APPARATUS AND METHOD TO MEASURE TEMPERATURE OF 3D
SEMICONDUCTOR STRUCTURES VIA LASER DIFFRACTION

BACKGROUND OF THE INVENTION

Field of the Invention

[0001] Embodiments of the invention generally relate to apparatus and methods
for measuring the temperature of substrates having three-dimensional (3D) features

thereon.

Description of the Related Art

[0002] The drive for continued scaling of semiconductor devices results in new
architectures for semiconductor devices, including 3D features. One consequence
of 3D features is a reduction in the accuracy of non-contact metrology due to the loss
of specular reflection (e.g., when the incident angle of an irradiating light source is
equal to the angle of reflection) due to the decreased collection of light by a detector.
Non-contact metrology, such as pyrometry, can be used to determine substrate
temperature by measuring the thermal radiation emitting from an object. The

thermal emission of a substrate can be expressed as:
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where T is temperature; 8 and  are the polar and azimuthal angles; A is light
wavelength; Rq is the impedance of an oscilloscope; A is the area sensed by a
detector; €'\(A\,6, ,T) is the directional spectral emissivity; 7 (A) is the spectral
transmittance of the lenses and filter in the optical path; G(A) is the responsivity of
the detector at different wavelengths, and e, is the emissivity of the substrate. As
shown in Equation 1, the thermal emission of a substrate is a function of both
emissivity and temperature of the substrate. To simplify the above equation, most
optical pyrometers are set to a single emissivity value, regardless of the object
measured. However, not all objects have the same emissivity, and therefore, the

temperature derived by the pyrometer is frequently inaccurate.
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[0003] For some planar structures, the emissivity of an object can be
experimentally determined allowing for a correction factor to be applied to the
pyrometer, which facilitates a more accurate determination of object temperature.
Non-contact metrology is particularly inaccurate when processing 3D structures as
compared to planar substrates. The metrology of 3D structures is even less
accurate due to difficulties in determining object emissivity. Irradiation of a 3D
structure results in scattering and interference of light reflected from the substrate,
making emissivity determination inaccurate when utilizing conventional emissivity

measurement techniques.

[0004] Therefore, there is a need for a method of and apparatus for measuring

and monitoring the temperature of a substrate having a 3D feature thereon.

SUMMARY OF THE INVENTION

[0005] Embodiments of the present invention generally relate to apparatus for
and methods of measuring and monitoring the temperature of a substrate having a
3D feature thereon. The apparatus include a light source for irradiating a substrate
having a 3D feature thereon, a focus lens for gathering and focusing light reflected
from the substrate, and an emissometer for detecting the emissivity of the focused
reflected light. The apparatus may also include a beam splitter to split light reflected
from the substrate towards the emissometer as well as an imaging device. The
imaging device provides a magnified image of the diffraction pattern of the reflected
light. The method includes irradiating a substrate having a 3D feature thereon with
light from a light source, reflecting the light off of the substrate, and focusing the
reflected light with a focusing lens. The focused light is then directed to a sensor
and the emissivity of the substrate is measured. The reflected light may also
impinge upon an imaging device to generate a magnified image of the diffraction
pattern of the reflected light.

[0006] In one embodiment, an apparatus comprises a chamber body having a
substrate support positioned therein. A reflection measurement system is positioned
within the chamber body and includes a light source positioned to direct light towards
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a substrate supporting surface of the substrate support and a focus lens positioned
to collect light reflected from the surface of a substrate placed on the substrate
supporting surface. The reflection measurement system also includes a beam
splitter positioned to direct a first portion of the light collected by the focus lens to an
emissometer which determines an emissivity of the substrate, and to direct a second
portion of the light collected by the focus lens to an imaging device. The apparatus
also includes a processing unit to determine a temperature of the substrate based
upon the emissivity of the substrate.

[0007] In another embodiment, a method of determining the temperature of a
substrate comprises positioning a substrate having a 3D feature thereon on a
substrate support within a chamber body. Light from a light source is directed to and
reflected from a surface of the substrate. The reflected light is collected with a focus
lens, and directed to an emissometer. An emissivity of the substrate is determined,
and then a temperature of the substrate is determined based upon the emissivity of
the substrate.

