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SELECTIVE MARKING OF A SUBSTRATE WITH FLUORESCENT PROBES HAVING A
SMALL FORM FACTOR

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to the provisional patent application filed January 27,
2022, and assigned U.S. App. No. 63/303,551, the disclosure of which is hereby incorporated by

reference.

FIELD OF THE DISCLOSURE

[0002] This disclosure relates to defect detection.
BACKGROUND OF THE DISCLOSURE

[0003] Evolution of the semiconductor manufacturing industry is placing greater demands
on yield management and, in particular, on metrology and inspection systems. Critical dimensions
continue to shrink, yet the industry needs to decrease time for achieving high-yield, high-value
production. Minimizing the total time from detecting a yield problem to fixing it maximizes the

return-on-investment for a semiconductor manufacturer.

[0004] Fabricating semiconductor devices, such as logic and memory devices, typically
includes processing a semiconductor wafer using a large number of fabrication processes to form
various features and multiple levels of the semiconductor devices. For example, lithography is a
semiconductor fabrication process that involves transferring a pattern from a reticle to a photoresist
arranged on a semiconductor wafer. Additional examples of semiconductor fabrication processes
include, but are not limited to, chemical-mechanical polishing (CMP), etching, deposition, and ion
implantation. An arrangement of multiple semiconductor devices fabricated on a single

semiconductor wafer may be separated into individual semiconductor devices.
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[0005] Inspection processes are used at various steps during semiconductor or other
substrate manufacturing to detect defects on wafers to promote higher yield in the manufacturing
process and, thus, higher profits. Inspection has always been an important part of fabricating
semiconductor devices such as integrated circuits (ICs). However, as the dimensions of
semiconductor devices decrease, inspection becomes even more important to the successful
manufacture of acceptable semiconductor devices because smaller defects can cause the devices to
fail. For instance, as the dimensions of semiconductor devices decrease, detection of defects of
decreasing size has become necessary because even relatively small defects may cause unwanted

aberrations in the semiconductor devices.

[{0006] As the demand for semiconductor or other substrates having smaller device features
continues to increase, the need for improving defect detection mechanisms continues to grow.
Current inspection systems rely on principles of light scattering for defect signal generation.
However, one disadvantage of using light scattering principles is that defect signal generation is
directly proportional to the size of the defect, where the defect signal decreases as the size of the

defect shrinks.

{0007} Wafer noise induced by process variation increases with each node and will continue
to increase. The increase in wafer noise is caused by at least three factors: (1) difficulty
manufacturing smaller design structures, (2) keeping similar length scales of surface roughness,
edge roughness, and edge placement error, and (3) noise scattering elements that are packed more
densely as a design structure shrinks. This poses a challenge for current inspection systems that rely

on light scattering principles.

[0008] To keep up with the sensitivity demand, shorter wavelength inspection platforms are
needed. However, development of future shorter wavelengths also faces challenges. For example,
the development of light sources and sustainable optics for shorter wavelengths are insufficient to
support inspection throughput demand and development of these components can be too costly for

inspection tool developers.

[0009] Fluorescent probes can improve defect detection during semiconductor
manufacturing. There are generally five types of fluorescent probes: small molecular fluorescent

dyes, quantum dots, carbon dots, fluorescent proteins, and conjugated polymers. However, each of
2
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these fluorescent probes has its own limitations. None is small enough to {it minimally 5-10
fluorescent probes within one defect (e.g., approximately 10 nm x 10 nm in area) and/or large
enough so that the fluorescent probe will not amplity the pattern edge noise. Small molecular
fluorescent dyes suffer from a low molar extinction coefficient of 300,000 M em™. Quantum dots
have a typical size of greater than 5 nm per probe, which makes it ditficult to fit at least 5-10 probes
per defect. Emission intensity uniformity and the stability of spectral responses for quantum dots
also are concerns. For example, the quantum dot emission spectrum depends on its size.
Controlling size down to <1 nm is challenging and, hence, the spectral stability of quantum dots can
be difficult to control. Carbon dots are still in their early development and generally have limited
control of color, brightness, and functionalization. Stringent purification can be required to ensure
that carbon dot emission is uniform. Fluorescent proteins are too big because their size is generally
10-20 nm. Conjugated polymers can have a large extinction coetficient and a high quantum yield.
However, conventional conjugated polymers having para-linkage along the backbone have a linear

rod-like structure, which is unsuitable for the size requirement.

