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(57) Abstract: A method for removing photoresist, an oxidation layer, or both
from a semiconductor substrate is disclosed. The method includes placing a
substrate in a processing chamber, the processing chamber separate from a
plasma chamber for generating a non-oxidizing plasma to be used in treating the
substrate; generating a first non-oxidizing plasma from a first reactant gas and a
first carrier gas in the plasma chamber, wherein the first non-oxidizing plasma
comprises from about 10% to about 40% of the first reactant gas, wherein the
first reactant gas has a flow rate of from about 100 standard cubic centimeters
per minute to about 15,000 standard cubic centimeters per minute, and wherein
the first carrier gas has a flow rate of from about 500 standard cubic centimeters
per minute to about 20,000 standard cubic centimeters per minute; and treating
the substrate by exposing the substrate to the first non- oxidizing plasma in the
processing chamber.
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METHOD FOR HIGH ASPECT RATIO PHOTORESIST REMOVAL IN PURE
REDUCING PLASMA

PRIORITY CLAIMS
[0001] This application claims the benefit of priority of U.S. Provisional Patent
Application No. 61/671,996, filed July 16, 2012, and U.S. Provisional Patent
Application No. 61/702,865, filed September 19, 2012, which are incorporated herein

by reference for all purposes.

FIELD
[0002] The present disclosure relates generally to the removal of photoresist and,
more particularly, to a process that can remove photoresist in high aspect ratio (HAR)

applications.

BACKGROUND
[0003] In the semiconductor industry, the patterns of conductors on circuit boards
and the transistors on microchips are printed or etched onto substrates or wafers using
a photoresist. For instance, many millions of micron-sized devices can be fabricated
simultaneously and reliably on silicon substrates via the application of a layer or
multiple layers of photoresist. A photoresist is a polymeric coating that can change
properties upon exposure to light and that can resist etching, ion implantation, metal
deposition, etc., to protect the substrate beneath where required. For example, in a
situation where a chemical treatment etches away some of the substrate, the photoresist
can protect the other regions of the substrate, after which an appropriate reagent such
as plasma is utilized to remove or strip the remaining photoresist.
[0004] However, as the device feature size of integrated circuits continues to be
scaled down, removal or stripping of the photoresist becomes more difficult,
particularly in high aspect ratio (HAR) applications where the ratio of the length of an
object to its width is greater than about 25, such as greater than about 50 (i.e., when the
ratio of the height of a cavity to the width of a cavity is greater than about 25, such as
greater than about 50), or in applications where the critical dimension (CD) of the
substrate becomes smaller. Further, photoresist removal with zero substrate loss while
simultaneously maintaining gate material integrity is critical with high dose implant

strip (HDIS) and descum processes.
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[0005] One solution as it pertains to conventional oxygen-based plasma stripping
is to increase power into the plasma. However, this results in oxidation damage, for
example, to the metallic liner coating the inside surfaces of HAR holes. Such
oxidation, in turn, results in increased sheet resistance and is prevalent when oxygen-
rich reducing chemistry is used in conjunction with high-k metal gates (HKMGs), thus
negating the electrical advantages seen with the use of HKMGs. Further, removal of
the oxidized layer results in severe CD change and loss of contact liner thickness,
which is already thin.

[0006] Meanwhile, the use of pure reducing chemistry is well established when
stripping photoresist in the presence of metallic surfaces, but it has intrinsically low
photoresist removal rates, even at high power, and typically, purely reducing plasmas
have an order of magnitude lower strip rate than oxygen-based plasmas of equal power
and gas feed density. Moreover, residual photoresist is often left at the bottom of the
HAR holes, even when the process time is extended many times beyond that required
to strip a monolithic photoresist film of equal thickness. The different behavior is
presumed to be due to the loss of reactive species to surface reactions along the
container walls of the HAR holes, thus preventing sufficient reactant density at the
surface of the holes.

[0007] Thus, a need exists for a method of removing photoresist in an
economically feasible manner that results in minimal to zero substrate loss and does
not result in the oxidation of the metallic lining in such holes. A need also exists for a
process for oxidized layer removal from conductive materials that does not result in

thickness loss.

