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A SYSTEM AND METHOD FOR MASS FLOW MEASUREMENT AND CONTROL OF
PROCESS GASES IN A CARRIER STREAM USING ONE OR MORE QUARTZ CRYSTAL
MICROBALANCE SENSORS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of the filing date and the priority of U.S.
Provisional Patent Application No. 63/196,929. The complete specification of said application is

hereby incorporated by reference.

TECHNOLOGICAL FIELD
[0002] This invention relates generally to the field of microelectronics fabrication
and more specifically to a method and system to measure mass flow and control process gases in

a carrier stream using one or more quartz crystal microbalance (QCM) sensors.

BACKGROUND

[0003] Microelectronics manufacturing (Semiconductor, LCD, OLED, etc...)
relies on a variety of vacuum related processes for the fabrication of devices such as
microprocessors, DRAM, 3DNAND, LED cells, or the like. The advancement of semiconductor
device technologies (Moore’s Law) continues to drive evolution and innovation in manufacturing
process technology. For example, the deposition of thin metal films for transistor gates and device
interconnects has long been dependent on methods of physical vapor deposition (PVD). PVD

remains a staple for depositing metal films and is used throughout the entire integrated circuit (IC)
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fabrication process. As devices have become increasingly complicated to produce, other
deposition methods such as chemical vapor deposition (CVD) have become more prevalent in the
field. In general, CVD processes provide more control of the deposited film properties, such as
granularity, conformality, and thickness. In recent years, Atomic Layer Deposition (ALD) has
become an enabling process technology for advanced semiconductor device manufacturing. ALD
is a method by which a monolayer of material can be deposited on a wafer surface. With the ability
to deposit a monolayer of material on a substrate surface, the final thickness of the film can be
precisely controlled by increasing or decreasing the number of ALD cycles as needed to achieve
the target thickness.

[0004] In summary, the evolution of deposition technologies employed in
microelectronics manufacturing is largely driven by the demand for devices that are increasingly
difficult to fabricate. The advancement of semiconductor device technologies has resulted in an
ever-increasing variety of process types as well as the increasing precision at which each process
step must execute. ALD and CVD are but two broad categories of process types employed in
semiconductor manufacturing. There are many other types of processes that are needed to
fabricate microelectronic devices.

[0005] A typical IC fabrication plant (fab) will employ large numbers of vacuum-
based systems (process tools) and utilize many different types of reactive chemistries to pattern
devices and circuits on the surface of silicon wafer or other substrates. Process tools may be
comprised of batch type reactors in which many substrates are processed at one time, or a process
tool may be a cluster of several vacuum chambers each of which processes a single wafer at a time.

All reactive process types require the flow of process gases into a vacuum chamber where some
2
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desired change is needed on the substrate surface. Semiconductor and display manufacturing
methods have become increasingly reliant on precursor materials (process gases) that are difficult
to reliably and consistently deliver to the process chamber. Specialized gas delivery subsystems
are designed to feed process gases at exactly the right amounts and at exactly the right time for
consistent execution of wafer processes. The controlled flow of process gases (gases, volatiles,
vapors, etc...) into process chambers is made more difficult by a lack of means to accurately
measure the concentration of the species of interest within a carrier gas flow. An important
application for precursor concentration monitoring is process control and reliability. As the aspect
ratio of devices increases, the more important it is to precisely control the thickness of the
deposited precursor. Since in some cases deposition rate depends upon precursor concentration,
monitoring and control of precursor concentration at a precision of 1% or less is necessary. Other
factors driving concentration monitors may be film properties that depend upon exact chemical
content, such as the gate stack materials in a field effect transistor device.

[0006] The problems are exemplified by organic and halide-based precursors that
exist as solids or liquids. These precursors are stored in metal vessels (ampoules) that require
periodical replacement. To enable precursor flow, heat is applied to volatize the precursor material
within the headspace of the ampoule. The precursor vapors released by heat are then transported
to a process chamber by a controlled flow of carrier gas through the ampoule. The precursor and
carrier gas mixture is then routed to the process chamber though a system of gas lines, valves, and
flow controllers. The precursor stream may be further blended or diluted with other gases once it
enters the flow path to the process chamber. Throughout the gas delivery system, conditions of

state (temperature, pressure, etc.) must be maintained to prevent the precursor gas from condensing
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at any point in the gas delivery system. However, temperatures throughout the delivery system
must not exceed a threshold where thermal decomposition of the precursor gas will occur.

