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Method and Apparatus for Pulse Gas Belivery with Concentration Measurement

RELATED APPLICATION
{6061} This application is a continuation-in-part of U.S. Application No. 16/742.172,
filed Janoary 14, 2020. The entire teachings of the above application are incorporated herein

by reference.

BACKGROUND

(0002} For many processes that involve a pulsed delivery of gas. such as Atomic Layer
DBeposition {ALD) processes and Atomic Layer Etch {ALE}) processes, a precursor or other
process gas is mixed with a casrier gas. Because of the way in which the process gas is
typically generated, the concentration of the process gas may vary during the process, for
example as the output of a chemical reaction generating the process gas varies over time.
Nevertheless, it is important {o provide precise mole delivery amouant of the process gas to the
process charber.

{6003} However, existing pulse gas delivery devices can only guarantee the total mole
amount in each pulse, where the total mole amount includes both the process gas and the
carrier gas, and the mole amount of the process gas in each pulse may therefore vary. There
is, therefore, an ongoing need for more precise mole dehvery amounts of process gases in

pulsed gas nuxtures.

SUMMARY

{6004} A method and apparatus for pulse gas delivery with concentration measurement is
disclosed. The method and apparatus provides a more precise mole delivery amount of a
process gas, for each pulse of a pulse gas delivery. by measuring a concentration of the
process gas and controlling the amount of gas mixture delivered in a pulse of gas flow based
on the received concentration of the process gas. The conirol of mole delivery amount for
each pulse can be achieved by adjusting flow seipoint, pulse duration, or both.

[G08S] A pulse gas controd systern comprises a gas concentration measiement system
configured to measure a concentration of a process gas in a gas nuxture. The pulse gas
delivery sysiem is configured {o sense {low of the gas mixture and control flow of the gas

mixture. The system receives the concentration of the process gas in the gas mixture,
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measured by the gas concentration measurement system, and controls an amount of gas
mixture delivered in a pulse of gas flow based on the received concentration of the process
gas to control a mole amount of the process gas delivered to a process chamber in each pulse.
{3606} The pulse gas delivery system may be configured to adjust a flow setpoint of the
gas mixture during the pulse, and the adjustment may be based on the received concentration
of the process gas. The pulse gas delivery system may set an initial target flow setpoint of the
gas mixture in inverse proportion to the received concentration of the process gas. The initial
target flow setpoint may be set in proportion o a process gas mole delivery per pulse setpoint
divided by a product of a pulse duration period mudtiplied by the received concentration of
the process gas. The pulse gas delivery system may adjust the flow sefpoint, during a pulse
duration period, based on a changed measurement of the process gas concentration during the
pulse duration period. The adjustment of the Bow setpoint may be based on a relationship:
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where Qsp(t} 1s the flow setpoint, k i1s a mole to flow unit conversion constant, Myp is a
process gas mole delivery per pulse setpoint, Qw{t) is a measured flow rate of the pulse gas
delivery system, C{1) is the received process gas concentraiion, At is the pulse duration
period, tis a current time, and fo 1s an inmtial time of the pulse duration period. The pulse gas
delivery system may adjust the flow setpoint over time during the pulse duration period undil
the pulse dwwation period is complete. A constant pulse duration may be maintained while
adjusting the flow setpoint,

{6608 The gas concentration measurement system may comprise an optical gas sensor, a
surface acoustic wave device, an ultrasound sensor, a mass spectrometer or a thermal
conductive detector. The gas concentration measurement system may be arranged in series
between a source of the gas mixture and the pulse gas delivery syster, {o receive the gas
mixture from a source and to provide the gas mixture to the pulse gas delivery system. It may
be arranged to receive a sample of the gas mixture from a sample line that samples a gas flow
of the gas mixture from a source to the pulse gas delivery system. The process chamber (o
which the pulse gas delivery systen is configured to deliver the process gas may be one of
an Atomic Layer Deposition {ALD) process, an Atomic Layer Etch (ALE) process, a
Through Silicon Via (TSV) process, a pulsed deep reactive ion etch (DRIE) process, a plasma

enhanced chemical vapor deposition (CVD) process and a plasma enhanced eiching process.
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{6089} The pulse gas delivery system may be configured {o adjust a flow setpoint of the
gas mixture during the pulse. The pulse gas delivery system may be configured to adjust a
pulse duration used to deliver the gas maxture to the process charmber; and roay be configured
to adjust the pulse duration by ending the pulse duration when a total mole amount of process
gas delivered is greater than or equal to a process gas mwle delivery per pulse setpoint. The
pulse gas delivery svstem may be conligured to adjust both a flow setpoint of the gas
mixture, and the pulse duration during the pulse.

[601¢] The pulse gas delivery system may be configured to receive the concentration of
the process gas in the gas maxture at an update rale that is af least ten fimes a pulse frequency
that corresponds to a pulse duration period of the pulse gas delivery system. The svstem may
comprise a heater configured to maintain at least part of the flow of the gas nuxture
comprising the process gas at an elevated temperature. The pulse gas delivery system may be
configured to control the heater to maintain a substantially constant elevated terperature of
the process gas along at feast part of the flow of the gas nuxture between a source and the
process chamber.

{6611} A method of controlling a pulse gas delivery system comprises measuring a
concentration of a process gas in a gas ruixiure; with the pulse gas delivery sysiem, recerving
the concentration of the process gas in the gas mixture; and controlling an amount of gas
mixture delivered in a pulse of gas flow by the pulse gas delivery system based on the
received concentration of the process gas to control a mole amount of the process gas
dehivered {o a process chamber in each pulse.

