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Fiber-Optic Based Material Property Measurement System and
Related Methods

RELATED APPLICATIONS

The present invention claims priority under 35 U.S.C § 119(e) from U.S.
Provisional Application Serial No. 62/353,263, filed June 22, 2016, entitled “Fiber-
Optic Based Material Property Measurement System and Related Methods”; of which

is incorporated by reference herein in its entirety.

FIELD OF THE INVENTION
The present invention relates generally to a fiber-optic based material property

measurement system and related methods.

BACKGROUND

One of the most sought after characterization tests in thermal property testing
is the ability to test properties at elevated temperatures in either simulated run-time
environments or in situ during real time operation of parts. Examples of these types of
measurements include the periodic characterization of thermal barrier coatings (TBC)
or environmental barrier coatings (EBC) on aircraft engine components, such as
turbine blades, over their lifetime, testing of microelectronic components both during
the fabrication process as well as in operation and in situ characterization of material
degradation due to radiation damage in reactor components.

In addition, silicon on sapphire (SOS) based material composites have
emerged as revolutionary solutions to a wide array of problems centered around
silicon-on-insulator (SOI) devices and technologies. The commonly used SOI
platform is not used only because of raw performance, but also due to its ability to
access the benefits of standard complementary metal-oxide-semiconductor (CMOS)
processing; more specifically, CMOS processing offers high manufacturing yields,
low power operation and high levels of integration. In fact, issues that plague

traditionally engineered devices relying on the use of silicon handles, such as parasitic
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drain capacitance, electrical isolation, electromagnetic pulse insulation, and cyclic
durability and hysteresis, could in principle be greatly reduced or eliminated if a more
robust material could be used as the handle/substrate during CMOS processing.

These above mentioned issues that have plagued silicon (and GaAs) substrate
use in CMOS have been virtually eliminated with the demonstration of epitaxial
grown silicon on a substrate of sapphire (Al203), creating the SOS process [1]. Silicon
grown onto the surface of sapphire is incredibly stable and offers virtually no
hysteresis. Furthermore, in addition to being optically transparent in the visible and
near IR, Al,Os is a much better electrical insulator than silicon or GaAs (the
resistivity of Al2Os3 can be in excess of 10'® Q-cm , providing as good of insulation as
S102), which yields superior electrical isolation and drastic reduction in parasitic
losses. The stability of Al2O3 to high temperatures, aggressive chemistries, and high-
energy radiation greatly out performs that of SiO», not to mention the thermal
conductivity of Al2Os is 20 times higher than that of fused silica [2, 3]. This has
positioned SOS-based technologies to provide cutting edge solutions for RF
applications, as several of the above-mentioned advantages of SOS have resulted in
operation of RF components and devices (such as switches, mixers, etc.) operating to
higher frequencies and lower power [2, 4]. However, even beyond these specific RF
applications, SOS technology has allowed the realization of superior performance in
analog-to-digital converters [5], monolithic digital isolation buffers [6], energy
harvesting devices [7], charge pumps [8], and temperature sensors [9].

Clearly, SOS technologies offer immense potential in a wide array of
technologies. Critical in all of these technologies is the accurate knowledge of the
thickness of the film composite layers that are gown on the sapphire substrate, as this
thickness dictates all static and dynamic performance metrics of the device layers.
However, there is currently no non-destructive, non-contact metrology tool that can
accurately measure the thickness of thin films grown on sapphire wafers, which has
limited the SOS process by potentially lowering yields.

Traditionally implemented “non-destructive” techniques for accurate
determination of film thickness have mainly been optical-based. For example,
ellipsometry has proven useful for measuring the thickness of thin films on substrates,
but the added difficulty of sapphire being transparent over a wide wavelength range

can make ellipsometry difficult if the film on sapphire is too thin. Furthermore, the
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assumptions of the various optical properties of films that are necessary to analyze
ellipsometry data can lead to large errors when the films are either too thin, unknown,
or if multiple interfaces are in the measurement volume [10]. Additionally, and most
notably for large scale processing applications, ellipsometry measurements can be
time consuming and not amenable for inserting into production lines or existing
processing procedures.

Other existing non-contact methods suffer the same fate as ellipsometry when
attempting to provide a robust solution for film thickness measurements of SOS
samples. For example, direct absorption methods (in which reflectivity is monitored)
have been used to characterize the thickness of thin films, but suffer large errors when
the media of interest are only weakly absorbing and the volumetric absorption
decreases as thickness decreases, making thin films very difficult to characterize; this
therefore requires long “integration times” of the electronics that severely limit the
throughput of this characterization technique [13]. Furthermore, these techniques
have primarily been operated in visible range (or near UV and near IR) where many
films of interest and, for that matter, the sapphire substrates, are nearly completely
transmissive.

Short-pulsed-based acoustic wave techniques (such as picosecond acoustics)
[14-16] that also rely on measuring reflectivity and relating changes in the time-
resolved reflectivity to acoustic wave propagation suffer from similar fates due to
their requirements of localized absorption. While these techniques have proven
robust to measure films with very small thicknesses (as thin as native oxide layers, ~2
nm) [17, 18], these techniques rely on spatially localized absorption, which proves
nearly impossible for transmissive systems unless a metal film is coated on top.
Furthermore, the use of a mechanical delay stage in this, or any transient reflectivity
experiment utilizing short pulses, makes these techniques inherently limited by the
movement of the stage; this is detrimental for integration into existing processes along
with achieving the high throughput measurements required in this program.

Recent progress in pump-probe thermoreflectivity measurements [19, 20] has
demonstrated promise in measuring the thickness of very thin films. Experiments
based on thermoreflectivity rely on the principle of thermoreflectance [21-23], i.e., the
relatively small change in reflectivity that occurs due to temperature perturbations

(thermoreflectance coefficients are typically on the order of 10° — 10 1/K) [24-27].
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Traditionally employed pump-probe thermoreflectance measurements have relied on
short-pulsed systems and time varying the relative delay between the pump and probe
[28, 29]. In this case, the picosecond time resolution makes the time decay of the
thermoreflectance signal sensitive to small changes in thermal conductance that would
arise from small changes in film thickness [30]. However, this approach relies on
short-pulsed laser systems with relatively large footprints and mechanical delay
stages, which, as mentioned previously, is detrimental for rapid determination of film
thickness and “retrofitting” into established processes.

However, a close cousin to time domain thermoflectance monitors the
thermoreflectivity response of a sample in the frequency domain [31]. This frequency
domain thermoflectance (FDTR) method solely relies on a frequency dependent pump
source that produces a modulated temperature rise on the sample on frequency f[32].
Therefore, continuous wave (cw) lasers can be used as the pump and probe beams,
and the pump modulation even can be driven by digital modulation of the amplitude
of the intensity of the pump beam at frequency f[33]. This alleviates the need for
mechanical delays, both speeding up measurements of the thermoreflectance signal
along with ensuring smaller, more stable laser systems (i.e., easier retrofitting into
existing set ups). A FDTR measurement then consists of measuring the
thermoreflectance signal (detected from lock in amplification) as a function of pump
modulation frequency. Due to the high frequency of modulation that can be achieved
in an FDTR experiment, the measured signal is sensitive to small changes in thermal
mass that arise due to film thickness. In fact, previous works have used FDTR to
measure the thickness of thin films on insulting substrates [34]. Furthermore, this
experiment of CW modulated FDTR has been shown to be able to accurately measure
thicknesses of thin film stacks including layers with encased single- and few-layer-
graphene [33], which clearly demonstrates the promise of using FDTR to determine
film thicknesses of thin films.

A schematic of an embodiment of an FDTR experiment 301 for measuring
properties of a target material 321 is shown in Figure 3. A cw laser produces a laser
beam 310 which is separated into a pump beam 316 and probe beam 312 by optical
device 323. The pump beam 316 is directed to a modulator 313 via optical component
331. The amplitude of the intensity of the pump beam 316 is modulated by modulator
313 to produce a modulated pump beam 314. The modulated pump beam 314 and
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probe beam 312 are directed to a focusing device 325 by optical components 333,
334, 332, 335, 324, 327 (for example, mirror or semi-reflective mirror). The focusing
device 325 directs the modulated pump beam 314 and the probe beam to the target
material 321. The probe beam 312 at least partially reflects from the target material
321, and is received by detector 329. The modulated pump beam 314 is at least
partially absorbed by the target material 321, which results in local heating. The
heating causes a change in the reflectance of the target material 321. As a result of
the change in reflectance, the optical properties of a reflected probe beam 328 change,
which is directed to the detector 329. To produce a FDTR measurement, the
modulator changes the frequency of the modulation of the intensity of the modulated
pump beam 314, which produces a reflected probe beam 328 having similar
frequency characteristics. By comparing the frequency characteristics of the
modulated pump beam 314 with the frequency characteristics of the reflected probe
beam 328 with analyzing device 319, a measurement of the properties of target
material 321, such as a thickness, can be made.

The issue with FDTR in its traditionally employed configuration for
measuring SOS materials and multilayers in situ lies in the same realm as the other
aforementioned reflectivity/absorptivity experiments: namely, FDTR is reliant on
near- surface absorption and subsequent reflection of both pump and probe beams to
ensure the enhanced sensitivity to small changes in thermal mass, and subsequently
film thicknesses. In its traditional implementation, FDTR experiments require the
deposition of a thin metal film transducer on top of the sample of interest, which
serves to ensure absorption of the pump and probe within the optical skin depth of the
metal (near surface). Clearly, this metal film transducer requirement will render
traditionally used FDTR laser sources (i.e., wavelengths) and implementation
unacceptable for in situ and non-contact characterization of thin films in SOS
multilayer stacks.

In addition, existing FDTR methods require measurement devices that utilize
free-space optics.

An example of an embodiment of an FDTR is shown in Figure 3. Such an
embodiment of the device require precise alignment and tuning, and require large
components. The degree of complexity and large footprint precludes their use, for

example, in situ.
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An aspect of an embodiment of the present invention approach presents a
major advancement in FDTR technology that will provide the opportunity for

application for SOS, and for in situ measurements.