[0007] Many traditional types of sensors (optical emission, mass spectrometer,
thermal conductivity, etc...) can be employed to monitor precursor concentration. However, most
process gases are a potential source of corrosion or contamination with respect to sensor use, which
affects the lifetime of the sensor. Therefore, the design and use of sensors must account for the
harsh environments in which they are used while also providing a high degree of sensitivity and
accuracy. Harsh environments notwithstanding, precursor concentrations are often quite low
relative to carrier gases and other dilution gases that may be introduced to the mix. A sensor must
be very selective, sensitive and accurate. Consequently, the cost to deploy such sensors can be
impractical.

[0008] Without the ability to reliably and unobtrusively measure precursor flow
concentration, semiconductor fabs incur unwanted costs due to wafer scrap events. Semiconductor
process tools are complex highly automated systems and wafer scrap events (excursions) can often
go undetected for significant amounts of time during which one wafer after another is lost due to
misprocessing. Gas delivery systems are designed for durable and consistent performance yet they
are subject to the effects of drift, component failure, and other modes of errant behavior that result
in inadequate precursor flows. In some instances, precursor ampoule depletion can go completely
undetected for long periods of time during which process chambers can generate hundreds of scrap
wafers. The cost of scrapped wafers is significant in term of direct costs and lost revenue. In
addition, wafer scrap imposes additional costs such as redirected labor, lost productivity, and other

costs that are associated with pre-emptive procedures to prevent future scrap events. For example,
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to minimize the risk of a recurrent wafer scrap event, semiconductor fabs often employ additional
methods of in line quality assurance, such as increasing product wafer sampling metrology
frequency.

[0009] QCM sensors are currently used to monitor the rate of film thickness of a
process. Generally, the fundamental mode of resonance of a new monitor quartz crystals is close
to 6 MHz. When mass, such as precursor accumulates on the crystal surface, the resonance
frequencies of most resonance modes including the shear mode used for monitoring decrease. The
novelty of QCM-MFC Method and System makes use of this. In a binary mixture at a given
pressurc and temperature, the rate of precursor condensation on the crystal surface is directly
proportional to the concentration of precursor with respect to the carrier gas. This facilitated by
the fact that carrier gas component in the precursor vapor-liquid equilibrium does not condense on
to the QCM as the cryogenic temperatures of the carrier gas used in Semi is very low. The
invention is also facilitated by the fact that the temperature change due to condensation of a small
precursor mass does not alter the local temperature of the QCM which means that the frequency
shift (or the phase error) indicates the precursor mass transferred to the QCM due to phase change.
If the quartz crystal is held at a temperature below the condensation point of the precursor, there
will be continuous accumulation of precursor mass on the quartz crystal. The rate of mass
accumulation will vary with differences in precursor concentration and the corresponding rate of
crystal frequency change can be used as a feedback signal for the precursor delivery system.

[0010] Typically, the QCM sensor is in a mode of constant material accumulation
where the rate of mass change on the crystal is used to control rate of evaporation from some

material source, e.g., thermal evaporator. However, QCM sensors have a finite capacity to detect
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mass changes above a certain level of accumulation. The increasing mass accumulation increases
attenuation due to scattering and absorption of acoustic waves resulting the resonance quality to
degrade. Monitors of QCM resonance cannot detect the resonance below a certain quality factor
threshold rendering the QCM unusable as a mass monitor. Therefore, some systems use multiple
QCM sensors so that when the first QCM becomes saturated, a second QCM held in reserve
replaces the saturated crystal. This can be done by keeping the reserve QCM above the
condensation temperature of the precursor.

[0011] One disadvantage of using multiple QCMs in this manner is that it has
potential to alter mass flow of the precursor in two ways: first, by robbing the delivery of precursor
mass flow during for the accumulation mode of the first sensor; and second, by the addition of
mass flow when a saturated crystal is being refreshed by heat. Depending on a variety of factors,
these effects could result in variations of the precursor partial pressure upstream of chamber
impacting the net flow (or dosage) into the process chamber. In general, accumulating and boiling
off material within the delivery line can introduce potential risks to precursor delivery stability.

[0012] Other systems operate a QCM sensor at temperatures that are high enough
to induce thermal decomposition of the precursor compound. In fact, most precursor gases are
intended for chemical vapor deposition (CVD) on a heated substrate surface. QCM sensors can
be heated to induce CVD on the crystal surface. At tightly controlled temperatures, the rate of
mass change (deposition) on the crystal will be directly proportional to the flux of precursor
material reaching the crystal. The resulting film on the crystal cannot simply be boiled of as would
be the case with condensed material. At certain accumulated film thicknesses, there would be a

potential risk of particle shedding. By either mechanism, operating QCM sensors in a mode of
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constant mass accumulation introduces cost and complexity since crystal saturation must be
managed. There are also the risks of altering precursor concentration in the measured stream and,
finally, there is increased risk of particle generation if the method of mass loading employs thermal
decomposition of precursor on the crystal or due to stress build up with thickness leading to film
rupture and particle shedding.