{6612} The method may comprise adjusting a flow setpoint of the gas mixture during the
pulse. The flow seipoint of the gas mixture may be adjusted based on the received
councentration of the process gas. An initial target flow setpoint of the gas roixture may be set
in inverse proportion to the received concentration of the process gas. The initial target flow
setpoint may be st in proportion to a process gas mole delivery per pulse setpoint divided by
a product of a pulse duration period mudtiplied by the received concentration of the process
gas. The method may comprise adjusting the flow setpoint, during a pulse duration period,
based on a changed measurement of the process gas concentration during the pulse duration
pertod. The method may comprise adjusting the flow setpoint based on a relationship:
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{6613} where Qu{t} is the flow setpoint, k is a mole to flow unit conversion constant, My
is a process gas mole delivery per pulse setpoint, Qu(t) 1s a measured flow rate of the pulse
gas delivery systern, C(1) 15 the received process gas concentration, At is the pulse duration
period, tis a current time, and to is an initial time of the pulse duration period. The method
may cornprise adjusting the flow setpoint over time during the pudse duration period until the
pulse duration period is complete. The method may comprise maintaining a constant pulse
duration while adjusting the flow setpoint.

{6814} The method may comprise measuring the concentration of the process gas in the
gas mixtore using an optical gas sensor, a surface acoustic wave device, an ultrasound sensor,
a mass spectrometer or a thermal conductive detector. The pulse gas delivery system mav be
used to deliver the process gas to one of an Atomuc Layer Deposition {ALD) process, an
Atomic Layer Etch {ALE) process, a Through Silicon Via (TSV) process, a pulsed deep
reactive on etch (DRIE) process, a plasma enhanced chemical vapor deposition (CVD)
process and a plasma enhanced etching process. The method may comprise adjusting a flow
setpoint of the gas mixture during the pulse. The method may comprise adjusting a puise
duration used o deliver the gas mixture 1o the process chamber; and may comprise adjusting
the pulse duration by ending the pulse duration when a total mole amount of process gas
delivered is greater than or equal to a process gas mole delivery per pulse setpoint. The
method may comprise adjusting a flow setpoint of the gas mixture during the pulse and
adjusting the pulse duration.

{6015} The method may comprise receiving the concentration of the process gas in the
gas mixture at an update rate that is at least ten times a pulse frequency that corresponds to a
pulse duration period of the pulse gas delivery svstem. The method may comprise using a
heater to maintain at least part of the flow of the gas nuxture comprising the process gas at an
elevated temperature; and may comprise controlling the heater to maintain a substantially
constant elevated temperature of the process gas along at least part of the flow of the gas

mixture between a source and the process chamber,

BRIEF DESCRIPTION OF THE DRAWINGS

{3016 The foregoing will be apparent from the following more particular description of
example embodiments, as illustrated in the accompanying drawings in which like reference
characters refer to the same parts throughout the different vigws. The drawings are not

necessarily to scale, emphasis instead being placed upon llustrating embodiments,
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{6617} FIG. 1A is a schematic block diagram of a pulse gas conirol system using
concentration measurement, in an in-line arrangement, in accordance with an embodiment of
the mvention.

{6018} FI(z. 1B 1s a schematic block diagram of a pulse gas control system using
conceniration measurement, in a sample line arrangement, in accordance with an ernbodiment
of the mvention.

{6619} FIGS. 2 and 3 are schematic block diagrams of a process of controlling a pulse gas
delivery system by adjusting a flow setpoint of the gas nuxture during the pulse in
accordance with an embodiment of the invention.

{6620} FIG. 4 is a schematic block diagram of a pulse gas conirol system using an
additional carrier gas line in accordance with an embodiment of the invention.

{6021} FIG. 5 s a schematic block diagram of a host controller interacting with a pulse
gas delivery system in accordance with an ernbodiment of the mvention.

{6622} FIG. 615 a simplified schematic block diagram of a controller that can be used as
such components, including, for example, as the pulse mole amount control processor of FIG.
5.

{6623} FIGS. 7 and 8 are schematic block diagraros of a process of controlling a pulse gas
delivery system by adjusting a pulse duration used to deliver the gas mixture to the process

chamber, in accordance with an embodiment of the invention.

DETAILED DESCRIPTION

{6624} A description of example embodiments follows.

[6025] In previous gas delivery systems, precursor gases or other process gases are
typically generated by a chemical or physical process that is ongoing during gas delivery,
such as by evaporaiing a liquid or solid. For example, a carrier gas such as nitrogen can be
flowed through an ampoule containing a precursor substance, to produce a vapor, which
bubbles out of the ampoule and contains a nuxture of the carrier gas and the precursor gas.
The ampoule is heated to a high temperature to vaporize the solid or liquid precursor, so the
rate of vaporization is often highly dependent on the pressure, temperature and sarface area
involved in the reaction. The rate of the chemical reaction or physical process that is used to
generate the process gas can vary widely during the production of the process gas.

{3026} Because of this varying rate of production of the process gas, previous pulse gas

dehvery systems could often deliver mole amounts of the process gas that varied widely from



WO 2021/146132 PCT/US2021/012924

pulse 1o puise, even where the total amount of the combination of the process gas and the
carrier gas was kept relatively constant. Such variation of the process gas amount, however,
can produce a great variation m the result of the manufacturing process that the process gas 13
used in, for example by producing a varving thickness of layers deposited on a surface in an
Atomic Laver Deposition (ALD) proeess.

{6627} In order o address these and other drawbacks of previous systerns, conceniration
measurement is used to provide a precise mole delivery of gas nuxtures in a pulse gas
delivery system, as will be described further herein.

