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(57) Abstract: A method for establishing a mass flow controller (MFC) control scheme, which is configured for reducing a time
scale for gas delivery into a processing chamber, for a recipe is provided. The method includes identifying a set of delayed gas
species utilized during execution of the recipe with a set of delivery time slower than a target delivery time scale. The method also
includes establishing an initial overshoot strength and an initial overshoot duration for each gas specie of the set of delayed gas
species. The method further includes establishing MFC control scheme by adjusting an MFC hardware for each gas specie during
the execution of the recipe. Adjusting the MFC hardware includes applying the initial overshoot strength for the initial overshoot
duration to determine if the MFC control scheme provides for each gas specie a pressure profile within a target accuracy of an
equilibrium pressure for the processing chamber.



WO 2009/155221 PCT/US2009/047279

METHODS FOR CONTROLLING TIME SCALE OF GAS DELIVERY
INTO A PROCESSING CHAMBER

BACKGROUND OF THE INVENTION
[0001) Advances in plasma processing have facilitated growth in the semiconductor
_ industry. In the competitive semiconductor industry, a manufacturer may gain a competitive
edge if the manufacturer has the ability to maximize throughput and/or to produce quality
devices. One method for controlling throughput is to control the flow of gas into the
processing chamber.
[0002] Typically, for substrate processing, a recipe may require more than one gas species.
Ideally, the gas species become mixed and reach an equilibrium pressure state (e.g., set
pressure) within a processing chamber at the same time. However, several factors may cause
the gas species to have different time scales (i.e., delivery time).
[0003] One factor that may impact the gas delivery time is the mass of gas species. Those
skilled in the art are aware that gas species with heavier molecular mass may travel slower
than gas species with lighter molecular mass. The mass difference between gas species may
impact the flow rate of each gas specie in a low pressure environment. In a low pressure
environment, the gas flow may become molecular and each gas specie may become virtually
independent of each other. As a result, separation of the gas species may occur resulting in
gas composition drift at the chamber. In other words, the gas species may reach the
equilibrium state at different time. Thus, the time scale (e.g., delivery time) for each gas may
differ.
[0004] Another factor that may impact the gas delivery time scale is the gas line geometry.
As aforementioned, a recipe may require more than one gas species to perform substrate
processing. Each gas may flow from a gas line into a mixing manifold (main gas line). The
geometry of each gas line may impact the flow of the gas. As an example, the delivery time
will be greater for the gas flowing through the longer gas line.
[0005] Some recipes may have low-flow gas mixing with high-flow gas. This type of gas
delivery is known as a carrier gas-driven delivery, where the high-flow gas (carrier gas)
drives the flow of the low-flow gas (process gas) via molecular collision. In order for the
process gas to enter the mixing manifold where the carrier gas is flowing, the process gas
needs to build up a pressure comparable to the pressure at the mixing manifold. However, if
the carrier gas is flowing at a much higher flow rate than the process gas, it could take a

prohibitively long time for the process gas to build up enough pressure and then mix with the
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carrier gas. In this case, the carrier gas will reach the processing chamber without carrying
the process gas. Thus, the carrier will reach an equilibrium state before the process gas
resulting in gas composition drift.
[0006] As can be appreciated from the foregoing, undesirable consequences may result due
to the gas composition drift. For most recipes, substrate processing may begin when pressure
stabilization has been reached within the processing chamber, regardless of gas composition
drift. Performing substrate processing without the proper gas mixture may cause substandard
devices to be created. Other recipes may require each gas specie within the processing
chamber to reach the required equilibrium state before processing may begin. However, the
additional time required may result in longer processing time and less substrate to be
processed.

BRIEF SUMMARY OF THE INVENTION
~ [0007] The invention relates, in an embodiment, to a method for establishing a mass flow
controller (MFC) control scheme for a recipe, wherein the MFC control scheme is configured
" for reducing a time scale for gas delivery into a processing chamber of a plasma processing
system. The method includes identifying a set of delayed gas species utilized during
execution of the recipe with a set of delivery time slower than a target delivery time scale.
The method also includes establishing an initial overshoot strength for each gas specie of the
set of delayed gas species, wherein the initial overshoot strength is a factor by which an MFC
flow rate is increased. The method further includes determining an initial overshoot duration
for each gas specie of the set of delayed gas species. The initial overshoot duration is a time
duration for applying the initial overshoot strength to the MFC flow rate. The method yet
also includes verifying the MFC control scheme by executing the recipe by adjusting an MFC
hardware for each gas specie of the set of delayed gas species, wherein adjusting the MFC
hardware includes applying the initial overshoot strength for the initial overshoot duration to
determine if the MFC control scheme provides for each gas specie of the set of delayed gas
species a pressure profile within a target accuracy of an equilibrium pressure for the
processing chamber.
[0008] The above summary relates to only one of the many embodiments of the invention
disclosed herein and is not intended to limit the scope of the invention, which is set forth in
the claims herein. These and other features of the present invention will be described in more
detail below in the detailed description of the invention aﬁd in conjunction with the following

figures.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS
[0009] The present invention is illustrated by way of example, and not by way of limitation,
in the figures of the accompanying drawings and in which like reference numerals refer to
similar elements and in which:
[0010] Fig. 1 A shows a simple diagram of a partial view of a gas delivery system.
[0011] Fig. 1B shows a simple block diagram illustrating the ﬂow of gas in a carrier gas-
driven flow environment.
[0012] Fig. 2 shows, in an embodiment of the invention, a simple flow chart illustrating steps
for implementing a pressure control scheme.
[0013] Fig. 3 shows, in an embodiment of the invention, a simple plot illustrating several
overshoot strengths.
[0014] Fig. 4 shows, in an embodiment, a simple flow chart illustrating the steps for
performing a multiple steps overshooting process.

