivity of the polycrystalline body to be less than about 1x10" ohm-cm at
a temperature of about 23°C (room temperature).

The electrostatic chuck of the invention can also be produced by starting with
a densified or sintered first portion of the chuck body. The dense portion can be
obtained by hot pressing a green AIN precursor, as deseribed above. The metal
element or electrode is placed onto one face of the dense first portion. Machining
may be employed to provide a flat surface suitable for depositing the electrode.
Machining can be employed also to smooth other surfaces. AIN powder is placed
and compacted onto and overlaying the electrode. The resulting preform is hot
pressed and exposed 1o a soak temperature of at least about 1000°C in an
atmosphere deficient in nitrogen for a period of time sufficient to cause the volume
resistivity of the polycrystalline bod§ to be less than about 1x10" chmem ata
temperature of about 23°C (room temperature).

During the operation of the chuck, voltage is applied to the metal element or
clectrode. In one arrangement, an electrical contact or terminatjon joins the
electrode to a power supply, typically through one or more connectors. Suitable
connectors include, but are not limited to, electrically conducting wire, tape, cable
and others.

In one embodiment of the invention, the electrical contact between the
electrode and a suitable connector can be formed while exposing the chuck to the
nitrogen deficient atmosphere, for example, during heat treating, as discussed above.

In one embodiment, the electrical contact is formed by brazing. A holeis
drilled in the chuck body to expase a portion of the electrode. A braze material is
deposited at the bottom of the hole, onto the exposed portion of the electrode and a
connector is contacted 1o the braze material and secured in place. The assembly is
heated at a soak temperature and nitrogen deficient atmosphere as discussed above,

thereby attaching the connector to the electrode. In a preferred embodiment, the
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electrode includes Mo, W or combinations thereof and the braze material includes a
first metal, such as, for example, Mo, W and combinations thereof and a second
metal such as Ni, Co or combinations thereof. Compositions for which the first and
second metals form true solutions, without forming second phases or intermetallic
species are preferred. A suitable composition is 99.8% Mo and 0.2% Ni. The
connector, or part thereof, preferably includes the first metal, for example, Mo.

The invention is further described through the following examples which are

provided for illustrative purposes and is not intended to be limiting.

EXEMPLIFICATION
Materials and Resistivity measurements

The properties of AIN powders A, B and C which were used in these
experiments are summarized in Table 1 below. The A and B powders are derived
from a carbothermal reduction process while C is believed to be manufactured by
direct nitriding.

Electrical resistivity (DC) of coupon samples was measured according to
ASTM D237-93 using an excitation time of 60 seconds and 500 Volts, which
represents an electric field of 500V/mm since the coupons were each 1 mm thick.
Resistivities were measured as a function of temperature for selected coupons up to
a maximum of 350°C. Results are shown in Tables 2 and 3 (room temperature) and

Figures 2 through S (resistivity versus temperature).
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Table 1: Properties of AIN Powders
Item Powder A Powder B Powder C
Surface Area, m¥/g 34 28 4.5
Median Particle Size, pm 1.4 1.6 1.0
5 | Impurities, ppm
Fe 5 9 10
Cu <2 <2 7
Ni <7 <6 0
Zn <1 <t 0
10 Cr <4 <3 2
Co <1 <1 02
Na <2 6 12
K 3 <5 0.9
Mg <0.1 <0.1 23 .
15 Ca 5 194 0
Ti 0.3 19 0.4
v <3 <4 ND
Zr <1 2 0.7
Si 48 151 ND
20 <4 <3 0
9600 8023 20600
C <100 <106 460
ND=Not Determined
Example 1
25 Pressureless (conventional) sintered AIN samples (50 mm x 50 mm x 1 mm)

were prepared using the AIN powder A with Y,0, as a sintering aid. The amounts

of Y,0, used ranged from about 2% to about 5% weight %. Coupons 25 mm x 25

mm x 1 mm thick were cut from these samples and subjected to the heat treatment
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cycles outlined in Table 2 below. In each case, the coupons were cleaned with
methanol, dried, and placed in an AIN crucible for heat treatment. Resistivity
measurements in the as-sintered as well as after heat treatment are shown in Table 2
and Figure 1.