{6628} FIG. 1A 15 a schematic block diagram of a pulse gas control system 100a using
councendration measurement, in an in-line arrangement, o accordance with an embodiment of
the mmvention. A gas source 101a flows a gas mixture of a process gas with a carrier gas inio
the system, and the gas mixture flows through a gas concentration measurement system 104a

and a pulse gas delivery systen 106a. In the embodiment of FIG. 1A, the gas conceniration

[

measurement system 104a and pulse gas delivery system 106a are in an “in-line.” or sertes
flow, arrangement. In this embodiment, the gas conceniration measurement system 104a is
arranged in series between the source 101a of the gas mixture and the pulse gas delivery
systern 1064, to receive the gas misture from the source 101a and to provide the gas maxture
to the pulse gas delivery system 106a. It will be appreciated that other flow arrangements can
be used, for example as in FIG. 1B, In FIG. 1A, the pulse gas delivery system 106a senses
and controls flow of the gas mixture. The gas concentration measurement system 104a
measures the concentration 108a of the process gas in the gas mixture. The pulse gas delivery
system 106a receives the concentration 108a of the process gas, measured by the gas
concentration measurement system 1044, and controls an amount of gas mixture delivered in
a pulse of gas flow based on the received concendration 108a of the process gas, to control a
mole amount of the process gas deliverad 110a to a process chamber in each pulse.

{3029} FIG. 1B 1s a schematic block diagram of a pulse gas control system using
conceniration measurement, in a sample line arrangement, in accordance with an erobodiment
of the mvention. In this embodiment, the gas concentration roeasurement system 104b s
arranged to receive a sample of the gas mixture from a sample line 107b that samples a gas
fow of the gas mixture from the source 101b 1o the pulse gas delivery system 106b. The gas
source 101b flows the gas misture into the pulse gas delivery system 106h, and the gas
conceniration measurenment systen 104b receives the sample of the gas nuxture from the

sample line 107b, which branches off the flow line 109b by which the gas source 101b flows

-
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the gas mixture into the pulse gas delivery system 106b. The gas concentration measurement
systermn 104b is thus able to measure the concentration 108b of the process gas in the gas
maxture, and provide it to the pulse gas delivery systern 106b, The systern is otherwise
analogous to that of FIG. 1A

{3030} Using the gas concentration measurement sysiem 104a/104b, the system of FIGS.
1A and 1B obtains the concentration 108a/108b of the precursor or other process gas in the
gas mixture, which is fed into the pulse gas delivery system 106a/106b. The pulse gas mole
delivery device 106a/106b adjusts the total mole amount of the gas muxture - including both
the process gas and the carrier gas — for each pulse gas mole delivery, such that the mole
amount of the process gas is maintained as a constani. The total mole amount adjustment of
the gas muxture can be achieved by adjusting flow setpoint, pulse duration or both. In some
embodiments, the system can change the flow setpoint only, without changing the pulse
duration, so that the pulse gas delivery 1s synchronized with other instruments in the
manufacturing process, such as with the radio frequency (RF) generation in the process
chamber.

{6631} The pulse gas delivery system 106a/106b can, for example, be a pulse Mass Flow
Controller (MFC) or mole delivery device. For exarple, the pulse gas delivery systern
106a/106b can be any of the pulse gas delivery svstems faught in U.S. Patent Nos. 10,353,408
B2 of Ding er af., 7,628,860 B2 of Shaji ef al., 7,615,120 B2 of Shajii er o/, 7,829,353 B2 of
Shajit ef o/, and U.S. Patent App. Pub. Nos. 2014/0190571 of Ding ef al. and 2019/0243392
Al of Ding ef ¢f., the teachings of each of which are incorporated by reference in their
entirety.

{6632} The gas concentration measurement system [04a/104b can, for example, be or
include an optical gas sensor, a surface acoustic wave device, an ultrasound sensor, a mass
spectrometer or a thermal conductive detector. For exarmple, an infrared (IR} absorption
based gas sensor, such as a Tunable Filter Spectrometer (TFS), Nondispersive Infrared
(NDIR} sensor, or Fourter-Transform Infrared Spectrometer (FTIR) sensor, can be used.
Infrared absorption based gas sensors have good sensitivity and selectivity, their
measurement is non-invasive, and they can be arranged in-line to the delivery system.
However, other concentration measurement methods, such as other optical gas sensors,
surface acoustic wave (SAW) sensors, ultrasound sensors, mass spectrometry, and thermal

conductive defectors, can also be used.
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{6633} The process chamber to which the pulse gas delivery svstem is configured to
deliver 110a the process gas can, for example, be one of: an Atomic Layer Deposition (ALD)
process, an Atomic Layer Etch (ALE) process, a Through Stlicon Via (TSV) process, a
pulsed deep reactive ion etch (DRIE} process, a plasma enhanced chemical vapor deposition
{(CVI3) process a plasma enhanced etching process, or any process requiring a pulsed gas
mixture. The process can, for example, be part of a semiconductor manufacturing process,
but can also be used in other processes. As used herein, a pulsed deep reactive ion etch
{DRIE) process is, for example, a highly anisotropic etch process used to create deep
peneiration, steep-sided holes and trenches in wafers and other substrates, typically with a
high aspect ratio. n one example, the DRIE process is a pulsed or time-nmultiplexed eiching
process, such as any of those taught in U.S. Patents Nos. 5,501,893 A of Laermer ef af,,
6,531,068 B2 of Laermer ef o/, and 6,284,148 B1 of Laermer e/ o/, the teachings of each of
which are incorporated by reference 1o their entirety.