DETAILED DESCRIPTION OF EMBODIMENTS

[0015] The present invention will now be described in detail with reference to a few
embodiments thereof as illustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent, however, to one skilled in the art,
that the present invention may be practiced without some or all of these specific details. In
other instances, Well known process steps and/or structures have not been described in detail
in order to not unnecessarily obscure the present invention.
{0016} Various embodiments are described herein below, including methods and techniques.
It should be kept in mind that the invention might also cover articles of manufacture that
includes a computer readable medium on which computer-readable instructions for carrying
out embodiments of the inventive technique are stored. The computer readable medium may
include, for example, semiconductor, magnetic, opto-magnetic, optical, or other forms of
computer readable medium for storing computer readable code. Further, the invention may
also cover apparatuses for practicing embodiments of the invention. Such apparatus may
include circuits, dedicated and/or programmable, to carry out tasks pertaining to
embodiments of the invention. Examples of such apparatus include a general-purpose
computer and/or a dedicated computing device when appropriately programmed and.may
include a combination of a computer/computing device and dedicated/programmable circuits

adapted for the various tasks pertaining to embodiments of the invention.
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[0017] As aforementioned, in the prior art, delivery delay may occur when one or more gas
species flows into a processing chamber after the processing chamber has reached an
equilibrium pressure state (i.e., set pressure point). Since different gas species may reach the
chamber at different time, gas composition drift may occur. To facilitate discussion, Fig. 1A
shows a simple diagram of a partial view of a gas delivery system.

[0018] Processing tool 100 may include a gas delivery system that delivers gas into a
processing chamber 114. The gas delivery system may include a main gas line 102 (i.e.,
mixing manifold) and one or more gas lines (104 and 106). The flow of gas through each gas
line may be controlled by a mass flow controller (MFC), such as MEC 110 and MEC 112.
[0019] Typically, the gas flow into processing chamber 114 is driven by a pressure
differential from the high pressure gas mixture and the low pressdre processing chamber 114,
The pressure of processing chamber 114 is monitored by a sensor. Based on the reading of

~ the sensor, a vacuum pump 118 may adjust a throttle valve 130, which is positioned at the
vacuum pump inlet. By adjusting throttle valve 130, vacuum pump 118 may control the
pressure within processing chamber 114. The position of throttle valve 130 controls the gas
conductance (volumetric gas flow rate) from processing chamber 114 to vacuum pump 118,
thereby maintaining the pressure within processing chamber 114 to be at a specified
equilibrium pressure. Equation | below shows that at an equilibrium state, the partial
pressure (pz) of a given gas species at the chamber reaches the equilibrium pressure (p.),
which is equal to the ratio of the gas flow controlled by the MFC (Q) and the conductance of

the chamber to the pump (k).

)
[0020] p, = %— =P (Equation 1)

{0021] In practice, to set the initial valve position for throttle valve 130, a gas conductance
curve may be empirically determined for each gas at a given flow rate and pressure. Once the
pressure within processing chamber 114 has reached a set pressure point, substrate processing
may be initiated. '

rloxpl-t/1,)- 1, lxp[~t/ 1,
nh-n

- 10022] p()=(- ] YO/ k, (Equation 2)

[0023] However, even if the chamber pressure becomes stabilized, the processing
environment may not be ideal for substrate processing. Ideally, the different gas species
would be mixed together before arriving at processing chamber 114. However, the gas
mixture delivered to processing chamber 114 may not have the correct ratio of the required

gas species. In other words, gas composition may drift in processing chamber 114. Equation
4
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2 above shows that the partial pressure (p.) at a specific time (t) depends upon the gas flow

time scale through the gas line (7, ), the gas flow time scale from the processing chamber to

the pump (7, ), the MFC gas flow rate (Q), and the conductance between the chamber and the

pump (kz).

[0024] In a typical processing environment, the time scale ( 7, ) and the flow conductance (k)
are usually unchanged since both of them are a function of the processing chamber geometry
and the pumping speed. Thus, the partial pressure (pz) at time t depends primarily on the

time scale of the gas line (7, ) and the MFC flow rate (Q) of the given gas.
[0025] 7, =107}/ DxyM IM,, (Equation 3)

D*Ll4

DL 10*17/D (Land Din[cm]and 1, in [sec])  (Equation 4)

[0026] 7, =V, /k =

[0027] The time scale of the gas line (7, ) is determined by the gas line geometry and is

inversely proportional to the square root of the mass of the gas species, as shown in Equation
3. For ease of discussion, assume that the mass of the gas is not a factor. In an example, the
gas flowing through gas line 104 and gas line 106 is the same. If the mass of the gas is not a

factor, the time scale of the gas line (7, ) is a factor of the gas line geometry, as shown in