[0010] Therefore, new compositions and methods are needed. More particularly, new

conjugated polymers are needed.
BRIEF SUMMARY OF THE DISCLOSURE

[0011] A method is provided in a first embodiment. The method includes applying a
photoluminescent material to part of a substrate. The photoluminescent material includes a
conjugated polymer having a coiled macroscopic molecular shape and a meta-linkage or an ortho-

linkage. The substrate is then umaged using an inspection system.

[0012] The conjugated polymer can include poly(m-phenylene ethynylene) (PPE) or
poly(para-phenylene vinylene) (PPV).

{0013} In an instance, the conjugated polymer has the meta-linkage. In another instance, the

conjugated polymer has the ortho-linkage.

[0014] The conjugated polymer can have a molar extinction ratio of greater than 10° M-'em™

and a quantum yield of greater than 50%.
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[0015] The substrate can be a semiconductor wafer. The part of the substrate can be a metal,
such as copper, tungsten, cobalt, ruthenium, or aluminum. The part of the substrate also can be an

insulator. The part of the substrate can have a feature dimension of 20 nm or less.

[0016] The coiled macroscopic molecular shape can be less than or equal to 5 nm in
diameter. For example, the diameter can be less than or equal to 4 nm. In another example, the

diameter can be from 2-5 nm.

{0017} The conjugated polymer can include a functional group contigured to link to the part

of the substrate. The functional group can include a thiol, phosphonate, silane, catechol, or galloyl.

[0018] The inspection system can include a light source, a stage to hold the substrate, and a

detector configured to detect photoluminescent emission from the photoluminescent material.

[0019] The method can turther include performing defect detection of the substrate using an

image from the imaging.
DESCRIPTION OF THE DRAWINGS

[0020] For a fuller understanding of the nature and objects of the disclosure, reference
should be made to the following detailed description taken in conjunction with the accompanying

drawings, in which:

FIG. 1 is an exemplary molecule in the fluorescent probe disclosed herein;

FIG. 2 is a flowchart of a method embodiment in accordance with the present disclosure;
FIG. 3 an example of a signal report and linker;

FIG. 4 shows that the signal characteristics of the signal reporters can be different;

FIG. 5 shows exemplary patterns with selective marking; and

FIG. 6 shows exemplary patters with selective marking.
DETAILED DESCRIPTION OF THE DISCLOSURE

[0021] Although claimed subject matter will be described in terms of certain embodiments,
other embodiments, including embodiments that do not provide all of the benefits and features set

forth herein, are also within the scope of this disclosure. Various structural, logical, process step,
4
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and electronic changes may be made without departing from the scope of the disclosure.

Accordingly, the scope of the disclosure is defined only by reference to the appended claims.

[0022] Embodiments disclosed herein leverage fluorescent probes to enhance defect signal
for an optical inspection platform. These can be used to inspect semiconductor wafers or other
substrates. As design rule of integrated circuit devices shrinks, defect size also shrinks, making it
challenging for optical inspection platform to meet manufacturing yields. Selective attachment of
fluorescence probes to wafer patterns can enhance defect signal. The disclosed embodiments
provide a cost-effective solution that keeps up with the inspection sensitivity for future designs

using current optical inspection platforms.

[0023] To support inspection throughput demand of the market, such as one wafer per hour,
the fluorescent probe can have a molar absorption extinction of >10° Mem™ (or >5% absorption
probability) and a high quantam yield. Besides emissive property consideration, the size of the
fluorescent probe is configured for these inspection applications. The size can be small enough to fit
minimally 5-10 fluorescent probes within one defect (e.g., approximately 10 nm x 10 nm in area) for
statistical robustness and large enough so that the fluorescent probe will not amplify the pattern edge
noise. The edge roughness is typically approximately 1 nm deviating from the ideal edge. Hence, if
the probe 1s, for example, approximately 1 nm, it will follow the edge roughness line. An ideal
signal probe can filter out the edge roughness, so a probe larger than 2 nm may reduce amplification.

A series of conjugated polymers are disclosed herein to support these inspection demands.

[0024] Poly (p-phenylene ethynylene)s (PPEs) and other conjugated polymers have shown
high quantum yields and high extinction coefficients. Engineered conjugated polymers also showed
excellent solubility in water. To satisfy the small size requirement, a meta-linkage 1s used instead of
conventional para-linkage to render a coiled macroscopic molecular shape instead of the rod-like
shape of the conventional conjugated polymers. An example using PPE is shown in FIG. 1. While
tethered to a semiconductor device in FIG. 1, the conjugated polymer can be tethered to other parts

of a substrate.