As seen in Table | and Fig. 2, annealing in a nitrogen deficient atmosphere
such as argon (Ar) decreased the room temperature resistivity more effectively than
inN,. Cooling to 1200°C in a controlled manner did not result in a significant
difference than cooling to 1500°C. Finally, none of the comparative examples,
regardless of heat treatment cycle or atmosphere used, exhibited less than 10?

ohm-cm resistivity at room terperature.

Example 2

B, A, and C AIN raw powders were cold pressed in a stainless steel die into
puck preforms approximately 75 mm in diameter and 20 mm thick. No sintering
aids were used with these powders. ’I:hese puck preforms were loaded into a BN
coated graphite sleeve contained in a graphite hot pressing die. Preforms were
separated from each other with BN coated graphite spacers. Hot pressing was
conducted at 1850°C for 2 hours in N, at 20.6 MPa (3000 psi). The heating rate was
such that the soak temperature was reached in 4.5 hours. After the soak, the load
was taken off and the cooling rate was maintained at 1.4°C/min to 1500°C. At this
point, the power was turned off and the die assembly was allowed to free cool to
room temperature. Bulk densities of the hot pressed pucks were measured. Each of
the pucks approximated 3.26 gm/cc, or 100% of the theoretical density.
Subsequently, 25 mm x 25 mm x 1 mm thick coupons were cut from these pucks,
cleaned as above and subjected to heat treatment cycles outlined in Table 3 below.

Electrical resistivity measurements are shown in Table 3 and Figures 3 - 5.
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The as-hot pressed coupons exhibited room temperature electrical
resistivities of approximately 10 ohm.cm regardless of the type of high purity AIN
powder used (See Table 3). Subjecting them to a heat treatment cycle in the
presence of N, did not significantly change their resistivities. However, annealing in
Ar produced a dramatic decrease in resistivity for the A based AIN and especially for
the B based AIN coupons. For the B AIN, a drop of almost five orders of magnitude
was registered. This dramatic decrease in resistivity was both significant and

unexpected in light of the comparative examples.
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Example 3

Electrostatic chucks were fabricated as follows.

(i) A mold cavity, approximately 305 mm (12 in) in diameter, was formed by
assembling a graphite die, a graphite sleeve insert, a graphite spacer with a thin sheet
of grafoil on top, and a graphite piston. AIN raw powder A (no sintering aids) was
poured directly into the mold cavity. The powder was then compacted with an
aluminum plunger so as to present a flat upper surface. A perforated molybdenum
electrode foil, approximately 254 mm (10 in) in diameter and 0.125 mm thick (0.005
in), was placed on this surface at the center. Additional AIN pdwder was poured on
top of the electrode and the entire assembly was compacted with an aluminum
plunger. Another shest of grafoil was placed on top followed by a graphite spacer
and a piston. This assembly was subsequently hot pressed at 1850°C for 2 hours in
N, at 20.6 MP (3000 psi). The heating rate was such that the soak temperature was
reached in 6 hours (i.e., approximately 5°C/min). After the soak, the load was
gradually reduced and the cooling rate was maintained at 1.4°C/min to 1500°C. At
this paint, the power was tumed off and the die assembly was allowed to free cool to
room temperature in 2 N, ambient. The resujtant bulk density of the hot pressed
chuck was 3.333 gm/cc which reflects the fact that the chuck contains a denser Mo
embedded electrode. Microfocus X-ray did not reveal any defects or cracks in the
chuck body. The room temperature resistivity of the chuck (measured at 500 V) was
2.1x10" ohm-cm.

(if) The same method was repeated for the AIN B powder to produce a 300
mm Jolmson-Rahbek chuck.

(iii) Instead of using a Mo foil electrode, a Mo mesh electrode was used to
fabricate AlNelectrostatic chucks. For example, mesh electrodes had 30 wires per
inch with a wire diameter of 0.0085 inches or 50 wires per inch with a wire diameter
of 0.005 inches.