OVERVIEW

An aspect of an embodiment of the present invention solves the problem of,
among other things, measuring properties, such as thickness, of target materials, such
sapphire or SOS devices. An embodiment of the invention may also be made smaller
such that it may be portable, or used in situ. Furthermore, an embodiment of the
invention may achieve modulation speeds that are faster than typical FDTR devices,
which allow for faster measurement of properties, such as thickness. Additionally, an
embodiment of the invention may provide increased sensitivity to surface properties
or the properties of very thin layers due to the increased modulation frequencies.

An aspect of an embodiment of the present invention provides, but not limited
thereto, a method for measuring at least one property of a target material using
thermoreflectance. The method may comprise: generating a pump light beam at a
pump wavelength with a pump device; generating a modulated pump beam by
modulating an amplitude of an intensity of the pump light beam between at least a
first modulation frequency and a second modulation frequency; directing at least a
portion of the modulated pump beam to a manipulation portion of the target material;
generating a probe beam at a probe wavelength with a probe device; and directing at
least a portion of the probe beam to a probing portion of the target material, wherein
at least a part of the portion of the probe beam is reflected off of the target material
forming a reflected probe beam, wherein the reflected probe beam has a similar
modulated frequency characteristic as the pump beam. The method may further
comprise: directing at least a portion of the reflected probe beam to a detection
device, wherein the detection devices generates a detection signal from the reflected
probe beam; analyzing the detection signal with an analyzing device by receiving the
detection signal with the analyzing device, and calculating the property of the target
material by comparing the modulated frequency characteristics of the reflected probe

beam to the modulated frequency characteristics of the pump beam; and wherein at
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least one of the pump wavelength and the probe wavelength is an infrared
wavelength.

An aspect of an embodiment of the present invention provides, but not limited
thereto, an apparatus for measuring at least one property of a target material using
thermoreflectance. The apparatus may comprise: a pump device that generates a
pump light beam at a pump wavelength; a first direction apparatus that directs the
pump light beam to a modulation device, wherein the modulation device generates a
modulated pump beam by modulating an amplitude of an intensity of the pump light
beam between at least a first modulation frequency and a second modulation
frequency; a second direction apparatus that directs at least a portion of the modulated
pump beam to a manipulation portion of the target material; a probe device that
generates a probe beam at a probe wavelength; a third direction apparatus that directs
at least a portion of the probe beam to a probing portion of the target material,
wherein at least a part of the portion of the probe beam is reflected off of the target
material forming a reflected probe beam, wherein the reflected probe beam has a
similar modulated frequency characteristic as the pump beam; a detection device that
detects at least a portion of the reflected probe beam, and produces a detection signal
from the reflected probe beam; an analyzing device receives the detection signal and
calculates the property of the target material by comparing the modulated frequency
characteristics of the reflected probe beam to the modulated frequency characteristics
of the pump beam; and wherein at least one of the pump wavelength and the probe
wavelength is an infrared wavelength.

An aspect of an embodiment of the present invention provides, but not limited
thereto, an apparatus for measuring at least one property of a target material using
thermoreflectance. The apparatus may comprise: a pump device that generates a
pump light beam at a pump wavelength; a first direction apparatus that directs the
pump light beam to a modulation device, wherein the modulation device generates a
modulated pump beam by modulating an amplitude of the an intensity of the pump
light beam between at least a first modulation frequency and a second modulation
frequency, a second direction apparatus that directs at least a portion of the modulated
pump beam to a manipulation portion of the target material; a probe device that
generates a probe beam at a probe wavelength; a third direction apparatus that directs

at least a portion of the probe beam to a probing portion of the target material,
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wherein at least a part of the portion of the probe beam is reflected off of the target
material forming a reflected probe beam, wherein the reflected probe beam has a
similar modulated frequency characteristic as the pump beam; a detection device that
detects at least a portion of the reflected probe beam, and produces a detection signal
from the reflected probe beam; an analyzing device receives the detection signal and
calculates the property of the target material by comparing the modulated frequency
characteristics of the reflected probe beam to the modulated frequency characteristics
of the pump beam; and wherein the pump device, the modulation device, the first
direction apparatus, the second direction apparatus, the probe device, the third
direction apparatus comprise fiber optic devices.

An aspect of an embodiment of the present invention provides, but not limited
thereto, an apparatus related method for measuring a property of a target material.
The system may include a pump device that generates a pump beam. A modulation
device may receive the pump beam and generate a modulated pump beam by
modulating an intensity amplitude of the pump beam, which may be directed to the
target material. A probe device may generate a probe beam, which is directed to the
target material. A part of the probe beam may be reflected off of the target material,
and has similar frequency characteristic as the modulated pump beam. A detection
device may detect the reflected probe beam and produce a signal. An analyzing
device may receive the signal and calculate the target material property by comparing
the modulated frequency characteristics of the signal to those of the pump beam. At
least one of the pump and the probe beams may be infrared light.

These and other objects, along with advantages and features of various aspects
of embodiments of the invention disclosed herein, will be made more apparent from

the description, drawings and claims that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features and advantages of the present
invention, as well as the invention itself, will be more fully understood from the
following description of preferred embodiments, when read together with the

accompanying drawings.
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The accompanying drawings, which are incorporated into and form a part of
the instant specification, illustrate several aspects and embodiments of the present
invention and, together with the description herein, serve to explain the principles of
the invention. The drawings are provided only for the purpose of illustrating select
embodiments of the invention and are not to be construed as limiting the invention.

Figure 1 represents the reflectivity and absorption for sapphire.

Figure 2 represents the reflectivity and absorption for SiOa.

Figure 3 schematically represents an example of an embodiment of an FDTR
device.

Figure 4 schematically represents a FDTR device of an embodiment of the
invention.

Figure 5 schematically represents a FDTR device of an embodiment of the
invention.

Figure 6 schematically represents a FDTR device of an embodiment of the
invention.

Figure 7 represents an example of an FDTR data signal as a function of pump
modulation frequency.

Figure 8 schematically represents a modulated pump beam and a probe beam
directed to a target material according to an embodiment of the invention.

Figure 9 schematically represents a modulated pump beam and a probe beam
directed to a target material according to an embodiment of the invention.

Figure 10 schematically represents a modulated pump beam and a probe beam
directed to a target material according to an embodiment of the invention.

Figure 11 schematically represents a modulated pump beam and a probe beam
directed to a target material according to an embodiment of the invention.

Figure 12 represents experimental results of an embodiment of the invention
using a monolayer and 300 nm of epi-silicon on sapphire.

Figure 13 represents experimental results of an embodiment of the invention
using a thin oxide less than 50nm and epi-silicon/sapphire.

Figure 14 represents experimental results of an embodiment of the invention

using a monolayer and 300nm of p-Si or a-Si/thin oxide/sapphire.
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DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

Although example embodiments of the present disclosure are explained in
detail herein, it is to be understood that other embodiments are contemplated.
Accordingly, it is not intended that the present disclosure be limited in its scope to the
details of construction and arrangement of components set forth in the following
description or illustrated in the drawings. The present disclosure is capable of other
embodiments and of being practiced or carried out in various ways.

It must also be noted that, as used in the specification and the appended
claims, the singular forms “a,” “an” and “the” include plural referents unless the
context clearly dictates otherwise. Ranges may be expressed herein as from “about”
or “approximately” one particular value and/or to “about” or “approximately” another
particular value. When such a range is expressed, other exemplary embodiments
include from the one particular value and/or to the other particular value.

The term “about,” as used herein, means approximately, in the region of,
roughly, or around. When the term “about” is used in conjunction with a numerical
range, it modifies that range by extending the boundaries above and below the
numerical values set forth. In general, the term “about” is used herein to modify a
numerical value above and below the stated value by a variance of 10%. In one
aspect, the term “about” means plus or minus 10% of the numerical value of the
number with which it is being used. Therefore, about 50% means in the range of
45%-55%. Numerical ranges recited herein by endpoints include all numbers and
fractions subsumed within that range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75, 3, 3.90, 4,
4.24, and 5). Similarly, numerical ranges recited herein by endpoints include
subranges subsumed within that range (e.g. 1 to 5 includes 1-1.5, 1.5-2, 2-2.75, 2.75-
3, 3-3.90, 3.90-4, 4-4.24, 4.24-5, 2-5, 3-5, 1-4, and 2-4). It is also to be understood
that all numbers and fractions thereof are presumed to be modified by the term
“about.”

By “comprising” or “containing” or “including” is meant that at least the
named compound, element, particle, or method step is present in the composition or
article or method, but does not exclude the presence of other compounds, materials,
particles, method steps, even if the other such compounds, material, particles, method

steps have the same function as what is named.

10
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In describing example embodiments, terminology will be resorted to for the
sake of clarity. It is intended that each term contemplates its broadest meaning as
understood by those skilled in the art and includes all technical equivalents that
operate in a similar manner to accomplish a similar purpose. It is also to be
understood that the mention of one or more steps of a method does not preclude the
presence of additional method steps or intervening method steps between those steps
expressly identified. Steps of a method may be performed in a different order than
those described herein without departing from the scope of the present disclosure.
Similarly, it is also to be understood that the mention of one or more components in a
device or system does not preclude the presence of additional components or
intervening components between those components expressly identified.

Some references, which may include various patents, patent applications, and
publications, are cited in a reference list and discussed in the disclosure provided
herein. The citation and/or discussion of such references is provided merely to clarify
the description of the present disclosure and is not an admission that any such
reference is “prior art” to any aspects of the present disclosure described herein. In
terms of notation, “[n]” corresponds to the n'" reference in the list. All references
cited and discussed in this specification are incorporated herein by reference in their
entireties and to the same extent as if each reference was individually incorporated by
reference.