{6634} FIGS, 2 and 3 are schematic block diagrams of a process of controlling a pulse gas
delivery system by adjusting a flow setpoint of the gas mixture during the pulse, in
accordance with an embodiment of the invention. In the embodiments of FIGS. 2 and 3, the
pulse gas delivery system adjusts a flow setpoint of the gas muxture during the pulse, 10 order
to achieve a precise mole amount of the process gas in each pulse. The pulse gas delivery
system can maintain a constant pulse duration while adjusting the flow setpoint. However, it
will be appreciated that the pulse gas delivery system can also adjust the pulse duration used
to deliver the gas mixture to the process chamber; or can both adjust the flow setpoint of the
gas mixture during the pulse and adjust the pulse duration {see FIGS. 7 and 8, for example).
{6635} In the process of FIG. 2, the host controller (see 505 of FIG. 5, which can, for
example, be implementied as a host processor of a tool in which the pulse gas delivery system
is used) sends 220 a precursor {or other process gas) mole setpoint (M) and a pulse duration
period (At} to the pulse gas delivery system {see 106a/106b of FIGS. 1A and 1B}, such as a
pulse mass flow controller (MFC). (The mwole seipoint and pulse duration can be in signals
515 sent 1o and from the host controlier 505 of FIG. 5). The mole setpoint can, for example,
be on the order of about 100 micromoles per pulse, although 1t will be appreciated that other
mole amounis can be used. The pulse gas delivery system can set 230 an initial target fow
setpoint of the gas mixture in inverse propottion to the received concentration of the process
gas. For example. as shown in step 230 of FIG. 2, the pulse gas delivery system can set the

initial target flow setpoint, (Jsp{t), in proportion (for example, based on a proportionality
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constant, k} to a process gas mole delivery per pulse setpoint {My) divided by a product of a
pulse duration period (At} multiplied by the received concentration of the process gas, C(t),
which is received from the gas concentration measurerment device (see 104a/104b of FIGS.
1A and 1B). The host controller (see 505 of FIG. 5) then sends 240 a pulse gas delivery
trigger signal {which can be in signals 515 sent to and from the host controller 505 of FIG. §)
to the pulse gas delivery system {see 106a/106b of FIGS. 1A and 1B) to initiate the delivery
at the inttial time of the pulse duration period (to). The process continues 242 as shown in
Fi(z. 3.

{6036} In the technique of FIGS. 2 and 3, the pulse gas delivery system adjusts the flow
setpoint of the gas mixture based on the received concentration of the process gas.
Conmtinuing from the process of FIG. 2 at 242 in FIG. 3, the pulse gas delivery system {see
1063/106h of FIGS. 1A and 1B) regulates 350 its flow {for example by controlling an intemal
control valve $13 of FIG. 5) to the targeted flow setpoint, Qo{t). The pulse gas delivery
system {(see 106a/106b of FIGS. 1A and 1B} adjusts the flow setpoint, Qs(1), during a pulse
duration period, based on a changed measurement of the process gas concentration during the
pulse duration period. For example, at 360 in FIG. 3, the pulse gas delivery system obtains an
updated precursor gas {or other process gas) concentration information, C(1), frova the gas
concentration measurement device (see 104a/104b of FIGS. 1A and 1B) during the delivery.
The concentration information C(t) can be updated in real time based on a clock period of the
host processor (S05 of FIG. 5} or pulse mole amount control processor (see S11 of FIG. S, or
both, which can, in one example, be about 3 milliseconds, or another clock period. The
update rate of the concentration information {{t) can be set in the manner discussed relative
to FIG. 3, below. And next, for example, in 370 in FIG. 3, the pulse gas delivery system
(106a/106b of FIGS. 1A and 1B) can adjust the flow setpoint based on a relationship:

kM=, Qmticie)ar

(B {E-to 300

16637} Qop (1) =

where Qs(t) is the flow setpoint, k is a mole to flow unit conversion constant, Moy, IS a
process gas mole delivery per pulse seipoini, Gm{t) s a measured flow rate of the pulse gas
delivery system, C{1} is the received process gas concentration, At is the pulse duration
period, t1s a current time, and to is an initial time of the pulse duration period. The pulse gas
delivery system {106a/106b of FIGS. 1A and 1B} can adjust the flow seipoint over time
during the pulse duration period until the pulse duration period 1¢ comnplete. For example, in

step 380 of FIG. 3, the system 106a/106b can check whether the delivery time, t, 1s greater
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than the pulse duration period (At} away from the initial time, that is, whether {t — t0} is
greater than At If not, then the process repeats by regulating 350 the flow 1o the targeted flow
setpoint, Qsp(t). If so, then the process completes the pulse gas delivery, as at 390, for
example by having the pulse gas delivery system {106a/106b of FIGS. 1A and 1B} close an
intemnal control valve {see 313 of FIG. 3) and finish the delivery of the gas pulse. In this way,
the emnbodiment of FIGS. 2 and 3 15 regularly updating the flow setpoind based on the updated
process gas concentration information, during the pulse, so that the flow 1s increased as
process gas concentration falls, and the flow is decreased as process gas concentration rises.
This mieans that the total gas flow amount is changed, as the total flow is changed depending
on the process gas concentration changes, but because the flow changes in an inverse manner
to the process gas concendration, a controlied amount of the process gas is delivered in each
pulse of the pulse gas delivery.

