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Description

[0001] This invention was made with government support under DE-SC0013241 awarded by Department of Energy.
The government has certain rights in the invention.

FIELD OF THE INVENTION

[0002] The present innovation generally relates to systems and methods for the monitoring and control of surface
modification processes. More particularly, it relates to systems and methods employing atomic spectra for real-time
monitoring and control of such parameters as momentary mass and thickness of the deposited or etched material,
momentary deposition or etching rate, material phase and lattice structure of the films deposited or removed from a
substrate via a vacuum-assisted process, as well as a variety of physical parameters of the modified surface and their
uniformity, such as structural, mechanical, chemical and thermal properties.

BACKGROUND OF THE INVENTION

[0003] Many fabrication processes involve addition of layers or material to the surface of a specimen or subtraction
of layers or material from the specimen to achieve desired optical, mechanical, electrical, electro-optical or any other
physical feature that influences performance. Such processes are commonly known as surface modification processes.
The surface on which the process occurs is commonly referred as a substrate. Surface modification processes have a
wide range of applications including but not limited to material processing, semiconductor fabrication, energy generation
and conversion devices, optical thin films, X-ray and UV optics, nanotechnology, meta-materials, general and 3D printing,
etc. Surface properties such as roughness, relief, chemical homogeneity, uniformity and optical, electrical, thermal and
mechanical properties can influence the properties or performance of the final device.

[0004] The process of thin film deposition is one example of an additive surface modification process. Thin films are
thin material layers ranging from fractions of a nanometer to tens of micrometers in thickness. The substrate on which
the thin films are formed (e.g., by deposition) can be a bare substrate, or may already have existing features. Various
forms of physical vapor deposition (PVD) and chemical vapor deposition (CVD) are examples of thin film deposition
processes. While most thin film deposition processes take place in vacuum, some processes may take place at atmos-
pheric, or even higher, pressure conditions. The process usually consists of creating vapors of material by chemical of
physical means such as plasma generation, evaporation, sputtering, sublimation or differential pressure and subsequent
condensation ofthe vapors onthe surface ofthe deposited substrate. Many other varieties ofthin filmdeposition processes
exist, such as implantation, laser-pulsed evaporation, atomic layer deposition, molecular epitaxy, spraying, thermal
diffusion, surface oxidation, etc.

[0005] Thin film formation is a complex process requiring thorough control of the process parameters and, in some
cases, control of film characteristics, such as optical, electrical, chemical composition, lattice orientation, thermal prop-
erties and mechanical stresses, while maintaining geometrically, stoichiometrically and structurally uniform films during
film growth. Some of the materials that have been used to form thin films include amorphous and crystalline silicon,
germanium, metal oxides, nitrides, carbides, other compound materials, a variety of semiconductors, dielectrics, metals,
polymers, inks, toners and others. Thin-films are often deposited in multiple layers to achieve desired characteristics.
In some cases, there is no definitive interface between separate layers as their properties gradually change from one
layer to another. In other cases, the thickness and the properties of the layers are modulated, or vary in certain ways in
the depth of the coating. Furthermore, the thickness and the properties of the layers can also be modulated or vary in
all2 or3dimensions as is the case in a variety of patterned coatings, general and 3D printing, MEMS, thin film microlenses,
photonic crystals, waveguides, optical displays and many other optical products. Geometrical contact and shadow masks
can be used to control the vapor distribution over the deposited substrate. A large variety of substrates can be used,
including flexible substrates and substrates that can later be removed or etched away leaving the thin film coating to be
self-supported, or to be transferred to another substrate.

[0006] Some other surface modification processes are caused by spontaneous means or by the environment at which
the surface is exposed, such as ageing, corrosion, residue deposition, material fatigue, etc., and might need to be avoided
or controlled in order to minimize their occurrence. Yet, some surface modification processes take place at the boundary
between different solid and/or liquid materials, such as electro-chemical plating, Langmuir-Blodgett film formation, print-
ing, plating, etc.

[0007] Subtractive surface modification processes are characterized by the intentional or unintentional removal of
material fromthe substrate. As with the additive processes, there is a large variety of subtractive processes. One example
of a subtractive surface modification process is surface etching. Etching is used in micro-fabrication to remove layers
from the surface of a substrate (e.g., a wafer or another specimen).

[0008] Etching, stripping, andlaserablation are precise processes which require strict control ofthe process parameters
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in order to achieve the desired etching rate, etching profile and selectivity. In the ion etching process, control of the ratio
of ion/reactive components in the plasma offers a convenient means to control the etching rate, the etching profile and
selectivity. Another convenient means to control the process is achieved by applying bias voltages with different mag-
nitude, profiles, waveforms, etc. Geometrical contact and shadow masks are often used to control the profile of layer
subtraction from the substrate.

[0009] Another example of a subtractive surface modification process is the layer removal by mechanical scribing,
such as grinding, polishing or spontaneous surface wear.

[0010] Surface modification processes typically change over time in an unwanted manner (i.e., randomly or system-
atically vary or fluctuate), causing the modified surface or specimen to either gradually deviate from the target values
or otherwise unpredictably change.

[0011] One reason for unwanted change in the process is the gradual overcoating of the processing chamber walls
during the process, causing unwanted change in the thermal, optical or electrical properties inside the chamber. For
example, deposition of a dielectric layer on the chamber walls during a process may gradually change the electrical
conductivity and/or electro-isolation properties of the surrounding area of the process, the reflective properties of the
walls or create temperature gradients that gradually affect the quality of the thin film. Anothertypical example of unwanted
change in the process parameters is the erosion of the sputtering target as material is removed from it, causing non-
uniformity of the thickness, the chemical composition and other parameters of the deposited film.

[0012] During the last several decades, the significance and complexity of surface modification processes have been
accelerating. For example, the new generation semiconductor processes bring tremendous performance advantages,
but also come with new challenges associated with process accuracy and adequate process control. The new generation
surface modification processes struggle with problems resulting from the lack or delay in adoption of adequate, dynamic
process control capability. The current state-of-the-art process control is predominantly "after-the-fact", based on "snap-
shot" metrology and run-to-run control.

[0013] The most important process control challenges that must be overcome to make the next generation thin film
processes more efficient and reduce waste are the in-situ monitoring and the control of;

*  Extremely thin films (with thickness below 40-50 angstroms); Such thin films cannot be controlled reliably by using
legacy quartz crystal monitoring, nor optically due to the lack of measurable interference fringes in the UV and visible
light;

* Very thick layers or multilayer stacks (with thickness over 20 pnm); Such thick films and coatings also cannot be
controlled by quartz crystal monitoring due to the limited amount of material that can be deposited on one or limited
number of quartz chips, nor optically, due to the multitude of very sharp and dense optical interference fringes;

*«  Compound thin films and materials. These are composed of two or more elements from different groups of the
periodic table. Compound thin films and materials have a very broad use such as semiconductor and material
processing technology, linear and non-linear optics, X-Ray technology, electronics, lighting, solar, superconductors,
thermal and/or diffusion coatings, catalysts, bond coatings, variety of cladding materials, etc. Their chemical com-
position is critical for the material properties. For example control of composition of InGaN thin film quantum wells
for the light emitting diodes used in the solid-state lighting industry requires accuracy better than 0.1 at. %. In-situ
composition control during the process of compound material deposition is a critical enabling technology for the
introduction of compound materials into daily life.

*  Structured 2-3D-pattern films (nanostructures, MEMS, photonic band-gap structures, thin film micro-lenses);

*  Special property or special profile films (metallic, absorbing, non-linear, porous, anisotropic, quintic, grad-index, etc.);

* Thin film processes with very fast deposition rates (> 2-5 nm/sec);

* Thin films deposited on non-flat substrates or samples with odd geometries;

[0014] Insufficient process control capabilities always result in increased product cost, due to the inherent waste of
energy, material, labor and intellectual effort and delays the deployment of many important technologies. The problem
becomes even more significant as the new-generation of thin film products become increasingly complex. Furthermore,
in most cases both the thin film products and the deposition equipment itself are "over-engineered" to meet even tighter
product specifications. For example, vacuum chambers are frequently designed larger and coatings are "overdesigned"
to ensure that, despite process deviations and inaccuracies, the production will still achieve acceptable uniformity,
repeatability and yield. Also, the "over-engineering" affects process scalability, time-to-market and significantly contrib-
utes to waste and inflated product cost.

[0015] Most of today’s thin-film thickness monitors and deposition rate controllers implement the quartz crystal micro-
balance and/or photometric method of metrology. The quartz crystal monitoring (QCM) is only sensitive to the mass of
the deposited film material, and cannot provide important information about the film quality, such as film composition or
structure. The instrumentation is very sensitive to process temperature, temperature gradients and requires water-cooled
sensors inside the vacuum chambers. Furthermore, the measured results are very sensitive to the sensor’s position
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inside the chamber and require thorough calibration and calculation oftooling factors, specific to each deposited material.
Still, the uncertainty in the QCM readout is relatively high. QCM is not practical for many applications (such as the
sputtering of compound targets or alloys, ion implantation or etching).

[0016] Interferometric monitoring of multi-layers during deposition, frequently referred to as "optical monitoring" or
OMS, (including monitoring reflectance, transmittance or both, at normal or oblique incidence) has other limitations.
These methods are only applicable to 1) transparent films, 2) films having sufficient optical thickness to display measurable
interference patterns in the visible spectrum, 3) multilayer stacks with total thickness not exceeding 5-10 pm, and 4)
frequently requires equipment refurbishing. Some other solutions, such as in situ ellipsometry, RHEED, X-Ray scattering,
electron diffraction and fluorescence methods are used in R&D laboratories for in sifu film characterization, but require
complicated theoretical fitting to retrieve actionable information. For instance, the in situ ellipsometry, frequently used
in R&D settings, is slow in fitting the measured data to established models, requires very thorough calibration, expert
data interpretation and can involve costly deposition chamber refurbishing. As a result, it has made little penetration as
an in situ process control tool on the manufacturing floors.

[0017] Atomic Absorption Spectroscopy (AAS) is a promising method for accurately determining the deposition rate
by correlating the atomic flux density in the vicinity of the substrate under deposition to the attained film thickness. Being
independent from the film growing on the substrate or substrate characteristics, this technique is ideal for monitoring
extremely thin and opaque films at a wide range of deposition rates, as well as compound thin films and complex substrate
shapes. It does not shadow the deposition cloud and is much easier to calibrate than the QCM. As a result, in situ AAS
can resolve most of the problems identified above.

[0018] AAS relies on the selective absorption of photons by the free atoms in the plasma surrounding the deposited
substrate and follows the Beer-Lambert law. The electrons of the atoms can be promoted to more energetic states for
a short period of time by absorbing a defined quantity of energy (electromagnetic radiation of a given spectral linewidth).
This amount of energy is specific to a particular electron transition in a particular atomic element. The radiation flux
through the atomic region is measured both without and with a sample present using a detector, and the ratio between
the two values (absorption) is converted to detect the presence or analyze the amount of atoms (i.e. atomic concentration
or mass). The measured absorption value is proportional to the atom flux density and can be used to derive calibration
functions related to the rate of deposition or etching of the substrate or other physical parameters of the modified layers.
Typically, AAS uses specific wavelengths of UV light that correspond to the specific absorption spectra of the element
being monitored. The absorption lines are typically very narrow (referred as spectral linewidths) and lie mostly in the
DUV and UV spectrum. The light sources are typically hollow cathode lamp sources (HCL) with a cathode that is identical
to the element that is monitored. Multi-element HCL sources with 2-3 elements are also available.

[0019] Figure 1 is a functional block diagram of the prior art ACCUFLUX® in-situ atomic absorption spectroscopy thin
film process monitoring system marketed by SVT Associates in Eden Prairie, MN. The thin film deposition chamber 101
comprises a substrate holder 102, which can have a variety of shapes and can perform different movements during
deposition such as simple rotation, planetary rotation, translational movement or others. The substrate holder 102 can
support one or more substrates 103 arranged in variety of configurations such as circular, rectangular or others. The
material vapor cloud (i.e. plasma) that forms a deposition region 104 is directed towards the substrate by a deposition
source 105 or multiple sources as perthe materials to be deposited on the substrate. A person skilled in the art recognizes
that multiple deposition configurations (vertical, horizontal, up-down, down-up, etc.) and variety of processes (physical,
chemical, reactive, ablative, implantive, radiative, etc.) exist, which can all be represented by the configuration illustrated
in Figure 1.