Equation 4 above.
[0028] According to Equation 4 above, the time scale of the gas line (7, ) is a function of the
gas line volume (V) and the gas line conductance (k;). Since both the volume and the flow
conductance of a gas line are a function of the length and/or diameter of the gas line, the time
scale of the gas line (r, ) is also a function of the length and/or diameter of the gas line. Inan
example, assume that gas line 106 has a shorter length than gas line 104. Based on Equation
4 above, the volume of gas line 104 is greater than the volume of gas line 106 and the flow
conductance of gas line 104 is less than gas line 106. Thus, the gas delivery time scale for
gas line 104 is greater than the gas delivery time scale of gas line 106,
[0029] Referring back to Equation 3, besides the gas line geometry, the time scale of the gas
line (7,) is also a function of the molecular mass of the gas. In a production environment, the
gas species required by a recipe may usually be of different molecular mass. The mass of a
gas is especially important in a low pressure environment. In a low pressure environment, the
gas flow may become molecular. In other words, the gas flow may become independent of
one another (i.e., collisional momentum transfer may become minimal between the gas
molecules). For a recipe that has several different gas species, the mass of the gas may

5
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determine the delivery time of the gas. Given the same physical conditions (such as each gas
line having the same gas line geometry, each gas specie is flowing at the same mass flow
rate, and the like) a heavier gas species flows at a slower velocity than a lighter gas species.
As an example, the delivery time for H, will be about three times faster than C4Fs. Asa
result, the lighter gas species may reach the equilibrium pressure within a processing chamber
before the heavier gas specie. In other words, the gas species may separate and each gas may
reach the state of equilibrium at different time.

|0030| Thus, pressure stabilization within processing chamber 114 may be reached even
though the correct gas mixture has not been delivered into the processing chamber. For some
recipes, substrate processing may begin even though the proper gas mixture may not be
present, thereby resulting in substandard devices being created. For other recipes, substrate
processing may be delayed until the proper gas mixture is present; however, the delay time
may result in higher cost of production due to longer process time,

[0031] Even if the processing environment is not a low pressure environment, gas delivery
may also be delayed if the pressﬁre of the process gas is significantly less than the pressure of
the carrier gas. Fig. 1B shows a simple block diagram illustrating the flow of gas in a carrier
gas-driven flow environment. In this example, a carrier gas, such as Argon, may be injected
into main gas delivery line 102 (e.g., mixing manifold) at a much higher flow rate than a
process gas. In a carrier gas-driven flow environment, the process gas is usually carried into
processing chamber 114 by the carrier gas via collisional momentum transfer. However, if
the carrier gas pressure (p.) at an intersection 150 (section at which the gas line intersects
with the mixing manifold) is higher than the process gas pressure (p;), the process gas may be
unable to mix with the carrier gas. As a result, the process gas is “stuck” at intersection 150
until the process gas pressure (p;) reaches the carrier gas pressure (pc).

[0032] In other words, a sufficient pressure may have to be built up in the gas line (e.g., gas
line 104) before the process gas in gas line104 may be able to mix with the carrier gas
flowing through main gas line 102. In some cases, very long delay may occur from the time
the process gas is released from MFC 110 into gas line 104 before sufficient pressure builds
up to enable the process gas to mix with the carrier gas. Equation 5 below shows the time
scale required for pressure build-up at intersection 150. As shown in Fig. 5, the delay time is
longer for larger gas line volume and smaller flow rate (Q).

10033) 1. =p ¥, /0 (Equation 5)
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[0034] As discussed in Figs. 1A and 1B, delay of the process gas into the low pressure
chamber environment may cause stabilization of the process gas flow to be reached after the
set pressure point. In other words, the gaé delivery time scale for certain gas species may
cause gas composition drift. To minimize delay and/or to control equilibrium pressure within
the processing chamber, at least one parameter — gas line conductance, MFC flow rate, or
pump speed — may have to be modified. In one aspect of the invention, the inventors herein
realized that by increasing the MFC flow rate for a short burst, the gas delivery time scale
may be controlled without requiring hardware changes.

[0035] In accordance with embodiments of the present invention, a mass flow cdntrol (MFC)
scheme to reduce the time scale of gas delivery to a processing chamber is provided.
Embodiments of the invention include overshooting the MFC to reduce the effective gas
delivery time scale. Embodiments of the invention also include a multiple steps process for )
performing the overshooting to reduce delivery time during a carrier gas-driven flow
environment.

[0036] In an embodiment of the invention, a single step overshooting method is provided for
overshooting the MFC to reduce the delivery delay into a processing chamber for a gas. To
minimize delivery delay, an optimal overshoot strength may be determined. The optimal
overshoot strength is a factor by which the MFC flow rate may be increased by to ensure
minimize gas composition drift within processing chamber. Since reducing delivery delay
increases the quality of substrate processing, optimal overshoot strength is desirable. To
determine the optimal overshoot strength, initial overshoot strength may be calculated. The
initial overshoot strength is a function of the overshoot duration and the time scale of the
delayed gas species (1;). As discussed herein, an overshoot duration refers to the time
elapsed period during which an overshoot strength may be applied to an MFC flow rate.
{0037} In an embodimeﬁt, the overshoot duration is set to the response time of an MFC (e.g.,
the speed at which the MFC can respond to a set of instructions). For a typical MFC, a
response delay may exist when an MFC setting is changed. In other words, when an MFC
setting is changed a few second may elapse before the gas flow rate is changed. In an
example, assume that an MFC has response delay of 2 seconds. If a tool operator first set the
MFC to 20 sccm and then immediately change the MFC setting to 10 sccm, the MFC may
release gas at 20 sccm for 2 seconds before releasing the gas at 10 sccm. The delay is due to
the MFC response time and not due to the deliberate intention of the tool operator. Since, the
intention is to minimize the time scale of gas delivery into a processing chamber, the

overshoot duration set at the MFC response time may add little or no additional time to the
7 ‘
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overall delivery time, thereby enabling the overshoot strength to be utilized as a method for
controlling the time scale of gas delivery while minimizing the time required to apply the
overshoot duration.