SUMMARY
[0008] Aspects and advantages of the invention will be set forth in part in the
following description, or may be obvious from the description, or may be learned
through practice of the invention.
[0009] One exemplary aspect of the present disclosure is directed to a method for
removing photoresist, an oxidation layer, or both from a semiconductor substrate. The
method comprises placing a substrate in a processing chamber, the processing chamber
located downstream from a plasma chamber for generating a non-oxidizing plasma to
be used in treating the substrate; generating a first non-oxidizing plasma from a first

reactant gas and a first carrier gas in the plasma chamber, wherein the first non-
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oxidizing plasma comprises from about 10% to about 40% of the first reactant gas,
wherein the first reactant gas has a flow rate of from about 0.05 standard cubic
centimeters per minute per square centimeter of the substrate to about 12.5 standard
cubic centimeters per minute per square centimeter of the substrate, and wherein the
first carrier gas has a flow rate of from about 0.25 standard cubic centimeters per
minute per square centimeter of the substrate to about 15 standard cubic centimeters
per minute per square centimeter of the substrate; and treating the substrate by
exposing the substrate to the first non-oxidizing plasma in the processing chamber.
[0010] These and other features, aspects and advantages of the present invention
will become better understood with reference to the following description and
appended claims. The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate embodiments of the invention and,

together with the description, serve to explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011] A full and enabling disclosure, including the best mode, to one of ordinary
skill in the art, is set forth more particularly in the remainder of the specification,
including reference to the accompanying figures, in which:
[0012] FIG. 1 depicts a plasma reactor that can be used in the methods embodied
by the present disclosure;
[0013] FIG. 2 depicts a flow diagram of a method for removing photoresist as
embodied by the present disclosure;
[0014] FIG. 3 is a graph depicting the normalized silicon loss based on the
percentage of H, content in a plasma treatment and the aspect ratio;
[0015] FIG. 4 is a graph depicting the effect of the H; percentage in an H,/Argon
plasma blend on the photoresist removal rate;
[0016] FIG. 5 is a graph depicting the effect of a NH3 only plasma treatment on the
sheet resistance (Rs) of titanium nitride (TiN) oxidized surface over time;
[0017] FIG. 6(a) is a graph depicting the amount of TiN loss in Angstroms based
on the plasma treatment to which the TiN surface was exposed;
[0018] FIG. 6(b) is another graph depicting the amount of TiN loss in Angstroms
based on the plasma treatment to which the TiN surface was exposed; and
[0019] FIG. 7 is a graph depicting the effect of various treatments on the sheet

resistance (R;) of titanium nitride (TiN) surface over time.
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DETAILED DESCRIPTION
[0020] Reference now will be made in detail to embodiments of the invention, one
or more examples of which are illustrated in the drawings. Each example is provided
by way of explanation of the invention, not limitation of the invention. In fact, it will
be apparent to those skilled in the art that various modifications and variations can be
made in the present invention without departing from the scope or spirit of the
invention. For instance, features illustrated or described as part of one embodiment
can be used with another embodiment to yield a still further embodiment. Thus, it is
intended that the present invention covers such modifications and variations as come
within the scope of the appended claims and their equivalents.
[0021] Generally, the present disclosure is directed to a method of removing
photoresist, an oxidized layer, or both from a substrate using a non-oxidizing plasma
chemistry supplied via a downstream inductively coupled plasma source. Inductive
plasma sources are often used for plasma processing to produce high density plasma
and reactive species for processing wafers. For instance, inductive plasma sources can
casily produce high density plasma using standard 13.56 MHz and lower frequency
power generators. Inductive plasma sources combined with RF bias have also been
used in etchers, for example, to provide independent control of ion energy and ion flux
to the wafer.
[0022] For certain plasma processes such as processes for photoresist or oxidized
layer removal, it is generally not desirable to expose the semiconductor wafers directly
to the plasma. The plasma is formed remotely (e.g., downstream) from the processing
chamber and desired particles are channeled to the semiconductor wafer or substrate,
for example, through a grid that is transparent to neutral particles and not transparent to
the plasma. Such processes can require high RF power (e.g., up to about 6 kilowatts
(kW)) and in some cases high gas flows (e.g., about 20,000 standard cubic centimeters
per minute (sccm)) and high pressure (e.g., up to about 5000 milliTorr (mTorr)), when
treating two substrates each having an overall diameter of about 300 millimeters (mm).
[0023] It is to be understood, however, that when only a single substrate is treated,
the flow rate can generally be half of the flow rate required for treating two substrates.
Further, it is also to be understood that substrates having diameters of from about 100
mm to about 500 mm, such as from about 200 mm to about 450 mm, can also be
treated using the methods embodied by the present disclosure, where the RF power and

flow rates can be adjusted based on the surface area of the substrate. For instance,
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when a single 200 mm diameter substrate is treated instead of a single 300 mm
diameter substrate, based on the ratio of the surface area of the substrates, the flow
rates utilized should be about 0.44 times of the flow rates used for a 300 mm substrate,
while when a 450 mm diameter substrate is treated, the flow rates utilized should be
about 2.25 times the flow rates used for a 300 mm substrate.