[0020] The in-situ atomic absorption spectroscopy system is installed outside the processing chamber and generically
consists of element-specific hollow cathode light sources 109 that contain the atomic elements identical to the atomic
elements that are measured, beam shaping optics (i.e. focusing lenses) 110 focusing the beam inside the deposition
region 104 in the chamber 101 through a tube 111, which is installed on the first optical viewport 112 of the processing
chamber 101. The beam is split into two beams by an optical beam splitter 113. One of the beams is directed through
an aperture 114 for power reference (referencing beam) and the second beam is directed to the processing chamber
101 for plasma measurement (probing beam). The reference and the probing beams are filtered by a mechanical chopper
with a filter 115 and directed to the optical detector 116 (i.e. photomultiplier tube) by means of a focusing or other beam
shaping optics 110. The probing beam enters the processing chamber through the first optical viewport 112 installed on
the chamber walls, traces the deposition region 104, leaves the processing chamber through a second optical viewport
117 on the opposite wall of the processing chamber and is reflected back into the second optical viewport 117 by the
beam retro-reflector 118. It again enters the processing chamber through the second optical viewport 117 and probes
the deposition region 104 for a second time before it leaves through the first optical viewport 112. Once back from the
measurement, the probing beam is reflected by the beam splitter 113 to the mechanical chopper 115 and to the photo-
detector 116 though the focusing optics 110.

[0021] The computer 106 processes and displays the measurement information to the operator. Optionally, 106 can
communicate to the processing chamberthrough one or more controllers 107, which may control a variety of sub-systems



10

15

20

25

30

35

40

45

50

55

EP 3 417 478 B1

such as mechanical shutters 108, deposition sources 105, vacuum pumps, heaters, substrate rotations, etc. as well as
a variety of process parameters such as gas flow, bias voltage, temperature, etc. In some cases 106 and 107 might be
integrated into one computer system.

[0022] This configuration of AAS monitoring system uses UV-transparent optical ports for the incident and the reflected
beam, mechanical modulation (chopper) and a photo-multiplier or other optical detector. The probe beam travels not
only over the substrate area, but also travels considerable distances L1 and L2 between the substrate and the chamber
walls.

[0023] US Patent 8,541,741 discloses a bench-top AAS system, in which no deposition chamber is used. However.
AAS measurements are made with the assistance of optical fibers for transmitting and receiving signals.

[0024] S. Konstantinidis "Measurement of ionic and neutral densities in amplified magnetron discharges by pulsed
absorption spectroscopy" Journal of Applied Physics, Vol 5, Number 5, 1 March 2004, pg. 2900, XP012067572 reveals
aresonant absorption diagnostic to estimate densities of neutral and ionictitanium both in ground and metastable states.
[0025] LU C et al: "Improved method of nonintrusive deposition rate monitoring by atomic absorption spectroscopy
for physical vapor deposition processes", Journal of Vacuum Science & Technology: Part A,

[0026] AVS/AIP, Melville, NY, US, vol. 13, no. 3, Part 02, 1 May 1995, pages 1797-1801, XP000536505 discloses a
processing system according to the preamble of claim 1.

[0027] US Patent Application US2015284851 describes systems and methods to measure and control atom beam
fluxes used in deposition processes. The object of the invention is achieved by a processing system with the features
of claim 1 and an in-situ monitoring kit for modifying a processing chamber with the features of claim 10

[0028] . Preferred embodiments of the invention are disclosed in the dependent claims.

SUMMARY OF THE INVENTION

[0029] The subject matter of the present application relates to an in-situ atomic spectroscopy system and method for
monitoring and control of a surface modification process, and also an assembly of components and/or methods for
modifying a processing chamber to have atomic spectroscopy capabilities.

[0030] The kit's software, when executed, further is configured to compensate for a spontaneous atomic emission
component of the resultant light signal, when determining the amount of said at least one atomic element of interest in
the process region.

[0031] The kit may include a fiber optic component holder (FOCH) having the least one illuminating optical component
mounted on a first potion thereof, and having the at least one receiving optical component mounted on a second portion
thereof, wherein: the receiving optical component is optically aligned with the illuminating optical component and spaced
apart therefrom by an optical path length L3. The FOCH may be loop-shaped though other configurations are contem-
plated as well.

[0032] Inthe FOCH, the optical path length L3 may no greater than 140% of a substrate length LO, measured in a
direction between the two optical components, of a substrate accommodated in the processing chamber.

[0033] It will be understood that the above-said is a summary of the subject matter of the present application, and that
the various systems and method summarized above may further comprise any of the features described herein below.
Specifically, the following features, either alone or in combination, may be applicable to any of the above aspects, be it
the processing system, method of operation, a kit, or method of modifying a processing chamber:

(i) The resultant light signal may be reflective of a combined amount of atomic absorption and spontaneous atomic
emission, the latter being the atomic emission in the absence of illumination by a probing beam. In such case,
according to the present invention, the processor, method and/or software when executed, compensates for a
spontaneous atomic emission component of the resultant light signal, when determining the amount of said at least
one atomic element of interest in the process region.

(iiy At least one fiber optic component holder (FOCH) may be mounted within the processing chamber, and the
illuminating optical component and its corresponding receiving optical component are both mounted on said at least
one fiber optic component holder.

(iiiy The FOCH may be loop-shaped.

(iv) The illuminating optical component and its corresponding receiving optical component may be mounted within
the processing chamber such that an optical path length L3 separating the illuminating optical component from its
corresponding receiving optical component, is no greater than 140% of a substrate length LO measured in a direction
between the two optical components.

(v) A first distance L1 between the illuminating optical component and a first edge of the substrate may be less than
50 mm; a second distance L2 between the receiving optical component and a second edge of the substrate may
be less than 50 mm; and a height H separating the probing beam from the substrate, may be less than 30 mm.
(vi) A plurality of illuminating optical components may be provided, each illuminating optical component configured
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to direct at least one probing beam in the direction of a corresponding receiving optical element.

(vii) In a plan view of the component holder and substrate holder, the probing beams may not intersect one another;
and/or at least two of the illuminating and receiving optical components are located at different heights, relative to
the substrate.

(viii) At least one of the illuminating and receiving optical components additionally serves as one or more of a beam
collimator, a focuser, a polarizer, an optical filter and a mirror.

(ix) At least one reflective component may be positioned within the processing chamber to reflect the probing beam
after it has passed through the process region, such that the probing beam passes a second time through the
process region prior to being received by a receiving component and the at least one resultant light signal being
outputted. In such case, the probing beam may be directed in a way to be received by the corresponding receiving
element.

(x) A plurality of atomic elements of interest may be present in the process region, in which case, the light emission
submodule is configured to generate a plurality of element-specific spectral linewidths, with at least one element-
specific spectral linewidth corresponding to each of said plurality of elements of interest; the at least one resultant
light signal comprises spectral information corresponding to said plurality of element-specific spectral linewidths;
and the processor is configured to determine an amount of each of said plurality of elements of interest present in
the process region.

(xi) The light emission sub-module may be configured to generate a plurality of element-specific spectral linewidths
for a single atomic element of interest present in the process region, in which case, the at least one resultant light
signal comprises spectral information corresponding to said plurality of element-specific spectral linewidths for that
single atomic element; and the processor is configured to determine an amount of said single atomic element of
interest in the process region, based on spectral information corresponding to said plurality of element-specific
spectral linewidths.

(xii) Based on a plurality of determined amounts of said at least one atomic element of interest in the process region
overtime, one or more ofthe following may be determined: a momentary mass, a momentary thickness, a deposition
rate, an etching rate, an etching selectivity, an etching profile, a chemical composition, a phase, a crystal lattice and
a microstructure, of a thin film being modified on the substrate surface.

(xiii) Based on the generated light signal, a plurality of probing beams may be directed to pass through different
portions of said process region, to thereby form a corresponding plurality of resultant light signals; and based on
said plurality of resultant light signals passing through different portions of said process region, a spatial distribution
of at least one of said momentary thickness, said deposition rate, said etching rate, said etching selectivity, said
etching profile, said chemical composition, said phase, said crystal lattice and said microstructure of a thin film being
modified on the substrate surface, may be determined.

(xiv) Based on the generated light signal, a plurality of probing beams may be directed to pass through said process
region at different times, to thereby form a corresponding plurality of resultant light signals separated in time; and
based on said plurality of resultant light signals passing through said process region at different times, a temporal
distribution of at least one of said momentary thickness, said deposition rate, said etching rate, said etching selectivity,
said etching profile, said chemical composition, said phase, said crystal lattice and said microstructure of a thin film
being modified on the substrate surface, may be determined.

(xv) Based on a plurality of determined amounts of said at least one atomic element of interest in the process region
over time, one or more of the following processing conditions of a processing chamber may be controlled, such as
an operation setpoint of a particle source within the processing chamber, gas flow rates of the gases introduced
into the processing chamber, a precursor gas conditions, a temperature setpoint inside the processing chamber, a
pressure setpoint in the processing chamber, and a bias voltage applied to the components of the processing
chamber.

(xvi) The processor and/or the controller may control one or more of the aforementioned processing conditions of
a processing chamber without human intervention.

(xvii) The processing chamber may comprise a plurality of chamber compartments; and the substrate holder and
its associated FOCH are configured to move together in the processing chamber and enter different chamber
compartments.

(xviiiy The processing chamber may comprise a plurality of chamber compartments or process areas, at least two
ofthe chamber compartments or process areas having at least one FOCH located therein, inwhich case the substrate
holder is configured to undergo translational movement in the processing chamber and enter different chamber
compartments or process areas.

(xix) Multiple probing beams with different configurations may trace a deposition region in the vicinity of the modified
substrate and derive spatial information about the vapor distribution over the deposited substrate.

(xx) The FOCH with the fiber optics components may be installed directly on the substrate holder and moves with
the substrate holder inside the deposition chamber, in its compartments or in separate deposition chambers, as is
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the case for a cluster tool, deposition line or other set of complex surface processing equipment.

(xxi) Optical spectrometers and monochromators can be used as spectral dispersive components in order to detect
and process the resultant light signal.

(xxii) Constant referencing of the light source power, the power of the probing beam, the intensity of the spontaneous
atomic emission and the background reference may be performed during one duty cycle.

(xxiiiy Based on the generated light signal, a plurality of probing beams may be directed to pass through different
portions of said process region, to thereby form a corresponding plurality of resultant light signals; and based on
said plurality of resultant light signals, a spatial distribution of an amount of said at least one atomic element of
interest in the process region may be determined.

(xxiv) Based on the generated light signal, a plurality of probing beams may be directed to pass through different
portions of said process region at different times, to thereby form a corresponding plurality of resultant light signals
separated in time; and based on said plurality of resultant light signals separated in time, a temporal distribution of
said at least one atomic element of interest in the process region may be determined.

(xxv) An optical path length L3 of the probing beam between said directing step and said receiving step, may be no
greater than 140% of a substrate length LO measured in the direction traveled by the probing beam.

(xxvi) The probing beam may be reflected at least once after it has passed through said process region, such that
the probing beam passes through a different portion of said process region prior to being received and the at least
one resultant light signal being outputted.

(xxvii} A generated light signal comprising a plurality of element-specific spectral linewidths may be generated, each
spectral linewidth corresponding to a specific absorption or emission peak of a single atomic element of interest. A
resultant light signal comprising a corresponding plurality of element-specific spectral linewidths may then be gen-
erated; and an amount of said single atomic element of interest in the process region may be determined, based
on spectral information corresponding to said plurality of element-specific spectral linewidths.

(xxviii) A plurality of atomic elements of interest may be present in the process region, in which case a generated
light signal comprising a plurality of element-specific spectral linewidths may be generated, each element-specific
spectral linewidth corresponding to a single absorption or emission peak of each of a corresponding plurality of
different atomic elements of interest. A resultant light signal comprising a corresponding plurality of element-specific
spectral linewidths may then be generated, and an amount of each of said plurality of elements of interest present
in the process region may be determined.

(xxix) The surface modification process may be changed, without human intervention, in response to determining
said amount of said at least one atomic element of interest in the process region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034]

Figure 1 is a functional block diagram of a prior art in-situ atomic absorption spectroscopy thin film process monitoring
system.

Figure 2 is a functional block diagram of one embodiment of a system in accordance with the current invention.
Figure 3 depicts the operational state diagram of the embodiment shown in Figure 2.