{3038} It will be appreciated that other techmuiques of flow setpont can be used than those
of FIGS. 2 and 3. For example, in another technique. C(t) in step 370 could be treated as a
constant over the cousse of a pulse duration, on the theory that C{t) will change by small
amounts over the course of each pulse duration, while still changing the Sow setpoint Qsp(t)
based on the changes in the measured flow rate Qm{t), which may change faster during the
pulse duration,

[6639] FIGS. 7 and 8 are schematic block diagrams of a process of controlling a pulse gas
delivery system by adjusting the pulse duration period during the pulse in accordance with an
embodiment of the invention. Although these figures show adjusting only the pulse duration
period, it will also be appreciated that the method can include adjusting both the pulse
duration period and the Jow setpoint. In FIG. 7, the host controller (see 505 of FIG. 5) sends
728 a precursor {or other process gas) mole setpoint (Msp) and a pulse duration period (Af) to
the pulse gas delivery system (see 106a/106b of FIGS. 1A and 18B), such as a pulse mass flow
controller (MFC). The host controller {see 505 of FIG. 3) then sends 730 a pulse gas delivery
trigger signal {which can be in siguals 515 sent to and from the host controller 505 of FIG. §)
to the pulse gas delivery systern {see 106a/106b of FIGS. 1A and 1B) to initiate the delivery
at the initial time of the pulse duration period (o). The pulse gas delivery svstem, as shown
in step 740 of FIG. 7, obtains the imitial process gas conceniration information 108a/108b,
C{0), from the gas concentration measurement device 104a/104b of FIG. | and calculates the

flow setpoint as

- 10-
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k-Msp
ABC(EG)

Qsp =
The process continues 742 as shown in FIG. &
{3040} Continuing from the process of FIG. 7 at 742 1 FIG. &, the pulse gas delivery
system (see 106a/106b of FIGS. 1A and 1B) regulates 850 its flow (for example by
controlling an internal control valve 513 of FIG. 5) to the flow setpoint, Qgp. The pulse gas
delivery sysiem (see 106a/106b of FIGS. 1A and 1B) monitors the total mole amount of the
precursor gas delivered during the delivery. For example, at 860 in FIG. 8, the pulse gas
delivery system obtains an updated precursor gas {or other process gas) conceniration
information, {{t), from the gas concentration measurement device {see 104a/104b of FIGS.
1A and 1B} during the delivery. Next, for example, in 870 in FIG. §, the pulse gas delivery
svstem (106a/106b of FIGS. 1A and 1B) can update the total mole amount of precursor gas
delivered during the delivery as

M(D) = T o fQm() - £(O)dt
where Qmefe) is the How rate measured by the flow sensor in the pulse gas delivery system. In
step 880 of FIG. 8, the systero 106a/106b can check whether the total roole arvount of
precursor gas delivered, i e., M(t}, is greater than or equal to the precursor mole setpoint Msp.
If not, then the process repeats by regulating 850 the flow to the targeted flow setpoint, Qup.
which in this embodiment is maintained as the same targeted flow sefpoint, Qsp, as was
mutially used. ¥ 50, then the process completes the pulse gas delivery, as at 890, for example
by having the pulse gas delivery system (106a/106b of FIGS. 1A and 1B) close an internal
control valve (see S13 of FIG. Sy and {imish the delivery of the gas pulse. In this way, the
embodiment of FIGS. 7 and 8 is regularly updating the pulse duration period or the pulse gas
delivery time based on the updated process gas concentration information, during the
delivery, so that the pulse duration is increased as process gas concentration falls, and the
pulse duration is decreased as process gas concentration rises. It will be appreciated that the
updating of the pulse duration period is achieved as a consequence of the pulse duration
period being shorter when the total mole amount, M(t}), reaches the precursor mole setpomt,
Msp, in a shorter amount of fime, and being longer when the total mole amount, M(1), reaches
the precursor mole setpoint, Msp, iu a longer amount of time. Thus, the techuque of FIGS. 7
and § jovolves adjusting the pulse duration by ending the pulse duration when a total mole
amount of process gas delivered is greater than or equal to a process gas mole delivery per

pulse setpoint.
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{6041} FIG. 4 is a schematic block diagram of a pulse gas control sysiem using an
additional carrier gas line, in accordance with an embodiment of the invention. In this
ernbodiment, there s shown a pressure controller 402 that controls flow of a carrier gas
through a precursor {or other process gas generating) ampoule 403. A gas concentration
measurement device 404 (for example, a sensor 404} provides concentration information 403
to the pulse gas delivery systemn 406 ({or exarople, a pulse mass flow controller), and a
precise mole amount of the process gas is then provided in each pulse to the process chamber
412. Here, the gas concentration measwrement device 404 and pulse gas delivery system 406
are integrated together as an Atomic Layer Deposition (ALD) Precursor Delivery Controlier
414, although it will be appreciated that the system can be used in other processes. In
addition, in FEG. 4, a further carrier gas line 416 can be used to mix the pulse gas delivery
410 with an additional desired amount of carrier gas from carrier gas line 416, the flow of
which can be controlled with its own carrier gas flow controller 418 (controlled, for example,
by host controller 505 of FIG. 5). It will be appreciated that the additional carrier gas line 416
need not be used, and that other flow circuits can be added o the systems taught herein.
{6042} FIG. S is a schematic block diagram of a host controller 505 interacting with a
pulse gas delivery systern 506 in accordance with an embodiment of the invention. In FIG. 5,
a gas mixture flows from the gas source 501 through the gas concentration measurement
device 504, to the pulse gas delivery system 506. The gas concentration measurement device
504 measures the concentration of the process gas n accordance with techniques taught
herem, and provides a concentration signal 508 to a pulse mole amount control processor 511
of the pulse gas deliverv system S06. The pulse mole amount control processor 511 can
inchude suitable components (such as specially programmed application specific integrated
circuils or a nucroprocessor) that are progranmied to implernent techniques taught herein
based on the concentration signal 50& provided by the gas concentration measurement device
504, and to communicate with and control other components of the pulse gas delivery system
506. The pulse gas delivery sysiem 506 also inchudes an internal control valve 513 to regulate
flow. Upon completion of a pulse duration, the pulse gas delivery system 506 provides 510 a
precise mole amournt of the process gas in a pulse to the process chamber 512. The pulse gas
delivery sysiem 506 also includes a flow sensor 507 with which it senses flow, and a flow
rate control processor 509, which uses separate, conventional techniques to control a
measured flow rate, Qm to be as close as possible to a flow setpoint, Qs. The flow sensor may