[0038] As can be appreciated from the foregoing, the response time may be specific to an
MFC. In other words, if a first MFC has a different response time than a second MFC, the
initial overshoot strength for the first gas species associated with the first MFC may differ
from the initial overshoot strength for the second gas species associated with the second
MEFC. Thus, the overshoot duration is limited by the MFC response time.

[0039] As aforementioned, the overshoot strength is also a function of the time scale of a
delayed gas species (1;). Since the time scale 7; depends on the gas line geometry and the
molecular mass of the gas, the overshoot strength may have to be increased to account fora
longer gas line. Similarly, the overshoot strength may also have to be increased for a gas
with heavier molecular mass.

[0040] Once the initial overshoot strength has been determined, a test run may be conducted
with the MFC flow rate being increased by a factor of the initial overshoot strength. In an
example, if the set MFC flow rate is 20 sccm and the initial overshoot strength is 1.5, then the
MFC will be initially set to 30 sccm. During the test, the chamber pressure profile may be
observed for a predetermined period of time (c.g., 10 seconds). By analyzing the chamber
pressure profile, the initial overshoot strength may be adjusted to identify the optimal
overshoot strength. In an embodiment, an overshoot strength may be determined by
adjusting the initial overshoot strength until the overshoot strength creates a chamber pressure
profile in which the chamber pressure at a pre-defined target time period (e.g., 2 seconds) is
within a target accuracy rate (e.g., 1 percent of the set pressure point). Since limited time is
usually provided for establishing a stabilized pressure environment, the pre-defined target
time period may have to be set at a time period that is less than the time allotted for
stabilizing the processing chamber pressure.

[0041] Alternatively or additionally, the overshoot duration may be adjusted if the initial
overshoot strength is not within the MFC capacity. As aforementioned, the overshoot
duration may be set to the response time of the MFC to minimize additional time due to
overshooting. However, if the modified MFC flow rate (i.e., mass flow rate increased by a -
factor of the overshoot strength) is too close to the maximum flow rate of an MFC, the
overshoot duration may have to be increased in order to reduce the overshoot strength. In
other words, the overshoot duration may be modified if the modified mass flow rate is not

less than a pre-determined percentage (such as 95 percent) of the maximum MFC flow rate.
8
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In an embodiment, the pre-determined percentage is less than 100 percent to account for
potential hardware inaccuracy that may exist in the MFC. Since each MFC may have
different specification, the maximum MFC flow rate may vary depending upon the MFC.
[0042] In an embodiment, factors and/or physical conditions (e.g., gas line geometry,
molecular mass of a gas, momentum of a gas, and the like) that may have caused delivery
delay may now be managed by overshooting the MFC flow rate for an certain time duration
(overshoot duration). Thus, the time scale of a gas into processing chamber may be modified
to minimize the time differences between gas species for reaching an equilibrium pressure.
[0043] In an embodiment, a multiple steps overshooting method may be applied in a carrier
gas-driven flow environment. Although the single step overshooting method may be applied
to decrease the delivery delay in a carrier gas-driven flow environment, the multiple steps
overshooting method may provide an alternative method for reducing delivery delay.
[0044] As aforementioned, in a carrier gas-driven flow environment, a low-flow process gas
may have to build up sufficient pressure before it can mix with the high-flow carrier gas. To
accelerate the pressure build up, in an embodiment, an initial overshoot may be applied to the
MFC flow rate of the low-flow process gas. In an embodiment, the build-up overshoot
duration may be a function of the ratio of the time scale of the build-up time period and the
initial overshoot strength. Since the first overshoot strength (the initial overshoot strength) is
_ applied to minimize the build-up time period, the build-up overshoot duration is less than the
build-up time period, in an embodiment. However to prevent uncontrollable pressure profile
(such as spiking), the build-up overshoot duration is set to be at least the MFC response time,
in an embodiment. Similar to the single step overshooting method, the initial overshoot
strength may be a function of the overshoot duration and the time scale of the low-flow
process gas.
|0045] After accelerating the pressure build-up for the low-flow gas, the MFC flow rate may
be modified by a second overshoot strength for a period of time. In an embodiment, the
second overshoot duration for the second overshoot strength may be set to the MFC response
time. Similar to the single step overshooting method, the second overshoot strength may be
determined empirically. In other words, the second overshoot strength may be adjusted until
an optimal overshoot strength is identified.
[0046] Thus, the multiple steps overshooting method enable multiple overshoot strength to be
applied to accommodate the different processing conditions that may exist due to the

differences in the flow rates between gas species. Similar to the single step overshooting
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method, the multiple steps overshooting method enables a faster gas delivery while
minimizing the time required for applying the overshoot scheme.

[0047] The features and advantages of the present invention may be better understood with
reference to the figures and discussions that follow.

[0048] Fig. 2 shows, in an embodiment of the invention, a simple flow chart illustrating steps
for implementing a pressure control scheme.

[0049] At a first step 202, a slow gas delivery situation is identified. Slow gas delivery may
be due to many reasons. In an example, slow gas delivery ma)} be due to a condition known
as gas composition drift in which gas species are reaching an equilibrium state within a
processing chamber at different time. As aforementioned, gas composition drift may occur in
a low pressure environment and/or in a carrier gas driven-flow environment. Those skilled in
the art may have different techniques for identifying when the situation occurs.