Figure 4 shows exemplary spectra measured during the operation of the system shown in Figure 2 and Figure 3.
Figure 5 shows one example of the in sifu correction process of the emission values of Aluminum peak at 309.27
nm during thin film deposition using the attenuation of the Neon gas line at 352.05 nm.

Figure 6 shows an example of atomic absorption spectroscopy and the corresponding spontaneous atomic emission
spectroscopy data as functions of the discharge power of a magnetron sputtering source during deposition of
aluminum.

Figure 7 depicts the measured aluminum element absorption, according to one embodiment of the present invention,
as a function of the film deposition rate.

Figure 8 shows a 3D plot of the relative concentration of aluminum and silicon Al/Si during co-sputtering as a function
of the deposition rate of aluminum and the deposition rate of silicon used for monitoring chemical composition of
the thin film.

Figure 9 illustrates one embodiment of the fiber optics component holder 223 seen in Figure 2.

Figure 10 shows a second embodiment of the fiber optics component holder 223 seen in Figure 2.

Figure 11 shows a view of processing equipment, where the substrate holder performs translational movement in
one or separate chambers or chamber compartments.

Figure 12 shows a functional block diagram of a second embodiment of a system in accordance with the current
invention, configured to measure only spontaneous atomic emission.
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DETAILED DESCRIPTION OF THE DRAWINGS

[0035] Figure 2 is a functional block diagram of one embodiment of the present invention.

[0036] The processing chamber 200 includes a substrate holder 201, which supports one or more substrates 202
arranged in circular, rectangular or other configurations. The substrates 202 can have variety of forms and shapes and
can be stationary or perform circular, planetary or another rotation, translational or another movement. The substrates
202 can also have pre-modified surfaces such as cleaned, polished, etched, deposited, patterned, as well as a variety
of shapes and geometries such as flat, spherical or more complex. The processing chamber 200 has one or more
sources of particles (two are shown) 203 and 204. These can be sources of deposition material particles generated from
the source itself; thermal evaporators, effusion cells, magnetron, arc orion beam sources, differential pressure sources,
etc. Inthese cases the particle sources 203 and 204 form particle vapor clouds 205 and 206, which are directed towards
the substrate 202. Sources 203 and 204 can also be indirect sources of particles, such as ion bombardment or radiation
sources, which stimulate particle generation from the substrate itself. Yet, in some cases sources 203 and 204 can
stimulate secondary interactions between particles in the process region 207, surrounding the substrate 202. A person
skilled in the art recognizes that a large variety of material sources used to generate or otherwise form a particle cloud
in the process region 207 exist or can be devised in the future.

[0037] The process region 207 is a volume in the vicinity of the substrate 202, which comprises the material particles
resulting from the operation of sources 203 and 204 and/or from the interaction of these particles with the materials of
the substrate. The process region 207 can include neutral or ionized atomic, molecular, cluster or oligomer particles and
combinations of such. Particles can be directed to the substrate 202 by means such as kinetic energy of the particles.
Particles can be extracted from the substrate by means such as ablation or sublimation, or can be formed in the process
region 207 by means such as secondary interactions between other particles.

[0038] The material particles in the process region 207 can be deposited on the substrate to form a single layer or
multilayers of material by physical condensation or another deposition mechanism. The layers comprise a single chemical
element or combinations of multiple elements, forming a metallic, dielectric, semi-conductive, organic, biological or
another compound or mixed substance. Single layers and multilayers can be formed on the substrate as solid or liquid
substances and/or exist in any of these two forms after their deposition.

[0039] In other cases, the sources of particles 203 and 204 form clouds of energetic or ionized particles (i.e. partially
or fully ionized), which remove material from the substrate 202 instead of depositing it, such as in the case of ion etching.
In such cases the process region 207 contains material particles from the eroded substrate.

[0040] In other cases, the processing region 207 can include particles that can physically penetrate in the substrate,
such as ion implantation, or modify the surface properties of the substrate, such as surface cleaning, surface hardening
or polishing.

[0041] Yetin other cases the sources 203 and 204 may generate material vapors or electromagnetic radiation, which
interacts with the substrate 202 or other particles, forming residual materials or particles in the processing region 207.
Examples of such processes are the laser ablation, laser melting, surface alloying or radiation surface treatment. In such
cases the processing region 207 may contain residual particles fromthe interaction process with the substrate, or particles
formed during the secondary interaction in the region 207.

[0042] A person skilled in the art recognizes that multiple deposition configurations (vertical, horizontal, up-down, down
up, etc.) and variety of processes (physical, chemical, reactive, sputtering, evaporation, sublimation, ablation, implan-
tation, differential pressure, etc.) exist, which can be represented by the configuration, summarized on Figure 2.
[0043] Mechanical orelectronic actuating devices 208 and 209 such as valves, orifice closures, shutters, doors, masks,
on-off switches or software-controlled devices are used to enable, disable or shape the formation of the particle clouds
205 and 206 and control the process region 207.

[0044] The processing chamber is controlled by one or more chamber controllers 230; however, processing chambers
may exist that are controlled manually by an operator. The chamber controllers 230 may control a variety of sub-systems
and process parameters, such as the material sources 203 and 204, actuating devices 208 and 209, vacuum pumps,
heaters, substrate rotations, bias voltages. The system computer 227 processes and displays information to the operator
229a, and/or directly communicates to the controllers 230 through an electronic connection 229b. In some cases 227
and 230 can be integrated into one computer system. It is understood, however, that a programmable "processor" is
associated with computer 227 and/or controller 230, and executes instructions in a known manner.

[0045] The in-situ atomic spectroscopy system as per the present embodiment includes three main components 1)
an optical processing module 210, which is installed outside the processing chamber 200, 2) a fiber optics component
holder 223, which supports the optical components 221 and 222 and is installed inside the processing chamber 200,
and 3) a variety of optical fibers, or fiber bundles for guiding the light to and/or from the processing chamber 218a, 218b,
221a, 220b.

[0046] The component holder 223 is designed to hold and keep the optical components 221 and 222 in an optically
aligned position inside the processing chamber. The components 221, 222 are held in a predetermined spaced rela-
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tionship at known distances relative to one another. The component holder 223 can be a plug-and-play solution, which
is used to configure, optically align and fix components 221 and 223 in place before delivery and installation at the user’s
process equipment. Care is taken to protect the components against thermal misalignment and contamination during
processing, as well as to keep all components and fibers compact for easy re-configuration, service and maintenance.
[0047] The component holder 223 can have a variety of shapes. In one embodiment, the component holder 223
comprises a loop-shaped frame on which various optical components may be mounted. The loop-shaped frame may
have a circular, rectangular, octagonal or other shape which may not even be a standard geometric shape. To ensure
that components mounted on the loop-shaped frame maintain their positions relative to one another, the frame is pref-
erably rigid and resistant to torsional forces and thermal deformation. In other embodiments, the component holder may
be in the form of a bracket or other fixture to fit different chamber geometries, applications and user preferences. The
component holder may instead comprise a plurality of separate portions, which are positioned in predetermined locations
in the chamber. Regardless of its shape and configuration, the component holder is installed inside the processing
chamber 200. This may be done by attachment to the chamber walls, or directly to one or more of the vacuum
feedthroughs, such as the fiber optics feedthrough 219. In some embodiments, it may even be mounted to the substrate
holder.

[0048] The optical processing module 210 generically comprises two major sub-modules: a light emission sub-module
211 and optical detection sub-module 212, which are defined functionally but may not be separated physically.

[0049] The light emission sub-module 211 generically comprises one ormore light sources 213, light selecting, shaping
and combining components 214 and 215 and light distribution components 216 and 217.

[0050] Accordingtothe firstembodiment ofthe presentinvention, light sources 213 are element specific hollow cathode
light (HCL) sources with cathodes, containing the chemical elements identical to the elements that are measured in the
process region 207. Single element or multi-element HCL sources can be used to measure particles of a single or
multiple elements in the process region 207 separately in time or simultaneously.

[0051] According to the second embodiment of the present invention light sources 213 are single or multiple fixed-
wavelength or tunable light sources such as broadband or supercontinuum light sources with monochromators, tunable
or fixed wavelength lasers or laser diodes.

[0052] Component 214 and 215 comprise two different or one consolidated single component used to select and
combine light as well as shape the optical beams from the light sources 213. Component 214 comprises individual
mechanical or electronic actuators (shutters), or a single multi-position shutter, used to select individual light sources,
make combinations of them, or block them altogether. Component 215 combines the individual beams into a single
beam, and can be constructed of several sub-components such as fiber optics or bulk-optics couplers, beam combiners
or optical switches. Component 215 may also include a variety of sub-components such as focusing lenses, collimators,
optical filters, light diffusers, beam homogenizers, polarization scramblers, etc. Also, components 214 and 215 can be
arranged in reverse order, where 215 is interposed between the light source(s) 213 and component 214.

[0053] Light distribution component 216 and 217 comprise two different or one consolidated single component used
to distribute light between different optical fibers. The primary fiber optics distribution component 216 directs the light
between two or more fibers or fiber bundles, marked as positions "1" and "2". Other positions can be added as necessary.
Light from position "1" is sent to a secondary distribution component 225 and to the optical detector 226 for light power
reference. Light from position "2" is sent to a secondary distribution component 217 and distributed into different meas-
urement channels used formeasurement ofthe process region 207 (forillustrative purpose only 3 measurement channels
are shown).

[0054] In one embodiment of the present invention, component 216 is a fiber optics 1xN switch, which consolidates
the functions of both 216 and 217 and switches between positions "1" and "2". Position "1" comprises a fiber or fiber
bundle, which is sent to a secondary distribution component 225 and to the optical detector 226 for light power reference.
Position "2" comprises a fiber bundle with multiple measurement fibers illuminated simultaneously, or individual meas-
urement fibers or fiber bundles, illuminated sequentially. In the last case position "2" can be a consolidated position
comprising several positions, not shown in Figure 2 for simplicity. Also, for illustration purposes only, position "2" shows
only 3 measurement fibers or fiber bundles to support 3 measurement channels. It may include any number of meas-
urement fibers to support one or more measurement channels.

[0055] In another embodiment of the present invention components 215 and 216 are combined in a single 2xN optical
switch.

[0056] Yet, in another embodiment of the present invention all components 214, 215, 216 and 217 are combined in
a single MxN optical Add/Drop switching component and consolidate all the described functions.

[0057] The optical detection sub-module 212 comprises fiber distribution component 225 and detector component 226.
[0058] According to one embodiment of the present invention component 225 is a 1xN optical switch, having multiple
positions illustrated as positions "1-5". Any of these 5 positions can be a consolidated position comprising several
positions, not shown in Figure 2 for simplicity. When switched to positions "1", "2", "3" (or any number of positions
corresponding to the amount of measurement channels) it selects and sends to the detector component 226 the light
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from the measurements in the process area 207. When switched to position "4" it sends to the detector 226 light collected
directly from the light sources 213 for light power reference (i.e. HCL power reference). Position "5" is used to perform
"dark" reference of the detector 226.

[0059] The detector 226 is built based on a variety of optical measurement techniques such as a photodetector with
an optical filter, a monochromator with a photomultiplier tube, a CCD spectrometer or others. Persons skilled in the art
may recognize the variety of available optical detecting and measurement solutions.

[0060] According to one embodiment of the present invention component 225 and 226 are combined into a single
component, such as a single block of spectrometers cascaded together and operated by a single controller.

[0061] According to a second embodiment, component 225 is eliminated altogether and the light from the individual
fibers or fiber bundles is sent to separate optical detectors, such as separate spectrometers, each controlled individually.
[0062] Yet, according to a third embodiment, position "5" of component 225 is eliminated and the "dark" reference is
performed by configuring component 216 to position "2" and component 225 to position "4".

[0063] The individual fibers or bundles from component 217 are combined into one or more fiber optics cables 218.
They enter the processing chamber 200 through one or more fiber optics feedthroughs 219. Using incoming light fibers
220a, the light is coupled into one or more illumination components 221, which are optically aligned with the corresponding
receiving components 222 and fixed to the fiber optics component holder 223 installed in the process region.