[0024] FIG. 1 depicts a plasma reactor 100 that can be used in the methods
embodied by the present disclosure, although it is to be understood that any other
suitable reactor having a downstream inductively coupled plasma source can also be
utilized. As illustrated, plasma reactor 100 includes a processing chamber 110 and a
plasma chamber 120 that is separate from the processing chamber 110. Processing
chamber 110 includes a substrate holder or pedestal 112 operable to hold a substrate
114 from which photoresist is to be removed, such as a semiconductor wafer. An
inductive plasma is generated in plasma chamber 120 (i.e., plasma generation region)
and desired particles are channeled from the plasma chamber 120 to the surface of
substrate 114 through holes provided in a grid 116 that separates the plasma chamber
120 from the processing chamber 110 (i.e., downstream region).

[0025] The plasma chamber 120 includes a dielectric side wall 122 and a ceiling
124. The dielectric side wall 122 and ceiling 124 define a plasma chamber interior
125. Dielectric side wall 122 can be formed from any dielectric material, such as
quartz. An induction coil 130 is disposed adjacent the dielectric side wall 122 about
the plasma chamber 120. The induction coil 130 is coupled to an RF power generator
134 through a suitable matching network 132. Reactant and carrier gases can be
provided to the chamber interior from gas supply 150 and annular gas distribution
channel 151. When the induction coil 130 is energized with RF power from the RF
power generator 134, a substantially inductive plasma is induced in the plasma
chamber 120. In a particular embodiment, the plasma reactor 100 can include an
optional faraday shield 128 to reduce capacitive coupling of the induction coil 130 to
the plasma.

[0026] To increase efficiency, the plasma reactor 100 can optionally include a gas
injection insert 140 disposed in the chamber interior 125. The gas injection insert 140
can be removably inserted into the chamber interior 125 or can be a fixed part of the
plasma chamber 120. In some embodiments, the gas injection insert can define a gas
injection channel proximate the side wall of the plasma chamber. The gas injection

channel can feed the process gas into the chamber interior proximate the induction coil
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and into an active region defined by the gas injection insert and side wall. The active
region provides a confined region within the plasma chamber interior for active
heating of electrons. The narrow gas injection channel prevents plasma spreading
from the chamber interior into the gas channel. The gas injection insert forces the
process gas to be passed through the active region where electrons are actively heated.
[0027] Regardless of the type of downstream inductively coupled plasma source
utilized in the methods of the present disclosure, the present inventors have discovered
that one or more non-oxidizing plasma treatments with one or more plasma chemistries
can be carried out on a semiconductor substrate to increase the amount of photoresist
removed from the substrate while at the same time minimizing the amount of oxidation
and change in critical dimension (CD). Generally, the plasmas used in the treatment
processes of the present disclosure are non-oxidizing. The methods of the present
disclosure allow for photoresist removal and the prevention or removal of surface
oxidation. For instance, in one embodiment, a method is described that can be carried
out on silicon surfaces that must not be oxidized during the photoresist stripping
process. The method can also be carried out on HAR trenches or any other cavity with
a lateral dimension that is small relative to the depth of the cavity in the substrate. In
other embodiments, the present disclosure describes a method that includes a main
plasma treatment to remove photoresist, followed by a second plasma treatment to
remove oxidation while minimizing the amount of substrate loss or modification.
[0028] Regardless of the number and specific type of plasma treatments, the one or
more plasmas used in treating a substrate can each include a reactant gas and a carrier
gas, which are both free of oxygen. In certain embodiments, the reactant gas can
include hydrogen, while the carrier gas can be free of hydrogen. For instance, the
reactant gas can be hydrogen (H;), ammonia (NH3), or methane (CH,4). In other
embodiments, the reactant gas can be free of both oxygen and nitrogen. For instance,
the reactant gas can be H, or CH4. Meanwhile, the carrier gas can include an inert gas.
In certain embodiments, the inert gas can include nitrogen (N;) or noble gases such as
argon (Ar) or helium (He), or combinations thereof. In other embodiments, however,
the carrier gas can be an inert gas that is free of nitrogen, such as one of the noble
gases. Generally, the reactant gas can be present in an amount that is from about 10%
to about 40% of the total gas volume of the reactant gas and the carrier gas, such as
from about 15% to about 30% of the total gas volume of the reactant gas and the

carrier gas, such as from about 20% to about 25% of the total gas volume of the
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reactant gas and the carrier gas. In one particular embodiment, the reactant gas can be
present in an amount that is about 20% of the total gas volume of the reactant gas and
the carrier gas.