[0008] In another embodiment, a method of determining the temperature of a
substrate comprises positioning a substrate having a 3D feature thereon on a
substrate support within a chamber body. Light from a light source is directed to and
reflected from a surface of the substrate. The reflected light is collected with a focus
lens and directed to a beam splitter. The beam splitter splits the reflected light into
first and second paths. The first path is directed towards an emissometer and the
second path is directed towards an imaging device. An emissivity of the substrate is
determined, and then a temperature of the substrate is determined based upon the
emissivity of the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] So that the manner in which the above recited features of the present

invention can be understood in detail, a more particular description of the invention,

briefly summarized above, may be had by reference to embodiments, some of which

are illustrated in the appended drawings. It is to be noted, however, that the

appended drawings illustrate only typical embodiments of this invention and are
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therefore not to be considered limiting of its scope, for the invention may admit to
other equally effective embodiments.

[0010] Figure 1 illustrates a processing chamber according to one embodiment of

the invention.

[0011] Figure 2 illustrates a flow diagram of a method of determining substrate

temperature according to one embodiment of the invention.

[0012] Figure 3 illustrates an exemplary diffraction pattern captured using

embodiments of the invention.

[0013] Figures 4A and 4B llustrate diffraction patterns captured using

embodiments of the invention.

[0014] To facilitate understanding, identical reference numerals have been used,
where possible, to designate identical elements that are common to the figures. It is
contemplated that elements disclosed in one embodiment may be beneficially

utilized on other embodiments without specific recitation.

DETAILED DESCRIPTION

[0015] Embodiments of the present invention generally relate to apparatus for
and methods of measuring and monitoring the temperature of a substrate having a
3D feature thereon. The apparatus include a light source for irradiating a substrate
having a 3D feature thereon, a focus lens for gathering and focusing light reflected
from the substrate, and an emissometer for detecting the emissivity of the focused
reflected light. The apparatus may also include a beam splitter to split light reflected
from the substrate towards the emissometer as well as an imaging device. The
imaging device provides a magnified image of the diffraction pattern of the reflected
light. The method includes irradiating a substrate having a 3D feature thereon with
light from a light source, reflecting the light off of the substrate, and focusing the
reflected light with a focusing lens. The focused light is then directed to a sensor
and the emissivity of the substrate is measured. The reflected light may also
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impinge upon an imaging device to generate a magnified image of the diffraction
pattern of the reflected light.

[0016] Figure 1 Illustrates a processing chamber 100 according to one
embodiment of the invention. The processing chamber 100 includes a chamber
body 102, a substrate support 104, and a reflection measurement system 106. A
laser 108 is disposed outside the chamber body 102 above the substrate support
104 and is adapted to direct light 110 to a surface of a substrate 112 positioned on
the substrate support 104. The laser 108 delivers the light 110 to the substrate 112
to facilitate thermal processing of the substrate 112, such as thermal annealing,
dopant activation, or recrystallization. A pyrometer 111 is positioned adjacent to the
laser 108 and is directed at the substrate 112 to measure thermal radiation emitted
from the substrate 112.

[0017] The reflection measurement system 106 is positioned within the chamber
body 102 in a fixed location. The reflection measurement system 106 facilitates
temperature measurement of the substrate 112 prior to, during or subsequent to
thermal processing of the substrate 112. The reflection measurement system 106
allows the emissivity of the substrate 112 to be determined by measuring the amount
of light reflected from the substrate 112. The reflection measurement system 106 is
adapted to direct light 118 from a light source 114 towards the surface of the
substrate 112, and measure the amount of reflected light 120 reflected off of the
surface of the substrate 112 via a sensor 116, such as an emissometer. The light
source 114 is generally a monochromatic light source which generates the light 118
and is positioned at a known angle relative to the substrate for example, about zero
degrees to about 60 degrees. Since the light 118 is of a single wavelength,
interference of the light 118 is negligible, and any interference of the reflected light
120 can be attributed to the 3D structures 122 located on the surface of the
substrate 112. Additionally, the light source 114 is adapted to generate light at a
different wavelength than the laser 108 so that a sensor 116 can distinguish light 118
the light 110 which may be reflected from the substrate 112. Generally, most or all

of the light 110 is absorbed by the substrate, however, in the event some of the light
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110 is reflected from the substrate 112, the utilization of different wavelengths for
lights 110 and 118 facilitates accurate emissivity determination.