[0064] Components 221 and 222 can provide one or more optical functions, and thus may additionally serve as beam
collimators, focusers, polarizers, optical filters, mirrors or combinations of different components. In the embodiment in
Figure 2they are marked as illumination and receiving components, respectively, in orderto differentiate their functionality.
[0065] A single holder 223 can accommodate a variety of component configurations. The functionality of the compo-
nents 221 and 222 can be configured both through configuring fibers 218a and 218b inside the module 210 and/or
through configuring the components directly on the component holder. For example:

(a) components 221 and 222 can have the same optical design; e.g., they may both be fiber optics collimators;
(b) either or both components 221 and 222 can be configured to operate as an illumination component, receiving
component or both;

(c) either or both components 221 and 222 can operate as an illumination and receiving component simultaneously
by attaching both fibers 218a and 218b to a single component;

(d) either or both components 221 and 222 functionally represent only receiving components, operating simultane-
ously or sequentially;

(e) either or both components 221 and 222 can be a receiving component and simultaneously or sequentially act
as a light-blocking component for another component with which they are optically aligned;

(f) either or both components 221 and/or 222 can be a reflector, reflecting the probing beam to another component,
which may be also a reflector or a receiving component.

[0066] Three illumination and receiving components are shown forillustration only; however, any number ofillumination
or receiving components can be used to form one or more measurement channels. The position of the components 221
and 222, relative to the substrate 202, are characterized by distances L0, L1, L2, L3 and H. LO is the length of the
substrate area orregion of interest, in a particulardirection. L1 and L2 are the distances between the edge ofthe substrate
or the edge of region of interest for measurement and the illumination 221 and receiving components 222, respectively.
H is the vertical offset from the substrate to the path of the probing beam 224. Finally, the optical path length L3 is the
total distance between the illumination and receiving components 221, 222.

[0067] Generally speaking, inthe case of a planar substrate 202 retained on a planar substrate holder, the light beam’s
path length over the substrate 202 alone can be given by a substrate length LO and the distance between a given
illumination optical component 221, and its corresponding receiving optical component 222 can be given by the optical
path length L3, which corresponds to the distance between the two components, with L3 = L0 + L1 + L2, It is therefore
understood that the substrate length LO is taken in the direction between the two components 221, 222, In some em-
bodiments, optical path length L3 between components 221, 222 is no greater than 140% ofthe substrate path length LO.
[0068] Insome embodiments ofthe presentinvention the fiber optics component holder 223 is attached to the substrate
holder 201 and may move together with it.

[0069] The light from illumination components 221form probing beams 224, which probe the process region 207 and
are collected by the receiving components 222. Receiving components 222 are again coupled into outgoing light fibers
220b, and exit the processing chamber 200 through the feedthrough 219. Outside the processing chamber the individual
fibers 220a, 220b are bundled into cables 218a and 218b. Cables 218a are connected to component 217 of the light
emission sub-module 211 and bundled cables 218b are connected to component 225 of the detection sub-module 212.
[0070] The entire system is controlled by the system computer 227. The processor associated with computer 227
sends operation instructions 228 to the optical processing module 210. The computer's processor may send process
control instructions 229a to the processing chamber operator who then may take some action in response thereto, in a
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manual mode of operation. Alternatively, or in addition, the computer’s processor may send process control instructions
229bto an electronic controller module 230 associated with the processing chamber, in an automated mode of operation.
[0071] Inordertodescribethe system function, a brieftheoretical background ofthe atomic spectroscopy measurement
is given below.

[0072] The measured optical intensity at the detector when the probing beam is probing the process region in the

measured
vicinity of the element’'s emission/absorption spectral linewidth 82, 151, , iIs a combination of multiple factors and
can be approximated as follows:
measured __ jsource comp spon.em, el.

el.
81 corresponds to the fraction of the illuminating light intensity, which is absorbed by the element particles in the

atomic region probed by the light source, and generally is what one wishes to determine based on the observed intensity

Imeasured Isource
measurement "84 L 18a is the intensity value of the probing light source. The probing light source may be

an HCL source, which emits light at one or more element specific spectral linewidths 8i. Since the intensity of most

source
commonly used element light sources tend to fluctuate during operation, constant referencing of 161 is required.

comp
LSA is the optical loss in the probing beam due to a variety of factors, such as potential overcoating of components

Jcomp

221 and 223 or component misalignment. One method of determining ~“64  is described with reference to Figure 3.

. Lcomp’. ) ) . Ispon.em ) ) )

A second method of determining ~64 - is described with reference to Figures 4 and 5. "84 is the intensity value
ofthe spontaneous atomic emission of the measured chemical element in the absence of any illumination by the probing
beam. Many surface modification processes are associated with the generation or otherwise existence of energetic
atomic particles inthe process region 207 that have their own spontaneous atomic emission at the same spectral linewidth
8 at which the absorption is measured. Therefore, the atomic particles that are being measured may have their own
spontaneous atomic emission, which is independent of the emission in response to stimulation by a probing beam.

Ispon.em. source

i spon.em
(s is measured with ‘64

being blocked or disabled. Although 16/1 can often be relatively small

source
compared to 161 , spontaneous atomic emission intensity varies from element to element and strongly depends

on the process conditions and chamber geometries.
spon.em.

[0073] In one embodiment of the present invention, “64 is measured during each measurement cycle in order
to achieve better measurement accuracy of the atomic element concentration in the process region 207 and provide
actionable information related to the process control.

[0074] In some embodiments ofthe present invention, multiple surface properties and process parameters are calcu-

spon.em.
lated by independently measuring or accounting for 64 " . For example the plasma power of the particle source
spon.em.
203 can be correlated to the measured “64 and used to control the processing conditions inside processing
chamber 200. This is shown in Figure 6b.
spon.em.
[0075] In some cases, "64 is equal to zero; the particles in the process region 207 do not have spontaneous

atomic emission and are excited to emit light only under illumination by the stimulating probing beam. In such cases,
formula (1) is reduced to

measured __ jsource comp el.
IS/’L - 16/1 - L6/1 - AS)L (2)

[0076] However,itis generally understood that processes such as physical and chemical vapordeposition, ion etching,
ion implantation and laser ablation will usually result in some degree of spontaneous atomic emission.

Ael.

[0077] Thus, from equation (1) and from the Beer-Lambert Law, the atomic absorption term ‘"84 can be defined as:
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el. _ jysource comp spon.em. measured. _

where ¢5; is the molar absorption coefficient of the measured chemical element in the spectral linewidth 5%, C is the
molar concentration of the measured element, and / is the length of the absorbing zone within the atomic region directly
facing the detector, respectively. In the embodiment presented in Figure 2 the dimension /is equal to the distance L3
between components 221 and 222.

measured
[0078] It can be seen from Eq. (3) that given an observed measurement 64 , one compensates for any
Ispon.em. Ael.
spontaneous atomic emission "84 , before determining atomic absorption “*64' | in addition to referencing the
. L Jsource . comp
source intensity 164 and optical loss 64
Ael.

[0079] For the purpose of the subject matter of the present application, “*84 is proportional to the amount of the
atomic particles. A plurality of atomic element concentration measurements taken during the course of processing a
substrate surface can be used to determine a time-varying profile of amounts of at least one element of interest in the
process region. The plurality of time-varying amounts of at least one element of interest in the process region can then
be used to calculate various properties of the substrate surface being modified. Exemplary surface properties, which
may be calculated using methods known to those skilled in art, include such things as the momentary mass and thickness
of the deposited or etched material, deposition or etching rate, etching selectivity and profile, chemical composition,
phase, crystal lattice and microstructure of a thin film being modified (deposited or removed) on a substrate surface via
a vacuum-assisted process, as well as a variety of physical parameters of the modified surface such as structural,
mechanical, chemical and thermal properties and others.
[0080] The amount ofthe atomic particles can also be used to control one or more of the processing conditions inside
processing chamber 200. The processing conditions may include such things such as an operation setpoint of a particle
source within the processing chamber, gas flow rates of the gases introduced into the processing chamber, a precursor
gas conditions, a temperature setpoint inside the processing chamber, a pressure setpoint in the processing chamber,
and a bias voltage applied to the components of the processing chamber.
[0081] As an example of this, Figure 6 shows the effect of changing the power applied to the particle source 203 on
atomic absorption and emission values.
el.
[0082] In one embodiment, A5/1 is correlated to the momentary deposition rate of the deposited element. This is
illustrated in Figure 7.
. Ak N .
[0083] In another embodiment "84 is measured for more than one spectral linewidths 8 of the same atomic element
of interest in the process region and is correlated to the amounts of particles of the same element having different energy
and excitation states.
Ael.
[0084] In another embodiment, "84 is measured for different atomic elements in the process region and the relative
concentration of these elements is correlated to the chemical composition of the film deposited on the substrate. This
is illustrated on Figure 8.
Ael.
[0085] In still another embodiment, “*64 is measured for different atomic elements over a plurality of directions and/or
locations in the process region and is correlated to the spatial uniformity of any of these surface properties or process
parameters.

Ael.

[0086] In yet another embodiment of the present invention “*é4 is measured for different atomic elements during a
plurality of moments in the process region during the process and is correlated to the temporal uniformity or homogeneity
of any of these surface properties in the duration of the process and in depth of the growing film.
el.
[0087] A specific advantage of the disclosed invention is the fact that 84 can be measured only in the process region
207 in the immediate vicinity of the modified/deposited substrate (distance L3 in Figure 2) and is proportional to the rate
spon.em.

at which the substrate is modified/deposited. Another advantage is the ability to account for "64 , Which is
proportional to a plurality of process conditions such as particle source power, temperature, etc. These two advantages
are associated with the fact that the measurement is performed between components 221 and 222 inside the process
region 207 at distances L1, L2 and height H and is not affected by the interaction of the probing beam with the material
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that is spread in other areas of the processing chamber such as areas L1 and L2 of Figure 1.

[0088] The operation of the system shown in Fig. 2 is explained with reference to a plurality of discrete measurement
states, shown in Fig. 3. In particular, Fig. 3 shows six measurement states that the system may occupy. It is understood
that in this embodiment, a single duty cycle for the system may comprise cycling through all six states. However, it is
also possible to utilize the system using fewer than all six states in a single duty cycle, as well as enter these states in
a different order.

[0089] Column 301 shows component settings for the first state ("State 1"), which corresponds to the detector's dark

Pdetector . .
reference state 164 +, measured in the units of the detector. In the dark reference state, the system measures

the noise of the detector 226, which depends on multiple factors such as detector type, temperature, etc. Component
225 is set to position "5" with a termination fiber, or closed by a shutter, which can be internal to the detector itself or a
separate component (not shown in Figure 2). Thus, in the first state, no light is allowed to enter the detector 226.
[0090] Column 302 shows component settings for the second state ("State 2"), which corresponds to a chamber
Pbackground

background reference state ~ 64 . The chamber background reference state may be used to reference the
optical loss in the fiber-optics system and the light conditions inside the processing chamber 200 with respect to each
of the measurement channels when no surface modification is being performed. The particle sources 203 and 204 are
closed by shutters 208 and 209, and the light sources 213 are closed by shutters 214. However, the detector 226 is
allowed to receive light. The optical switch (Component 225) switches between all the measurement channels (shown
as Positions "1", "2’, "3") and the detector 226 measures the light conditions at each of the measurement channels.
[0091] After states "1" and "2" are completed the computer takes the larger of the two values and sets it as a dark

dark
reference value P6/’L , needed to calculate the light intensity values in unitless numbers from zero to one. Both values

may also change during the process of system operation and at some conditions one may overcome the other; therefore,
constant monitoring of both is recommended.

[0092] Column 303 shows component settings for the third state ("State 3"), which corresponds to a light sources

plight

reference state "84 . This state is used to reference the light power of the sources 213. Component 214 is configured
such that all light sources (when more than one light source is used) can be coupled together, or referenced sequentially.
Component 216 is switched to position "1" and component 225 to position "4". In this state, the light fromthe light sources
is sent directly to the detector 226 without first passing through component 217, fiber optic cables 218 and the chamber
200, and the total power from the light source is measured.

[0093] Column 304 shows component settings for the fourth state ("State 4"), which corresponds to the spontaneous

spon.em.

atomic emission measurement ~ 64 ‘. In this state, the particle sources 203, 204 are operating and the shutters
208 and 209 are open. Processing region 207 is active and the process of surface modification is taking place. Component
214 is closed and light from the light sources 213 does not probe the processing region 207. Component 225 switches
between all measurement channels and detector 226 measures the signal from each of the channels with the sources

spon.em.
203, 204 and components 208 and 209 open. Afterthe completion of measuring state 4, the value 16/1 is calculated

by the system computer 227 for each of the specific element particles that are measured in the processing region 207.
[0094] Column 305 shows component settings for the fifth state ("State 5"), which corresponds atomic absorption

at.abs.
measurement P6/’L . In this state the sources 203, 204 are operating and the components 208 and 209 are open.