[0029] The reactant gas and the carrier gas can be introduced into the plasma
generation chamber and processing chamber at various flow rates. For instance, when
two 300 mm substrates are being treated, the reactant gas can have a flow rate of from
about 100 to about 15,000 sccm, such as from about 1,000 sccm to about 10,000 sccm,
such as from about 2,000 sccm to about 5,000 sccm. Meanwhile, the carrier gas can
have a flow rate of from about 500 sccm to about 20,000 sccm, such as from about
5,000 sccm to about 17,500 scem, such as from about 10,000 sccm to about 15,000
sccm. On the other hand, when only a single 300 mm substrate is being treated, the
reactant gas can have a flow rate of from about 50 to about 7,500 sccm, such as from
about 500 to about 5,000 sccm, such as from about 1,000 to about 2,500 scem.
Meanwhile, when only a single 300 mm substrate is being treated, the carrier gas can
have a flow rate of from about 250 sccm to about 10,000 sccm, such as from about
2,500 sccm to about 8,750 scem, such as from about 5,000 sccm to about 7,500 scem.
[0030] Based on the surface area of the substrate (e.g., a single 300 mm diameter
substrate having a surface area of about 706.5 centimeters squared (cm?), this
corresponds with a reactant gas that has a flow rate of from about 0.07 sccm per cm” of
substrate to about 10.75 sccm per cm? of substrate, such as from about 0.7 sccm per
cm” of substrate to about 7.25 sccm per cm” of substrate, such as from about 1.25 to
about 3.5 sccm per cm” of substrate. Meanwhile, this corresponds with a carrier gas
that has a flow rate of from about 0.35 sccm per cm? of substrate to about 14.25 sccm
per cm” of substrate, such as from about 3.5 sccm per cm” of substrate to about 12.5
sccm per cm” of substrate, such as from about 7.0 sccm per cm” of substrate to about
10.75 scem per cm? of substrate. Using the flow rates in sccm per cm? of substrate,
then the flow rates in scem for substrates having any diameter can be determined by
multiplying the sccm per cm” of substrate rate by the surface area of the substrate.
[0031] For instance, when a single, 200 mm substrate is treated, the reactant gas
can have a flow rate of from about 20 to about 3,300 sccm, such as from about 220 to
about 2,200 sccm, such as from about 440 to about 1,100 sccm. On the other hand, the
carrier gas can have a flow rate of from about 110 to about 4,400 sccm, such as from
about 1,100 sccm to about 3850 scem, such as from about 2,200 sccm to about 3,300

sccm.
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[0032] Meanwhile, when a single, 450 mm substrate is treated, the reactant gas can
have a flow rate of from about 110 sccm to about 16,875 sccm, such as from about
1,125 scem to about 11,250 scem, such as from about 2,250 sccm to about 5,625 scem.
On the other hand, the carrier gas can have a flow rate of from about 560 sccm to about
22,500 sccm, such as from about 5,625 sccm to about 19,675 scem, such as from about
11,250 sccm to about 16,875 scem.

[0033] Further, photoresist removal can be carried out at varying temperature and
power levels. For example, the temperature during photoresist removal can range from
about 150°C to about 350°C, such as from about 200°C to about 325°C, such as from
about 250°C to about 300°C. In one particular embodiment, the photoresist removal
can be carried out at a temperature of about 275°C. Additionally, the RF source power
for treating 300 mm diameter substrates can range from about 1 kW to about 6 kW,
such as from about 1.5 kW to about 5.5 kW, such as from about 2 kW to about 5 kW.
Meanwhile, it is to be understood that the source power can be adjusted up or down
based on the surface area of the substrate to be treated in the same manner as discussed
above for the reactant and carrier gas flow rates. Thus, for treating a substrate, the
source power can range from about 0.4 kW to about 13.5 kW, such as from about 0.6
kW to about 12.5 kW, such as from about 0.8 kW to about 11.5 kW, when the
substrate.

[0034] Moreover, photoresist removal can be carried out at varying pressures. For
instance, the pressure can range from about 100 mTorr to about 4,000 mTorr, such as
from about 250 mTorr to about 3,500 mTorr, such as from about 500 mTorr to about
2,500 mTorr, such as from about 750 mTorr to about 1,000 mTorr. In one particular
embodiment, the pressure can be about 900 mTorr.