[0018] The reflection measurement system 106 also includes a focus lens 124
positioned at a fixed location within the chamber body 102. The center of the focus
lens 124 is positioned approximately at a specular angle of reflection to collect and
focus the reflected light 120. The focus lens 124 may be positioned about 10
millimeters to about 20 millimeters from the substrate 112. The focus lens 124 is
formed from glass, however, it is contemplated at the focus lens 124 may also be
formed from plastics suitable to withstand the thermal annealing environment within
the processing chamber 100. The focus lens facilitates the collection of reflected
light which would otherwise fall outside of the sensing area of the sensor 116 (e.g.,
high order reflections, or reflections which deviate from a specular reflection). A
beam splitter 126 is positioned adjacent to the focus lens 124 on the side opposite
the substrate 112. The beam splitter 126 is an optical device positioned at or near
the back focal plane of the focus lens 124 and is adapted to split the focused
reflected light 120 into two directions. As illustrated in Figure 1, the reflected light
120 is split into two perpendicular directions. The beam splitter 126 may be formed
from two triangular glass prisms adhered to one another by a resin to form a
quadrilateral. The resin composition and thickness may be selected to divert a
predetermined fraction of the incoming reflected light 120 to the sensor 116, while
allowing a second fraction, such as the remaining fraction, of the incoming reflected
light 120 to pass to an imaging device 128, such as a CCD camera. The imaging
device 128 is positioned adjacent to the beam splitter 126 and shares a common
axis with the focus lens 124 and the beam splitter 126. The imaging device 128 is
positioned at the first focal plane, and is adapted to receive incoming light and
generate a magnified image of the diffraction pattern of the reflected light 120. The
diffraction pattern corresponds to the periodicity of the 3D structures 122 on the
substrate surface, and thus, provides information relating to the size, shape, and
spacing (and changes thereto) of the 3D structures 122.

[0019] The substrate support 104 is positioned on a chamber bottom 130. The

substrate support 104 is translatable in the X-Y directions relative to the reflection
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measurement system 106 along the chamber bottom 130 in order to position
unprocessed portions of the substrate 112 to receive light 110 from the laser 108.
The substrate support 104 is movable to a position clear of the reflection
measurement system 106 to allow for the substrate 112 to be placed upon or
removed from the substrate support 104 through a slit valve 132 via a robot (not
shown). Lift pins (not shown) may be disposed through the substrate support 104 to
facilitate removal of the substrate 112 from the substrate support 104. A processing
unit 134, such as a computer, is coupled to the processing chamber 100 and is
adapted to control processes therein, including exposure of the substrate 112 to the
light 110 or 118, loading and unloading of substrates, and determination of substrate

temperature.

[0020] During operation of the processing chamber 100, such as during a thermal
annealing process, the light source 114 irradiates the substrate 112 with a known
amount of light 118 (e.g., a known energy per unit area) at a predetermined
wavelength. Some of the light 118 is absorbed by the substrate 112 while the
remainder is reflected off of the substrate 112 (and scatters) as reflected light 120.
The reflected light 120 is then collected and focused by the focus lens 124. Even
though the reflected light 120 experiences scattering, the focus lens 124 facilitates
collection of a majority, or all, of the reflected light. Since most or all of the reflected
light is collected, a more accurate measurement of substrate emissivity can be

made.

[0021] The focus lens 124 focuses the reflected light 120 onto the beam splitter
126, which directs a known fraction of the reflected light 120 to the sensor 116. The
sensor 116, which is in communication with the processing unit 134, measures the
amount of reflected light 120. The amount of reflected light 120 can be accurately
determined because the fraction of light diverted by the beam splitter 126 is known
due to the known properties of the resin used to form the beam splitter 126. From
the measured reflectivity, the sensor 116 determines the emissivity of the substrate
112 as approximately one minus the reflectivity. Having determined the emissivity of

the substrate 112, the temperature of the substrate 112 can then be accurately
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determined by the processing unit 134 using Equation 1 and the Planck Distribution
Equation (Equation 2).