Processing region 207 is active and the process of surface modification is taking place. Component 214 is open and
light fromthe light sources 213 probes the processing region 207 via all measurement channels. Component 225 switches
between all measurement channels and detector 226 measures the signal from each of the channels.

Pdark Plight‘ Pspon.em. Pat'abs' .

[0095] Parameters® 64 SA 764 LA , measured during states "1" to "5" are the values measured
at the detector 226. These can be digital counts number, light power or other units depending on the detector type. After
completion of states "1" to "5" the intensity is normalized by the system computer 227 for each of the specific element
particles that are measured in the processing region 207.

measured dark
Psa —Ps3

measured __
Ié‘ﬂ. plght _pdark )
A SA

[0096] Some other calculations can also be performed, such as measuring system noise and its statistics and/or
adjusting detector gain.
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[0097] Column 306 shows component settings for the sixth state ("State 6"), which is used to account for potential

comp
contamination of the optical components’ surfaces LSA during the operation of the system. In this state the shutters

208 and 209 are closed. Processing region 207 is not active and the process of surface modification is not taking place.

Component 214 is open and light fromthe light sources 213 probes the processing region 207 via each ofthe measurement

channels. Component 225 switches between each of the measurement channels and detector 226 measures the signal

from each of the channels. The measured light intensity values are compared to the initial intensity values measured

during State 3 before the process of surface modification has begun. The attenuation in the intensity values is attributed

to contamination or overcoat of the optical components 221 and 222 and can be taken into account.

[0098] State 6 is included in Figure 3 for clarity and completeness. Other methods for referencing the contamination
comp

of the optical surfaces inside the processing chamber ~64 are also possible, as shown in Figure 4. Alternatively, or

additionally, more than one method can be used.

[0099] Figure 4 represents exemplary spectra measured during the operation of the system. It shows four individual

spectral curves and three corresponding emission lines. Element 1 and Element 2 are the emission lines oftwo individual

atomic elements in the processing region 207. For example, one of the strongest absorption lines ofthe chemical element

Silicon (e.g., "Element 1"} is at 251.61 nm, while one of the strongest absorption lines of Aluminum (e.g., "Element 2")

is at 309.27 nm.

[0100] Reference peak 3 is the emission line of the element that is used for reference of the component contamination

comp
LS/’L *, such as the emission line of the noble gas that is present in the HCL light sources 213. For example, HCL

sources are frequently filled with Neon gas, having a strong emission peak at 352.05 nm. The reference peak 3 corre-
sponds to an element that is not presented in the processing region 207. The intensity of reference peak 3 may change
only due to factors that are dependent on the status of the measurement system, such as deposition of thin film on
components 221 and 222 ofthe component holder 223, both of which may affect detected light intensities. Thus, reference
peak 3 is used to determine the contamination level of components 221 and 222, by providing a correction factor.
[0101] Spectral curve 401 displays the detector "dark" reference, measured during State 1 (column 301 in the table
of Fig. 3). It might, therefore, show some small non-zero detector signal level representing the noise of the detector.
[0102] Spectral curve 402 displays the chamber background reference, measured during State 2 (column 302 in the
table of Fig. 3), and, therefore, represents the ambient signal received on the various measurement channels.

[0103] Spectral curve 403 shows the light source reference measured during State 3 (column 303 in the table of Fig.

JSource
2 at that

3). The difference between the spectral curves 402 and 403 at any wavelength represents the value of
wavelength.
[0104] Spectral curve 404 shows an optical emission measurement measured during State 4 (304 in Figure 3). Element
1 and Element 2 display their specific atomic emission peaks. The intensity of each ofthese peaks is proportional to the
concentration of element 1 and element 2 in the processing region 7. Thus, the intensity is dependent on the process
parameters such as deposition or etching rate, particle source power, temperature and the like. There is no emission at
the reference peak 3 since element 3 is not present in the region 207.
[0105] Curve 405 shows one specific atomic absorption curve measured during State 5 (column 305 in Figure 3). Due
to the absorption of photons by element 1 and element 2 as well as due to contamination of the optical components 221
and 222, all peaks 1, 2 and 3 display specific attenuation values. The attenuation value at reference peak 3 is used to
correct the attenuation values at the peaks of element 1 and element 2. It can also be used to correct the emission
values at the peaks of element 1 and 2 in curve 404. The result from the correction is the spectral curve 406, which
el.
displays the real attenuation of the element 1 and element 2 due solely to the atomic absorption AM in the processing
region 207.
[0106] Figure 5 shows one example of the process of constant correction of the emission value of Aluminum peak at
309.27 nm during aluminum thin film deposition by magnetron sputtering. Curve 501 displays the transmittance of the
probing beam at the emission peak of Neon gas in the HCL source at 352.05 nm. As the deposition takes place, the Ne

comp
peak attenuates proportionally to LS/’L , reducing the probing beam transmittance, due to deposition of aluminum on

the optical components. Attenuation is also observed in curve 502, which displays the transmittance of the probing beam
atthe emission line of Aluminum at 309.27 nm. Curve 503 is the Aluminum transmittance curve, corrected by accounting
for 501 in 502.

[0107] Most chemical elements have multiple absorption lines with different strength (power), as well as some ab-
sorption lines may be represented as a superposition of more than one line. In addition, some absorption lines may be
optically resolved as combination of two or more narrow individual lines with different strength, according to the state of
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the atomic particles in the processing region 207.

[0108] In some embodiments of the present invention specific features of the absorption lines are measured and
monitored and may include integration, such as integration over one or more linewidths 8, as well as more complex
shape analysis.

[0109] Insome embodiments ofthe present invention, more than one absorption line of the same element is measured
simultaneously and may include monitoring the ratios between the values of the individual absorption lines.

[0110] Yet, in other embodiments, the same multi-line monitoring is carried out for multiple elements simultaneously
and may include monitoring the ratios between the values of the individual absorption lines.

[0111] Figure 6 shows an example of atomic absorption spectroscopy data (marked as A) and the corresponding
spontaneous atomic emission spectroscopy data (marked as B) as functions of the discharge power of a magnetron
sputtering source during deposition of aluminum. Curves 601 to 609 show the measured optical spectrum within 8 =
307 - 310 nm, corresponding to the element absorption line of aluminum, for different discharge power of the magnetron
sputtering source. Curve 601 shows the maximum signal intensity, measured when no deposition occurs onthe substrate,
while curves 602-609 show the signal intensity when the discharge power increases from 20 Watts up to 160 Watts,
respectively. The deposition rate is also shown at each discharge power value.

[0112] Curves611to619show the corresponding intensity of the aluminum spontaneous atomic emission as functions
of the discharge power of the magnetron sputtering source during the deposition of aluminum. Curve 611 corresponds
to curve 601 as no deposition on the substrate occurs. Curve 612 - 619 correspond to curves 602-609, respectively, as
the discharge power increases from 20 Watt to 160 Watt.

[0113] Figure 7 depicts the measured aluminum element absorption according to one embodiment of the present
invention, as a function of the film deposition rate, measured independently by a quartz crystal monitor (QCM). Curve
701 shows the measured aluminum element absorption without taking into account the spontaneous atomic emission
from aluminum particles. Curve 702 shows the aluminum element absorption calculated after taking into account the
spontaneous atomic emission from aluminum particles.

[0114] Figure 8 shows a 3D plot of the relative concentration of aluminum and silicon Al/Si during co-sputtering as a
function ofthe deposition rate of aluminum and the deposition rate of silicon. Plot 801 of Figure 8 can be used to determine
the chemical composition of the resulting film on the substrate during the process of film deposition.

[0115] Figure 9 illustrates one embodiment of the fiber optics component holder 923, represented on Figure 2 by
reference character 223. It represents a plan view of the component holder 923 and substrate 902, seen in a bottom-
up view of the processing chamber ceiling 900. The chamber ceiling supports one or more fiber optics feedthroughs
919, represented as 219 on Figure 2. The fiber optics component holder 923 is installed inside the processing chamber
in the area surrounding the substrate holder 901 without touching the substrates 902. Optical fibers 918a and 918b enter
the processing chamber through the feedthrough 919 and are connected to illumination and receiving components 921
and 922 by using incoming fibers 920a and outgoing fibers 920b, respectively. Components 921 and 922 are arranged
in a configuration such that the probing beams are not parallel to each other, but rather intersect one another in the
shown bottom-up view of Fig. 9.

[0116] In some embodiments, components 921 and 922 may be positioned such that the probing beams do not
intersect each other. For example, pairs of components 921, 922 may be positioned at slightly different heights relative
to the substrate 902. Alternatively, the components 921 and components 922 are positioned such that the probing beams
are parallel to one another in the same plane or in different planes (in which case they are not parallel in 3D space).
[0117] Figure 10 illustrates one embodiment of the fiber optics component holder 1023, represented on Figure 2 by
reference character 223 and on Figure 9 as reference number 923. It represents a plan view of the component holder
1023 and substrate 1002, seen in a bottom-up view of the ceiling of processing chamber 1000. The chamber 1000
supports one or more fiber optics feedthroughs 1019. The fiber optics component holder 1023 is installed inside the
processing chamber in the area surrounding the substrate holder 1001 without touching the substrates 1002. Optical
fibers 1018a enter the processing chamber through the feedthrough 1019 and are connected to the illumination com-
ponent 1021. Component 1021 sends a probing beam to one or more reflective components 1005 such as mirrors (4
are shown) before it reaches receiving component 1022. Fibers 1020b are connected to the receiving component 1022
and exit the chamber 1000 through feedthrough 1019 and exit fiber cables 1018b.

[0118] Inthe embodiment of Fig. 10, components 1021, 1022 and 1005 are arranged in a configuration such that the
probing beam intersects itself as it reflects from one component 1005 to another.

[0119] However, in other embodiments, components 1005 may be positioned such that the probing beam goes back
and forth from one reflective component 1005 to another without intersecting within the area occupied by the substrate
1002.

[0120] In yet other embodiments the probing beam may intersect within the substrate area, but not in the same plane.
[0121] In still other embodiments, the reflective components 1005 may combine other functions simultaneously with
the reflective function, such as light polarization, depolarization, beam shaping, filtering, focusing, etc.

[0122] Figure 11 represents another plan view ofa component holder 1123 and substrate holder 1101 within a process-
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ing chamber 1100. In the embodiment of Figure 11, the substrate holder 1102 together with the substrate 1102 are
configured to undergo translational movement within the processing equipment such as by moving into separate process
areas A, B and C. Process areas A, B, and C may be just areas where different stages of the same process or different
processes occur in the same processing chamber. They may also be physically separated as individual compartments
A, B and C of the same processing chamber.

[0123] In some embodiments, each compartment is provided with its own component holder 1123, which remains in
place as the substrate holder 1101 moves. In other embodiments, the substrate holder 1101 and its corresponding
component holder 1123 move together from process area to process area and/or from compartment to compartment.
In still other embodiments, such as in a cluster tool, the substrate holder 1101 and its corresponding component holder
1123 may move from processing chamber to processing chamber through interconnecting valves or loadlocks.

[0124] Persons skilled in the art would recognize that a variety of surface processing equipment exists where the
substrate holders are transferred from one part or compartment of the chamber to another, or from one chamber to
another chamber in a line deposition configuration.

[0125] The chamber or the separate compartments support one or more fiber optics feedthroughs 1119. Separate
fiber optics component holders 1123 are installed inside each of the compartments for monitoring the ongoing process.
Each component holder 1123 supports one or more illumination and/or receiving components and/or reflective compo-
nents, showing generally as optical components 1121, and 1122 connected to the fiber optics feedthroughs 1119 by
fibers or fiber cables. Thus, for example, a first component holder may hold two or more illumination components on
one side of a substrate while a second component holder may hold two or more receiving components on the opposite
side of the substrate. Other combinations mixing and matching these components on a given component holder and/or
a plurality of component holders associated with a single substrate holder and/or substrate are also envisioned.
[0126] According to another embodiment of the present invention the component holder 1123 is attached to the
substrate holder 1101 and moves together with it.

[0127] Figure 12 shows a functional block diagram of another embodiment of a system in accordance with the current
invention, configured to measure only the spontaneous atomic emission of the particles in the process region 207. For
simplicity only the processing chamber 1200 together with the substrate holder 1201, the substrate 1202 and the chamber
feedthrough 1219 are shown. Although not specifically shown in Fig. 12, a person skilled in the art would recognize that
all major elements of the system as shown in Figure 2 would also be present in Fig. 12 in one form or another, such as
particle sources 203, processing region 207, etc.