[0035] In addition, during photoresist removal, the substrate from which the
photoresist is to be removed can be treated for a specified time based on the CD and
aspect ratio of any holes, cavities, or channels in the substrate to be treated. For
instance, the processing time can range from about 10 seconds to about 180 seconds,
such as from about 20 seconds to about 90 seconds, such as from about 30 seconds to
about 60 seconds. In one particular embodiment, the processing time can be about 45
seconds, such as when the substrate to be treated has holes, cavities, or channels
having an aspect ratio of greater than 50 and a critical dimension less than 0.03

micrometers.
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[0036] The present inventors have discovered certain processing conditions based
on the combinations of reactant gases and carrier gases uses in forming the plasma.

For example, when the reactant gas is either 20% NH3 or 20% H; and the carrier gas is
Ny, the substrate can be treated for about 45 seconds at a temperature of about 275°C, a
pressure of about 900 mTorr, and a source power of 5 kW, where the reactant gas has a
flow rate of 3,000 sccm and the carrier gas has a flow rate of 12,000 sccm.

Meanwhile, when the reactant gas is either 20% H; and the carrier gas is Ar, the
substrate can be treated for about 45 seconds at a temperature of about 275°C, a
pressure of about 900 mTorr, and a source power of 5 kW, where the reactant gas has a
flow rate of 2,500 sccm and the carrier gas has a flow rate of 10,000 sccm.

[0037] After a substrate has been treated one or more times with a plasma
generated under the conditions discussed above to remove photoresist, the substrate
can be evaluated to determine its increase in sheet resistance. The larger the percent
increase in sheet resistance coincides with a larger amount of oxidation or damage to
the substrate after photoresist strip removal. As such, it is more desirable to have a
lower percent change in sheet resistance than a higher percent change in sheet
resistance. After photoresist is removed from a substrate according to the method of
the present claims, the sheet resistance generally changes by only about 5% or less.
For instance, the change in sheet resistance can range from about 0.1% to about 4%,
such as from about 0.5% to about 4%, such as from about 1% to about 3%. Further,
the substrate, after one or more plasma treatments, can have a decrease in thickness
that is less than about 0.75 nanometers. In some embodiments, the decrease in
thickness ranges from about 0.05 nanometers to about 0.6 nanometers, such as from
about 0.075 nanometers to about 0.5 nanometers, such as from about 0.1 nanometers to
about 0.4 nanometers, such as less than about 0.3 nanometers. These minimal changes
indicate that the method of the present disclosure can efficiently remove photoresist
and possible oxidation layers without damaging or removing material from the
substrate itself.

[0038] The photoresist and oxidation removal methods defined by the parameters
discussed above can be carried out on numerous substrate materials. For instance, the
process can be applied to a HAR substrate where the substrate has holes, cavities, or
channels having an aspect ratio (height of cavity/diameter of cavity) that is greater than
50 and having a diameter as small as about 0.03 micrometers. Traditionally, it is

difficult to remove photoresist from such holes, cavities, or channels. However, as
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shown in the examples below and in contrast to what would be expected, by combining
a reactant gas (i.c., a hydrogen-containing gas) with a separate, inert carrier gas, the
present inventors have found that more effective photoresist removal from HAR holes
can result when compared to removal via the hydrogen-containing reactant gas alone.
Further, using the reactant gas and carrier gas method of the present can prevent
damage to oxygen-sensitive HAR holes while still remaining efficient.

[0039] The photoresist removal method of the present disclosure can also be
extended to other applications where surface oxidation is a concern and should be
prevented and where high photoresist removal is needed. For instance, the method of
the present disclosure can be used in the presence of silicon surfaces that must not be
oxidized by the photoresist stripping process. Other conductive materials on which the
method of the present disclosure can be applied include titanium nitride (TiN),
tantalum nitride (TaN), copper (Cu), tungsten (W), or any material having the formula
MNy, where M is a metal, x and y are positive integers, and N is nitrogen, as such
materials are also sensitive to oxygen exposure. The method can also be used for
HDIS photoresist strip and photoresist strip on metal where metal material is exposed
during photoresist removal or descum photoresist removal. Further, the method can
be used to remove an oxidation layer on conductive materials with minimal
modification (i.e., little change in thickness) of the material.