(iv) A two-step process was used to fabricate chucks. Instead of embedding
an electrode as in ( i), (ii) or (iii), only a dense AIN body was fabricated by hot

pressing as above as a first step. After both surfaces were machined flat, this body
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was placed in the above graphite die/sleeve assembly. A Mo electrode (either foil or
mesh form) was placed on the dense AIN surface. AIN raw powder was poured on
top of the electrode and compacted with an aluminum plunger. A grafoil sheet and a
graphite spacer and piston completed the assembly. This assembly was hot pressed
at the same conditions as in (i).

Chucks prepared as described by the metheds under (i) through (iv) were
subjected to resistivity adjustments as follows.

(A) In order to confirm the effect of the heat treatment on 300 mm parts, a
chuck blank with no embedded electrode was subjected fo an aﬁnealing cyele
consisting of 4 hours at 1700°C in argon. The resulting resistivity at an electric field
of 500 V/mm of the AIN chuck biank was 3.3x10” ohm-cm at room temperature.
Subsequently, a mesh electrode based chuck was annealed using the same cycle.
The resultant room temperature resistivity was 1.3x10"° chm-cm.

(B) The above resistivity adjustment was also incorporated into the hot
pressing cycle. To this end, a study was conducted where a 75 mm puck blank (;10
electrode embedded) was hot pressed in Ar instead of the usual ambient of N,. Not
only was the densification of AIN successful (i.e., better than 99.5% of theoretical
achieved) but the room temperature resistivity measurement showed that the
resistivity of the puck was also adjusted downward to 5.8x10' ohmem. This was
an unexpected result.

(C) Separately, 300 mm AIN chucks containing an embedded electrode were
fabricated by hot pressing at 1850°C for 3 hours at 20.6 MPa (3000 psi) in an Ar
atmosphere instead of the usual N, atmosphere. After the soak, the temperature was
Jecreased at 1.4°C/min to 1500°C at which point the power was turned off. The as-
hot-pressed resistivity decreased from about 1x10™ ohmrerm (typical of N, ambient
during hot pressing) to about 1x10"' to 1x10™ ochm-em. One of the chucks was heat
treated at 1700°C for 4 hours in Ar. Coupons were cut from the heat treated chuck
and an as-hot-pressed chuck for resistivity measurements. These coupons were
obtained from the above and below the electrode at two radial locations - from the

center and from about 25 mm from the edge. Room temperature resistivity values
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obtained at 500 V/mm are listed in Table 4.

Table 4
Chuck Condition Coupon Location Rt Resistivity,

ohm-cm

As Hot Pressed (Ar) Center / Above Electrode 2.7x10%
Center / Below Electrode 5.5x10"

Edge / Above Electrode 1.1x107

Edge / Below Electrode 2.7x102

After Heat Treatment | Center / Above Electrode 2.3x10"°
Center / Below Electrode 1.2x10"

Edge / Above Electrode 1.8x10"°

Edge / Below Electrode 2.8x10%

It can be seen from Table 4 that the resistivity of the as-hot-pressed coupons
are already in the 10" to 10" ohm-cm range and fairly uniform. After heat
treatment, the resistivity values are all in the desired range and extremely uniform
both above and below the embedded electrode, i.e., radially and through the
thickness. Considering that the die/sleeve/chuck assembly during hot pressing is
fairly tightly packed and that several chucks are processed simultaneously, it is
necessary to optimize the combined hot press/anneal cycle to adjust the resistivity to

the target levels in one step.

Example 4

An analysis of the AIN hot pressed material was conducted to ascertain
selected material properties. Purity information was determined via combustion
analysis and Inductively Coupled Plasma (ICP), and AIN grain size information was
obtained from polished and etched samples via quantitative image analysis and are

shown in Table 5.
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Table 5
Item AIN powder A AIN powder B
Density, % of Theoretical >99.3 >99.3
Mean AINGrain Size, pm 1.7 29
Electrical Resistivity at RT, 7.5x10% 2.8x10™
ohm-cm
After Heat Treatment 10'- 5x10" 10°- 10"
Impurities, ppm
Fe 13 10
Cu <3 <2
Ni <5 <6
Zn <1 <1
Cr <4 <4
Co <1 <1
Na 6 8
K <3 4
Mg <4 7
Ca 112 156
Ti <5 16
v 2 3
<1 1
Si 192 297
23 <6
12257 12215
C 138 <133
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Example 5