A detailed description of aspects of the present disclosure will now be
provided with reference to the accompanying drawings. The drawings form a part
hereof and show, by way of illustration, specific embodiments or examples. In
referring to the drawings, like numerals represent like elements throughout the several
figures.

Figure 4 schematically illustrates an exemplary embodiment of a frequency-
domain thermoreflectance (FDTR) device 401 for measuring properties, such as
thickness, of a target material 421.

A pump beam source 415 generates a pump beam 416, which is directed to
modulator 413 via pump beam direction apparatus 443. The amplitude of the intensity
of the pump beam 416 is modulated by modulator 413 to produce a modulated pump
beam 414. The modulated pump beam 414 is directed to the target material 421 via a

modulated pump beam direction apparatus 444. The modulated pump beam direction
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apparatus may include combining device 409 and focusing device 425 (for example, a
microscope objective). The probe beam 412 and modulated pump beam 414 may be
combined by combining device 409 into combined beam 441.

A probe beam source 411 generates a probe beam 412, which is directed to the
source via a probe beam direction apparatus 442. The probe beam direction apparatus
may include combining device 409 and focusing device 425 (e.g., focusing device).

The probe beam 412 at least partially reflects from the target material 421,
creating a reflected probe beam 428.The reflected probe beam 428 is received by
detector 429 via a reflected probe beam direction apparatus 448. The reflected probe
beam direction apparatus 448 may include focusing device 425. The reflected probe
beam direction apparatus 448 may include an optical isolator 405 to isolate the
reflected probe beam 428 from other signals.

The modulated pump beam 414 is at least partially absorbed by the target
material 421, which results in surface heating. The heating causes a change in the
reflectance of the target material 421. As a result of the change in reflectance due to
temperature change, the optical properties of a reflected probe beam 428 change,
which is detected by the detector 429. To produce a FDTR measurement, the
modulator changes the frequency of the modulation of the intensity of the modulated
pump beam 414, for example by sweeping between a first and a second modulation
frequency, which produces a reflected probe beam 428 having similar frequency
characteristics. By comparing the frequency characteristics of the modulated pump
beam 414 with the frequency characteristics of the reflected probe beam 428 detected
by detector 429, a measurement of the properties of target material 421, such as a
thickness, can be made.

It should be appreciated that the target material 421 may include sapphire,
such as SOS. As discussed above, typical FDTR device are operated in visible range
(or near UV and near IR) where films of interest, such as a sapphire substrates, are
nearly completely transmissive. Figures 1 and 2 show the reflectivity and absorption
for sapphire and SiOa, respectively. Sapphire experiences coupling between infrared
(IR) photons and optical phonons, known as phonon-polaritons. Excitation of these
phonon-polaritons can be achieved through direct IR irradiation of, for example,
oxide films, nitride films and sapphire substrates. The result is that sapphire becomes

absorptive to irradiating light, which is necessary to create heating and thus
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reflectivity changes for FDTR. In addition, the temperature rise of the sapphire from
the phonon-polariton absorption mechanism relaxes nearly instantly, for example, in
less than a nanosecond, which allows for quicker modulation, and faster measurement
of properties such as thickness.

Therefore, it shall be appreciated that invention may use light that is at least
partially absorptive to sapphire, such as IR light, as the pump beam. In one
embodiment, the pump beam wavelength may be in the range about 200 nm to about
15 um. The pump beam wavelength may further be in the range of about 5 pm to
about 15 pm. The pump beam wavelength may further be in the range of about 7 um
to about 13 ym. The pump beam wavelength may further be in the range of about 8
pm to about 12 ym. The pump beam wavelength may further be in the range of about
10 um to about 12 ym. The pump beam wavelength may further be about 1550 nm.
The pump beam wavelength may further be in the range of about 720 nm to about 890
nm. The pump beam wavelength may further be about 980nm. The probe beam may
be light that is at least partially reflective to, for example, sapphire. The probe beam
wavelength may be in the range of about 200 nm to about 15 pm. The probe beam
wavelength may be in the range of about 10 um to about 15 pym. The probe beam
wavelength may further be in the range of about 11 ym to about 15 ym. The probe
beam wavelength may further be in the range of about 10 um to about 13 pum. The
probe beam wavelength may further be in the range of about 11 pum to about 13 pm.
The probe beam wavelength may further be in the range of about 10 um to about 12
um. The probe beam wavelength may further be in the range of about 11 pm to about
12 um. The probe beam wavelength may further be in the range of about 720 nm to
about 890 nm. The probe beam wavelength may further be 980 nm. The probe beam
wavelength may further be about 1550 nm. In one embodiment of the invention, the
pump beam wavelength may be different from the probe beam wavelength. In a
further embodiment of the invention, the pump beam wavelength may be larger than
the probe beam wavelength. In a further embodiment of the invention, the pump beam
wavelength may be smaller than the probe beam wavelength. In one embodiment of
the invention, the pump beam wavelength may be the same as the probe beam
wavelength. The modulation frequencies may be in the range of about 10 Hz to about
100 GHz. The modulation frequencies may further be in the range of about 10 Hz to

about 40 GHz. The modulation frequencies may further be in the range of about 10
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Hz to about 5 GHz. The modulation frequencies may further be in the range of about
0 Hz to about 1 GHz. The modulation frequencies may further be in the range of
about 1 GHz to about 100 GHz. The modulation frequencies may further be in the
range of about 1 GHz to about 40 GHz. The modulation frequencies may further be
in the range of about 1 GHz to about 5 GHz. The modulation frequencies may be in
the range of about 5 GHz to about 100 GHz. Still yet, the modulation frequencies
may be in the range of about 5 GHz to about 40 GHz. The spot size may be in the
range from 1 um to 50 pum (the spot size may be less than 1 um or greater than 50
pm).

It shall also be appreciated that FDTR device 401 may utilize free space
optical components. It may also utilize fiber optic components. For example, the
pump beam direction apparatus 443, the modulated pump beam direction apparatus
444, the probe beam direction apparatus 442, and the reflected probe beam direction
apparatus 448 may include fiber optic devices. The pump beam source 415 and the
probe beam source 411 may be fiber lasers, such as fiber coupled lasers or in-fiber
lasers. The pump beam source 415 and the probe beam source 411 may be single
mode fiber lasers, or multimode fiber lasers. The modulator 413 may be an in-fiber
modulation device. The combining device 409 and focusing device 425 may also be
fiber optic devices. The focusing device may be a fiber coupled objective lens. The
optical isolator 405 may be a fiber optic isolator. By using fiber optic devices, the
FDTR device 401 may be made smaller than traditional FDTR devices. It may be
sufficiently small and durable such to be used in situ.

Figure 5 schematically illustrates another exemplary embodiment of a FDTR
device 501 for measuring properties, such as thickness, of a target material 521.

A pump beam source 515 generates a pump beam 516, which is directed to
modulator 513 via pump beam direction apparatus 543. The amplitude of the
intensity of the pump beam 516 is modulated by modulator 513 to produce a
modulated pump beam 514. The modulated pump beam 514 is directed to the target
material 521 via a modulated pump beam direction apparatus 544. The modulated
pump beam direction apparatus may include combining device 575 and focusing
device 525. The combining device 575 may be a wavelength division multimeter

(WMD).
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A probe beam source 511 generates a probe beam 512, which is directed to the
source via a probe beam direction apparatus 542. The probe beam direction apparatus
may include combining device 575 and focusing device 525. The probe beam
direction apparatus may also include optical isolator 571, which outputs probe beam
593. The probe beam direction apparatus may include optical circulator 573, which
outputs probe beam 594.

The probe beam 512 at least partially reflects from the target material 521,
creating a reflected probe beam 528.The reflected probe beam 528 received by
detector 529 via a reflected probe beam direction apparatus 548. The reflected probe
beam direction apparatus 548 may include combining device 575, which outputs
reflected probe beam 595, and focusing device 525. The reflected probe beam
direction apparatus 548 may include an optical isolator 505 to isolate the reflected
probe beam 528 from other signals. The reflected probe beam direction apparatus 548
may also include optical circulator 573. The probe beam 512 and modulated pump
beam 514 may be combined by combining device 575 into combined beam 591.

The modulated pump beam 514 is at least partially absorbed by the target
material 521, which results in surface heating. The heating causes a change in the
reflectance of the target material 521. As a result of the change in reflectance due to
temperature change, the optical properties of a reflected probe beam 528 change,
which is detected by the detector 529. To produce a FDTR measurement, the
modulator changes the frequency of the modulation of the intensity of the modulated
pump beam 514, for example by sweeping between a first and a second modulation
frequency, which produces a reflected probe beam 528 having similar frequency
characteristics. By comparing the frequency characteristics of the modulated pump
beam 514 with the frequency characteristics of the reflected probe beam 528 detected
by detector 529, a measurement of the properties of target material 521, such as a
thickness, can be made.

Optical components 502 of the FDTR device 501 may be controlled by
electrical components 560. The pump source 515 may be controlled by laser diode
drive 562 and thermoelectric control module 563. The probe source 515 may be
controlled by laser diode drive 564 and thermoelectric control module 565. The
modulator 513 may be controlled by vector network analyzer (VNA) 520. A

modulation signal may be amplified by power amplifier 567, for example, an RF
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power amplifier, which produces a drive signal 569, for example, an RF drive signal.
The detector 529 may be a photodiode, for example an InGaAs photodiode. The
detector 529 supplies a detection signal from the reflected probe beam 528 to the
VNA 520. The detection signal may be supplied via an amplifier 568, for example, a
low noise RF amplifier. The VNA 520 performs the comparison between the
properties of the modulated pump beam and the reflected probe beam.