27C
_ 1
Cib = lse(Cz/ﬂT)—l (Equation 2)

[0022] Equation 2 allows for correction of the emissivity of the substrate when
determining the thermal radiation emitted from the substrate 112 by the pyrometer
111. Equation 2 can be substituted into Equation 1 to yield an accurate temperature
measurement during measurement of the thermal radiation emitted from the
substrate. In Equation 2, e,y is the emissivity of the substrate as determined by the
emissometer and the processing unit 134; C, is a constant which equals 3.74 x 107®
W m; C, is a constant which equals 1.44 x 10? m K; A is the wavelength of the light
emitted from the light source 114; and T is the temperature of the substrate. Thus
accurate determination of the substrate emissivity facilitates accurate determination

of the substrate temperature by the pyrometer via emissivity-corrected pyrometry.

[0023] While the processing chamber 100 is adapted for thermal processing of
the substrate 112, it is contemplated that the reflection measurement system 106
may be utilized in other processing chambers, such as atomic layer deposition (ALD)
chambers or other process chambers. When the reflection measurement system
106 is positioned within an ALD chamber, it is desirable to position the reflection
measurement system 106 in a location which mitigates deposition of material on the
focus lens 124. A process gas, such as an inert gas, may be utilized to direct
deposition material or precursor gases away from the focus lens 124 during ALD
processing.

[0024] Figure 2 illustrates a flow diagram 250 for a method of determining
substrate temperature according to one embodiment of the invention. Flow diagram
250 begins at operation 251, in which a substrate having a 3D structure thereon is
exposed to light from a laser to thermally process the substrate. In operation 252,
while continuing to thermally process the substrate, monochromatic light from a

second light source is directed to and reflected from a thermally processed region of
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the substrate. In operation 253, the light from the monochromatic light source which
is reflected form the substrate surface is collected and focused by a focus lens. The
focus lens is sufficiently sized and positioned sufficiently close to the substrate to
collect a desired amount of reflected light; for example, at least about 90 percent or

about 100 percent of the light reflected from the substrate.

[0025] In operation 254, the reflected light is directed to a beam splitter by the
focus lens. The beam splitter splits the focused light into two paths. A first path is
directed to a sensor, which determines the emissivity of the substrate based upon
the amount of light reflected from the substrate in operation 255. The second path of
the beam splitter directs the reflected light to a CCD camera which collects the
reflected light to generate a magnified image of the diffraction pattern of the reflected
light in operation 256. The magnified image of the diffraction pattern allows the
periodicity of the 3D features to be determined, and also provides information
relating to the amount of scattering and the specular angle of the reflected light. The
diffraction pattern can be utilized to monitor the size and spacing of the 3D features
during processing, and may be used to indicate faulty devices or substrates which do
not meet predetermined quality specifications.

[0026] In operation 257, the temperature of the substrate can be determined once
the emissivity has been determined in operation 255. The temperature of the
substrate can be determined using an emissivity-corrected pyrometer which
measures the thermal radiation emitted from the substrate. In operation 258,
operations 251-257 may be repeated. Repetition of operations 251-257 allows for
the temperature of the substrate to be monitored over a desired period of time.
Monitoring of the substrate temperature allows for endpoint identification during
thermal processing, as well as time-dependent thermal mapping of the substrate,
such as deriving a monitoring a temperature history of the substrate. A temperature
history of the substrate allows for an accurate temperature determination at a given
processing period of the substrate, and allows an accurate determination of the total
amount of thermal energy delivered to a substrate during processing. For growth
processes, a temperature history can be used to determine the temperature of the

substrate with respect to the change in size of 3D structures thereon.
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[0027] Flow diagram 250 illustrates one embodiment of determining substrate
temperature; however, other embodiments are also contemplated. In another
embodiment, it is contemplated that operation 251 may occur prior to or subsequent
to, rather than concurrently with, operation 252. In another embodiment, it is
contemplated that operation 251 may be replaced with an atomic layer deposition
process; for example, an epitaxial growth process. In such an embodiment, the
magnified image of the reflected light in operation 256 may be utilized to monitor and
determine formation rates of 3D features on the substrate. The magnified image can
also be utilized to form a 3D representation of temperature versus time versus
feature size for the formation of the 3D structure, which can be utilized to facilitate in
situ process control. In yet another embodiment, it is contemplated that in instances
where the focus lens is not large enough to capture all of the reflected light, the
processing unit may compensate for the uncollected portion of light by applying a
correction factor. The correction factor applied by the processing unit may be a
predetermined value (e.g., 3 percent, 5 percent, or 10 percent), or may be calculated
based on characteristics, such as the intensity distribution of each mode collected, of
the magnified image of the interference of the reflected light.