[0013] These are just some of the problems associated with the systems and
methods of monitoring microelectronics manufacturing currently in use.  +

BRIEF SUMMARY OF THE DISCLOSURE

[0014] An embodiment of a method for monitoring precursor material in a carrier
stream of a fabrication system is provided and includes the following steps:

) depositing a film of precursor material on a surface of a sensor crystal;

(i)  determining a starting resonance frequency of the sensor crystal with the deposited
film of precursor material;

(iii)  measuring the resonance frequency of the sensor crystal during operation of the
fabrication system;

(iv)  comparing the measured resonance frequency of the sensor crystal with the starting
resonance frequency;

v) issuing a system error when the measured resonance frequency differs from the
starting resonance frequency by more than a threshold value;

(vi)  automatically implementing a system correction configured to reduce precursor
film deposition when the measured resonance frequency is below the starting resonance; and

(vil) automatically implementing a system correction configured to increase precursor
film deposition when the measured resonance frequency is above the starting resonance frequency.

[0015] Another embodiment of a method for monitoring precursor material in a

carrier stream of a fabrication system is provided and includes the following steps:
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(1) depositing a film of precursor material on a surface of a QCM sensor;

(i)  determining a starting resonance frequency of the QCM sensor with the deposited
film of precursor material;

(iii)  measuring the resonance frequency of the QCM sensor during operation of the
fabrication system;

(iv)  comparing the measured resonance frequency of the QCM sensor with the starting
resonance frequency;

v) issuing a system error when the measured resonance frequency differs from the
corresponding starting resonance frequency by more than a threshold value; and

(vi)  automatically implementing a system correction configured to restore the QCM
sensor to the starting resonance frequency.

[0016] An embodiment of a system for monitoring precursor material in a carrier
stream of a fabrication system includes a vacuum process chamber configured to accept one or
more workpieces and a precursor source fluidly coupled to the vacuum process chamber. A carrier
gas source is fluidly coupled to the vacuum process chamber and a plurality of QCM sensors are
positioned along a flow path of the precursor and the carrier gas between the precursor and carrier
gas sources and the vacuum process chamber. A control unit is in electrical communication with
the plurality of QCM sensors and one or more valves are positioned along the flow path and are in
communication with the control unit. The control unit is structured to: (i) control vaporization of
the precursor and release of the carrier gas; (ii) determine a starting resonance frequency of each
of the plurality of QCM sensors with a deposited film of precursor; (iii) receive measurements of
resonance frequencies of the QCM sensor during operation of the fabrication system; (iv) compare
the measured resonance frequencies with the corresponding starting resonance frequency; (v) issue

a system error when the measured resonance frequencies differ from the corresponding starting
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resonance frequency by more than a threshold value; and (vi) automatically implementing a
correction configured to restore the QCM sensor to the starting resonance frequency.

[0017] In an embodiment, the control unit of the system is electrically coupled to a
GUI. In another embodiment, the system further includes a heater to heat the precursor in order
to release precursor gas into the flow path, wherein the heater is in electrical communication with
the control unit. In an embodiment, the correction to restore the QCM sensor to the starting
resonance frequency includes increasing or decreasing the temperature of the QCM sensor. In an
embodiment, the correction to restore the QCM sensor to the starting resonance frequency includes
controlling a precursor delivery system. In an embodiment, the correction to restore the QCM
sensor to the starting resonance frequency includes reducing precursor film deposition when the
measured resonance frequency is below the starting resonance and increasing precursor film

deposition when the measured resonance frequency is above the starting resonance frequency.

BRIEF DESCRIPTION OF DRAWINGS

[0018] A more particular description of the invention briefly summarized above
may be had by reference to the embodiments, some of which are illustrated in the accompanying
drawings. It is to be noted, however, that the appended drawings illustrate only typical
embodiments of this invention and are therefore not to be considered limiting of its scope, for the
invention may admit to other equally effective embodiments. Thus, for further understanding of
the nature and objects of the invention, references can be made to the following detailed
description, read in connection with the drawings in which:

[0019] Fig. 1 illustrates an example of steps that may be employed when
9
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implementing an embodiment of a method for mass flow measurement and control of condensable
process gases in a carrier stream using one or more quartz crystal microbalance sensors;

[0020] Fig. 2 schematically illustrates an embodiment of a system for mass flow
measurement and control of condensable process gases in a carrier stream using one or more quartz
crystal microbalance sensors;

[0021] Fig. 3 schematically illustrates an embodiment of a QCM sensor of the
system for mass flow measurement and control of condensable process gases in a carrier stream
using one or more quartz crystal microbalance sensors; and

[0022] Fig 4 schematically illustrates another embodiment of a system for mass
flow measurement and control of condensable process gases in a carrier stream using one or more

quartz crystal microbalance sensors.