It should be appreciated that the target material 521 may include sapphire,
such as SOS. Therefore, it shall be appreciated that invention may use light that is at
least partially absorptive to sapphire, such as IR light, as the pump beam. In one
embodiment, the pump beam wavelength may be in the range about 200 nm to about
15 um. The pump beam wavelength may further be in the range of about 5 pm to
about 15 pm. The pump beam wavelength may further be in the range of about 7 um
to about 13 ym. The pump beam wavelength may further be in the range of 8 um to
12 ym. The pump beam wavelength may further be in the range of about 10 um to
about 12 pm. The pump beam wavelength may further be about 1550 nm. The pump
beam wavelength may further be in the range of about 720 nm to about 890 nm. The
pump beam wavelength may further be about 980nm. The probe beam may be light
that is at least partially reflective to, for example, sapphire. The probe beam
wavelength may be in the range of about 200 nm to about 15 pm. The probe beam
wavelength may be in the range of about 10 um to about 15 pym. The probe beam
wavelength may further be in the range of about 11 ym to about 15 ym. The probe
beam wavelength may further be in the range of about 10 um to about 13 pum. The
probe beam wavelength may further be in the range of about 11 pum to about 13 pm.
The probe beam wavelength may further be in the range of about 10 um to about 12
um. The probe beam wavelength may further be in the range of about 11 pm to about
12 um. The probe beam wavelength may further be in the range of about 720 nm to
about 890 nm. The probe beam wavelength may further be about 980 nm. The probe
beam wavelength may further be about 1550 nm. In one embodiment of the
invention, the pump beam wavelength may be different from the probe beam
wavelength. In a further embodiment of the invention, the pump beam wavelength
may be larger than the probe beam wavelength. In a further embodiment of the
invention, the pump beam wavelength may be smaller than the probe beam

wavelength. In one embodiment of the invention, the pump beam wavelength may be
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the same as the probe beam wavelength. The modulation frequencies may be in the
range of about 10 Hz to about 100 GHz. The modulation frequencies may further be
in the range of about 10 Hz to about 40 GHz. The modulation frequencies may
further be in the range of about 10 Hz to about 5 GHz. The modulation frequencies
may further be in the range of about 10 Hz to about 1 GHz. The modulation
frequencies may further be in the range of about 1 GHz to about 100 GHz. The
modulation frequencies may further be in the range of about 1 GHz to about 40 GHz.
The modulation frequencies may further be in the range of about 1 GHz to about 5
GHz. The modulation frequencies may be in the range of 5 about GHz to about 100
GHz. Still yet, the modulation frequencies may be in the range of about 5 GHz to
about 40 GHz. The spot size may be in the range from 1 pm to about 50 pum (the spot
size may be less than 1 um or greater than 50 pm).

It shall also be appreciated that FDTR device 501 may utilize free space
optical components. It may also utilize fiber optic components. For example, the
pump beam direction apparatus 543, the modulated pump beam direction apparatus
544, the probe beam direction apparatus 542, and the reflected probe beam direction
apparatus 548 may include fiber optic devices. The pump beam source 515 and the
probe beam source 511 may be fiber lasers, such as fiber coupled lasers or in-fiber
lasers. The pump beam source 515 and the probe beam source 511 may be single
mode fiber lasers, or multimode fiber lasers. The modulator 513 may be an in-fiber
modulation device. The combining device 575 and focusing device 525 may also be
fiber optic devices. The focusing device 525 may be a fiber coupled objective lens.
The optical isolator 505 may be a fiber optic isolator. The optical isolator 571 may be
a fiber optic isolator. The optical circulator 573 may be a fiber optic circulator. By
using fiber optic devices, the FDTR device 501 may be made smaller than traditional
FDTR devices. It may be sufficiently small and durable such to be used in situ.

Figure 6 schematically illustrates another exemplary embodiment of a FDTR
device 601 for measuring properties, such as thickness, of a target material 621.
Unlike FDTR devices 401 and 501, FDTR device 601 does not use a same beam path
for the modulated pump beam and the probe beam.

A pump beam source 615 generates a pump beam 616, which is directed to
modulator 613 via pump beam direction apparatus 643. The amplitude of the

intensity of the pump beam 616 is modulated by modulator 613 to produce a
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modulated pump beam 614. The modulated pump beam 614 is directed to the target
material 621 via a modulated pump beam direction apparatus 644. The modulated
pump beam direction apparatus may include a modulated pump beam focusing
device.

A probe beam source 611 generates a probe beam 612, which is directed to the
source via a probe beam direction apparatus 642. The probe beam direction apparatus
may include a probe beam focusing device.

The probe beam 612 at least partially reflects from the target material 621,
creating a reflected probe beam 628.The reflected probe beam 628 received by
detector 629 via a reflected probe beam direction apparatus 648. The reflected probe
beam direction apparatus 648 may include a focusing device. The reflected probe
beam direction apparatus 648 may include an optical isolator to isolate the reflected
probe beam 628 from other signals.

The modulated pump beam 614 is at least partially absorbed by the target
material 621, which results in surface heating. The heating causes a change in the
reflectance of the target material 621. As a result of the change in reflectance due to
temperature change, the optical properties of a reflected probe beam 628 change,
which is detected by the detector 629. To produce a FDTR measurement, the
modulator changes the frequency of the modulation of the intensity of the modulated
pump beam 614, for example by sweeping between a first and a second modulation
frequency, which produces a reflected probe beam 628 having similar frequency
characteristics. By comparing the frequency characteristics of the modulated pump
beam 614 with the frequency characteristics of the reflected probe beam 628 detected
by detector 629, a measurement of the properties of target material 621, such as a
thickness, can be made.

It should be appreciated that the target material 621 may include sapphire,
such as SOS. Therefore, it shall be appreciated that invention may use light that is at
least partially absorptive to sapphire, such as IR light, as the pump beam. In one
embodiment, the pump beam wavelength may be in the range about 200 nm to 15 pm.
The pump beam wavelength may further be in the range of 5 um to 15 pum. The pump
beam wavelength may further be in the range of 7 ym to 13 um. The pump beam
wavelength may further be in the range of 8 um to 12 um. The pump beam

wavelength may further be in the range of 10 um to 12 pm. The pump beam
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wavelength may further be 1550 nm. The pump beam wavelength may further be in
the range of 720 nm to 890 nm. The pump beam wavelength may further be 980nm.
The probe beam may be light that is at least partially reflective to, for example,
sapphire. The probe beam wavelength may be in the range of about 200 nm to about
15 um. The probe beam wavelength may be in the range of about 10 um to about 15
um. The probe beam wavelength may further be in the range of about 11 um to about
15 um. The probe beam wavelength may further be in the range of about 10 um to
about 13 um. The probe beam wavelength may further be in the range of about 11
um to about 13 um. The probe beam wavelength may further be in the range of about
10 um to about 12 ym. The probe beam wavelength may further be in the range of
about 11 pum to about 12 um. The probe beam wavelength may further be in the range
of about 720 nm to about 890 nm. The probe beam wavelength may further be about
980 nm. The probe beam wavelength may further be about 1550 nm. In one
embodiment of the invention, the pump beam wavelength may be different from the
probe beam wavelength. In a further embodiment of the invention, the pump beam
wavelength may be larger than the probe beam wavelength. In a further embodiment
of the invention, the pump beam wavelength may be smaller than the probe beam
wavelength. In one embodiment of the invention, the pump beam wavelength may be
the same as the probe beam wavelength. The modulation frequencies may be in the
range of about 10 Hz to about 100 GHz. The modulation frequencies may further be
in the range of about 10 Hz to about 40 GHz. The modulation frequencies may
further be in the range of about 10 Hz to about 5 GHz. The modulation frequencies
may further be in the range of about 10 Hz to about 1 GHz. The modulation
frequencies may further be in the range of about 1 GHz to about 100 GHz. The
modulation frequencies may further be in the range of about 1 GHz to about 40 GHz.
The modulation frequencies may further be in the range of about 1 GHz to about 5
GHz. The modulation frequencies may be in the range of about 5 GHz to about 100
GHz. Still yet, the modulation frequencies may be in the range of about 5 GHz to
about 40 GHz. The spot size may be in the range from about 1 um to about 50 um
(the spot size may be less than 1 pm or greater than 50 pm).

It shall also be appreciated that FDTR device 601 may utilize free space
optical components. It may also utilize fiber optic components. For example, the

pump beam direction apparatus 643, the modulated pump beam direction apparatus
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644, the probe beam direction apparatus 642, and the reflected probe beam direction
apparatus 648 may include fiber optic devices. The pump beam source 615 and the
probe beam source 611 may be fiber lasers, such as fiber coupled lasers or in-fiber
lasers. The pump beam source 615 and the probe beam source 611 may be single
mode fiber lasers, or multimode fiber lasers. The modulator 613 may be an in-fiber
modulation device. The combining device focusing device may also be fiber optic
devices. The modulated pump beam focusing device and the probe beam focusing
device may be a fiber coupled objective lens. The optical isolator may be a fiber optic
isolator. By using fiber optic devices, the FDTR device 601 may be made smaller
than traditional FDTR devices. It may be sufficiently small and durable such to be
used in situ.

Figures 8-11 schematically illustrates an example of target material being
tested with an embodiment of an FDTR device. A FDTR device 801 generates
modulated pump beam 815, and probe beam 811. Figure 8 shows target material
841, Figure 9 shows target material 843, Figure 10 shows target material 845, and
Figure 11 shows target material 843. Target material 841 may, for example be
sapphire. Target material or layer 845 may be for example, an oxide layer. Target
material or layer 843 may be, for example, a silicon layer.

Figure 8 shows the modulated pump beam 815 is at least partially absorbed in
the target material 841, and the probe beam 811 is at least partially reflected by the
target material 841. The target material 841 is, for example, sapphire. The at least
partial absorption of modulated pump beam 815 causes localized heating 861 of the
target material 841. The shading of the modulated pump beam 815 shows that at least
part of the pump beam is being absorbed as it travels through the target material 841.
Therefore, a measurement of a property of the target material 841, for example a
thickness, may be performed.