[0050} One method may include measuring a pressure time profile. By employing metrology
tools positioned within the processing chamber, pressure within the processing chamber may
be measured for each gas. If the time period for a gas species to reach the sét pressure point
takes longer than other gas species, gas composition drift may be occurring.

[0051] Gas composition drift in a carrier gas driven-flow environment may also be identified
by observing the configuration of the plasma tool. Some plasma tools may have the gas line
for the carrier gas positioned at the downstream of the gas line for the process gas. Since the
carrier gas is located downstream, the carrier gas is unable to carry a process gas to the
downstream processing chamber unless the process gas is able to reach the pressure of the
carrier gas.

[0052] Gas composition drift may also occur due to the gas line configuration. A long gas
line may usually add to the gas delivery time. In addition, if the gas species are of different
masses, the prior art shows that a heavier gas may reach an equilibrium state within the
processing chamber at a slower rate since a heavier gas tends to flow at a slower speed than a
lighter gas. Additionally or alternatively, the gas line conﬁgufation may also require a large
number of process gas molecules to be accumulated within the gas line volume in order for
the process gas to build up enough pressure to mix properly with a carrier gas, which is
usually flowing at a higher flow rate. Thus, the longer the gas line, the larger the delivery
delay may be for a given gas species.

|0053] At a next step 204, the gas species with a delivery time slower than a target delivery
time may be identified. Although the target delivery time is usually specific to a recipe, it is

not uncommon for the target delivery time to be less than 10 seconds. In an example, a set of
10
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partial pressure profiles may be analyzed to identify the set of gas species that may have a
slow delivery time.

[0054] At a next step 206, the MFC flow rate (Q) for a given gas species at a set pressure
point (i.e., equilibrium pressure) may be determined. In an embodiment, the MFC flow rate
may be determined by referring to a conductance curve. The conductance curve for a gas
species may be determined by measuring the chamber pressure for a given flow rate. Those
skilled in the art are aware that the flow rate for a given gas species at a given set pressure
may already be pre-measured and may be easily retrieved. From the conductance curve
and/or flow rate chart, the flow rate at a given set pressure may be determined for each gas
specie that may have a slow delivery time. .

[0055] At a next step 208, a time scale (1)) for each gas specie identified as slow delivery gas
is calculated. One method for determining the time scale (t1) is by tracing the pressure rise in
the processing chamber for a given MFC flow rate (Q) with a fixed throttle valve position
(i.e., constant pump speed).

[0056] At a next step 210, overshoot strength (a) may be initially set for a specific gas
species at a specific MFC. In an embodiment, the initial overshoot strength (a) may be set by
employing Equation 6 below.

[0057) a. = ]—m (Ifquation 6)
= ol 5y

[0058] According to Equation 6 above, the overshoot strength (a) is a function of the
overshoot duration (tp) and the time scale of a delayed gas species (1;). In an embodiment,
overshoot duration (tp) for a gas species may be dependent upon the MFC that controls the
gas flow rate. Typically, an MFC may have a delayed response time. In an example, an MFC
control may be switched to a flow rate of 40 sccm. The processing tool may experience a
few seconds delay before the MFC may begin flowing gas at the new flow rate. Typically, the
delay is about 0.5—2 seconds; however, the delay may vary depending upon the specific
MFC. Thus, the overshoot duration (ty) may change depending upon the MFC specification.
[0059] In another embodiment, the overshoot duration (tp) may vary depending upon the time
scale of the delayed gas species (1;). As aforementioned, the time scale of a gas species (1})
may depend upon the gas line geometry and the mass of the gas species. In a carrier gas
driven-flow environment, the time scale of a gas species (1;) may also depend on the flow
rate of the carrier gas. Since the carrier gas is usually flowing at a higher rate than the
process gas, the process gas may have to build up sufficient pressure before being able to

successfully mix with the carrier gas. The additional time delay is thereby a function of the
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time required by the process gas to build up sufficient pressure as previously discussed in
Equation 5 above.

[0060] At a next step 212, a test run may be performed by modifying the MFC flow rate (Q)
by the initial overshoot strength (a). While the test run is being performed, the gas
composition within the processing chamber may be measured.

[0061] At a next step 214, a determination is made on whether or not the overshoot strength
(o) is sufficient. In an embodiment, the determination may be made by tracing the pressure
profile of the gas within the processing chamber for a pre-determined period of time (e.g., 10
seconds).

[0062] If the pressure as shown in the pressure profile at a pre-defined target time period is
within a target accuracy of the equilibrium pressure, the overshoot strength (a) may be
sufficient or optimal for minimizing delivery delay for the gas. Since limited time is usually
provided for establishing a stabilized pressure environment, the pre-defined target time period
may have to be set less than the time allotted for stabilizing the processing chamber pressure.
[0063]1 Fig. 3 shows, in an embodiment of the invention, a simple plot illustrating several
overshoot strengths (a). Consider the situation wherein, for example, the equilibrium
pressure is set at 1.00. In an embodiment, the overshoot strength (a) is ;:onsidered to be
optimal if the chamber pressure is within the target accuracy (i.c., 1 percent) at a pre-defined
target time period. In this example, assume that the overshoot duration is 1 second and that
the pre-defined Atarget time period is twice of the overshoot duration (i.e., 2 seconds). As can
be seen from the figure, the overshoot strength (a) of 2.52 (curve 302) is considered as
optimal since the pressure reaches the set pressure (1.00) within the target accuracy at the
target time (2 seconds). As a result, the target pressure accuracy is set such that the pressure
profile for a gas is within close proximity to the set pressure point and the pressure profile of
the gas reaches equilibrium before the pre-determined period of time.