[0025] FIG. 1 shows that the conjugated polymer is tethered to a semiconductor device using
a functional group. The functional group is connected to the conjugated polymer using a linker. A

bulky and/or water-soluble side chain also is connected using a linker. The conjugated polymer can
5
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have length n. While the linker and functional group are illustrated in a position, an alternate
position for the linker and functional group is illustrated with a dotted line (marked alternate

position).

[0026] In an instance, conjugated polymers, such as PPEs, having a coiled macroscopic
molecular shape are produced. The conjugated polymers can include meta-linkages or ortho-
linkages. The coiled macroscopic molecular shape can be less than or equal to 5 nm in diameter,
less than or equal to 4 nm in diameter, or less than or equal to 3 nm in diameter. In an instance, the
coiled macroscopic molecular shape can be from 2-5 nm in diameter (¢.g., 3 nm). The diameter is a

non-zero value. The conjugated polymer may be substantially symmetric in an instance.

[0027] While PPEs are disclosed, other fluorescent conjugated polymers can be used. For
example, poly (para-phenylene vinylene) (PPV) can be used. The various conjugated polymers can

be synthesized via a palladium cross-coupling reaction or other reactions.

[0028] Four design parameters are considered to tune the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), bandgap, solubility, hydrophobicity
and hydrophilicity, and size of the poly (m-phenylene ethynylene)s or other conjugated polymers.
These design parameters include a linker unit, side chains, linker position, and a degree of
polymerization. Controlling these parameters can provide tunable physicochemical properties of the

resulting conjugated polymers as a fluorescent probe.

{60291 The linker unit can be an electron donor or acceptor. This can affect HOMO and
bandgap. For example, the linker unit may include, but is not limited to, polydopamine,
polynorepinephrine, or a self-assembled monolayer material. Examples of the linker unit are
disclosed in U.S. App. No. 17/887,078, the relevant portions of which are incorporated by reference

in their entireties.

{0030} The linker molecule may be used to functionally and/or physically separate the
photoluminescent material (e.g., the photoluminescent molecule) from the material of the substrate
to maximize the efficiency of the photoluminescent properties of the photoluminescent material.

The length of the linker molecule may be adjusted to balance the physical separation of a
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luminescent molecule from other molecules that may induce quenching of the photoluminescent

output.

[0031] The side chain can tune the solubility in various solvents (e.g.. water). A side chain’s
bulkiness combined with the meta-linkage or ortho-linkage can prevent fluorescence quenching,

The functional group with the side chain can provide tethering to various materials on the substrate.

[0032] The linker position can affect the size of the polymer at a given contour length. The

linker position can be affected by the meta-linkage or para-linkage.

{0033] The degree of polymerization can affect the length and bandgap of the conjugated
polymer. Each repeating unit is approximately 14 Angstrom. The number of repeating units in each
polymer chain will determine the length of the conjugated polymers. The degree of polymerization

may be from 4 or 5 up to several hundreds.

[0034] The conjugated polymers, such as PPEs, can include a functional group configured to

link to a metal or other materials.

[0035] The conjugated polymers disclosed herein have a high extinction coefficient. The
conjugated polymers can have a molar extinction ratio of greater than 10° M"em™, where M stands
for molarity and quantum yield is greater than 50%. The molar extinction ratio and quantum yield

affect brightness. A higher brightness helps with substrate inspection and defect detection.

{0036} The conjugated polymers disclosed herein can include a coiled backbone rendering 3-

dimensional volume to sustain high absorption probability.

[06037] The conjugated polymers disclosed herein can provide a minimal 5-10 probes per
defect for statistical robustness. The bulky side chain design disclosed herein can prevent
fluorescent emission quenching via aggregation so that effective quantum yield remains high (e.g.,
>50%). The disclosed linker group and side chain versatility can allow bandgap tuning and
solubility control in various solvents. These solvents can include water. A functional size chain and
chain-end modification for various chemistries can tether the fluorescent probe to materials on the

substrate.
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[0038] A meta-linkage or ortho-linkage in a conjugated polymer (e.g., PPE) and conjugated
polyelectrolyte (CPE) can form super-bright fluorophores with a small form factor with a projected
size of approximately 3-4 nm. Any conjugated polymers having a large extinction coetficient, a
high quantum yield, and a small form factor may work as a CPE. Some or all of the functional
groups and other specifications of the conjugated polymers can apply to the CPE. The design of'a
bulky side chain of, for example, m-PPE and m-CPE can enable correct functionality and retain
quantum yield. The linker group and side chain versatility can be optimized to allow fine-tuning of

band gap to meet inspection application requirements.