[0128] The component holder 1223 is installed in the vicinity of the substrate 1202 and holds several receiving com-
ponents 1222 (3 are shown). In order to obstruct the view of the receiving components 1222 in a way that only light
emitted from within the process region is accepted, light blocking components 1207 are positioned and aligned diamet-
rically across the process region from each of the receiving components 1222, The distance between receiving compo-
nents 1222 and blocking components 1207 is shown (in Fig. 2) as LO and the diameter of the substrate area or area of
interest is shown as L1.

[0129] According to some embodiments of the present invention the dimension LO is no larger than 140% of the
dimension L1.

[0130] According to still other embodiments of the present invention, receiving components 1222 are arranged as
shown in Figure 9, so that a given receiving component 1222 blocks the view of another receiving component 1222 that
is positioned on the other side of the substrate. In such an embodiment, components 1222 are configured to operate as
both receiving and light blocking component, as needed.

[0131] Multiple other configurations are also possible such as the ones shown in Figure 9, 10 and 11.

[0132] Receiving components 1222 are connected by fibers or fiber bundles 1220b, which exit the processing chamber
1200 through fiber optics feedthrough 1219. Components 1220 collect the spontaneous atomic emission of particles in
the plasmaregion, which can be represented as proportionaltothe concentration of the emitting particles in the processing
region.

[0133] Fibers 1218b are combined outside the processing chamberinto a fiber optics cable 1218b and enterthe optical
processing module 1210, shown in Figure 2 as position 210. In this case, only the detector sub-module 1212 is included,
as no light source sub-module 211 is needed. Also, since there is no need of light source reference, the fiber-optics
distribution component 1225 can be a 1x4 fiber optics switch, switching between the individual fibers marked as positions
"1" to "3" and the detector dark reference position "4". Component 1225 is connected to the optical detector component
1226.

[0134] Whilethe above discussion describes an entire processing system and/or processing method, it is contemplated
that existing processing chambers may be modified to have features disclosed herein.

[0135] To modify an existing processing chamber, an assembly of components and computer software for their oper-
ation, or "kit" may be provided. Such a kit may include the optical processing module, the transmitting and receiving
optical components, optical fibers and software to perform the necessary control, measurements, illumination and de-
tection operations. A fiber optic component holder may also be included in such a kit.
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[0136] To modify an existing processing chamber, one must install at least one illuminating optical component in the
processing chamber, the at least one illuminating optical component being connected via optical fiberto the light emission
sub-module; install at least one receiving optical component in the processing chamber, the at least one receiving optical
component being connected via optical fiber to the optical detection sub-module; and installing software on a computer
coupled to the optical processing module. The software, when installed, would (a) cause the light emission sub-module
to output a generated light signal; (b) cause the optical detection sub-module to detect a resultant light signal in response
to the generated light signal, the resultant light signal being reflective of an amount of atomic absorption by at least one
element of interest in the process region; and (c) based on the resultant light signal, determine an amount of said at
least one atomic element of interest in the process region.

[0137] Itis understood thatthe foregoing prefer embodiments are only exemplary and the subject matter ofthe present
application is not limited thereto.

Claims

1. A processing system comprising a processing chamber (200, 900, 1000, 1100, 1200) having a substrate holder
(201, 901, 1001, 1101, 1201) for holding at least one substrate (202, 902, 1002, 1102, 1202) and a process region
(207), the processing system configured to monitor and/or control a modification process occurring on the substrate,
the processing system further comprising:

atleast one illuminating optical component (221, 921, 1021, 1121) within the processing chamberand configured
to receive at least one generated light signal comprising at least one element-specific spectral linewidth corre-
sponding to at least one atomic element, and direct at least one probing beam through the process region
without intersecting the substrate, in response thereto;

at least one corresponding receiving optical component (222, 922, 1022, 1122, 1222) within the processing
chamber and configured to receive said at least one probing beam after it has passed through the process
region and output at least one resultant light signal in response thereto, the at least one resultant light signal
being reflective of an amount of atomic absorption by said at least one atomic element in the process region,
in response to said at least one element-specific spectral linewidth of the generated light signal;

an optical processing module (210, 1210) comprising:

a light emission sub-module (211) configured to output the at least one generated light signal, which is
received by said at least one illuminating optical component; and

an optical detection sub-module (212, 1212) configured to receive said at least one resultant light signal
from the at least one receiving optical component;

a processor (227, 230) coupled to at least the optical detection submodule and configured to determine, based
on said at least one resultant light signal, an amount of said at least one atomic element in the process region,
the at least one resultant light signal is reflective of a combined amount of atomic absorption and spontaneous
atomic emission; and characterized in that

the processor (227, 230) is configured to compensate for a spontaneous atomic emission component of the
resultant light signal, when determining the amount of the at least one atomic element in the process region.

2. The processing system according to claim 1, further comprising:
at least one fiber optic component holder (FOCH) (223, 923, 1023, 1123, 1223) mounted within the processing
chamber; wherein:
the illuminating optical component and its corresponding receiving optical component are both mounted on said at
least one fiber optic component holder.

3. The processing system according to claim 2, wherein:
the processing chamber comprises a plurality of chamber compartments or process areas, at least two of the
chamber compartments or process areas having at least one FOCH located therein; and
the substrate holder is configured to undergo translational movement in the processing chamber and enter

different chamber compartments or process areas.

4. The processing system according to any one of claims 1 or 2, further comprising:
at least one reflective component (1005) positioned within the processing chamber to reflect the probing beam after
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it has passed through the process region, such that the probing beam passes a second time through the process
region prior to being received by a receiving component and the at least one resultant light signal being outputted.

5. The processing system according to any one claims 1 to 2, wherein:

a plurality of atomic elements are present in the process region;

the light emission submodaule is configured to generate a plurality of element-specific spectral linewidths, with
at least one element-specific spectral linewidth corresponding to each of said plurality of elements;

the at least one resultant light signal comprises spectral information corresponding to said plurality of element-
specific spectral linewidths; and

the processor is configured to determine an amount of each of said plurality of elements present in the process
region.

6. The processing system according to any one claims 1 to 2, wherein:

the light emission sub-module is configured to generate a plurality of element-specific spectral linewidths for a
single atomic element present in the process region;

the at least one resultant light signal comprises spectral information corresponding to said plurality of element-
specific spectral linewidths for that single atomic element; and

the processor is configured to determine an amount of said single atomic element in the process region, based
on spectral information corresponding to said plurality of element-specific spectral linewidths.

7. The processing system according to any one of claims 1 to 6, wherein:

the processor is configured to determine a plurality of amounts of said at least one atomic element in the process
region over time, and

based on said plurality of amounts, the processoris further configured to control at least one processing condition
of the processing chamber, the at least one processing condition being one or more of an operation setpoint of
a particle source (203, 204) in the processing chamber, gas flow rates ofthe gases introduced into the processing
chamber, a precursor gas conditions, atemperature setpoint inside the processing chamber, a pressure setpoint
in the processing chamber, and a bias voltage applied to the components of the processing chamber.

8. The processing system according to any one of claims 1 to 6, wherein:

the processor is configured to determine a plurality of amounts of said at least one atomic element in the process
region over time; and

based on said plurality of amounts, the processor is further configured to determine one or more of a momentary
mass, a momentary thickness, a deposition rate, an etching rate, an etching selectivity, an etching profile, a
chemical composition, a phase, a crystal lattice and a microstructure of a thin film being modified on the substrate
surface.

9. The processing system according to claim 8,
wherein the processor is further configured to:

direct a plurality of probing beams to pass through different portions of said process region, to thereby form a
corresponding plurality of resultant light signals; and

based on said corresponding plurality of resultant light signals, determine a spatial distribution of at least one
of said momentary thickness, said deposition rate, said etching rate, said etching selectivity, said etching profile,
said chemical composition, said phase, said crystal lattice and said microstructure of a thin film being modified
on the substrate surface.

10. An in-situ monitoring kit for modifying a processing chamber (200, 900, 1000, 1100, 1200) of the sort configured to
carry out a surface modification process on a substrate (202, 902, 1002, 1102, 1202) located therein, so that an
amount of at least one element within a process region (207) within the chamber is determined using optical com-
ponents, the kit comprising:

an optical processing module (210, 1210) comprising a light emission sub-module (211) and an optical detection
sub-module (212, 1212);
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at least one illuminating optical component (221, 921, 1021, 1121);

a first optical fiber (218a) to connect the light emission sub-module to the at least one illuminating optical
component;

at least one receiving optical component (222, 922, 1022, 1122, 1222) for installation inside the processing
chamber;

a second optical fiber (218b) to connect the optical detection sub-module to the at least one receiving optical
component; and a

software, whichwhen executed on a processor (227, 230) coupled to the optical processing module, is configured
to:

cause the light emission sub-module to output a generated light signal;

cause the optical detection sub-module to detect a resultant light signal in response to the generated light
signal, the resultant light signal being reflective of an amount of atomic absorption by at least one element
in the process region; and

based on said resultant light signal, determine an amount of said at least one atomic element in the process
region; the at least one resultant light signal is reflective of a combined amount of atomic absorption and
spontaneous atomic emission; and characterized in that

the software is configured to compensate for a spontaneous atomic emission component of the resultant light
signal, when determining the amount of at least one atomic element in the process region.

The in-situ monitoring kit according to claim 10, further comprising:

a fiber optic component holder (FOCH) (223, 923, 1023, 1123, 1223) for mounting inside the processing chamber,
the fiber optic component holder (FOCH) (223, 923, 1023, 1123, 1223) having the least one illuminating optical
component mounted on a first potion thereof, and having the at least one receiving optical component mounted on
a second portion thereof, wherein:

the receiving optical component is optically aligned with the illuminating optical component and spaced apart there-
from by an optical path length L3.

The in-situ monitoring kit according to claim 10 claim 11, wherein the software, when executed, is further configured to:

determine a plurality of amounts of said at least one atomic element in the process region over time; and
based on said plurality of amounts, control at least one processing condition of the processing chamber, the at
least one processing condition being one or more of an operation setpoint applied to a particle source (203,
204) within the processing chamber, gas flow rates of the gases introduced into the processing chamber, a
precursor gas conditions, a temperature setpoint inside the processing chamber, a pressure setpoint in the
processing chamber, and a bias voltage applied to the components of the processing chamber.

The in-situ monitoring kit according to any one of claims 10 to 12, wherein the software, when executed, is further
configured to:

determine a plurality of amounts of said at least one atomic element in the process region over time; and
based on said plurality of amounts, determine one or more of a momentary mass, a momentary thickness, a
deposition rate, an etching rate, an etching selectivity, an etching profile, a chemical composition, a phase, a
crystal lattice and a microstructure of a thin film being modified on the substrate surface.

The in-situ monitoring kit according to any one of claims 10 to 13, wherein the software, when
executed, is further configured to:

direct a plurality of probing beams to pass through different portions of said process region, to thereby form a
corresponding plurality of resultant light signals; and

determine a spatial distribution of at least one of said momentary thickness, said deposition rate, said etching
rate, said etching selectivity, said etching profile, said chemical composition, said phase, said crystal lattice and
said microstructure of a thin film being modified on the substrate surface.
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Patentanspriiche

1.