Figure 9 shows the modulated pump beam 815 is at least partially absorbed in
the layer 841, and the probe beam 811 is at least partially reflected by the layer 841.
The layer 841 is, for example, sapphire. The at least partial absorption of modulated
pump beam 815 causes localized heating 861 of the layer 841. The shading of the
modulated pump beam 815 shows that at least part of the pump beam is being
absorbed as it travels through the layer 841. Both the modulated pump beam 815 and

the probe beam 811 are transparent to target material 843, for example, a silicon layer.
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The presence of target material 843, the effects of which are described further below,
changes the characteristics of the reflected probe beam 811. Therefore, a
measurement of a property of target material 843, for example a thickness, may be
performed.

Figure 10 shows the modulated pump beam 815 is at least partially absorbed
in the target material 845, and the probe beam 811 is at least partially reflected by the
target material 845. The target material 845 is, for example, an oxide layer. The at
least partial absorption of modulated pump beam 815 causes localized heating 861 of
the target material 845. The shading of the modulated pump beam 815 shows that at
least part of the pump beam is being absorbed as it travels through the target material
845. Therefore, a measurement of a property of the target material 845, for example a
thickness, may be performed.

Figure 11 shows the modulated pump beam 815 is at least partially absorbed
in layer 845, for example, an oxide layer, and the probe beam 811 is at least partially
reflected by layer 845. The at least partial absorption of modulated pump beam 815
causes localized heating 861 of the layer 845. The shading of the modulated pump
beam 815 shows that at least part of the pump beam is being absorbed as it travels
through the layer 845. Both the modulated pump beam 815 and the probe beam 811
are transparent to target layer 843, for example, a silicon layer. The presence of target
layer 843, the effects of which are described further below, changes the characteristics
of the reflected probe beam 811. Therefore, a measurement of a property of target
layer 843, for example a thickness, may be performed.

It should be appreciated that the configurations of Figures 9 and 11 take
advantage of layer 843, for example, silicon, being transparent to IR light. The
polaritons are excited on the surface of the target material 841, for example, sapphire,
causing a modulated thermal event that is detected by the probe beam. Subsequently,
the heat decays into both the target material 841 as well as layer 843. In the case
where there 1s no film on top of the target material as shown in Figure 8, the thermal
signature will be distinctly different because of the lack of thermal mass transferring
some of the heat away from target material.

The aforementioned embodiments demonstrate improved FDTR device. The
invention may thus be used to measure properties, such as thickness, of target

materials, such sapphire or SOS devices. The invention may also be made smaller
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such that it may be portable, or used in situ. Furthermore, it may achieve modulation
speeds that are faster than typical FDTR devices, which allow for faster measurement
of properties, such as thickness. Additionally, it may provide increased sensitivity to
surface properties or the properties of very thin layers due to the increased modulation

frequencies.

Examples

Practice of an aspect of embodiments of the invention will be still more fully
understood from the following examples and simulated results, which are presented
herein for illustration only, and should not be construed as limiting the invention in
any way.

Reflectivity measurements from, for example, the embodiments of Figures 4-
6, at wavelengths that adequately heat a sample and subsequently probe a frequency
dependent reflectivity response, may be used to measure a thickness of various films
on sapphire. For example, infrared wavelengths may be utilized. In an embodiment of
the invention, infrared FDTR can take advantage of coupling between infrared
photons and optical phonons, the result of which is known as phonon-polaritons. In
an embodiment of the invention, excitation of these phonon-polaritons may be
achieved through direct infrared irradiation of oxide films, nitride films, and a
sapphire substrate. The subsequent temperature rise of, for example, sapphire from
the phonon-polariton absorption mechanism, which may relax nearly instantly, for
example, sub nanosecond relaxation, compared to the time/frequency scale of
measurement, for example, ten nanoseconds or greater, may enable robust FDTR
analysis to be applied, which may be ultrasensitive to small changes in film thickness.
Using this knowledge, an embodiment of the invention may perform FDTR on
various stacks of interest by choosing a pump wavelength that may excite phonon-
polaritons, causing a heating event on the surface of a material in question, and a
probe wavelength that may reflect such that the change in the probe thermoreflectivity
response over a wide range of pump modulation frequencies is observed. Examples of
pump modulation frequencies are included in Figure 7, which shows an example of

an FDTR data signal as a function of pump modulation frequency.
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The ability to create a spatially localized heating event in oxide, nitride, and
sapphire may allow an embodiment of the invention the flexibility to measure all of
the film stacks discussed below. The examples below demonstrates rigorous
simulations of an embodiment invention, and specifically demonstrates the sensitivity
of the measurements made by an embodiment invention to film thicknesses. These
simulations below are based on solutions to the multilayer heat equation in the
frequency domain and accounts for detection from, for example, a lock in amplifier
[29, 31, 32, 35]. In short, the examples discussed below are simulated experiments
that represent the real sensitivity of an embodiment of the invention to film thickness.
Clearly, an embodiment of the invention may offer exceptional sensitivity to film
thickness of various visibly transparent films on sapphire substrates, as described in
the examples below. Thus, an embodiment of the invention redefines the current state
of the art for non-contact, non-destructive film thickness measurements of visible or
transparent film stacks while offering nanometer resolution and rapid film thickness

measurements on the order of seconds.

Example and Experimental Results Set No. 1: Between a monolayer and 300 nm of

epi-silicon on sapphire.

This embodiment of the invention takes advantage of silicon being transparent
to infrared light. Polaritons may be excited on the surface of, for example, sapphire,
causing a modulated thermal event that may be detected by a probe beam.
Subsequently, heat decays into both a sapphire layer, as well as a silicon on top, as
seen, for example, in the embodiment of Figure 9. In an embodiment of the invention
where there 1s no film on top of the sapphire, for example, as shown in the
embodiment of Figure 8, the thermal signature is distinctly different because of the
lack of thermal mass transferring some of the heat away from a sapphire layer.

The pertinent thermophysical properties of, for example, sapphire is known,
namely heat capacity and thermal conductivity, and therefore the sensitivity of an
embodiment of the invention to thickness of a silicon layer on top of the sapphire may
be modeled. This example and the examples below assume that a sapphire substrate
is infinite, which is appropriate given the relative dimensions of the sapphire substrate
compared to the thin films. In this example, an embodiment of the invention is

extremely sensitive to the thickness of the silicon layer even for a one-nanometer
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silicon film. This is shown in Figure 12, which depicts the results of a simulation of
an embodiment of the invention’s sensitivity. This simulation and the simulations
discussed in the examples below are based off of numerical solutions to the
modulated heat equation, as detailed elsewhere for FDTR [31]. Since an embodiment
of the invention will enable measurement the FDTR response of SOS system in the
infrared, these sensitivity results are indicative of the sensitivity to film thickness.
The interpretation of these sensitivity analyses in this example and the examples
below is that the larger the value and larger the slope of these results means the
embodiment of the invention is more sensitive to the parameter of interest, for
example, film thickness. In these sensitivity analyses shown in the embodiment of
Figure 12, a film thickness of 1nm for the film of interest is chosen so as to
demonstrate that the invention is sensitive to film thickness, even in an ultra-thin
regime. Therefore, the analysis clearly show that embodiments of the invention using
an infrared FDTR technique may be extremely accurate in measuring the thickness of

silicon films with film thickness down to 1 nm when on sapphire substrates.

Example and Experimental Results Set No. 2: Thin oxide less than 50 nm/epi-

silicon/sapphire

In this embodiment of the invention, an oxide film on top of silicon or
sapphire may be used as an absorbing layer. A representation of this scenario is
shown, for example, in Figure 10, where the oxide layer on top of the silicon or
sapphire is used as an absorbing layer to create a modulated heating event. Because
the properties of both sapphire and silicon are known from Example and Experimental
Results Set No. 1, above, the resulting sensitivity are generated in Figure 13.

In order to ensure that the energy is only deposited into the oxide film, the
wavelength used for a pump beam in this embodiment of the invention is transparent
to sapphire, but not the oxide film. This validates the assumption that the heating
event is homogeneously occurring from the oxide layer and not by absorption in the
silicon or the sapphire. In this regard, this embodiment of the invention relies on the
findings from Example and Experimental Results Set No. 1 to appropriately choose
the wavelengths necessary to perform the measurement. The predictive sensitivity of

this embodiment of the invention to oxide films thickness is shown in Figure 13,
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which again demonstrates the overwhelming sensitivity of the invention to measuring

the thickness of 1 nm oxide on silicon or sapphire substrates.

Example and Experimental Results Set No. 3: Oxide of thickness between 40 nm and

1.4 microns on sapphire.

This embodiment of the invention is similar to Example and Experimental
Results Set No. 2, as depicted in, for example, Figure 10. In this embodiment of the
invention, absorption occurs in an oxide layer, and this embodiment of invention is
therefore sensitive to the thickness of the oxide layer on sapphire. Again, drawing
from Example and Experimental Results Set No. 1 ensures that this embodiment of
the invention is only absorbing in the oxide layer and not in the underlying sapphire
substrate in order to take the correct assumptions for the solution to the heat transfer

problem.

Example and Experimental Results Set No. 4: Between a monolayer and 300 nm of p-

Si or a-Si/thin oxide/sapphire.

In this embodiment of the invention, absorption occurs in an underlying oxide
layer, and heat transfer into both a silicon layer above and a sapphire layer below
affects how heat dissipates in this embodiment of the invention. Figure 14, for
example, shows that this embodiment of the invention is still sensitive to the thickness
of the silicon layer on top of the oxide and sapphire stack even when absorbing in the
underlying oxide layer. It should be noted that although this embodiment of the
invention uses a 50nm oxide layer to demonstrate the sensitivity, it is valid for all

thickness of the oxide layer.

Example and Experimental Results Set No. 5: Between a monolayer and 200 nm of

nitride/thin oxide/epi-silicon/sapphire.

In this embodiment of the invention, a thin oxide layer may be used as an
absorbing layer in order to measure the thickness of a nitride film. Sensitivity for this
embodiment of the invention is similar to Example and Experimental Results Set No.