[0064] If the optimal overshoot strength (a) is not identified, such as curves 304 and 306,
then at a next step 216, the overshoot strength (a) may be adjusted, as shown in Equation 7
below, for the target equilibrium pressure (pe) and the pressure (p) at time t, attained by the
overshoot strength (a). Steps 212-216 are iterative and may be repeated until an optimal

overshoot strength is determined.

[0065] %= =P/ P(20,) | | (Equation 7)
[0066] If the overshoot strength (a) is found, then at a next step 218, the gas is run again with

the optimal MFC overshoot strength (as).
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[0067] Although an optimal overshoot strength may be determined, inaccuracy may occur if
the optimal overshoot strength causes the MFC flow rate to be set too high. Ideally, hardware
(e.g., MFC) may perform without malfunction. Those skilled in the arts are aware that most
hardware may not perform according to design in the extreme range (e.g., maximum and
minimum). To account for the potential error that may exist in the MFC, the desired

. modified MFC flow rate may be less than the maximum MFC flow rate. At a next step 220,
a determination is made on whether the slow gas delivery situation has been resolved without
experiencing hardware inaccuracy. One method for performing the analysis is to calculate if
the modified MFC flow rate (i.e., Q x a.) is less than a pre-determined percentage of the
(e.g., 95 percent) of the maximum MFC flow rate. In an embodiment, the pre-determined
percentage is set at less than 100 percent. Since the maximum MFC flow rate may vary
depending upon MFC specification, the acceptable range is set as a percentage of the
maximum MFC flow rate instead of as an actual constant,

[0068] If the condition is met, then the optimal overshoot strength (a+) has been identified for
the gas species for a specific recipe (step 222).

[0069] However, if the condition is not met, then at a next step 224, the overshoot duration
(to) may be increased. As aforementioned, the overshoot duration may be set to the MFC
response time to minimize the possibility of increasing the time for delivering a gas to the
processing chamber. However, if the modified MFC flow rate is too close to the maximum
flow rate of an MFC, potehtial for hardware inaccuracy may exist. To minimize the
possibility of inaccuracy due to hardware limitations, the overshoot duration may have to be
increased, in an embodiment, in order to reduce the optimal overshoot strength, thereby
reducing the modified MFC flow rate.

{0070] Steps 208 — 224 may be iterative until an optimal overshoot strength has been
determined.

[007 lk'] As can be appreciated from Fig. 2, the optimal overshoot strength (a+) may be
determined for a specific gas. By identifying the optimal overshoot strength (a»), the delivery
delay may be significantly reduced. Thus, the optimal overshoot strength (a+) may be
employed to minimize gas composition drift by manipula‘ting the MFC flow rate of one or
more gas species.

[0072] For a carrier gas-driven flow, the method described in Fig. 2 may reduce the time
scale associated with a gas. However, due to the additional time delay that may occur due to
the time scale associated with the built-up pressure (t.), the method described in Fig.2 may be

adjusted to allow for a multiple steps overshooting process that may further reduce the
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delivery delay. Fig. 4 shows, in an embodiment, a simple flow chart illustrating the steps for
performing a multiple steps overshooﬁng process. Consider the situation wherein, for
example, a gas with a slow delivery time is identified in a carrier gas-driven flow
environment.

[0073] At a first step 402, the initial overshoot strength () is determined. As
aforementioned, in a carrier gas-driven flow environment, besides the delivery delay caused
by the gas line geometry and/or molecular mass of a gas, the delivery delay for a low-flow
process gas may also depend on the time scale required for the low-flow gas to build up
sufficient pressure to mix with the high-flow carrier gas. To address this type of delivery, in
an embodiment, the first overshoot strength may be set to the maximum MFC flow rate.
[0074] At next step 404, the first overshoot duration is calculated. In an embodiment, the
first overshoot duration (i.e., build-up overshoot duration) may be a function of the ratio of
the pressure build-up time period and the initial overshoot strength. In an embodiment, the
build-up overshoot duration is less than the build-up time period since the initial overshoot
strength is applied to minimize the build-up time period. The overshoot duration for the first
overshooting step may be calculated using Equation 8 below. To minimize uncontrolled
pressure profile (such as spiking) the first overshoot duration (t.,) may be set at a value at
greater than or equal to the MFC response time (to), in an embodiment.

(AL

C

loo7s] ~ @ @ (Equation 8)

[0076] After accelerating the pressure build-up for the low-flow process gas, the MFC flow
rate may be modified to manage the time scale related to the gas line geometry and/or the
molecular mass of the gas. At next step 406, a second overshoot duration may be determined
similar to the single step overshooting. Since the second overshoot duration is the time
required to manage the time associated with the gas line geometry and/or the molecular mass
of a gas, the second overshoot duration may be set to the MFC response time (same as the
overshoot duration of Fig.2), in an embodiment, to minimize additional time being added to
the overall pressure stabilization time.

[0077] After the second overshoot duration has been determined, at next step 408, the second
overshoot strength is determined. In an embodiment, the second overshoot strength may be
determined by performing a test run. In an embodiment, the test run may include increasing
the MFC flow rate (Q) by the initial overshoot strength (i.e., first overshoot strength).