[0028] Figure 3 illustrates an exemplary diffraction pattern 370 captured using
embodiments of the invention. The diffraction pattern 370 was captured using a
process chamber similar to that shown in Figure 1. The diffraction data is collected
from a substrate having a plurality of 0.16 micrometer wide trenches on a surface
thereof spaced about 2 micrometers apart from one another. The diffraction pattern
includes a zero order reflection (e.g., specular reflection), two first order reflections
caused by the trenches on the substrate, and two second order reflections caused
by the trenches of the substrate. As the order of the reflections increases, the angle
of deviation from specular reflection likewise increases. It is to be noted that if the
first, second, or higher order reflections are not captured for metrology purposes, for
example, using the apparatus shown in Figure 1, then the measurements, such as
emissivity measurements, derived using the reflection data are inaccurate do to the
incomplete collection of reflection data. For example, the first order reflections of the
diffraction pattern 370 represent a sizeable portion of the collected reflection.

10


ip-temp
Rectangle

ip-temp
Rectangle


Omission of the first order reflections during data collection would result in a
substantial error in calculations dependent upon the reflection measurement.
Therefore, it is desirable to collect reflections which are higher order than zero order.
However, as illustrated in Figure 3, higher order reflections represent a smaller
intensity than previous-ordered reflections (e.g., as the order number of the reflection
peak increases, the relative intensity of the peak decreases). Therefore, it is
contemplated that at some point, higher order reflections (for example, third order or
above) may be excluded from collection without causing substantial errors in

metrology determinations.

[0029] Figures 4A and 4B llustrate diffraction patterns captured using
embodiments of the invention. The diffraction pattern 470A is generated from a
silicon substrate having a plurality of trenches formed therein. The trenches are 2
micrometers apart and have a width of 0.2 micrometers and depth of 200
nanometers. The trenches are filled with silicon dioxide, and an amorphous silicon
layer having a thickness of about 30 nanometers is deposited thereon. The
substrate having the amorphous silicon layer deposited thereon is exposed to a laser
annealing process. The laser annealing process utilizes a laser having a wavelength
of 0.94 micrometers and a fluence of about 0.4 millidJoules per square centimeter. A
reflection measurement system, similar to that shown in Figure 1, was utilized to
collect the diffraction pattern 470A. Due to the substantially two-dimensional or
planar surface of the amorphous silicon, the diffraction pattern includes substantially

only a zero order peak.

[0030] The diffraction pattern 470B is generated from a similar substrate
described with respect to Figure 4A. The substrate includes an amorphous silicon
layer thereon which is exposed to an annealing process utilizing a laser having a
wavelength of 0.94 micrometers and a fluence of about 0.5 milliJoules per square
centimeter. At a fluence of about 0.5 milliJoules per square centimeter, the laser has
sufficient energy to induce crystallization of the amorphous silicon. The crystallized
portions of the amorphous silicon allow some light to pass therethrough. Thus, when
a reflection measurement system collects reflection data from the substrate, first and

second order peaks are recorded in addition to a zero order peak. The first and
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second order peaks are generated by the underlying trenches due to light reflecting
therefrom after penetrating the transparent portions of the crystallized silicon. Thus,
it is to be noted that collection of higher order diffraction peaks for metrology
purposes may be desirable even when processing substrates having a two
dimensional surface thereon. Moreover, it should be noted that the reflection of light
from a substrate surface may change as the substrate is processed, and thus, while
higher order peaks may not initially be present, higher order peaks may develop as

processing proceeds.