4, above, with the p-Si or a-Si on thin oxide on sapphire.
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Example and Experimental Results Set No. 6: Between a monolayer and 1000 nm

nitride/oxide/sapphire.

In this embodiment of the invention, an oxide layer is again used as an
absorber for a pump beam, similar to Example and Experimental Results Set No. 5.
Sensitivity of this embodiment of the invention is similar to the oxide on sapphire

case.

Additional Examples

Example 1. A method for measuring at least one property of a target
material using thermoreflectance. The method may comprise:

generating a pump light beam at a pump wavelength with a pump device;

generating a modulated pump beam by modulating an amplitude of an
intensity of the pump light beam between at least a first modulation frequency and a
second modulation frequencys;

directing at least a portion of the modulated pump beam to a manipulation
portion of the target material;

generating a probe beam at a probe wavelength with a probe device;

directing at least a portion of the probe beam to a probing portion of the target
material, wherein at least a part of the portion of the probe beam is reflected off of the
target material forming a reflected probe beam,

wherein the reflected probe beam has a similar modulated frequency

characteristic as the pump beam;

directing at least a portion of the reflected probe beam to a detection device,
wherein the detection devices generates a detection signal from the reflected probe
beam;

analyzing the detection signal with an analyzing device by receiving the
detection signal with the analyzing device, and calculating the property of the target
material by comparing the modulated frequency characteristics of the reflected probe
beam to the modulated frequency characteristics of the pump beam; and

wherein at least one of the pump wavelength and the probe wavelength is an
infrared wavelength.

Example 2.  The method of example 1, wherein the property of the target

material is a thickness of the target material.
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Example 3.  The method of example 1, wherein the pump device comprises
a pump fiber laser.

Example 4.  The method of example 3, wherein the pump fiber laser
comprises a fiber coupled laser or an in-fiber laser.

Example 5.  The method of example 3, wherein the pump fiber laser is a
single mode fiber laser or a multimode fiber laser.

Example 6. The method of example 1, wherein the probe device is a probe
fiber laser.

Example 7.  The method of example 6, wherein the probe fiber laser
comprises a fiber coupled laser or an in-fiber laser.

Example 8.  The method of example 6, wherein the probe fiber laser is a
single mode fiber laser or a multimode fiber laser.

Example 9.  The method of example 1, wherein generating a modulated
pump light beam, directing at least a portion of the modulated pump light beam, and
directing at least a portion of the probe light beam, further comprise utilizing fiber
optic devices and not free-space optics.

Example 10. The method of example 9, wherein generating a modulated
pump light beam further comprises directing at least a portion of the pump light beam
to a modulation device using a fiber optic device and not free-space optics.

Example 11. The method of example 10, wherein the modulation device
comprises an in-fiber modulation device.

Example 12. The method of example 1, wherein the test material comprises
silicon on sapphire.

Example 13. The method of example 1, wherein the first modulation
frequency and the second modulation frequency are different frequencies.

Example 14. The method of example 13, wherein modulating the pump
beam further comprises modulating the amplitude of the intensity of the pump beam
by sweeping between the first modulation frequency and the second modulation
frequency.

Example 15. The method of example 1, wherein the first modulation
frequency and the second modulation frequency are in the range from about 10 Hz to

about 100 GHz.
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Example 16. The method of example 1, wherein the first modulation
frequency and the second modulation frequency are in the range from about 1 GHz to
about 100 GHz.

Example 17. The method of example 1, wherein modulating the amplitude
the intensity of the pump beam further comprises modulating the amplitude of the
intensity of the pump beam to produce a sinusoidal wave, a square wave, a triangle
wave, or a sawtooth wave.

Example 18. The method of example 1, wherein of the pump wavelength is
equal to the probe wavelength.

Example 19. The method of example 1, wherein the pump wavelength is
different from the probe wavelength.

Example 20. The method of example 1, wherein the pump wavelength is at
least partially absorptive in sapphire.

Example 21. The method of example 1, wherein the pump wavelength is
within the range of 200 nm to 15000 nm.

Example 22. The method of example 21, wherein the pump wavelength is
within the range of about 10 um to about 12 pm.

Example 23. The method of example 21, wherein the pump wavelength is
within the range of about 720nm to about 890nm, or equal to about 980 nm.

Example 24. The method of example 1, wherein the probe wavelength is at
least partially reflective in sapphire.

Example 25. The method of example 1, wherein the probe wavelength is an
infrared wavelength.

Example 26. The method of example 25, wherein the probe wavelength is
within the range of about 10 um to about 15 pm. .

Example 27. The method of example 25, wherein the probe wavelength is
about 1550 nm.

Example 28. The method of example 1, wherein the analyzing device
comprises a device capable of performing phase-sensitive detection and heterodyne
detection.

Example 29. The method of example 1, wherein the analyzing device

comprises a vector network analyzer.
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Example 30. The method of example 1, further comprising generating a
modulated pump magnitude signal representing a magnitude of the modulated pump
beam between the at least first modulation frequency and the second modulation
frequency, and a modulated pump phase signal representing a phase of the modulated
pump beam between the at least first modulation frequency and the second
modulation frequency; generating a reflected probe magnitude signal representing a
magnitude of the reflected probe beam, and a reflected probe phase signal
representing a phase of the reflected probe beam; wherein

comparing the detection signal at different times of the modulated pump beam
further comprises comparing the modulated pump magnitude signal and the
modulated pump phase signal to the reflected probe magnitude signal and the
reflected probe phase signal.

Example 31. The method of example 1, wherein directing at least the portion
of the modulated pump beam to the manipulation portion of the target material
generates a spot size of the pump beam on the manipulation portion of the target
material; wherein the spot size is within the range of about 1 um to about 50 um.

Example 32. The method of example 1 (as well as subject matter of one or
more of any combination of examples 2-31, in whole or in part), wherein the probing
portion of the target material is within the manipulation portion of the target material.

Example 33. An apparatus for measuring at least one property of a target
material using thermoreflectance. The apparatus may comprise:

a pump device that generates a pump light beam at a pump wavelength;

a first direction apparatus that directs the pump light beam to a modulation
device,

wherein the modulation device generates a modulated pump beam by
modulating an amplitude of an intensity of the pump light beam between at
least a first modulation frequency and a second modulation frequency;

a second direction apparatus that directs at least a portion of the modulated
pump beam to a manipulation portion of the target material;

a probe device that generates a probe beam at a probe wavelength;

a third direction apparatus that directs at least a portion of the probe beam to a
probing portion of the target material, wherein at least a part of the portion of the

probe beam is reflected off of the target material forming a reflected probe beam,
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wherein the reflected probe beam has a similar modulated frequency
characteristic as the pump beam;

a detection device that detects at least a portion of the reflected probe beam,
and produces a detection signal from the reflected probe beam;

an analyzing device receives the detection signal and calculates the property of
the target material by comparing the modulated frequency characteristics of the
reflected probe beam to the modulated frequency characteristics of the pump beam;
and

wherein at least one of the pump wavelength and the probe wavelength is an
infrared wavelength.

Example 34. The apparatus of example 33, wherein the property of the target
material is a thickness of the target material.

Example 35. The apparatus of example 33, wherein the pump device
comprises a pump fiber laser.

Example 36. The apparatus of example 35, wherein the pump fiber laser
comprises a fiber coupled laser or an in-fiber laser.

Example 37. The apparatus of example 35, wherein the pump fiber laser is a
single mode fiber laser or a multimode fiber laser.

Example 38. The apparatus of example 33, wherein the probe device is a
probe fiber laser.

Example 39. The apparatus of example 38, wherein the probe fiber laser
comprises a fiber coupled laser or an in-fiber laser.

Example 40. The apparatus of example 38, wherein the probe fiber laser is a
single mode fiber laser or a multimode fiber laser.

Example 41. The apparatus of example 33, wherein the modulation device,
the first direction apparatus, the second direction apparatus, and the third direction
apparatus, comprise fiber optic devices and not free-space optics.

Example 42. The apparatus of example 41, wherein a fourth direction
apparatus directs the at least part of a portion of the reflected probe beam to the
detection device.

Example 43. The apparatus of example 42, wherein the fourth direction

apparatus comprises a fiber optic device and not free-space optics.

30



10

15

20

25

30

WO 2017/222670 PCT/US2017/032390

Example 44. The apparatus of example 33, wherein the test material
comprises silicon on sapphire.

Example 45. The apparatus of example 33, wherein the first modulation
frequency and the second modulation frequency are different frequencies.

Example 46. The apparatus of example 45, wherein the modulation device
generates the modulated pump beam by modulating the amplitude of the intensity of
the pump light beam by sweeping between the first modulation frequency and the
second modulation frequency.

Example 47. The apparatus of example 33, wherein the first modulation
frequency and the second modulation frequency are in the range from about 10 Hz to
about 100 GHz.

Example 48. The apparatus of example 33, wherein the first modulation
frequency and the second modulation frequency are in the range from about 1 GHz to
about 100 GHz.

Example 49. The apparatus of example 33, wherein the modulation device
generates the modulated pump beam by modulating the amplitude of the intensity of
the pump light beam to produce a sinusoidal wave, a square wave, a triangle wave, or
a sawtooth wave.

Example 50. The apparatus of example 33, wherein of the pump wavelength
is equal to the probe wavelength.

Example 51. The apparatus of example 33, wherein the pump wavelength is
different from the probe wavelength.

Example 52. The apparatus of example 33, wherein the pump wavelength is
at least partially absorptive in sapphire.

Example 53. The apparatus of example 33, wherein the pump wavelength is
within the range of about 200 nm to about 15000 nm.

Example 54. The method of example 53, wherein the pump wavelength is
within the range of about 10 um to about 12 pm.

Example 55. The apparatus of example 53, wherein the pump wavelength is
within the range of about 720nm to about 890nm, or equal to about 980 nm.