Similar to the single step overshooting method, the second overshoot strength may be
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determined empirically. In an example, the second overshoot strength may be adjusted until
an optimal overshoot strength (o) is identified (such that the chamber pressure at a pre-
defined target time period is within the target accuracy of the equilibrium pressure). Step 406
is similar to step 212-216 of Fig. 2. .
[0078] Once the second overshoot strength has been determined, then at a next step 410,
another test run may be performed. The test run, in an embodiment, may include the multiple
overshoot strength and overshoot duration.
[0079] At next step 412, a determination is made on whether the slow gas delivery situation
has been resolved. Similar to Fig. 2, the detenﬁination may be made by determining whether
or not the modified MFC flow rate for the first overshoot duration and the second overshoot
duration is within the pre-determined percentage of the maximum MFC flow rate.
{0080} If the condition is met, then the optimal shoot strength (a+) has been identified for the
gas species for a specific recipe (step 414) and the process may end.
[0081] However, if the condition is not met, then at next step 416, the second overshoot
duration may be changed.
|0082] Steps 406-416 may be iterative until the optimal MFC scheme has been determined.
[0083] Thus, the multiple steps overshooting method enable multiple overshoot strength to be
applied to accommodate the different time scales that may affect the overall delivery time for
a gas. Similar to the single step overshooting method, the multiple steps overshooting
method provide a method for determining a modified MFC flow rate that reduces delivery
delay while minimizing the time required for applying the overshoot strength. Both the
methods described in Figs. 2 and 4 may be manually performed by a technician. In an
embodiment, the MFC scheme, as illustrated by Figs. 2 and 4 may also be automatically
applied (e.g., software application), thereby reducing labor cost and minimizing the risk of
human ervor.
[0084] As can be appreciated from one or more embodiments of the present invention,
“methods are provided for managing the time scale of a gas specie. By determining the
optimal overshoot strength, MFC flow rate may be adjusted to significantly reduce gas
composition drift. With a modified MFC flow rate, better control of gas throughput is
provided, thereby enabling less substandard substrates to be manufactured. Thus, the
overshooting methods provide an inexpensive solution for manufacturing higher quality
substrate with little or no increase in overall processing time.
[0085] While this invention has been described in terms of several preferred embodiments,

there are alterations, permutations, and equivalents, which fall within the scope of this
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invention. Although various examples are provided herein, it is intended that these examples
be illustrative and not limiting with respect to the invention.

[0086] Also, the title and summary are provided herein for convenience and should not be
used to construe the scope of the claims herein. Further, the abstract is written in a highly
abbreviated form and is provided herein for convenience and thus should not be employed to
construe or limit the overall invention, which 1s expressed in the claims. If the term “set” is
employed herein, such term is intended to have its commonly understood mathematical
meaning to cover zero, ong, or more than one member. It should also be noted that there are
many alternative ways of implementing the methods and apparatuses of the present invention.
It is therefore intended that the following appended claims be interpreted as including all such
alterations, permutations, and equivalents as fall within the true spirit and scope of the present

invention.
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CLAIMS

What is claimed is:
1. A method for ascertaining a mass flow controller (MFC) control scheme for a recipe, said
MFC control scheme being configured for reducing a time scale for gas delivery into a
processing chamber of a plasma processing system, comprising:

identifying a set of delayed gas species utilized during execution of said recipe with a
set of delivery time slower than a target delivery time scale;

establishing an initial overshoot strength for each gas specie of said set of delayed gas
species, wherein said initial overshoot strength being a factor by which an MFC flow rate is
increased;

determining an initial overshoot duration for said each gas specie of said set of delayed
gas species, said initial overshoot duration being a time duration for applying said initial
overshoot strength to said MFC flow rate; and

establishing said MFC control scheme by executing said recipe by adjusting an MFC
hardware for said each gas specie of said set of delayed gas species, wherein said adjusting
said MFC hardware includes applying said initial overshoot strength for said initial overshoot
duration to determine if said MFC control scheme provides for said each gas specie of said set
of delayed gas species a pressure profile within a target accuracy of an equilibrium pressure for
said processing chamber.
2. The method of claim 1 further including

identifying said MFC flow rate for said each gas specie of said set of delayed gas
species; and

determining a time scale for said each gas specie of said set of delayed gas species,
wherein said time scale is a function of at least one of a gas line geometry, mass of said each
gas specie, and said MFC flow rate of said each gas specie.
3. The method of claim | wherein said initial overshoot duration is a factor of at least one of

a delayed response time for said MFC hardware, and

a time scale of said each gas specie of said set of delayed gas species, wherein said time
scale is a function of at least one of a gas line geometry, mass of said each gas specie, and said
MFC flow rate of said each gas specie.
4. The method of claim 1 wherein said initial overshoot strength is a function of said initial
overshoot duration and a time scale of said each gas specie of said set of delayed gas species,
wherein said time scale is a function of at least one of a gas line geometry, mass of said each
gas specie, and said MFC flow rate of said each gas specie.
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5. The method of claim 1 further including adjusting said initial overshoot strength if said
pressure profile for said each gas specie of said set of delayed gas species is not within said
target accuracy of said equilibrium pressure for said processing chamber.
6. The method of claim 5 wherein said initial overshoot duration for said each gas specie of
said set of delayed gas species is modified if an adjusted MFC flow rate is greater than a pre-
determined percentage of a maximum MFC flow rate for said MFC hardware, wherein said
adjusted MFC flow rate is said MFC flow rate modified by said initial overshoot strength for
said initial overshoot duration.
7. The method of claim 6 wherein an optimal overshoot strength for said each gas specie of
said set of delayed gas species is determined when said initial overshoot strength is within said
target accuracy of said equilibrium pressure and said adjusted MFC flow rate is less than said
pre-determined percentage of said maximum MFC flow rate for said MFC hardware.
8. A method for establishing a mass flow controller (MFC) control scheme for a recipe, said
MFC control scheme being configured for reducing a time scale for gas delivery into a
processing chamber of a plasma processing system, comprising:

identifying a set of delayed gas species utilized during execution of said recipe with a
set of delivery time slower than a target delivery time scale;

establishing an initial overshoot strength for each gas specie of said set of delayed gas
species, wherein said initial overshoot strength being a first factor by which an MFC flow rate
1s increased during an initial overshoot duration, said initial overshoot duration befng a first
time duration for applying said initial overshoot strength to said MFC flow rate;

establishing a second overshoot strength for said each gas specie of said set of delayed
gas species, wherein said second overshoot strength being a second factor by which said MFC
flow rate is increased during a second overshoot duration, said second overshoot duration
being a second time duration for applying said second overshoot strength to said MFC flow
rate; and

establishing said MFC control scheme by executing said recipe by adjusting an MFC
hardware for said each gas specie of said set of delayed gas species, wherein said adjusting
said MFC hardware includes applying said initial overshoot strength and said second overshoot
strength to determine if said MFC control scheme provides for said each gas specie of said set
of delayed gas species a pressure profile within a target accuracy of an equilibrium pressure for
said processing chamber,

9. The method of claim 8 further including
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identifying said MFC flow rate for said each gas specie of said set of delayed gas
species; and

détennining a time scale for said each gas specie of said set of delayed gas species,
wherein said time scale is‘a function of at least one of a gas line geometry, mass of said each
gas specie, and said MFC flow rate of said each gas specie.
10. The method of claim 9 wherein said initial overshoot strength for said each gas specie is
set to a maximum MFC flow rate for said MFC hardware.
11. The method of claim 10 wherein said initial overshoot duration for said each gas specie is
a factor of said initial overshoot strength and a pressure build-up time period, wherein said
pressure build-up time period being a time duration during which pressure for said each gas
specie is being accumulated to at least match pressure for a carrier gas, said carrier gas flowing
at a higher flow rate than said each gas specie.
12. The method of claim 11 wherein said second overshoot duration is a factor of a delayed
response time for said MFC hardware.
13. The method of claim 12 wherein said second overshoot strength is initially set to said
initial overshoot strength, wherein said second overshoot strength is adjusted by applying
empirical data gathered, wherein said second overshoot strength is adjusted if said pressure
profile for said each gas specie of said set of delayed gas species is not within said target
accuracy of said equilibrium pressure for said processing chamber.
14. The method of claim 13 wherein said second overshoot duration for said each gas specie
of said set of delayed gas species is modified if an adjusted MFC flow rate based on said
second overshoot strength and said second overshoot duration is greater than a pre-determined
percentage of said maximum MFC flow rate for said MFC hardware.
15. The method of claim 14 wherein said optimal overshoot strength for said each gas specie
of said set of delayed gas species is determined when said second overshoot strength is within
said target accuracy of said equilibrium pressure and said adjusted MFC flow rate is less than
said pre-determined percentage of said maximum MFC flow rate for said MFC hardware.
16. A method for determining an optimal overshoot strength for reducing gas delivery time
scale into a processing chamber of a plasma processing system during execution of a recipe,
comprising: ‘ '

identifying a set of delayed gas species utilized during said execution of said recipe

with a set of delivery time slower than a target delivery time scale;
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establishing an initial overshoot strength for each gas specie, wherein said initial
overshoot strength being a factor by which a mass flow controller (MFC) flow rate is
increased,

determining an initial overshoot duration for said each gas specie, said initial overshoot
duration being a time duration for applying said initial overshoot strength to said MFC flow
rate for said each gas specie;

executing said recipe with an adjusted MFC flow rate for said each gas specie by
applying said initial overshoot strength for said initial overshoot duration;

comparing a pressure profile for said each gas specie established during said execution
of said recipe against a target accuracy of an equilibrium pressure for said processing chamber
to determine if said initial overshoot strength is said optimal overshoot strength; and

adjusting said initial overshoot strength if said pressure profile for said each gas specie
is not within said target accuracy of said equilibrium pressure for said processing chamber.
17. The method of claim 16 further including

identifying said MFC flow rate for said each gas specie of said set of delayed gas
species; and

determining a time scale for said each gas specie of said set of delayed gas species,
wherein said time scale is a function of at least one of a gas line geometry, mass of said each
gas specie, and said MFC flow rate of said each gas specie.
18. The method of claim 17 wherein said initial overshoot strength is a function of said initial
overshoot duration and said time scale of said each gas specie of said set of delayed gas
species. _
19. The method of claim 18 wherein said initial overshoot duration for said each gas specie of
said set of delayed gas species is modified if said adjusted MFC flow rate is greater than a pre-
determined percentage of a maximum MFC flow rate for an MFC hardware.
20. The method of claim 19 wherein said optimal overshoot strength for said each gas specie
of said set of delayed gas species is determined when said initial overshoot strength is within
said target accuracy of said equilibrium pressure and said adjusted MFC flow rate is less than

said pre-determined percentage of said maximum MFC flow rate for said MFC hardware.
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