DETAILED DESCRIPTION

[0023] The following discussion relates to various embodiments of a quartz crystal
microbalance sensor for mass flow measurement and control of condensable process gases in a
carrier stream. It will be understood that the herein described versions are examples that embody
certain inventive concepts as detailed herein. To that end, other variations and modifications will
be readily apparent to those of sufficient skill. In addition, certain terms are may be used

throughout this discussion in order to provide a suitable frame of reference with regard to the
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accompanying drawings. These terms such as “upstream”, “downstream”, “upper”, “lower”,
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“forward”, “rearward”, “interior”, “exterior”, “front”, “back”, “top”, “bottom”, “inner”, “outer”,

“first”, “second”, and the like are not intended to limit these concepts, except where so specifically
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indicated. The terms “about” or “approximately” as used herein may refer to a range of 80%-
125% of the claimed or disclosed value. With regard to the drawings, their purpose is to depict
salient features of the a quartz crystal microbalance sensor for mass flow measurement and control
of condensable process gases in a carrier stream and are not specifically provided to scale.

[0024] An embodiment of a method 100 for mass flow measurement and control
of condensable process gases in a carrier stream using one or more quartz crystal microbalance
(QCM) sensors is described with reference to Fig. 1. In the first step 102, a film of condensate
precursor (precursor film) is allowed to form on the QCM sensor. The term “film” is used to refer
to a layer of matter in any state (unless specified) that ranges from fractions of a nanometer to
several micrometers in thickness. In an example, the thickness of the initial film can be on the
order of a few nanometers and will depend on several factors including the properties of the
precursor being monitored. The required thickness of the initial film is derived from properties of
the precursor material (condensation temperature, evaporation temperature) which will vary
depending on pressure of the gas lines of the delivery system. The thickness of the precursor film
on the QCM sensor at any time point during operation of the system will influence the time
response of the measurement system and the potential error in the temperature control circuit. The
initial deposition of a precursor film may be part of a priming step as will be described later. The
terms “deposit”, “depositing” and “deposition” as used herein are not meant to exclude other
methods of film formation such as, but not limited to, condensing. A starting resonance frequency
is determined for the QCM sensor in step 104, where there is a thin film of precursor deposited on
the QCM sensor and the QCM sensor 280 is in a net zero condensation state (where precursor

evaporation = precursor condensation). At step 106, continuous measurements of the resonance
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frequency of the QCM sensor are taken during system operation. Deviations of the resonance
frequency from that of the starting resonance frequency are an indication that the system is out of
equilibrium or that the QCM sensor is no longer in a state of net zero condensation.

[0025] For example in step 108, a condition of net positive condensation occurs if
the amount of precursor condensing on the QCM senor is greater than the amount of precursor
evaporating from the QCM sensor(AMass > 0, AFrequency QCM < 0). When a net positive
precursor condensation occurs, the resonance frequencies of all resonance modes (including the
shear mode) used for monitoring decrease. This state could be the result of an intended increase
in precursor concentration moving through the QCM sensor or an intended decrease in
temperature. However, net positive precursor condensation could also be the result of a system
failure or a failure in providing an adequate amount of carrier gas or other constituent. This change
in resonance frequency may result in a system error or phase error and is used to determine a
correction. The correction in this example is an increase in the temperature of the QCM sensor.
Once the correction is implemented, the system error is eliminated. Similarly in step 110, if a
condition of net negative condensation occurs, then the amount of precursor condensing on the
QCM senor is less than the amount of precursor evaporating from the QCM sensor. When a net
negative precursor condensation occurs, the resonance frequencies increase. This state could be
the result of an intended decrease in precursor concentration moving over or through the QCM
sensor or an intended increase in temperature. However, net negative precursor condensation
could also be the result of a system failure or a failure in providing an adequate amount of precursor
in the carrier stream. This decrease in resonance frequency may result in a system error and is

used to determine a correction. The correction in this example a decrease in the temperature of
12



WO 2022/256478 PCT/US2022/031884

the QCM. Once the system correction is implemented, the system error is eliminated.

[0026] By holding the QCM sensor to a constant frequency of oscillation
(AFrequency QCM = 0), the temperature of the QCM sensor will be constantly sensing for the
precise condensation temperature of the precursor, which will vary depending on variables of state
(pressure, temperature, etc...) and the concentration of the precursor relative to the carrier gas.
Corrections to the QCM temperature can then be used as a feedback to control the precursor
delivery systems. Such corrections may be based on factors such as carrier gas flow rate and
precursor ampoule temperature.