[0039] A method 100 is shown in FIG. 2. Defect inspection for advanced node integrated
circuit devices 1s becoming more challenging. The fluorescent probes disclosed herein can have a
strong optical emission, which can be used to enhance defect signal. The optical emission spectrum
of the fluorescent probe may be within the wavelength range of 260-800 nm. This super-bright
flnorescent probe can enable current inspection platforms to continue providing sensitivity required

for future integrated circuit design nodes or other advanced devices.

[0040] A photoluminescent material is applied to part of a substrate at 101. The
photoluminescent material can include an embodiment of the conjugated polymers disclosed herein
(e.g., PPEs). The conjugated polymers have a coiled macroscopic molecular shape. The conjugated
polymers can include meta-linkages or ortho-linkages. The substrate can be a semiconductor watfer

or other type of substrate.

[0041] In an instance, linker molecules can have a specific reaction on a particular material.
The linker molecule also has a functional group that can be used to tether a fluorescent reporter

molecule such as PPE or other conjugated polymers.

[0042] The part of the substrate that receives or selectively attaches with the
photoluminescent material can have, for example, a feature dimension of 20 nm or less (e.g., from 1
nm to 20 nm or from 1 nm to 10 nm). Examples of a feature dimension include a width, length, or
cross-section. This feature dimension may be, for example, a width of a metal line of a

semiconductor device. Other dimensions or shapes are possible.
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[0043] The substrate is imaged using an inspection system at 102. An example of a method
of imaging and an inspection system is shown in U.S. App. No. 17/887,078, which 1s incorporated
by reference. In an instance, the inspection system can include a light source, a stage to hold the
substrate, and a detector configured to detect photoluminescent emission from the photoluminescent

material.

[0044] The part of the substrate that the photoluminescent material is applied to can be a
metal, such as copper, tungsten, cobalt, ruthenium, or aluminum. In an example, the
photoluminescent material is applied to a metal line on a substrate to inspect the metal line. In
another example, the part of the substrate that the photoluminescent material is applied to can be an

insulator, such as SiO», SiN, or low-k materials.

[0045] The conjugated polymers can include a functional group configured to link to the part
of the substrate. The functional group can include thiol, phosphonate, silane, catechol, galloyl, or
other materials. The conjugated polymers can preferentially link to the part of the substrate and not

to elsewhere on the substrate.

{0046} The photoluminescent material may be configured to selectively attach to at least one
of a first material or a second material of a substrate, such as those materials found on a patterned
semiconductor wafer. For instance, a light source may be configured to excite the photoluminescent
material of the first material or the second material to cause the photoluminescent material to emit
photoluminescent emission. The photoluminescent material may be configured to preferentially
attach to one of the first material or the second material to enhance the photon emission of a feature
of interest (¢.g., a defect of interest, a pattern of interest, or a material of interest) formed of at least
one of the first material or the second material. As such, this preferential amplification may enhance
the signal contrast. The scattering signal may depend on a volume of the defect. Embodiments of
the present disclosure may modify a surface of a substrate by selectively attaching a
photoluminescent material to the surface of the substrate. A thin defect (e.g., a defect with a shallow
depth) may have the same amount of photoluminescent signal as a thick defect (e.g., a defect with a
larger z-depth). The signal generation of the photoluminescent material of the present disclosure
may be area dependent, rather than volume dependent. In this regard, the signal of the thin defect

may be enhanced.

9
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[0047] In an embodiment, the photoluminescent material may have a lifetime in the
nanosecond scale. A photoluminescent material with a lifetime on the nanosecond scale may be
efficient in generating photons. For example, a photoluminescent material with a lifetime of 10
nanoseconds may generate 10° photons (in milliseconds scale) per millisecond. In this regard,
photon generation may be more efficient than optical scattering. Photoluminescent signal
generation is typically higher than scatter signal generation. The signal of the feature of interest
(e.g., defect of interest, pattern of interest, or material of interest) is enhanced compared to the

scattered-based method.

[0048] FIG. 3 an example of a signal report and linker. The linker connects to a material of
interest. This connection may be unique to the material of interest. The signal reporter tethered on
the linker can have characterized optical properties. FIG. 4 shows that the signal characteristics of

the signal reporters are different for the different materials (designated as 1 and 2 in FIG. 4).

[0049] FIGS. 5-6 show exemplary patterns with selective marking. The resulting signal may

be the same independent of the height of the defect.