[0040] The method by which photoresist and oxidation can be removed can be
carried out in the plasma reactor discussed above in reference to FIG. 1 or with any
other suitable plasma reactor that may have an alternatively shaped gas injection insert.
Generally, as shown in the block diagram of FIG. 2, a method 200 for removing
photoresist, an oxidation layer, or both from a semiconductor substrate can include
placing a substrate in a processing chamber of a plasma reactor that is located
downstream from a plasma chamber (201), generating a first non-oxidizing plasma
from a first reactant gas and a first carrier gas in the plasma chamber of the plasma
reactor (202), and treating the substrate by exposing the substrate to the first non-
oxidizing plasma in the processing chamber (203). The first non-oxidizing plasma can
include from about 10% to about 40% of the first reactant gas. Further, the first
reactant gas can have a flow rate of from about 100 standard cubic centimeters per
minute to about 15,000 standard cubic centimeters per minute and the first carrier gas
can have a flow rate of from about 500 standard cubic centimeters per minute to about

20,000 standard cubic centimeters per minute.
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[0041] The method can further include a second plasma treatment step where a
second non-oxidizing plasma can be generated from a second reactant gas and a
second carrier gas in the plasma chamber (204). The second non-oxidizing plasma can
also include from about 10% to about 40% of the second reactant gas. Further, the
second reactant gas can have a flow rate of from about 100 standard cubic centimeters
per minute to about 15,000 standard cubic centimeters per minute, and the second
carrier gas can have a flow rate of from about 500 standard cubic centimeters per
minute to about 20,000 standard cubic centimeters per minute. In the second plasma
treatment step, the substrate can be treated by exposing the substrate to the second non-
oxidizing plasma in the processing chamber (205).

[0042] Aspects of the present disclosure may be better understood by reference to
the following examples, which refer to FIGS. 3-7 and demonstrate the effectiveness of

the photo resist removal methods discussed above.

EXAMPLE 1
[0043] Using N, as the carrier gas and H, as the reactant gas, where the percentage
of H, was varied based of the total volume of the carrier gas and reactant gas
combined, a silicon substrate having a normalized aspect ratio of about 1.5 was treated
in a plasma reactor having a separate plasma generation chamber and processing
chamber. A pair of 300 mm silicon substrates were placed in the processing chamber
and were then treated with plasma formed in the plasma generation chamber. The
amount of H utilized ranged from 0% to about 80%. As shown in FIG. 3, the amount
of silicon loss increased as the amount of H; reactant gas in the H,/N, mixture

increased beyond 20%.

EXAMPLE 2
[0044] Next, the type of plasma reactor, RF power, and reactant/carrier gas
compositions were varied to determine the effect on the ability of the method of the
present disclosure to successfully remove photoresist from a pair of 300 mm
substrates. The carrier gas in each scenario was N, while the reactant gas was either
H, or NHj3 at a volume of 20% of the total gas volume. One of the plasma reactors
utilized is shown in FIG. 1 and is discussed in detail above and had a wall-type gas
injection insert (see insert 140 in FIG. 1). The other plasma reactor utilized has a gas

injection insert that is a tube as discussed above. The substrates were HAR contact
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containers having an aspect ratio greater than 50 and a CD less than 0.03 micrometers.
For the scenarios tested, the 50:1 aspect ratio holes were successfully cleaned at a
commercially viable rate without degrading the metal liner, except some residue
remained when the gas injection insert of the plasma source was a tube, 3 kW RF

power was used, and the reactant gas was H,. The results are summarized below in

Table 1.

Plasma Source/RF Power Source
Reactant/Carrier Gas Tube/5 KW Tube/3 kKW Fig. 1 Wall/5 kW | Fig. 1 Wall/3 kW
20% H,/N, Clean Residue Clean Clean
20% NH;3/N, - - - Clean
Table 1
EXAMPLE 3

[0045] Next, although 20% H,/N; and 20% NHi/N, were shown in Examples 1
and 2 above to be useful in removing photoresist from HAR contact containers, such
Examples do not show the effect of such plasma treatments on the thickness of a TIN
substrates. Thus, in Example 3, TiN, which is commonly used as a contact liner, was
exposed during photoresist removal using 20% NH3/N, as the reactant gas/carrier gas
mixture. As shown below in Table 2, the photoresist removal caused TiN thickness

losses greater than the stringent specification of less than 0.3 nanometers.

Process TiN Loss (nanometers)
Control 0.317
20% NH;3/N, 0.732
20% NH;3/N, 0.666
Table 2
EXAMPLE 4

[0046] Next, because removing photoresist from TiN with 20% NH3/N; resulted in
TiN loss greater than 0.3 nanometers thick, photoresist removal was then carried out

using 20% H; with Ar instead and at various power levels. The results are summarized
in Table 3 below and FIG. 4. FIG. 4 shows that the rate of photoresist removal with H,

and Ar is dependent on the percentage of volume of H; based on the total volume of
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the H, and Ar. As shown in FIG. 4, photoresist removal is most efficient at an H;
percentage of 20%, with the efficiency dropping off at 10% and 30% H,, as measured
by the photoresist ash rate. For instance, the ash rate for 20% H, was about 7600
Angstroms/minute, while the rate for 10% H, was about 6600 Angstroms/minute and
the rate for 30% H, was about 6500 Angstroms/minute. Meanwhile, Table 3 shows
that photoresist removal with 20% Hy/Ar limits the TiN loss to less than 0.3

nanometers when the power was less than 5 kW.