Verarbeitungssystem umfassend eine Verarbeitungskammer (200, 900, 1000, 1100, 1200), die einen Substrathalter
(201, 901, 1001, 1101, 1201) zum Halten mindestens eines Substrats (202, 902, 1002, 1102, 1202) und einen
Verarbeitungsbereich (207) aufweist, wobei das Verarbeitungssystem so konfiguriert ist, dass es einen auf dem
Substrat stattfindenden Modifizierungsprozess tiberwacht und/oder steuert, wobei das Verarbeitungssystem weiter
umfasst:

mindestens eine optische Beleuchtungskomponente (221, 921, 1021, 1121) innerhalb der Verarbeitungskam-
mer, die so konfiguriert ist, dass sie mindestens ein erzeugtes Lichtsignal empfangt, das mindestens eine
elementspezifische Spektrallinienbreite umfasst, die mindestens einem atomaren Element entspricht, und als
Reaktion darauf mindestens einen Priifstrahl durch den Verarbeitungsbereich lenkt, ohne das Substrat zu
schneiden;

mindestens eine entsprechende optische Empfangskomponente (222, 922, 1022, 1122, 1222) innerhalb der
Verarbeitungskammer, die so konfiguriert ist, dass sie den mindestens einen Priifstrahl empfangt, nachdem er
durch den Verarbeitungsbereich hindurchgegangen ist, und als Reaktion darauf mindestens ein resultierendes
Lichtsignal ausgibt, wobei das mindestens eine resultierende Lichtsignal eine Menge an Atomabsorption durch
das mindestens eine atomare Element in dem Verarbeitungsbereich als Reaktion auf die mindestens eine
elementspezifische Spektrallinienbreite des erzeugten Lichtsignals widerspiegelt;

ein optisches Verarbeitungsmodul (210, 1210), umfassend:

ein Lichtemissionsuntermodul (211), das so konfiguriert ist, dass es das mindestens eine erzeugte Licht-
signal ausgibt, das von der mindestens einen optischen Beleuchtungskomponente empfangen wird; und
ein optisches Erfassungsuntermodul (212, 1212), das so konfiguriert ist, dass es das mindestens eine
resultierende Lichtsignal von der mindestens einen optischen Empfangskomponente empfangt;

einen Prozessor (227, 230), der zumindest mit dem optischen Erfassungsuntermodul gekoppelt und so konfi-
guriert ist, dass er auf der Grundlage des mindestens einen resultierenden Lichtsignals eine Menge des min-
destens einen atomaren Elements in dem Verarbeitungsbereich bestimmt,

das mindestens eine resultierende Lichtsignal eine kombinierte Menge an Atomabsorption und spontaner Ato-
memission widerspiegelt; und dadurch gekennzeichnet, dass

der Prozessor (227, 230) so konfiguriert ist, dass er eine spontane Atomemissionskomponente des resultie-
renden Lichtsignals kompensiert, wenn die Menge des mindestens einen atomaren Elements in dem Verarbei-
tungsbereich bestimmt wird.

Verarbeitungssystem nach Anspruch 1 weiter umfassend:

mindestens einen faseroptischen Komponentenhalter (FOCH) (223, 923, 1023, 1123, 1223), der in der Verarbei-
tungskammer angebracht ist, wobei:

die optische Beleuchtungskomponente und ihre entsprechende optische Empfangskomponente beide an dem min-
destens einen faseroptischen Komponentenhalter befestigt sind.

Verarbeitungssystem nach Anspruch 2, wobei:

die Verarbeitungskammer eine Vielzahl von Kammerkomponenten oder Verarbeitungsbereichen umfasst, wo-
bei mindestens zwei der Kammerkomponenten oder Verarbeitungsbereiche mindestens einen darin angeord-
neten FOCH aufweisen; und

der Substrathalter so konfiguriert ist, dass er in der Verarbeitungskammer eine Translationsbewegung ausfiihrt
und in verschiedene Kammerabteile oder Verarbeitungsbereiche eintritt.

Verarbeitungssystem nach einem der Anspriiche 1 oder 2, weiter umfassend:

mindestens eine reflektierende Komponente (1005), die in der Verarbeitungskammer angeordnet ist, um den Prif-
strahl zu reflektieren, nachdem er den Verarbeitungsbereich durchlaufen hat, so dass der Priifstrahl ein zweites
Malden Verarbeitungsbereich durchlauft, bevorervon einer Empfangskomponente empfangen und das mindestens
eine resultierende Lichtsignal ausgegeben wird.

Verarbeitungssystem nach einem der Anspriiche 1 bis 2, wobei:

eine Vielzahl von atomaren Elementen in dem Verarbeitungsbereich vorhanden ist;
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das Lichtemissionsuntermodul so konfiguriert ist, dass es eine Vielzahl von elementspezifischen Spektrallini-
enbreiten erzeugt, wobei mindestens eine elementspezifische Spektrallinienbreite jedem der Vielzahl von Ele-
menten entspricht;

das mindestens eine resultierende Lichtsignal spektrale Informationen umfasst, die der Vielzahl von element-
spezifischen Spektrallinienbreiten entsprechen; und

der Prozessor so konfiguriert ist, dass er eine Menge jedes der Vielzahl von Elementen bestimmt, die in dem
Verarbeitungsbereich vorhanden sind.

6. Verarbeitungssystem nach einem der Anspriiche 1 bis 2, wobei:

das Lichtemissionsuntermodul so konfiguriert ist, dass es eine Vielzahl von elementspezifischen Spektrallini-
enbreiten fir ein einzelnes atomares Element erzeugt, das im Verarbeitungsbereich vorhanden ist;

das mindestens eine resultierende Lichtsignal spektrale Informationen umfasst, die der Vielzahl von element-
spezifischen Spektrallinienbreiten flir dieses einzelne atomare Element entsprechen; und

der Prozessor so konfiguriert ist, dass er eine Menge des einzelnen atomaren Elements in dem Verarbeitungs-
bereich auf der Grundlage der spektralen Informationen bestimmt, die der Vielzahl der elementspezifischen
Spektrallinienbreiten entsprechen.

7. Verarbeitungssystem nach einem der Anspriiche 1 bis 6, wobei:

der Prozessor so konfiguriert ist, dass er eine Vielzahl von Mengen des mindestens einen atomaren Elements
in dem Verarbeitungsbereich im Laufe der Zeit bestimmt, und

der Prozessor weiter so konfiguriert ist, dass er auf der Grundlage der Vielzahl von Mengen mindestens eine
Verarbeitungsbedingung der Verarbeitungskammer steuert, wobei die mindestens eine Verarbeitungsbedin-
gung eine oder mehrere der folgenden ist: ein Betriebssollwerts einer Teilchenquelle (203, 204) in der Verar-
beitungskammer, Gas-Durchflussraten der in die Verarbeitungskammer eingeleiteten Gase, eine Vorlaufergas-
bedingung, ein Temperatursollwert im Inneren der Verarbeitungskammer, ein Drucksollwert in der Verarbei-
tungskammer und eine an die Komponenten der Verarbeitungskammer angelegte Vorspannung.

8. Verarbeitungssystem nach einem der Anspriiche 1 bis 6, wobei:

der Prozessor so konfiguriert ist, dass er eine Vielzahl von Mengen des mindestens einen atomaren Elements
in dem Verarbeitungsbereich im Laufe der Zeit bestimmt; und

der Prozessor weiter so konfiguriert ist, dass er auf der Grundlage der Vielzahl von Mengen eine oder mehrere
der folgenden bestimmt: eine momentane Masse, eine momentane Dicke, eine Abscheidungsrate, eine Atzrate,
eine Atzselektivitat, ein Atzprofil, eine chemische Zusammensetzung, eine Phase, ein Kristallgitter und eine
Mikrostruktur einer Diinnschicht, die auf der Substratoberflache modifiziert wird.

9. Verarbeitungssystem nach Anspruch 8, wobei der Prozessor weiter so konfiguriert ist, dass er:

eine Vielzahl von Priifstrahlen so lenkt, dass sie durch verschiedene Teile des Verarbeitungsbereichs hindurch-
gehen, um dadurch eine entsprechende Vielzahl von resultierenden Lichtsignalen zu bilden; und

aufder Grundlage der entsprechenden Vielzahl von resultierenden Lichtsignalen eine rdumliche Verteilung von
mindestens einer der folgenden bestimmt: die momentane Dicke, die Abscheidungsrate, die Atzrate, die Atz-
selektivitat, das Atzprofil, die chemische Zusammensetzung, die Phase, das Kristallgitter und die Mikrostruktur
einer Diinnschicht, die auf der Substratoberflache modifiziert wird.

10. In-situ-Uberwachungssatz zum Modifizieren einer Verarbeitungskammer (200, 900, 1000, 1100, 1200) der Art, die
so konfiguriert ist, dass ein Oberflichenmodifizierungsprozess auf einem darin befindlichen Substrat (202, 902,
1002, 1102, 1202) durchgefiihrt wird, so dass eine Menge von mindestens einem Element innerhalb eines Verar-
beitungsbereichs (207) innerhalb der Kammer unter Verwendung von optischen Komponenten bestimmt wird, wobei
der Satz umfasst:

ein optisches Verarbeitungsmodul (210, 1210), das ein Lichtemissionsuntermodul (211) und ein optisches
Erfassungsuntermodul (212, 1210) umfasst;

mindestens eine optische Beleuchtungskomponente (221, 921, 1021, 1121);

eine erste optische Faser (218a) zum Verbinden des Lichtemissionsuntermoduls mit der mindestens einen
optischen Beleuchtungskomponente;
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mindestens eine optische Empfangskomponente (222, 922, 1022, 1122, 1222) zum Anbringen innerhalb der
Verarbeitungskammer;

eine zweite optische Faser (218b) zum Verbinden des optischen Erfassungsuntermoduls mit der mindestens
einen optischen Empfangskomponente; und eine

Software, die, wenn sie auf einem Prozessor (227, 230) ausgefiihrt wird, der mit dem optischen Verarbeitungs-
modul gekoppelt ist, so konfiguriert ist, dass:

sie bewirkt, dass das Lichtemissionsuntermodul ein erzeugtes Lichtsignal ausgibt;

sie bewirkt, dass das optische Erfassungsuntermodul ein resultierendes Lichtsignal als Reaktion auf das
erzeugte Lichtsignal erfasst, wobei das resultierende Lichtsignal eine Menge an Atomabsorption durch
mindestens ein Element in dem Verarbeitungsbereich reflektiert, und

auf der Grundlage des resultierenden Lichtsignals eine Menge des mindestens einen atomaren Elements
in dem Verarbeitungsbereich bestimmt wird;

das mindestens eine resultierende Lichtsignal eine kombinierte Menge an Atomabsorption und spontaner Ato-
memission widerspiegelt;

und dadurch gekennzeichnet, dass

die Software so konfiguriert ist, dass sie eine spontane Atomemissionskomponente des resultierenden Licht-
signals kompensiert, wenn die Menge des mindestens einen atomaren Elements in dem Verarbeitungsbereich
bestimmt wird.

11. In-situ-Uberwachungssatz nach Anspruch 10, weiter umfassend:

12

einen faseroptischen Komponentenhalter (FOCH) (223, 923, 1023, 1123, 1223) zum Anbringen innerhalb der Ver-
arbeitungskammer, wobei bei dem faseroptischen Komponentenhalter (FOCH) (223, 923, 1023, 1123, 1223) die
mindestens eine optische Beleuchtungskomponente an einem ersten Teil davon angebracht ist und die mindestens
eine optische Empfangskomponente an einem zweiten Teil davon angebracht ist, wobei:

die optische Empfangskomponente optisch auf die optische Beleuchtungskomponente ausgerichtet und von dieser
um eine optische Weglange L3 beabstandet ist.

In-situ-Uberwachungssatz nach Anspruch 10 oder Anspruch 11, wobei die Software, wenn sie ausgefilhrt wird,
weiter konfiguriert ist, dass sie:

eine Vielzahl von Mengen des mindestens einen atomaren Elements in dem Verarbeitungsbereich im Laufe
der Zeit bestimmt, und

auf der Grundlage der Vielzahl von Mengen mindestens eine Verarbeitungsbedingung der Verarbeitungskam-
mer steuert, wobei die mindestens eine Verarbeitungsbedingung eine oder mehrere der folgenden ist; ein an
eine Teilchenquelle (203, 204) innerhalb der Verarbeitungskammer angelegter Betriebssollwert, Gas-Durch-
flussratenderindie Verarbeitungskammer eingeleiteten Gase, ein Vorldufergaszustand, ein Temperatursollwert
innerhalb der Verarbeitungskammer, ein Drucksollwert in der Verarbeitungskammer und eine an die Kompo-
nenten der Verarbeitungskammer angelegte Vorspannung.

13. In-situ-Uberwachungssatz nach einem der Anspriiche 10 bis 12, wobei die Software, wenn sie ausgefiihrt wird,

weiter so konfiguriert ist, dass sie:

eine Vielzahl von Mengen des mindestens einen atomaren Elements in dem Verarbeitungsbereich im Laufe
der Zeit bestimmt und

auf der Grundlage der Vielzahl von Mengen eine oder mehrere der folgenden bestimmt: eine momentane
Masse, eine momentane Dicke, eine Abscheidungsrate, eine Atzrate, eine Atzselektivitat, ein Atzprofil, eine
chemische Zusammensetzung, eine Phase, ein Kristallgitter und eine Mikrostruktur einer Diinnschicht, die auf
der Substratoberflaiche modifiziert wird.