Example 56. The apparatus of example 33, wherein the probe wavelength is

at least partially reflective in sapphire.
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Example 57. The apparatus of example 33, wherein the probe wavelength is
an infrared wavelength.

Example 58. The apparatus of example 57, wherein the probe wavelength is
within the range of about 10 um to about 15 pm. .

Example 59. The apparatus of example 57, wherein the probe wavelength is
about 1550 nm.

Example 60. The apparatus of example 33, wherein the analyzing device
comprises a device capable of performing phase-sensitive detection and heterodyne
detection.

Example 61. The apparatus of example 33, wherein the analyzing device
comprises a vector network analyzer.

Example 62. The apparatus of example 33, wherein modulating the
amplitude of the intensity of the pump light beam further comprises generating a
modulated pump magnitude signal representing a magnitude of the modulated pump
beam between the at least first modulation frequency and the second modulation
frequency, and a modulated pump phase signal representing a phase of the modulated
pump beam between the at least first modulation frequency and the second
modulation frequency; the detection signal further comprises a reflected probe
magnitude signal representing a magnitude of the reflected probe beam, and a
reflected probe phase signal representing a phase of the reflected probe beam; wherein

the analyzing device receives the modulated pump magnitude signal, the
modulated pump phase signal, the reflected probe magnitude signal, and the reflected
probe phase signal, and wherein

the analyzing device calculates the property of the target material by
comparing the modulated pump magnitude signal and the modulated pump phase
signal to the reflected probe magnitude signal and the reflected probe phase signal.

Example 63. The apparatus of example 33, wherein the portion of the
modulated pump beam has a spot size on the manipulation portion of the target
material; wherein the spot size is within the range of about 1 um to about 50 um.

Example 64. The apparatus of example 33 (as well as subject matter of one
or more of any combination of examples 34-63, in whole or in part), wherein the
probing portion of the target material is within the manipulation portion of the target

material.
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Example 65. An apparatus for measuring at least one property of a target
material using thermoreflectance. The apparatus may comprise:

a pump device that generates a pump light beam at a pump wavelength;

a first direction apparatus that directs the pump light beam to a modulation
device,

wherein the modulation device generates a modulated pump beam by
modulating an amplitude of the an intensity of the pump light beam between at
least a first modulation frequency and a second modulation frequency,

a second direction apparatus that directs at least a portion of the modulated
pump beam to a manipulation portion of the target material;

a probe device that generates a probe beam at a probe wavelength;

a third direction apparatus that directs at least a portion of the probe beam to a
probing portion of the target material, wherein at least a part of the portion of the
probe beam is reflected off of the target material forming a reflected probe beam,

wherein the reflected probe beam has a similar modulated frequency
characteristic as the pump beam;

a detection device that detects at least a portion of the reflected probe beam,
and produces a detection signal from the reflected probe beam;

an analyzing device receives the detection signal and calculates the property of
the target material by comparing the modulated frequency characteristics of the
reflected probe beam to the modulated frequency characteristics of the pump beam;
and

wherein the pump device, the modulation device, the first direction apparatus,
the second direction apparatus, the probe device, the third direction apparatus
comprise fiber optic devices.

Example 66. The apparatus of example 65, wherein the property of the target
material is a thickness of the target material.

Example 67. The apparatus of example 65, wherein the pump device
comprises a pump fiber laser.

Example 68. The apparatus of example 67, wherein the pump fiber laser
comprises a fiber coupled laser or an in-fiber laser.

Example 69. The apparatus of example 67, wherein the pump fiber laser is a

single mode fiber laser or a multimode fiber laser.
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Example 70. The apparatus of example 65, wherein the probe device is a
probe fiber laser.

Example 71. The apparatus of example 70, wherein the probe fiber laser
comprises a fiber coupled laser or an in-fiber laser.

Example 72. The apparatus of example 70, wherein the probe fiber laser is a
single mode fiber laser or a multimode fiber laser.

Example 73. The apparatus of example 65, wherein the modulation device,
the first direction apparatus, the second direction apparatus, and the third direction
apparatus, comprise fiber optic devices and not free-space optics.

Example 74. The apparatus of example 73, wherein a fourth direction
apparatus directs the at least part of a portion of the reflected probe beam to the
detection device.

Example 75. The apparatus of example 74, wherein the fourth direction
apparatus comprises a fiber optic device and not free-space optics.

Example 76. The apparatus of example 65, wherein the test material
comprises silicon on sapphire.

Example 77. The apparatus of example 65, wherein the first modulation
frequency and the second modulation frequency are different frequencies.

Example 78. The apparatus of example 77, wherein the modulation device
generates the modulated pump beam by modulating the amplitude of the intensity of
the pump light beam by sweeping between the first modulation frequency and the
second modulation frequency.

Example 79. The apparatus of example 65, wherein the first modulation
frequency and the second modulation frequency are in the range from about 10 Hz to
about 100 GHz.

Example 80. The apparatus of example 65, wherein the first modulation
frequency and the second modulation frequency are in the range from about 1 GHz to
about 100 GHz.

Example 81. The apparatus of example 65, wherein the modulation device
generates the modulated pump beam by modulating the amplitude of the intensity of
the pump light beam to produce a sinusoidal wave, a square wave, a triangle wave, or

a sawtooth wave.
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Example 82. The apparatus of example 65, wherein at least one of the pump
wavelength and the probe wavelength is an infrared wavelength.

Example 83. The apparatus of example 65, wherein of the pump wavelength
is equal to the probe wavelength.

Example 84. The apparatus of example 65, wherein the pump wavelength is
different from the probe wavelength.

Example 85. The apparatus of example 65, wherein the pump wavelength is
at least partially absorptive in sapphire.

Example 86. The apparatus of example 65, wherein the pump wavelength is
within the range of about 200 nm to about 15000 nm.

Example 87. The apparatus of example 86, wherein the pump wavelength is
within the range of about 10 um to about 12 pm.

Example 88. The apparatus of example 86, wherein the pump wavelength is
within the range of about 720nm to about 890nm, or equal to about 980 nm.

Example 89. The apparatus of example 65, wherein the probe wavelength is
at least partially reflective in sapphire.

Example 90. The apparatus of example 65, wherein the probe wavelength is
an infrared wavelength.

Example 91. The apparatus of example 90, wherein the probe wavelength is
within the range of about 10 um to about 15 pm.

Example 92. The method of example 90, wherein the probe wavelength is
about 1550 nm.

Example 93. The apparatus of example 65, wherein the analyzing device
comprises a device capable of performing phase-sensitive detection and heterodyne
detection.

Example 94. The apparatus of example 65, wherein the analyzing device
comprises a vector network analyzer.

Example 95. The apparatus of example 65, wherein modulating the
amplitude of the intensity of the pump light beam further comprises generating a
modulated pump magnitude signal representing a magnitude of the modulated pump
beam between the at least first modulation frequency and the second modulation
frequency, and a modulated pump phase signal representing a phase of the modulated

pump beam between the at least first modulation frequency and the second
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modulation frequency; the detection signal further comprises a reflected probe
magnitude signal representing a magnitude of the reflected probe beam, and a
reflected probe phase signal representing a phase of the reflected probe beam; wherein

the analyzing device receives the modulated pump magnitude signal, the
modulated pump phase signal, the reflected probe magnitude signal, and the reflected
probe phase signal, and wherein

the analyzing device calculates the property of the target material by
comparing the modulated pump magnitude signal and the modulated pump phase
signal to the reflected probe magnitude signal and the reflected probe phase signal.

Example 96. The apparatus of example 65, wherein the portion of the
modulated pump beam has a spot size on the manipulation portion of the target
material; wherein the spot size is within the range of about 1 um to about 50 um.

Example 97. The apparatus of example 65 (as well as subject matter of one
or more of any combination of examples 66-96, in whole or in part), wherein the
probing portion of the target material is within the manipulation portion of the target
material.

Example 98. The method of using any of the devices, apparatuses, systems,
assemblies, or their components provided in any one or more of examples 33-97.

Example 99. The method of providing instructions to use or operate of any
of the devices, apparatuses, systems, assemblies, or their components provided in any
one or more of examples 33-97.

Example 100. The method of manufacturing any of the devices, apparatuses,
systems, assemblies, or their components provided in any one or more of examples
33-97.

Example 101. It is noted that machine readable medium or computer useable
medium may be configured to execute the subject matter pertaining to system,
devices, apparatuses or related methods disclosed in examples 1-97, as well as
examples 98-100.

Example 102. An apparatus including subject matter of one or more of any

combination of examples 33-97, in whole or in part.
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Unless clearly specified to the contrary, there is no requirement for any
particular described or illustrated activity or element, any particular sequence or such
activities, any particular size, speed, material, duration, contour, dimension or
frequency, or any particularly interrelationship of such elements. Moreover, any
activity can be repeated, any activity can be performed by multiple entities, and/or
any element can be duplicated. Further, any activity or element can be excluded, the

sequence of activities can vary, and/or the interrelationship of elements can vary. It
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should be appreciated that aspects of the present invention may have a variety of
sizes, contours, shapes, compositions and materials as desired or required.

In summary, while the present invention has been described with respect to
specific embodiments, many modifications, variations, alterations, substitutions, and
equivalents will be apparent to those skilled in the art. The present invention is not to
be limited in scope by the specific embodiment described herein. Indeed, various
modifications of the present invention, in addition to those described herein, will be
apparent to those of skill in the art from the foregoing description and accompanying
drawings. Accordingly, the invention is to be considered as limited only by the spirit
and scope of the following claims, including all modifications and equivalents.