[0050] As shown in FIGS. 3-6, the substrate may include one or more photoluminescent
materials configured to selectively bind to one of the first material or the second material to enhance
a feature of interest on the substrate. For example, the one or more photoluminescent materials may
be configured to preferentially attach to a targeted material (e.g., the first material or the second
material) to enable the targeted material to have enhanced photon emission based on the properties
of the photoluminescent material. In an instance, the one or more photoluminescent materials may
be configured to preferentially attach to the first material and not the second material, such that only
the signal from the first material is enhanced. In another instance, the one or more
photoluminescent materials may be configured to preferentially attach to the second material and not

the first material, such that only the signal from the second material is enhanced.

[0051] A feature of interest may include, but is not limitfed to, a defect of interest, a pattern
of interest, or a material of interest. For example, the one or more photoluminescent materials may
be configured to selectively bind to one of the first material or the second material to enhance a
detect of interest. In another example, the one or more photoluminescent materials may be

configured to selectively bind to one of the first material or the second material to enhance a pattern
10
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of interest. In yet another example, the one or more photoluminescent materials may be configured
to selectively bind to one of the first material or the second material to enhance a material of

interest.

[0052] In some embodiments, the photoluminescent material may have a photoluminescent
emission time scale less than or equal to 10 nanoseconds (ns). For example, the photoluminescent
material may have a photoluminescent emission time scale between 2 ns and 10 ns. The signal of
the photoluminescent material may be enhanced. The photoluminescent material may emit more
photons than photon generation through scattering. For example, a fluorophore with a lifetime of 10
ns can generate 10° photons in 1 millisecond (ms), which is higher than traditional light interaction

via scattering. As such, the signal may be enhanced.

[0053] In an embodiment, the photoluminescent material may have a spatial characteristic
length from 2 nm and 5 nm (e.g., from 2 nm to 4 nm). For example, in a non-limiting example, the
edge noise due to the line roughness and edge displacement may be approximately 1-2 nm, such that
the spatial characteristic length of 2-4 nm may serve as a spatial filter to reduce the sensitivity to the
presence of edge roughness and edge placement error. The edge roughness and edge placement

error may be selectively desensitized, thereby reducing noise.

[0054] In an embodiment, the photoluminescent material may be configured to selectively
bind at the surface level of one of the first material or the second material. The noise from the stack

and previous layers may be minimized.

[0055] Defect detection may be performed using images of substrates with the
photoluminescent material using an inspection system. A processor can be used to determine
placement or a population of defects from these images. The fluorescent probes disclosed herein
can have a strong optical emission, which can be used to enhance defect signal in the image. The

preferential amplification may enhance signal contrast.

[0056] Although the present disclosure has been described with respect to one or more
particular embodiments, it will be understood that other embodiments of the present disclosure may
be made without departing from the scope of the present disclosure. Hence, the present disclosure 1s
deemed limited only by the appended claims and the reasonable interpretation thereof.

1t
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What is claimed is:

%)

10.

1t

12.

13.

A method of substrate inspection comprising:

applying a photoluminescent material to part of a substrate, wherein the photoluminescent
material includes a conjugated polymer having a coiled macroscopic molecular shape and a
meta-linkage or an ortho-linkage; and

imaging the substrate using an inspection system.

The method of claim 1, wherein the conjugated polymer includes poly (m-phenylene

ethynylene) (PPE).

The method of claim 1, wherein the conjugated polymer includes poly (para-phenylene

vinylene) (PPV).
The method of claim 1, wherein the conjugated polymer has the meta-linkage.
The method of claim 1, wherein the conjugated polymer has the ortho-linkage.

The method of claim 1, wherein the conjugated polymer has a molar extinction ratio of greater

than 10° M”cm™ and a quantum yield of greater than 50%.

The method of claim 1, wherein the substrate is a semiconductor wafer.

The method of claim 1, wherein the part of the substrate is a metal.

The method of claim 8, wherein the metal is copper, tungsten, cobalt, ruthenium, or aluminum.
The method of claim 1, wherein the part of the substrate is an insulator.

The method of claim 1, wherein the part of the substrate has a feature dimension of 20 nm or

less.

The method of claim 1, wherein the coiled macroscopic molecular shape is less than or equal to

5 nm in diameter.

The method of claim 12, wherein the diameter is less than or equal to 4 nm.

12
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The method of claim 12, wherein the diameter 1s from 2-5 nm.

The method of claim 1, wherein the conjugated polymer includes a functional group configured

to link to the part of the substrate.

The method of claim 15, wherein the functional group includes a thiol, phosphonate, silane,

catechol, or galloyl.

The method of claim 1, wherein the inspection system includes a light source, a stage to hold the
substrate, and a detector configured to detect photoluminescent emission from the

photoluminescent material.

The method of claim 1, further comprising performing defect detection of the substrate using an

image from the imaging.

13
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