14. In-situ-Uberwachungssatz nach einem der Anspriiche 10 bis 13, wobei die Software, wenn sie ausgefiihrt wird,

weiter so konfiguriert ist, dass sie:

eine Vielzahl von Priifstrahlen so lenkt, dass sie durch verschiedene Abschnitte des Verarbeitungsbereichs
laufen, um dadurch eine entsprechende Vielzahl von resultierenden Lichtsignalen zu bilden; und

eine rdumliche Verteilung von mindestens einer der folgenden bestimmt: der momentanen Dicke, der Abschei-
dungsrate, der Atzrate, der Atzselektivitat, dem Atzprofil, der chemischen Zusammensetzung, der Phase, dem
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Kristallgitter und der Mikrostruktur einer Diinnschicht, die auf der Substratoberfliche modifiziert wird.

Revendications

Systéme de traitement comprenant une chambre de traitement (200, 900, 1000, 1100, 1200) ayant un support de
substrat (201, 901, 1001, 1101, 1201) destiné a supporter au moins un substrat (202, 902, 1002, 1102, 1202) et
une région de processus (207), le systéme de traitement étant configuré pour surveiller et/ou commander un pro-
cessus de modification survenant sur le substrat, le systéme de traitement comprenant en outre :

au moins un composant optique d'illumination (221, 921, 1021, 1121) a l'intérieur de la chambre de traitement
et configuré pour recevoir au moins un signal de lumiére générée comprenant au moins une largeur de raie
spectrale spécifique a un élément correspondant a au moins un élément atomique, et pour diriger au moins un
faisceau de sondage a travers la région de processus sans recouper le substrat, en réponse a ceci;

au moins un composant optique de réception correspondant (222, 922, 1022, 1122, 1222) a l'intérieur de la
chambre de traitement et configuré pour recevoir ledit au moins un faisceau de sondage aprés qu'il est passé
atravers la région de processus, et pour sortir au moins un signal de lumiére résultante en réponse a ceci, ledit
au moins un signal de lumiére résultante étant réfléchissant d’'une quantité d’absorption atomique par ledit au
moins un élément atomique dans la région de processus, en réponse a ladite au moins une largeur de raie
spectrale spécifique a un élément du signal de lumiére générée ;

un module de traitement optique (210, 1210) comprenant :

un sous-module d'émission de lumiére (211) configuré pour sortir ledit au moins un signal de lumiére
générée, qui est recu par ledit au moins un composant optique d’illumination ; et

un sous-module de détection optique (112, 1212) configuré pour recevoir ledit au moins un signalde lumiére
résultante depuis ledit au moins un composant optique de réception ;

un processeur (227, 230) couplé audit au moins un sous-module de détection optique et configuré pour déter-
miner, sur la base dudit au moins un signal de lumiére résultante, une quantité dudit au moins un élément
atomique dans la région de processus,

ledit au moins un signal de lumiére résultante est réfléchissant d'une quantité combinée d’absorption atomique
et d'émission atomique spontanée ;

et caractérisé en ce que

le processeur (227, 230) est configuré pour compenser un composant d’émission atomique spontanée du signal
de lumiére résultante, quand il détermine la quantité dudit au moins un élément atomique dans la région de
processus.

Systéme de traitement selon la revendication 1, comprenant en outre :

au moins un support de composant optique a fibres (en anglais fiber optic component holder, FOCH) (223, 923,
1023, 1123, 1223) monté a l'intérieur de la chambre de traitement ; dans lequel :

le composant optique d’illumination et son composant optique de réception correspondant sonttous les deux montés
sur ledit au moins un support de composant optique a fibres.

Systéme de traitement selon la revendication 2, dans lequel :

la chambre de traitement comprend une pluralité de compartiments de chambre ou de zones de processus, au
moins deux des compartiments de chambre ou des zones de processus ayant au moins un FOCH situé a
I'intérieur ; et

le support de substrat est configuré pour subir un déplacement en translation dans la chambre de traitement
et pour entrer dans des compartiments de chambre ou dans des zones de processus différents.

Systéme de traitement selon l'une quelconque des revendications 1 ou 2, comprenant en outre ;

au moins un composant réfléchissant (1005) positionné a l'intérieur de la chambre de traitement pour réfléchir le
faisceau de sondage aprés qu'il est passé a travers la région de processus, de sorte que le faisceau de sondage
passe une seconde fois a travers la région de processus avant d’étre recu par un composant de réception et avant
que ledit au moins un signal de lumiére résultante soit sorti.

Systéme de traitement selon I'une quelconque des revendications 1 a 2, dans lequel :
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une pluralité d'éléments atomiques sont présents dans la région de processus ;

le sous-module d’émission de lumiére est configuré pour générer une pluralité de largeurs de raie spectrale
spécifiques a un élément, au moins une largeur de raie spectrale spécifique a un élément correspondant a
chaque élément parmi ladite pluralité d’'éléments ;

ledit au moins un signal de lumiére résultante comprend une information spectrale correspondant a ladite
pluralité de largeurs de raie spectrale spécifiques a un élément ; et

le processeur est configuré pour déterminer une quantité de chaque élément parmi ladite pluralité d’'éléments
présents dans la région de processus.

Systéme de traitement selon I'une quelconque des revendications 1 a 2, dans lequel :

le sous-module d’émission de lumiére est configuré pour générer une pluralité de largeurs de raie spectrale
spécifiques a un élément pour un seul élément atomique présent dans la région de processus ;

ledit au moins un signal de lumiére résultante comprend une information spectrale correspondant a ladite
pluralité de largeurs de raie spectrale spécifiques a un élément pour ce seul élément atomique ; et

le processeur est configuré pour déterminer une quantité dudit seul élément atomique dans la région de pro-
cessus, sur la base d'une information spectrale correspondant a ladite pluralité de largeurs de raie spectrale
spécifiques a un élément.

Systéme de traitement selon I'une quelconque des revendications 1 a 6, dans lequel :

le processeur est configuré pour déterminer une pluralité de quantités dudit au moins un élément atomique
dans la région de processus au fil du temps, et

sur la base de ladite pluralité de quantités, le processeur est en outre configuré pour commander au moins une
condition de traitement de la chambre de traitement, ladite au moins une condition de traitement étant un ou
plusieurs éléments parmiun fonctionnement de consigne d'une source de particules (203, 204) dans lachambre
de traitement, des débits de gaz des gaz introduits jusque dans la chambre de traitement, des conditions de
gaz précurseur, une température de consigne a l'intérieurde la chambre de traitement, une pression de consigne
dans la chambre de traitement, et une tension de sollicitation appliquée aux composants de la chambre de
processus.

Systéme de traitement selon I'une quelconque des revendications 1 a 6, dans lequel :

le processeur est configuré pour déterminer une pluralité de quantités dudit au moins un élément atomique
dans la région de processus au fil du temps ; et

sur la base de ladite pluralité de quantités, le processeur est en outre configuré pour déterminer un ou plusieurs
éléments parmi une masse momentanée, une épaisseur momentanée, une vitesse de dépbt, une vitesse de
décapage, une sélectivité de décapage, un profil de décapage,

une composition chimique, une phase, une latence cristalline et une microstructure d'un film mince qui est/sont
modifié(s) sur la surface de substrat.

Systéme de traitement selon la revendication 8, dans lequel le processeur est en outre configuré pour :

diriger une pluralité de faisceaux de sondage pour les faire passer a travers différentes portions de ladite région
de processus, pour ainsi former une pluralité de signaux de lumiére résultante correspondants ; et

sur la base de ladite pluralité de signaux de lumiére résultante correspondants, déterminer une distribution
spatiale d’au moins un élément parmi ladite épaisseur momentanée, ladite vitesse de dép6t, ladite vitesse de
décapage, ladite sélectivité de décapage, ledit profil de décapage, ladite composition chimique, ladite phase,
ladite latence cristalline et ladite microstructure d’un film mince qui est modifié sur la surface de substrat.

10. Kit de surveillance in situ pour modifier une chambre de traitement (200, 900, 1000, 1100, 1200) du type configurée
pour mettre en ceuvre un processus de modification de surface sur un substrat (202, 902, 1002, 1102, 1202) situé
a l'intérieur, de sorte qu’une quantité d’au moins un élément a l'intérieur d’une région de processus (207) a l'intérieur
de la chambre est déterminé en utilisant des composants optiques, le kit comprenant :

un module de traitement optique (210, 1210) comprenant un sous-module d’émission de lumiére (211) et un

sous-module de détection optique (212, 1212) ;
au moins un composant optique d'illumination (221, 921, 1021, 1121) ;

24



10

15

20

25

30

35

40

45

50

55

EP 3 417 478 B1

une premiére fibre optique (218a) pour connecter le sous-module d’émission de lumiére audit au moins un
composant optique d'illumination ;

au moins un composant optique de réception (222, 922, 1022, 1122, 1222) pour une installation a l'intérieur de
la chambre de processus ;

une seconde fibre optique (218b) pour connecter le sous-module de détection optique audit au moins un com-
posant optique de réception ; et

un logiciel qui, quand il est exécuté sur un processeur (227, 230) couplé au module de traitement optique, est
configuré pour ;

amener le sous-module d’émission de lumiére a sortir un signal de lumiére générée ;

amener le sous-module de détection optique a détecter un signal de lumiére résultante en réponse au
signal de lumiére générée, le signal de lumiére résultante étant réfléchissant d'une quantité d’'absorption
atomique par au moins un élément dans la région de processus ; et

sur la base dudit signal de lumiére résultante, déterminer une quantité dudit au moins un élément atomique
dans la région de processus ;

ledit au moins un signal de lumiére résultante est réfléchissant d’'une quantité combinée d'absorption ato-
mique et d'émission atomique spontanée ; et caractérisé en ce que

le logiciel est configuré pour compenser un composantd’émission atomique spontanée du signalde lumiére
résultante, quand il détermine la quantité dudit au moins un élément atomique dans la région de processus.

11. Kit de surveillance in situ selon la revendication 10, comprenant en outre :

12

un support de composant optique a fibres (fiber optic component holder, FOCH) (223, 923, 1023, 1123, 1223) pour
un montage a l'intérieur de la chambre de traitement, le support de composant optique a fibres (FOCH) (223, 923,
1023, 1123, 1223) ayant ledit au moins un composant optique d’illumination monté sur une premiére portion de
celui-ci, et ayant ledit au moins un composant optique de réception monté sur une seconde portion de celui-ci, dans
lequel :

le composant optique de réception est optiquement aligné avec le composant optique d'illumination et éloigné a
distance de celui-ci a raison d’'une longueur de chemin optique L3.

Kit de surveillance in situ selon la revendication 10 ou 11, dans lequel le logiciel, quand il est exécuté, est en outre
configuré pour ;

déterminer une pluralité de quantités dudit au moins un élément atomique dans la région de processus au fil
du temps, et

sur la base de ladite pluralité de quantités, commander au moins une condition de traitement de la chambre
de traitement, ladite au moins une condition de traitement étant un ou plusieurs éléments parmi un fonctionne-
ment de consigne appliqué a une source de particules (203, 204) a l'intérieur de la chambre de traitement, des
débits de gaz des gaz introduits jusque dans la chambre de traitement, des conditions de gaz précurseur, une
température de consigne a l'intérieur de la chambre de traitement, une pression de consigne dans la chambre
de traitement, et une tension de sollicitation appliquée aux composants de la chambre de processus.

13. Kit de surveillance in situ selon I'une quelconque des revendications 10 a4 12, dans lequel le logiciel, quand il est

exécuté, est en outre configuré pour :

déterminer une pluralité de quantités dudit au moins un élément atomique dans la région de processus au fil
du temps ; et

sur la base de ladite pluralité de quantités, déterminer un ou plusieurs éléments parmi une masse momentanée,
une épaisseur momentanée, une vitesse de dép6t, une vitesse de décapage, une sélectivité de décapage, un
profil de décapage, une composition chimique, une phase, une latence cristalline et une microstructure d’'un
film mince qui est/sont modifié(s) sur la surface de substrat.

14. Kit de surveillance in situ selon I'une quelconque des revendications 10 a4 13, dans lequel le logiciel, quand il est

exécuté, est en outre configuré pour :

diriger une pluralité de faisceaux de sondage pour les faire passer a travers différentes portions de ladite région
de processus, pour ainsi former une pluralité de signaux de lumiére résultante correspondants ; et

déterminer une distribution spatiale d’au moins un élément parmi ladite épaisseur momentanée, ladite vitesse
de dépbt, ladite vitesse de décapage, ladite sélectivité de décapage, ledit profil de décapage, ladite composition
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