Process TiN Loss (nanometers)
20% Ha/Ar; 5 kW 0.322
20% Ha/Ar; 4 kW 0.196
20% Hy/Ar; 3kW 0.149
Table 3
EXAMPLE 5

[0047] Next, the ability of the process of the present disclosure to remove an
oxidized layer from a conductive material was examined. First, pure NHz was used to
treat a pair of 300 mm conductive substrates containing TiN, where an oxidized layer
was present due to a dry plasma treatment of 40% NH3/O,. As shown in FIG. 5, after
treatment with pure NH3 for about 60 seconds, the % change in sheet resistance (Rg)of
an oxidized TiN substrate was only about 1% after being about 5% at 0 seconds,
indicating the NH; was able to remove some of the oxidation from the TiN substrate.
Meanwhile, as summarized in Table 4 below, various reducing chemistries and their
effect on TiN loss were tested. As shown, an O,-rich reducing chemistry (10%
NH3/0;) resulted in about a 1.0 nanometer (10 Angstrom) loss when followed by an

NH; post-treatment, compared to a TiN loss of only about 0.4 nanometers for the

control.
Process TiN Loss (nanometers)
Control 0.442
10% NH;0, + NH; Post 0.995
Table 4
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EXAMPLE 6
[0048] In Example 6, various oxidation layer removal steps were compared. The
results are summarized in FIGS. 6(a) and 6(b) and Table 5. As shown in FIGS. 6(a)
and 6(b), a controlled sequence, hydrofluoric acid (HF) dip as a wet oxide removal
step shows 0.4 nanometer (4 Angstrom) losses of TiN within hours. After this initial
HF dip to remove the native oxide, the film thickness for each substrate was measured,
and then various other treatments for oxide removal were carried out, as listed below in
Table 5, followed by a second HF dip, after which the thicknesses of the substrates
were measured so that the TiN loss for the substrates could be compared. Using the
HF dip as the baseline, further treatment included exposure of the TiN substrates to
various plasmas for 60 seconds at 3 kW RF power. As shown, the least TiN loss (less
than about 0.3 nanometers/3 Angstroms) was observed when the TiN substrates were

treated with Ar combined with H,, He, or both.

Process TiN Loss (nanometers)

HF dip only 0.4
Ar/H, (20%) 0.262
Ar/N, (20%) 0.304
Ar/(No/H; (20%)) 20% 0.427
A1/NH; (20%) 0.359
NH; 0.38
Ar/He (5%) 0.275
Ar/He (20%)/H; (20%) 0.261
He/Ar (20%)/H, (20%) 0.251
He (20%)/Ar 0.454
He/H, (20%) 0.377

Table 5
EXAMPLE 7

[0049] In Example 7, the effects of applying NH; only during various points in the
oxidation layer removal process from a TiN film were compared. Depending on the

sample, the NH3 was applied at various points in the process: (1) strike, (2) strike and
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post, and (3) pre-plasma, strike, and post 40% NH3/O, dry plasma treatment. The pre-
plasma step refers to the point in the process where gas is flowing and
temperature/pressure are being controlled, but no RF power has been introduced to
create a plasma. This step is generally carried out to stabilize the chamber
environment after loading the substrate and can equilibrate the substrate temperature.
The strike step refers to point of plasma ignition. Meanwhile, the post-process step
refers to the point in the process where chamber pressure is regulated to the level
required for substrate exchange and where any reactive gases are purged out prior to
opening the chamber door.

[0050] In FIG. 7, POR refers to the control, which includes 40% NH3/O, dry
plasma treatment. The reduction in oxidation was measured in terms of percent
change in sheet resistance, with the lowest percent change reflecting the highest
removal of oxidation from the film with minimal material modification. The results
are shown in FIG. 7. As shown, the addition of pre and post processing treatment steps
where NH; was applied significantly reduced the percent change in sheet resistance.
The NHj strike plus pre and post treatment combination was shown to be the most
effective at minimizing material modification. However, it should be understood that

the same strategy can be used with other plasmas such as N,/H,, Ar, He, H,, CHy, etc.