be a thermal flow sensor, differential pressure flow sensor or other sensor used in
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conventional mass flow controllers. In addition, the host controller 505 communicates via
signals S15 to and from pulse mole amount control processor 311, to coordinate the control
techriques taught herein iroplemented by pulse mole amount control processor S with the
host tool. For example, signals 515 can include a mole setpoint, a pulse duration, and a pulse
gas delivery trigger signal, provided by the host controller 505 to the pulse mole amount
conitrol processor Sil.

{6043} The gas concentration measurement device 504 can send concentration signal 508,
and the pulse gas delivery system 506 can receive conceniration signal 508, with an update
rate that 1s suitably faster than the pulse duration period (A1) of the systern. This update rate
can effectively set the rate of updating of the feedback loop in the svstem, such as the loop in
steps 350, 360, 370, and 380 of FIG. 3. The fast update rate can for example, help to ensure
that the concentration is sensed at a rate that is sufficiently fast for the transition rates of
teroperatures and process gas changes in the system. In one example, it has been found useful
to send the concentration signal 508, and update the feedback loop, with an update rate that is
at least 10 times greater than the pulse frequency of the svstem. For example, a 200
millisecond puise duration period has a § Hz frequency, and in that case, the update rate of
the concentration signal 308 and the feedback loop {(steps 350, 360, 370 and 380 of FIG. 3)
should have a frequency of at {east 50 Hz, that is, af least ten times faster than the pulse
duration frequency. The update rate of the concentration signal 508 and of the feedback loop
can be set in a vanety of different possible ways. For example, the update rate can be set by
the rate of update of the gas concentration measurement device 504; or can be controlled by
the host controller 505, or can be controlled by the pulse mole amount control processor 511
{or a separate processor in communication with it), either at a fixed rate or at rate that is
adjusted based on the pulse duration peried provided by the host controller 303, In one
example, the pulse mole amount control processor 511 sets the update rate as a multiple of 10
times the pulse frequency determined based on the pulse duration period (At} provided by the
host coniroller 50S, and communicates that update rate to the gas concentration measurement
device 304, Alternatively, for example, the gas concentration measurement device 504 can be
selected in advance to have an update rate 504 that 1s sufficiently high to be in excess of a
criterion, such as a 10 times multiple of the maximum expected pulse frequency.

{6044} The pulse gas delivery systern S06 can further include a heater S19 configured to
mairtain at least part of the flow of the process gas at an elevated temperature. As discussed

above, the precursor gases or other process gases are tvpically generated by a chemical or
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physical process that is ongoing dwring gas delivery, such as by evaporating a hquid or solid.
It can therefore be advantageous 1o use a heater 519 to maintain part or all of the flow of the
process gas at a temperature that keeps the process gas in its gaseous state, so that the process
zas does not revert to solid or liquid state by cooling as the gas flows throngh the system. The
heater 519 can heat one or more components through which the process gas flows, such as
the gas source 501, gas conceniration measurement device 504, flow sensor 507, and internal
valve 513, and the gas flow lines that flow the gas between those components and to the
process chamber S12. In one example, the system uses the heater 519 to heat the gas
concentration measurement device S04, the flow sensor 507, and the miernal valve 513. The
temperature can, for exanmple, be roaintaived at higher than 150 C, such as 200 C or higher,
for example about 230 C. The heater 519 can be used to avoid cold spots along the gas flow
path, and can, for example, be used to maintain a substantially constant elevated temperature
along the gas flow path, or along at least part of the gas flow path between the gas source 501
and the process chamber 512. By “substantially constant.” it is intended that the elevated
temperatire can, for example, be maintained within a range of within plus or minus 20 C of a
maintained temperature, such as within plus or minus 10 C, or within plus or minus 5 C, of
the mamtained temperature. The heater S19 can be an active or passive heating element, and
can be mounted in thermal conductive relationship with one or more of the components that it
heats, such as the gas source 501, gas concentration measwwrement device 504, flow sensor
507, and internal valve S13, and the gas flow lines that flow the gas between those
components and to the process chamber 512, or on all of those components. The heater 319
can be internal to the pulse gas delivery system 506, or external to it, or both intemal and
external to it Tn addition, the temperature of the heater 519 can be controlled by a heater
coutrol processor 317, which can be condrolled by {or can be a portion of) the pulse mole
amowt control processor 511, For exarple, the heater control processor can receive
temperature information from a temperature sensor 521 located in thermal sensing
arrangement with the heater S19 or with any of the components that it heats, or with othe
components of the system. Based on the teroperature information, the heater control
processor 517 can provide signals to the heater 519 to adjust the degree or location of heating
provided to one or more components.