[0027] In an embodiment, a method for controlling the temperature of the QCM
sensor is disclosed such that the rate of condensation of precursor on the QCM sensor is equal to
the rate of evaporation of condensed precursor from the QCM sensor. This method prevents crystal
saturation and minimizes or eliminates the risk of the measurement process impacting flow
concentration to the vacuum process chamber. Once the QCM sensor has achieved equilibrium,
there is a zero net mass flow at the crystal of the QCM sensor.

[0028] In another embodiment of the method, the QCM sensor(s) are used as partial
pressure controllers for precursor in a precursor/carrier gas mix. This embodiment of the method
may be used with liquid and solid precursors. In this method, the QCM sensor(s) are operated
close to super saturation for a given pressure. A phase error is induced when there is excess
precursor evaporation from the QCM sensor and can be used to control precursor concentration in
the carrier stream upstream from the QCM sensor by controlling vaporization of the precursor.

[0029] An embodiment of a method for monitoring precursor in a carrier stream

comprises providing a QCM sensor comprising a sensor crystal, depositing a film of precursor on
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a surface of a QCM sensor crystal, and determining a starting resonance frequency of the QCM
sensor crystal with the deposited film. The resonance frequency of the QCM sensor crystal is
measured during operation of the fabrication system and compared with the starting resonance
frequency. When the measured resonance frequency is less than the starting resonance frequency,
a temperature of the sensor crystal is increased until the measured resonance frequency equals the
starting resonance frequency. When the measured resonance frequency is greater than the starting
resonance frequency, a temperature of the sensor crystal is decreased until the measured resonance
frequency equals the starting resonance frequency.

[0030] Another embodiment of a method for monitoring precursor in a carrier
stream comprises providing a QCM sensor comprising a sensor crystal, depositing a film of
precursor on the QCM sensor crystal, and determining a starting resonance frequency of the sensor
crystal with the deposited film. The resonance frequency of the QCM sensor crystal is
continuously measured during operating of the fabrication system and compared to the starting
resonance frequency. When the measured resonance frequency deviates from the starting
resonance frequency by more than a threshold value, a system correction is automatically
implemented in response to such deviation that restores the QCM sensor crystal to the starting
resonance frequency.

[0031] The measurement and control method 100 may be implemented through a
variety of types of assemblies and systems, including electromechanical equipment, energy
sources, computer hardware (e.g., data processors, servers, controllers, display devices, input
devices and output devices), computer programs (e.g., embedded software and application

software), and application-specific integrated circuits.
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[0032] Figures 2 and 3 schematically depict embodiments of a systems 200, 300 to
monitor the fabrication of microelectronic devices such as semiconductors that implement one or
more of the methods discussed above. Referring first to Fig. 2, the system 200 generally comprises
a vacuum process chamber 210 that is configured to accept one or more workpieces or substrates
50 used to fabricate the desired microelectronic device. In an embodiment, the substrate is a wafer
comprised of silicon The vacuum process chamber 210 is connected to one or more material
sources via one or more supply lines or conduits 220. Two sources are shown in Fig. 2 where one
source is a source of a carrier gas 230 and the other source is a precursor source 240. The precursor
source 240 may be an ampoule configured to hold a liquid or solid state precursor material 242
that would commonly be used during microelectronic device fabrication. The precursor material
242 may be heated such that it vaporizes and is transported by the carrier gas through the supply
conduits 220 to the vacuum process chamber 210 where the precursor decomposes to form a thin
solid film onto a surface of the substrate 50 positioned within the vacuum process chamber 210.

[0033] A Mass Flow Controller (MFC) 260 may be positioned within or may
otherwise be coupled to the supply conduit 220 so that it is exposed to the carrier gas and/or
precursor 242 flowing through the supply conduit 220. The MFC is used to measure and control
the flow rate of the carrier gas and/or precursor 242 along the supply conduit 220. One or more
pressure control valves 270 may be positioned to control the pressure within the supply conduit
220. In an embodiment, the one or more pressure control valves 270 may comprise an Atomic
Layer Deposition (ALD) valve. In an embodiment, the ALD valve may comprise three ports where
the first port is connected to a conduit leading to the carrier gas source 230 and the second port is

connected to a conduit that leads to the precursor source 240. The third port is connected to the
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supply line 220. In this embodiment, the ALD valve may be configured to control the mixture or
ratio of the carrier gas and precursor vapor.