Electrostatic chuck samples were sintered but hot heat treated or exposed to a
nitrogen deficient atmosphere, essentially as described in Example 3. Two types of
electrodes were employed: a mesh-based and a screen print. A hole was formed
from the back (thicker side) of the electrostatic chuck assembly to expése the
embedded electrode. A powder having the nominal composition of 99.8 % Mo -
0.2% Ni was deposited at the bottom of the hole, in contact with the exposed portion
of the electrode. A Mo connector was inserted in the hole, in physical contact with
the powder and secured in place. The samples were heated to about 1700°C for 4
hours in Ar. The resulting samples were cooled and subjected to pull tests which
demonstrated that a strong clectrical contact between both types of electrodes was
formed. At the same time, the volume resistivity of the chuck body had decreased to
5%10° - 5x10'° ohm-cm.
Example 6

AIN powder B was placed in a crucible and exposed to an Ar atmosphere- at
about 1650°C, essentially as employed to lower the volume resistivity of a sintered
AIN body. The powder was cooled to room temperature, de-agglomerated if
necessay, and employed to form an electrostatic chuck, as described above. The hot
pressing step was conducted under Ar. The resulting chuck had a room temperature

resistivity value, measured at 500 V/mm, of about 2.2 x 10’

EQUIVALENTS

Those skilled in the art will recognize, or be able to ascertain using no more
than routine experimentation, many equivalents to the specific embodiments of the
invention described specifically herein. Such equivalents are intended to be

encompassed in the scope of the following claims.
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CLAIMS

‘What is claimed is:

1. A method for reducing volume resistivity of a body consisting essentially of

aluminum nitride, comprising exposing the body to a temperature of at least

about 1000°C in an atmosphere deficient in nitrogen.

2. The method of Claim 1, wherein said body is polycrystalline.

3. The method of Claim 2, wherein the partial pressure of nitrogen in said
atmosphere is less than about 35 kPa.

4. The method of Claim 3, wherein said atmosphere consists essentially of a gas
selected from the gro{lp consisting of argon, helium, and mixtures thereaf.

5. The method of Claim 4, wherein said atmasphere consists essentially of
argon.

6. The method of Claim 5, wherein the body is exposed to a temperature of at
least about 1200°C.

7. The method of Claim 6, wherein the body is exposed to a temperature of at
least about 1500°C.

8. The method of Claim 7, wherein the body is exposed to a temperature of at
least about 1650°C.

9. The method of Claim 4, wherein the body is exposed to said temperature for
a period of at least about 0.5 hours after the body has reached thermal

JP 2004-521052 A 2004.7.15
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equilibrium.

The method of Claim 9, wherein the body is exposed to said temperature for
a period of at least about four hours after the body has reached thermal

equilibrium.

The method of Claim 8, further including the steps of cooling the body at 2
rate of less than about 15°C per minute to a temperature of less than about
1200°C.

The method of Claim 11, wherein the body is cooled to a temperature of
about 1500°C.

The method of Claim 1, wherein the atmosphere is at a pressure of at Jeast
about
1 Pa.

The method of Claim 1, wherein the atmosphere is at a pressure of between

about 7 kPa and about 14 kPa.

The method of Claim 4, wherein the polycrystalline body is exposed to said
atmosphere at a temperature of at least about 1650°C for a period of at least
about four hours, and wherein the atmosphere is at a pressure of about 20

MPa.
The method of Claim 15, further including the step of cooling the
polycrystalline body to a temperature of about 1500°C at a rate of about 15°C

per minute.

The method of Claim 16, wherein the polycrystalline body has a relative
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density greater than about 98% of its theoretical density.
The method of Claim 1, wherein said body is a green body.
The method of Claim 18, wherein the green body includes aluminum nitride
particles having an average particle size in a range of between about 0.1pm

and about 5.0um.

The method of Claim 19, further including the step of sintering said green
body.

The method of Claim 20 wherein said green body is sintered at a temperature
of at least about 1600°C.