6045} Various techniques set forth herein are implemented using a controller, and can
include computer implemented components, such as pulse mole amount control processor

511, flow rate conirol processor 509, and heater control processor 517 (see FIG. 5). FIG. 61
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a simplified schematic block diagram of a controlier that can be used as such components,
inchuding, for example, as the pulse mole amount control processor 511 of FIG. S, Control
techniques discussed hereimn can be implemented using hardware, such as a controller 691 that
includes one or more processors 692, which can for example include one or more Application
Specific Integrated Circutts (ASICs) 693, 694; application software running on one or more
processors 692 of the controller 691 and sensor and/or actuator lines 6935-699 delivering
electronic signals to and from systems set forth herein (such as gas concentration
measurement device 504, host controlier SOS, flow rate control processor 509, flow sensor
507, wnternal valve 513, healer control processor 517, heater 519, and temperature sensor 521
of FIG. $), in which the signals can deliver electronic signals to and from actuated
components within systems set forth herein {such as actuator lines delivering electronic
signals 1o actuated valves or other controlled components). The controller 691 can also
mclude user input module 681, which can include coraponents {such as a kevboard, touch
pad, and associated electronics in connection with the processor 692 and memory 682} to
receive user input such as set poinis. The coniroller 691 can also include a memory 682 to
store information, and to implement procedures under control of computer hardware and
software. 1t will be appreciated that other control hardware may be used, including control
hardware that is at least in part pneumatic.

{6046} Portions of the above-described methods and svstems can be implemented using
one or more compuler systerns, for example to permit pulse gas delivery with concentration
measurement. For example, technigues can be implemented using hardware, software or a
combination thereof. When implemented in software, the software code can be executed on
any suitable processor or collection of processors, whether provided in a single compuler or
distributed among nultiple corapuiers. For example, the pulse mole amount controller
processor 511, flow rate conirol processor 509, and heater control processor 517 can be
provided in a single component, or distributed amongst multiple components.

{6847} Advantages of embodiments can, for example, include the ability to provide a
precise mole amount of a precursor or other process gas in each gas pulse delivery. The
method and apparatus can be applied to a vartety of different processes, including Atomic
Layer Deposition {ALD) and Atomic Layer Etch {ALE) processes, that have precursors or
other process gases in a maxture. Further, the method and apparatus can be applied where the
concentration of the precursor or process gas varies during the process, including where the

variation of the precursor is wide. The conirol can be fast, withowt the need to control
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blending of gases or the chemustry or physics of a reaction. The method and apparatus is
integrated, and simplifies process monitoring and control,

6048} As used herem, the terms “gas”™ or “gases” mclude the terms “vapor” or “vapors,”
should those terms be considered to be different.

{3049} As used herein, a “process gas” can be or include a precursor gas, and can also be
or include any of a wide variety of other possible gases used 1n a process, including any
pulsed gas mixtures regardiess of whether they are precursor gases. For example, in one
embodiment, a pulsed WF6 gas nuxture can be used. The process in which the process gas is
used can, for example, be an Atomic Layer Deposition {ALD) process, an Atomic Layer Eich
{ALE) process. a Through Silicon Via (TSV) process, a pulsed deep reactive 1on etch (DRIE)
process, a plasma enhanced chemical vapor deposition {CV D} process. a plasma enhanced
giching process or any process requiring a pulsed gas mixture. The process can, for example,
be part of a semiconductor manufacturing process, but can also be used 1 other processes.
6050} The teachings of all patents, published applications and references cited herein are
incorporated by reference in their entirety.

{6651} While example embodiments have been particularly shown and described, it will
be understood by those skilled in the art that various changes 1o form and details may be
made therein without departing from the scope of the embodiments encompassed by the

appended claims.
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CLAIMS

‘What is claimed is:

b

(A1

6.

A puise gas control system, the system comprising:

a gas conceniration measurement svstem configured to measure a
concentration of a process gas in a gas mixture; and

a pulse gas delivery system configured to sense flow of the gas mixture and
control flow of the gas mixture and to receive the concentration of the process gas in
the gas mixture, rocasured by the gas concentration measurement system, and to
control an amount of gas mixture delivered in a pulse of gas flow based on the
received concentration of the process gas to control a mole amount of the process gas

delivered to a process chamber in each pulse.

The pulse gas control system of Claim 1, wherein the pulse gas delivery system is

configured to adjust a flow setpoint of the gas mixture during the pulse.

The pulse gas control system of Claim 2, wherein the pulse gas delivery system is
configured to adjust the flow setpoint of the gas mixture based on the received

concentration of the process gas.

The system of Claim 3, wherein the pulse gas delivery system sets an initial targst
flow setpoint of the gas mixture in inverse proportion 1o the received concentration of

the process gas.

The system of Claim 4, wherein the pulse gas delivery system sets the initial target
flow setpoint in proporiion 1o a process gas mole delivery per pulse setpomnt divided
by a product of a pulse duration period mudtiplied by the received concentration of the

process gas.
The system of Claim 2, wherein the pulse gas dehiverv systern adjusts the flow

setpoint, during a pulse duration period, based on a changed measurement of the

process gas conceniration during the pulse duration period.
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The system of Claim 6, wherein the pulse gas delivery system adjusts the flow
setpoint based on a relationship:

N
“Myp=fp, m (OHC{OAL

Qsp(‘ib) = :

(Bt {E-1)1C{E)

where Qup{t) is the How setpoint, k 1s a mole to flow unit conversion constant, Mspis a
process gas mole delivery per pulse setpoint, Qm{t) is a measured flow rate of the
pulse gas delivery system, {1} is the received process gas concentration, At is the
pulse duration period, t is a current time, and to is an initial time of the pulse duration

pertod.

The system of Claim 6, wherein the pulse gas delivery system adjusts the flow
setpoint over time during the pulse duration period until the pulse duration period is

complete.

The system of Claim 2, wherein the pulse gas delivery system maintains a constant

pulse duration while adjusting the flow setpoint.