[0034] Still referring to Fig. 2, QCM sensors 280 are positioned at one or more
points along the flow path of the precursor gas through the supply conduit 220. As shown in the
example illustrated in Fig. 2, two (2) QCM sensors 280 are part of the system 200 with a first QCM
sensor 280 being positioned before or upstream of the pressure control 270 valve. As shown, a
second QCM sensor 280 positioned downstream of the pressure control valve 270 but before the
supply conduit 220 meets the vacuum process chamber 210. The two QCM sensors 280 shown
on the system 200 may be identical to each other. Other embodiments of the system (such as the
system 300 of Fig. 4) may include fewer or more QCM sensors 280 positioned as necessary. Each
QCM sensor 280 is in electrical communication with a control unit 290 such as a sensor control
unit, which in turn is in electrical communication with a graphic user interface (GUI)/Processor
292. The control unit 290 and/or the processor 292 may be in communication with one or more of
the valves 270 including valves controlling release of precursor and carrier gas, the MFC, 260, and
the heater at the precursor source 240.

[0035] Figure 3 shows a schematic depiction of another embodiment of a system
300 to monitor the fabrication of microelectronic devices such as semiconductors. The system
300 generally comprises a vacuum process chamber 310 that is configured to accept one or more
workpieces or substrates used to fabricate the desired microelectronic device. In an embodiment,
the substrate is a wafer comprised of silicon. The vacuum process chamber 310 is connected to
one or more material sources via one supply line or conduit 325and one dilution line or conduit

320. As shown, the system 300 comprises a dilution line 320 and a precursor line 325. Two
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sources are shown in Fig. 3 where one source is a source of a carrier gas 330 and the other source
is a precursor source 340. The precursor source 340 may be an ampoule configured to hold a
liquid or solid state precursor material 342 that would commonly be used during microelectronic
device fabrication. The precursor material 342 may be heated such that it vaporizes and is
transported by the carrier gas through the supply conduit 325 and further diluted by the dilution
conduit 320 to bring the precursor/carrier mixture to the vacuum process chamber 310 where the
precursor decomposes to deposit a film onto a surface of the substrate positioned within the
vacuum process chamber 310.

[0036] A Mass Flow Controller (MFC) 360 may be positioned within or may
otherwise be coupled to the supply conduit 325 so that it is exposed to the carrier gas and/or
precursor 342 flowing through the supply conduit 325. The MFC is used to measure and control
the flow rate of the carrier gas and/or precursor 342 along the supply conduit 325. One or more
pressure control valves 370 and a vacuum 375 may be positioned to control the pressure within
the system 300.

[0037] Still referring to Fig. 3, QCM sensors 280 are positioned at three (3) or more
points along the flow path of the precursor and carrier gas through the system 300. As shown in
Fig. 3, one (1) QCM sensor 280 is positioned along the dilution line 320 and two (2) QCM sensors
280 are positioned along the precursor line 325 of the system 300, such that all of the QCM sensors
280 are positioned before or upstream of the vacuum process chamber 310. The QCM sensors
280 shown as part of the system 300 may be identical to each other. Other embodiments of the
system may include fewer or more QCM sensors 280 positioned as necessary. Each QCM sensor

280 is in electrical communication with a control unit 390, such as a sensor control unit, which
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may include or is in turn is in electrical communication with a graphic user interface
(GUI)/Processor 392. The control unit 390 and/or the processor 392 may be in communication
with one or more of the valves 370 including valves controlling release of precursor and carrier
gas, the MFC, 360, and the heater at the precursor source 340.

[0038] Figure 4 illustrates a schematic depiction of an embodiment of a QCM
sensor 280 that may be used in the systems 200, 300. The QCM sensor 280 may comprise a
housing 282 defining a space 284 that at least partially surrounds a piezoelectric (oscillating)
crystal 286, such as a quartz crystal. As shown, the housing 282 opens into an inner space
222/322/327 of the supply conduit 220/320/325 such that the crystal 286 is exposed to the carrier
gas and precursor moving through the supply conduit 220/320/325. The QCM sensor 280 further
includes one or more connections such as electrical connections. As shown, there is a controller
connection 281 that electrically couples the QCM sensor 280 to a control unit 290/390 such as a
sensor control unit. A temperature control connection 283 may couple the QCM sensor 280 to one
or more temperature control units 294/394. In an embodiment, the temperature control units
comprise one or more Peltier elements contacting the crystal 286 and aid in adjusting the
temperature of the QCM sensor 280 and the crystal 286. The one or more temperature control
units 294/394 may be configured to be in electrical communication with the GUI/Processor
292/392. The one or more temperature control units 294/394 may be the same unit used to control
the temperature of other components in the system 200, 300 such as the supply conduit 220/320,
or may be a separate unit. In another embodiment, the one or more temperature control units 294
are in communication with the control unit 290/390. The one or more temperature control units

294, 394 may include at least one cooling device and at least one heating device. The at least one
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heating device may comprise of resistance heaters, or thermoelectric (TE) heaters, heating gases,
or liquids via closed loop circulation system(s). The at least one cooling device may comprise of
thermoelectric (TE) coolers, liquid coolant or cooling gases incorporated into the QCM sensor
280. The at least one heating/cooling device may comprise a Peltier element configured to heat or
cool the QCM sensor depending on the amount of electrical current it receives.