The method of Claim 21, wherein said green body is sintered in an

atmosphere deficient in nitrogen.

The method of Claim 22, wherein said atmosphere consists essentially of

argon.

The method of Claim 23, wherein sintering said green body causes said body

to become polycrystalline.

The method of Claim 24, further including the step of cooling said
polycrystalline body to about 25°C prior to exposing the body to a

temperature of at least about 1000°C in an atmosphere deficient in nitrogen.

The method of Claim 23, wherein the polycrystalline body is exposed to a

temperature of at least about 1600°C for a period of at least about four hours.
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The method of Claim 26, further including the step of cooling the
polycrystalline body to a temperature less than about 1500°C at a rate less

than about 15°C per minute.

The method of Claim 27, wherein the polycrystalline body has a relative
density greater than about 98% of its theoretical density.

The method of Claim 20, wherein the green body is sintered at a pressure ina
range of between about 10 MPa and about 50 MPa. )

The method of Claim 20, wherein the green body is sintered at a pressure of

at least about 10 MPa.

The method of Claim 30, wherein the green body is sintered at a pressure of
about 20 MPa. )

The method of Claim 1, wherein the body is exposed to said temperature in
excess of about 1000°C for a period of time sufficient to cause the volume
resistivity to be in a range of between about 1x10° ohm-em and about 1x10"

ohm-cm at a temperature of about 23°C.

The method of Claim [ wherein the body is formed form an AIN powder and
said powder is exposed to a temperature of at least about 1000°C in an

atmosphere deficient in nitrogen.

A method for forming a polycrystalline aluminum nitride body having a
volume resistivity less than about 1x10" ochmem at a temperatore of about
23°C, comprising the steps of:

a) sintering a green body consisting essentially of aluminum nitride to

form a polycrystalline body; and
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L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

WO 01/42163

20

35.

36.

37.

38.

39.

40.

41.

42.

(47)

PCT/US00/42555

27-

b) exposing said polycrystalline body to a soak temperature of at least
about 1000°C in an atmosphere deficient in nitrogen for a period of
time sufficient to cause the volume resistivity of the polycrystalline
body to be less than about 1x10" ohm:cm at a temperature of about
23°C.

The method of Claim 34 wherein the atmosphere deficient in nitrogen

consists essentially of argon.

The method of Claim 35, wherein the green body includes aluminum nitride
powder having an average particle size in a range of between about 0.1pm

and about 5.0um.’

The method of Claim 36, wherein the polycrystalline body is cooled from a

sintering temperature to at a rate less than about 15°C per minute.

The method of Claim 37, wherein the green body is sintered in a nitrogen-

deficient atmosphere.

The method of Claim 38, wherein the green body is sintered in an

atmosphere consisting essentially of argon.

The method of Claim 39, wherein the green body is sintered at a pressure in a
range of between about 10 MPa and about 50 MPa.

The method of Claim 39, wherein the green body is sintered at a pressure of

at [east about 10 Mpa.

The method of Claim 34 wherein the green body is formed from an AIN

powder exposed to a soak temperature of at least about 1000°C in an
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atmosphere deficient in nitrogen.

A method of reducing the volume resistivity of an electrostatic chuck
consisting essentially of aluminum nitride, comprising exposing at least a
portion of the electrostatic chuck to a temperature of at least about 1000°C in

an atmosphere deficient in nitrogen.

The method of Claim 43, wherein the atmosphere consists essentially of

argan.

The method of Claim 43, wherein the electrostatic chuck is exposed to said
temperature in excess of 1000°C for a petiod of time snfficient to cause the
volume resistivity of the chuck to be in a range of between about 1x10°

ohmrem and about 1x10" ohm-cm at a temperature of about 23°C.

An electrostatic chuck, comprising:

a) an electrode having a first side and a second side; and

b) a body consisting essentially of aluminum nitride, said body having a
first portion at the first side of said electrode and a second portion at
the second side of the electrode, said first portion of the body having
a volume resistivity less than about 1x10'* ohm-cm at about 23°C,
and wherein the volume resistivity of the second portion is within one

order of magnitude that of the first portion.
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