The system of Claim 1, wherein the gas concentration measurement sysiem comprises
an optical gas sensor, a swrface acoustic wave device, an ulirasound sensor, a mass

spectrometer or a thermal conductive detector,

The system of Claim 1, wherein the gas concentration measurement system is
arranged in series between a source of the gas mixture and the pulse gas delivery
systern, to receive the gas muixture from a source and to provide the gas roixture to the
pulse gas delivery system.

The system of Claum 1, wherein the gas concentration measurement system is
arranged to recetve a sample of the gas mixture from a sample line that samples a gas

flow of the gas mixtwre from a sowrce {0 the puise gas delivery system.

The system of Claim 1, wherein the process chamber to which the pulse gas delivery

system is configured to deliver the process gas is one of: an Aftomic Layer Deposition
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14,

15

16.

18

(ALD) process, an Atomic Layer Etch {ALE) process, a Through Siicon Via (TSV)
process, a pulsed deep reactive ton etch {DRIE) process, a plasma enhanced chemical

vapor deposition (CVI3) process and a plasma enhanced etching process.

The system of Claim 1, wherein the pulse gas delivery system is configured to adjust

a pulse duration used to deliver the gas nuxiure to the process chamber.

The system of Claim 14, wherein the pulse gas deliverv system is configured to adjust
the pulse duration by ending the pulse duration when a total mole amount of process

gas delivered is greater than or equal to a process gas mole delivery per pulse setpoint.

The system of Claim 14, wherein the pulse gas delivery system is configured to adjust

a flow setpoint of the gas muxture during the pulse and fo adjust the pulse duration.

The system of Claim 1, wherein the pulse gas delivery system is configured to receive
the concentration of the process gas in the gas mixture at an update rate that is at least
ten times a pulse frequency that corresponds to a pulse duration period of the pulse

eas delivery system.

The sysiem of Claim 1, comprising a heater configured to maintain at least part of the

flow of the gas mixture comprising the process gas at an elevated temperature,

The system of Claim 18, wherein the pulse gas deliverv system is configured to
conirol the heater to maintain a substantially constant elevated temperature of the
process gas along at least part of the flow of the gas mixture between a source and the

process chamber.

A method of condrolling a pulse gas delivery sysiem, the method comprising;
measuring a concentration of a process gas in a gas mixture;
with the pulse gas delivery system, receiving the concentration of the process
gas in the gas mixture; and
controlling an amount of gas mixture delivered in a pulse of gas flow by the

pulse gas delivery system based on the received concentration of the process gas to
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23.

25.

26.
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control a mole amount of the process gas delivered to a process chamber in each

pulse.

The method of Claim 20, comprising adjusting a flow setpoint of the gas mixture

during the pulse.

The method of Claim 21, comprising adjusting the flow setpoint of the gas nuxture

based on the received conecentration of the process gas.

The method of Claim 22, comprising setting an initial target flow setpoint of the gas

mixture in inverse proportion to the received concentration of the process gas.

The roethod of Claim 23, comprising setting the mitial farget flow setpoint iv
proportion 1o a process gas mole delivery per pulse setpoint divided by a product of a

pulse dwration period multiplied by the recetved concentration of the process gas.

The method of Claim 21, comprising adjusting the flow seipoint, during a pulse
duration period, based on a changed measurement of the process gas concentration

during the pulse duration period.

The method of Claim 23, comprising adjusting the flow setpoint based on a
relationship:

kM —.;”t‘n OmC(t)dt

At (¢ to))CiE)

Qs;a (t) =
where Qsp(t) 1s the flow setpoint, k is a mole to flow urut conversion constant, Msp s a
process gas mole delivery per pulse setpoint, Qu(t) is a measured flow rate of the
pulse gas delivery system, C(t) is the received process gas conceniration, At is the
pulse duration period, tis a current time, and fo 1s an inttial time of the pulse duration

period.

The method of Claim 25, comprising adjusting the flow setpoint over time during the

pulse duration period until the pulse duration period is complete.
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36.

The method of Claim 21, comprising maintaining a constant pulse duration while

adfusting the flow setpoint,

The method of Claim 20, comprising measuring the concentration of the process gas
in the gas mixture using an optical gas sensor, a surface acoustic wave device, an

ultrasound sensor, a mass specirometer or a thermal conductive detector.

The method of Claim 20, comprising using the pulse gas delivery system to deliver
the process gas to one oft an Atomic Layer Deposition (ALD) process, an Atomic
Layer Etch {ALE) process, a Through Silicon Via {TSV) process, a pulsed deep
reactive ton etch {DRIE) process, a plasma enhanced chemical vapor deposition

{(CVD) process and a plasma enhanced etching process.

The method of Claim 20, comprising adjusting a pulse duration used to deliver the gas

mixture o the process chamber.

The method of Claim 31, comprising adjusting the pulse duration by ending the pulse
duration when a total mole amount of process gas delivered is greater than or equal to

a process gas mole delivery per pulse setpoint.

The method of Claim 31, comprising adjusting a flow setpoint of the gas mixture

during the pulse and adjusting the pulse duration.

The method of Claim 20, comprising receiving the concentration of the process gas in
the gas mixture at an update rate that 1s at least ten times a pulse frequency that

corresponds to a pulse duration pertod of the pulse gas delivery system,

The roethod of Claim 20, comprising using a heater to maintain at least part of the

flow of the gas mixture comprising the process gas at an elevated temperature.

The method of Claim 35, comprising controlling the heater to mamntain a substantially
constant elevated temperature of the process gas along at least part of the flow of the

gas mixture between a source and the process chamber.