[0039] The systems 200, 300 use the QCM sensors 280 for real-time measurement
of precursor concentration in a carrier gas stream for mass flow measurement and control. During
operation of the system 200, 300, the QCM sensors 280 respond to mass changes that occur on the
crystal 286 of the QCM sensor 280. For example, the quartz crystal 286 of the QCM sensor 280
oscillates at a certain fundamental frequency, e.g., 6 MHz. When mass accumulates on the crystal
286, the resonance frequencies of all resonance modes (including the shear mode used for
monitoring) decrease resulting in a downward shift of the fundamental frequency (AMass > 0,
AFrequency QCM < 0).

[0040] Prior to operation within the systems 200, 300, the QCM sensors 280 (and
the MPC 260/360) are primed for measurement and control. During the priming sequence or step,
the temperature of the QCM sensor 280 is gradually increased to a temperature above the
condensation temperature of the precursor. The precursor/carrier gas mixture is then enabled to
flow through the supply conduit 220/320/325 over or through the QCM sensor 280. The
temperature of the QCM sensor 280 is then gradually decreased to a temperature setpoint until a
condensate film of precursor forms on the QCM sensor 280 (sensor crystal 286). This temperature

setpoint depends on how much oversaturation is required as well as safety concerns and sensitivity.
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The resonance frequency of the QCM 280 at the setpoint temperature is the starting resonance
frequency. Once the priming sequence is compete and the temperature of the QCM sensor 280 is
set to a steady state and is ready to operate, the system 200, 300 may operate in a monitor mode
or a control mode. Operation of the system will now be discussed with reference to the system
300 of Fig. 3, however the system of Fig. 2 may be operated in a similar manner.

[0041] [0035]Referring to Fig. 3, when the system 300 is operated in the monitor
mode, a change in the equilibrium or steady state will not use the error signal to change the
frequency of the driving source to QCM sensor 280 to match the changed resonance frequency. A
change in equilibrium or steady state occurs (change in frequency from the starting resonance
frequency) when a change in the partial pressure of the precursor occurs, which causes a change
in the rate of evaporation/condensation from the QCM sensor 280. For example, when the system
300 is operated in monitor mode and a change in the steady state is detected by the control unit
390 and transmitted to the processor 392, the temperature control unit 394 adjusts the temperature
of the QCM sensor 280 (or the current to the Peltier element). The temperature of the QCM sensor
280 is adjusted until the error signal from QCM is reduced to zero 280 which then implies the
starting resonance frequency of the QCM is restored. This temperature correction (or change in
current to the Peltier element) indicates a change in the partial pressure of the precursor in the
carrier stream. The system 300 may be operated in an open or closed loop.

[0042] In an open loop the system is operated in a monitor mode. For example,
when a change in equilibrium or steady state occurs (change in frequency from the starting
resonance frequency) it is an indication of a change in the partial pressure of the precursor. This

change is manually offset by adjusting the temperature of the QCM sensor 280 by a process
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engineer until the QCM sensor 280 returns to the starting resonance frequency. The temperature
adjustment may be accomplished by the process engineer interacting with the processor/display
392. In an embodiment, the process engineer implements a change in the current delivered to the
Peltier element. Alternatively in a closed loop configuration, an automatic correction can be
determined by the processor 392 and fed to the control unit 390 and/or temperature control unit
394. When a change in equilibrium or steady state occurs (change in frequency from the starting
resonance frequency) thereby indicating a change in the partial pressure of the precursor occurs,
the change is detected by the control unit 390 and transmitted to the processor/display 392. The
processor 392 is configured to control the vaporization of the precursor as well as the release of
carrier gas. The processor 392 determines a correction in the partial pressure of the precursor
based on the error signal from the QCM sensor 280. For example, when the equilibrium is shifted
to a net evaporation of precursor from the QCM sensor 280, the processor 392 may increase the
rate of vaporization of precursor 342 from the precursor source 340 until the QCM sensor 280
returns to the starting resonance frequency.