EXAMPLE 8
[0051] Next, a combined main stripping process step with a post treatment step
was carried out on a TiN liner having holes with an aspect ratio of 50 and a diameter of
0.03 micrometers using a main photoresist removal process with 20% NH3/N; (a first
non-oxidizing plasma treatment), followed by a 20% H,/Ar post-main strip treatment
(a second non-oxidizing plasma treatment). This was then compared to a 20% H,/Ar
treatment alone. As shown in Table 6 below, these treatments resulted in TiN loss of

about 0.3 nanometers or less.

Process and Time TiN Loss (nanometers)
20% Hy/Ar (60s) 0.262
20% NH3/N, + 20% Hy/Ar (60s) 0.303
20% NH3/N, +20% Ha/Ar (180s) 0.288
Table 6
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[0052] These and other modifications and variations to the present invention may
be practiced by those of ordinary skill in the art, without departing from the spirit and
scope of the present invention, which is more particularly set forth in the appended
claims. In addition, it should be understood that aspects of the various embodiments
may be interchanged both in whole or in part. Furthermore, those of ordinary skill in
the art will appreciate that the foregoing description is by way of example only, and is

not intended to limit the invention so further described in such appended claims.
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WHAT IS CLAIMED IS:
1. A method for removing photoresist, an oxidation layer, or both from a

semiconductor substrate, comprising:

placing a substrate in a processing chamber, the processing chamber located
downstream from a plasma chamber for generating a non-oxidizing plasma to be used in
treating the substrate;

generating a first non-oxidizing plasma from a first reactant gas and a first
carrier gas in the plasma chamber, wherein the first non-oxidizing plasma comprises from
about 10% to about 40% of the first reactant gas, wherein the first reactant gas has a flow rate
of from about 0.05 standard cubic centimeters per minute per square centimeter of the
substrate to about 12.5 standard cubic centimeters per minute per square centimeter of the
substrate, and wherein the first carrier gas has a flow rate of from about 0.25 standard cubic
centimeters per minute per square centimeter of the substrate to about 15 standard cubic
centimeters per minute per square centimeter of the substrate; and

treating the substrate by exposing the substrate to the first non-oxidizing

plasma in the processing chamber.

2. The method of claim 1, wherein the first reactant gas is free from oxygen.

3. The method of claim 1, wherein the first reactant gas comprises hydrogen.

4. The method of claim 3, wherein the first reactant gas comprises H,, NHs, or
CHa,.

5. The method of claim 1, wherein the first carrier gas is an inert gas that is free

from oxygen and hydrogen.

6. The method of claim 5, wherein the first carrier gas comprises nitrogen or a
noble gas.

7. The method of claim 6, wherein the first carrier gas is N,.

8. The method of claim 1, wherein the method is carried out at a source power

ranging from about 0.4 kilowatts to about 13.5 kilowatts.

9. The method of claim 1, wherein the method is carried out at a pressure ranging
from about 100 milliTorr to about 4000 milliTorr.

10.  The method of claim 1, wherein the substrate is treated at a temperature
ranging from about 150°C to about 350°C.

11. The method of claim 1, wherein the substrate is treated by exposing the
substrate to the first non-oxidizing plasma for a time period ranging from about 10 seconds to

about 180 seconds.
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12. The method of claim 1, wherein the substrate has a decrease in thickness
ranging from about 0.05 nanometers to about 0.6 nanometers after exposure to the first non-

oxidizing plasma.

13.  The method of claim 1, wherein the substrate contains high aspect ratio
channels.

14.  The method of claim 13, wherein the channels have an aspect ratio of greater
than about 50.

15.  The method of claim 1, further comprising:
generating a second non-oxidizing plasma from a second reactant gas and a
second carrier gas in the plasma chamber, wherein the second non-oxidizing plasma
comprises from about 10% to about 40% of the second reactant gas, wherein the second
reactant gas has a flow rate of from about 0.05 standard cubic centimeters per minute per
square centimeter of the substrate to about 12.5 standard cubic centimeters per minute per
square centimeter of the substrate, and wherein the second carrier gas has a flow rate of from
about 0.25 standard cubic centimeters per minute per square centimeter of the substrate to
about 15 standard cubic centimeters per minute per square centimeter of the substrate; and
treating the substrate by exposing the substrate to the second non-oxidizing
plasma in the processing chamber.
16.  The method of claim 15, wherein the second reactant gas is free from oxygen
and nitrogen.
17. The method of claim 16, wherein the second reactant gas comprises hydrogen.
18.  The method of claim 15, wherein the second carrier gas is an inert gas that is

free from oxygen and nitrogen.

19.  The method of claim 16, wherein the second carrier gas comprises argon or
helium.

20. The method of claim 19, wherein the second carrier gas comprises argon.

21. The method of claim 1, wherein the substrate has a diameter of from about

100 millimeters to about 500 millimeters.
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