[0031] Benefits of the present invention include accurate measurement of
substrate emissivity for accurate non-contact measurement of substrate
temperature. The apparatus and methods utilize a focus lens to collect light
reflected from the substrate which has been scattered due to the presence of 3D
structures on a substrate surface. The focus lens maximizes the amount of reflected
light collected to ensure an accurate determination of the substrate emissivity,
thereby providing a more accurate determination of temperature. The focus lens is
particularly useful for substrates with 3D features on a surface thereof. The 3D
features cause increased scattering and interference of the reflected light, thus
reducing or eliminating the specular reflection of the light commonly associate with
planar substrates. The increased scattering may result in up to 80 percent of the
reflect light being non-specular. However, the focus lens described herein allows for
the scattered light to be collected and provided to a sensor to facilitated accurate
measurement of the substrate emissivity. Thus, the accuracy of measurements of

reflected light are greatly increased using embodiments described herein.

[0032] While the foregoing is directed to embodiments of the present invention,
other and further embodiments of the invention may be devised without departing
from the basic scope thereof, and the scope thereof is determined by the claims that

follow.
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We Claim:

1. An apparatus, comprising:
a chamber body;
a substrate support positioned within the chamber body;
a reflection measurement system positioned within the chamber body, the
reflection measurement system including:
a light source positioned to direct light towards a substrate supporting
surface of the substrate support;
a focus lens positioned to collect light reflected from the surface of a
substrate placed on the substrate supporting surface; and
a beam splitter positioned to direct a first portion of the light collected
by the focus lens to an emissometer which determines an emissivity of the
substrate, and to direct a second portion of the light collected by the focus
lens to an imaging device; and
a processing unit to determine a temperature of the substrate based upon the
emissivity of the substrate.

2. The apparatus of claim 1, wherein the light source is a monochromatic light
source.
3. The apparatus of claim 1, wherein the imaging device facilitates generation of

a magnified image of a diffraction pattern of the collected light.

4. The apparatus of claim 3, wherein the imaging device is a CCD camera.

5. The apparatus of claim 1, further comprising a laser for directing light towards

the surface of the substrate.

6. The apparatus of claim 1, wherein the laser and the light source are adapted
to simultaneously direct light to the same area of the surface of the substrate.
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7. The apparatus of claim 1, further comprising a substrate support positioned
within the chamber body, the substrate support translatable in the X-Y directions
relative to the reflection measurement system, and wherein the reflection

measurement system is located in a fixed position within the chamber body

8. A method of determining the temperature of a substrate, comprising:

positioning a substrate having a 3D feature thereon on a substrate support
within a chamber body;

directing light from a light source to a surface of the substrate;

reflecting the light from the surface of the substrate;

collecting the reflected light with a focus lens;

directing the reflected light from the focus lens to an emissometer;

determining an emissivity of the substrate; and

determining a temperature of the substrate based upon the emissivity of the
substrate.

9. The method of claim 8, wherein the light directed to the surface of the

substrate is monochromatic.

10. The method of claim 9, further comprising performing a laser annealing

process simultaneously with the determining the temperature of the substrate.

11.  The method of claim 9, further comprising performing an atomic layer
deposition process simultaneously with the determining the temperature of the
substrate.

12.  The method of claim 8, further comprising:

deriving a temperature history of the substrate; and

translating the substrate on the substrate support relative to the light source
and the focus lens.
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13. A method of determining the temperature of a substrate, comprising:

positioning a substrate having a 3D feature thereon on a substrate support
within a chamber body;

directing light from a light source to a surface of the substrate;

reflecting the light from the surface of the substrate;

collecting the reflected light with a focus lens;

directing the reflected light from the focus lens to a beam splitter;

splitting the reflected light into first and second paths, the first path directed
towards an emissometer and the second path directed towards an imaging device;

determining an emissivity of the substrate; and

determining a temperature of the substrate based upon the emissivity of the

substrate.

14.  The method of claim 13, further comprising:

performing an atomic layer deposition process simultaneously with the
determining the temperature of the substrate; and

monitoring a change in size of the 3D feature on the substrate during the
atomic layer deposition process, wherein monitoring the change in size of the 3D
feature includes generating a magnified image of a diffraction pattern of the reflected
light.
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