[0043] Of course, components of the system 200, 300 used for gas delivery, such
as the supply conduits 220, 320, 325, must be heated to prevent condensation of vaporized
precursor species. However, the temperature of the system 200, 300 must be low enough so as not
to induce thermal decomposition of the precursor molecules within the gas delivery components.
Such an effect would be considered a fault condition to be avoided.

[0044] While the present invention has been particularly shown and described with
reference to certain exemplary embodiments, it will be understood by one skilled in the art that

various changes in detail may be effected therein without departing from the spirit and scope of
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the invention that can be supported by the written description and drawings. Further, where
exemplary embodiments are described with reference to a certain number of elements, it will be
understood that the exemplary embodiments can be practiced utilizing either less than or more

than the certain number of elements.
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CLAIMS

1. A method for monitoring precursor material in a carrier stream of a fabrication system,
comprising:

depositing a film of precursor material on a surface of a sensor crystal;

determining a starting resonance frequency of the sensor crystal with the deposited film of
precursor material;

measuring the resonance frequency of the sensor crystal during operation of the fabrication
system;

comparing the measured resonance frequency of the sensor crystal with the starting
resonance frequency;

issuing a system error when the measured resonance frequency differs from the starting
resonance frequency by more than a threshold value;

automatically implementing a system correction configured to reduce precursor film
deposition when the measured resonance frequency is below the starting resonance; and

automatically implementing a system correction configured to increase precursor film

deposition when the measured resonance frequency is above the starting resonance frequency.

2. The method of claim 1, wherein the system correction comprises increasing a temperature

of the sensor crystal.

3. The method of claim 1, wherein the system correction comprises decreasing a temperature

of the sensor crystal.

4. The method of claim 1, wherein the system correction is configured to control a precursor

delivery system.

5. A method for monitoring precursor material in a carrier stream of a fabrication system,

comprising:

23



WO 2022/256478 PCT/US2022/031884

depositing a film of precursor material on a surface of a QCM sensor;

determining a starting resonance frequency of the QCM sensor with the deposited film of
precursor material;

measuring the resonance frequency of the QCM sensor during operation of the fabrication
system,

comparing the measured resonance frequency of the QCM sensor with the starting
resonance frequency;

issuing a system error when the measured resonance frequency differs from the
corresponding starting resonance frequency by more than a threshold value; and

automatically implementing a system correction configured to restore the QCM sensor to

the starting resonance frequency.

6. The method of claim 5, wherein the system correction comprises increasing a temperature

of the QCM sensor.

7. The method of claim 5, wherein the system correction comprises decreasing a temperature

of the QCM sensor.

8. The method of claim 5, wherein the system correction is configured to control a precursor

delivery system.

9. The method of claim 5, wherein the system correction is configured to reduce precursor
film deposition when the measured resonance frequency is below the starting resonance, and
wherein the system correction is configured to increase precursor film deposition when the

measured resonance frequency is above the starting resonance frequency.

10. A system for monitoring precursor material in a carrier stream of a fabrication system,
the system comprising:

a vacuum process chamber configured to accept one or more workpieces;
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a precursor source fluidly coupled to the vacuum process chamber;
a carrier gas source fluidly coupled to the vacuum process chamber;
a plurality of QCM sensors positioned along a flow path of the precursor and the carrier
gas between the precursor and carrier gas sources and the vacuum process chamber;
a control unit in electrical communication with the plurality of QCM sensors;
one or more valves positioned along the flow path and in communication with the control
unit;
wherein the control unit is configured to,
control vaporization of the precursor and release of the carrier gas,
determine a starting resonance frequency of each of the plurality of QCM sensors
with a deposited film of precursor,
receive measurements of resonance frequencies of the QCM sensor during
operation of the fabrication system,
compare the measured resonance frequencies with corresponding starting
resonance frequency,
issue a system error when the measured resonance frequencies differ from the
corresponding starting resonance frequency by more than a threshold value, and
automatically implementing a correction configured to restore the QCM sensor to

the starting resonance frequency.

11. The system of claim 10, wherein the control unit is electrically coupled to a GUI.

12.  The system of claim 10, further comprising a heater configured to heat the precursor to
release precursor gas into the flow path, wherein the heater is in electrical communication with the

control unit.

13.  The system of claim 10, wherein the correction comprises increasing a temperature of the

QCM sensor.
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14. The system of claim 10, wherein the correction comprises decreasing a temperature of the

QCM sensor.

15. The system of claim 10, wherein the correction is configured to control a precursor delivery
system.
16.  The system of claim 15, wherein the correction is configured to reduce precursor film

deposition when the measured resonance frequency is below the starting resonance, and wherein
the correction is configured to increase precursor film deposition when the measured resonance

frequency is above the starting resonance frequency.
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