Still other embodiments will become readily apparent to those skilled in this
art from reading the above-recited detailed description and drawings of certain
exemplary embodiments. It should be understood that numerous variations,
modifications, and additional embodiments are possible, and accordingly, all such
variations, modifications, and embodiments are to be regarded as being within the
spirit and scope of this application. For example, regardless of the content of any
portion (e.g., title, field, background, summary, abstract, drawing figure, etc.) of this
application, unless clearly specified to the contrary, there is no requirement for the
inclusion in any claim herein or of any application claiming priority hereto of any
particular described or illustrated activity or element, any particular sequence of such
activities, or any particular interrelationship of such elements. Moreover, any activity
can be repeated, any activity can be performed by multiple entities, and/or any
element can be duplicated. Further, any activity or element can be excluded, the
sequence of activities can vary, and/or the interrelationship of elements can vary.
Unless clearly specified to the contrary, there is no requirement for any particular
described or illustrated activity or element, any particular sequence or such activities,
any particular size, speed, material, dimension or frequency, or any particularly
interrelationship of such elements. Accordingly, the descriptions and drawings are to
be regarded as illustrative in nature, and not as restrictive. Moreover, when any
number or range is described herein, unless clearly stated otherwise, that number or
range is approximate. When any range is described herein, unless clearly stated
otherwise, that range includes all values therein and all sub ranges therein. Any

information in any material (e.g., a United States/foreign patent, United States/foreign
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patent application, book, article, etc.) that has been incorporated by reference herein,
is only incorporated by reference to the extent that no conflict exists between such
information and the other statements and drawings set forth herein. In the event of
such conflict, including a conflict that would render invalid any claim herein or
seeking priority hereto, then any such conflicting information in such incorporated by

reference material is specifically not incorporated by reference herein.
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CLAIMS
We claim:

1. A method for measuring at least one property of a target material using
thermoreflectance, the method comprising:

generating a pump light beam at a pump wavelength with a pump device;

generating a modulated pump beam by modulating an amplitude of an
intensity of the pump light beam between at least a first modulation frequency and a
second modulation frequencys;

directing at least a portion of the modulated pump beam to a manipulation
portion of the target material;

generating a probe beam at a probe wavelength with a probe device;

directing at least a portion of the probe beam to a probing portion of the target
material, wherein at least a part of the portion of the probe beam is reflected off of the
target material forming a reflected probe beam,

wherein the reflected probe beam has a similar modulated frequency

characteristic as the pump beam;

directing at least a portion of the reflected probe beam to a detection device,
wherein the detection devices generates a detection signal from the reflected probe
beam;

analyzing the detection signal with an analyzing device by receiving the
detection signal with the analyzing device, and calculating the property of the target
material by comparing the modulated frequency characteristics of the reflected probe
beam to the modulated frequency characteristics of the pump beam; and

wherein at least one of the pump wavelength and the probe wavelength is an

infrared wavelength.

2. The method of claim 1, wherein the property of the target material is a

thickness of the target material.

3. The method of claim 1, wherein the pump device comprises a pump

fiber laser.
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4. The method of claim 3, wherein the pump fiber laser comprises a fiber

coupled laser or an in-fiber laser.

5. The method of claim 3, wherein the pump fiber laser is a single mode

fiber laser or a multimode fiber laser.

6. The method of claim 1, wherein the probe device is a probe fiber laser.

7. The method of claim 6, wherein the probe fiber laser comprises a fiber

coupled laser or an in-fiber laser.

8. The method of claim 6, wherein the probe fiber laser is a single mode

fiber laser or a multimode fiber laser.

9. The method of claim 1, wherein generating a modulated pump light
beam, directing at least a portion of the modulated pump light beam, and directing at
least a portion of the probe light beam, further comprise utilizing fiber optic devices

and not free-space optics.

10. The method of claim 9, wherein generating a modulated pump light
beam further comprises directing at least a portion of the pump light beam to a

modulation device using a fiber optic device and not free-space optics.

11. The method of claim 10, wherein the modulation device comprises an

in-fiber modulation device.

12. The method of claim 1, wherein the test material comprises silicon on
sapphire.
13. The method of claim 1, wherein the first modulation frequency and the

second modulation frequency are different frequencies.
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14. The method of claim 13, wherein modulating the pump beam further
comprises modulating the amplitude of the intensity of the pump beam by sweeping

between the first modulation frequency and the second modulation frequency.

15. The method of claim 1, wherein the first modulation frequency and the

second modulation frequency are in the range from about 10 Hz to about 100 GHz.

16. The method of claim 1, wherein the first modulation frequency and the

second modulation frequency are in the range from about 1 GHz to about 100 GHz.

17. The method of claim 1, wherein modulating the amplitude the intensity
of the pump beam further comprises modulating the amplitude of the intensity of the
pump beam to produce a sinusoidal wave, a square wave, a triangle wave, or a

sawtooth wave.

18. The method of claim 1, wherein of the pump wavelength is equal to the

probe wavelength.

19. The method of claim 1, wherein the pump wavelength is different from

the probe wavelength.

20. The method of claim 1, wherein the pump wavelength is at least

partially absorptive in sapphire.

21. The method of claim 1, wherein the pump wavelength is within the

range of 200 nm to 15000 nm.

22. The method of claim 21, wherein the pump wavelength is within the

range of about 10 pum to about 12 pm.

23. The method of claim 21, wherein the pump wavelength is within the

range of about 720nm to about 890nm, or equal to about 980 nm.
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24. The method of claim 1, wherein the probe wavelength is at least

partially reflective in sapphire.

25. The method of claim 1, wherein the probe wavelength is an infrared

wavelength.

26. The method of claim 25, wherein the probe wavelength is within the
range of about 10 pm to about 15 pum. .

27. The method of claim 25, wherein the probe wavelength is about 1550

nm.

28. The method of claim 1, wherein the analyzing device comprises a

device capable of performing phase-sensitive detection and heterodyne detection.

29. The method of claim 1, wherein the analyzing device comprises a

vector network analyzer.

30. The method of claim 1, further comprising generating a modulated
pump magnitude signal representing a magnitude of the modulated pump beam
between the at least first modulation frequency and the second modulation frequency,
and a modulated pump phase signal representing a phase of the modulated pump
beam between the at least first modulation frequency and the second modulation
frequency; generating a reflected probe magnitude signal representing a magnitude of
the reflected probe beam, and a reflected probe phase signal representing a phase of
the reflected probe beam; wherein

comparing the detection signal at different times of the modulated pump beam
further comprises comparing the modulated pump magnitude signal and the
modulated pump phase signal to the reflected probe magnitude signal and the

reflected probe phase signal.

31. The method of claim 1, wherein directing at least the portion of the

modulated pump beam to the manipulation portion of the target material generates a
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spot size of the pump beam on the manipulation portion of the target material;

wherein the spot size is within the range of about 1 um to about 50 um.

32. The method of claim 1, wherein the probing portion of the target

material is within the manipulation portion of the target material.

33. An apparatus for measuring at least one property of a target material
using thermoreflectance, the apparatus comprising:

a pump device that generates a pump light beam at a pump wavelength;

a first direction apparatus that directs the pump light beam to a modulation
device,

wherein the modulation device generates a modulated pump beam by
modulating an amplitude of an intensity of the pump light beam between at
least a first modulation frequency and a second modulation frequency;

a second direction apparatus that directs at least a portion of the modulated
pump beam to a manipulation portion of the target material;

a probe device that generates a probe beam at a probe wavelength;

a third direction apparatus that directs at least a portion of the probe beam to a
probing portion of the target material, wherein at least a part of the portion of the
probe beam is reflected off of the target material forming a reflected probe beam,

wherein the reflected probe beam has a similar modulated frequency
characteristic as the pump beam;

a detection device that detects at least a portion of the reflected probe beam,
and produces a detection signal from the reflected probe beam;

an analyzing device receives the detection signal and calculates the property of
the target material by comparing the modulated frequency characteristics of the
reflected probe beam to the modulated frequency characteristics of the pump beam;
and

wherein at least one of the pump wavelength and the probe wavelength is an

infrared wavelength.

34. The apparatus of claim 33, wherein the property of the target material

is a thickness of the target material.
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35. The apparatus of claim 33, wherein the pump device comprises a pump

fiber laser.

36. The apparatus of claim 35, wherein the pump fiber laser comprises a

fiber coupled laser or an in-fiber laser.

37. The apparatus of claim 35, wherein the pump fiber laser is a single

mode fiber laser or a multimode fiber laser.

38. The apparatus of claim 33, wherein the probe device is a probe fiber

laser.

39. The apparatus of claim 38, wherein the probe fiber laser comprises a

fiber coupled laser or an in-fiber laser.

40. The apparatus of claim 38, wherein the probe fiber laser is a single

mode fiber laser or a multimode fiber laser.
41. The apparatus of claim 33, wherein the modulation device, the first
direction apparatus, the second direction apparatus, and the third direction apparatus,

comprise fiber optic devices and not free-space optics.

42. The apparatus of claim 41, wherein a fourth direction apparatus directs

the at least part of a portion of the reflected probe beam to the detection device.

43. The apparatus of claim 42, wherein the fourth direction apparatus

comprises a fiber optic device and not free-space optics.

44, The apparatus of claim 33, wherein the test material comprises silicon

on sapphire.
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45. The apparatus of claim 33, wherein the first modulation frequency and

the second modulation frequency are different frequencies.

46. The apparatus of claim 45, wherein the modulation device generates
the modulated pump beam by modulating the amplitude of the intensity of the pump
light beam by sweeping between the first modulation frequency and the second

modulation frequency.

47. The apparatus of claim 33, wherein the first modulation frequency and
the second modulation frequency are in the range from about 10 Hz to about 100

GHz.

48. The apparatus of claim 33, wherein the first modulation frequency and
the second modulation frequency are in the range from about 1 GHz to about 100

GHz.

49. The apparatus of claim 33, wherein the modulation device generates
the modulated pump beam by modulating the amplitude of the intensity of the pump
light beam to produce a sinusoidal wave, a square wave, a triangle wave, or a

sawtooth wave.

50. The apparatus of claim 33, wherein of the pump wavelength is equal to

the probe wavelength.

51. The apparatus of claim 33, wherein the pump wavelength is different

from the probe wavelength.

52. The apparatus of claim 33, wherein the pump wavelength is at least

partially absorptive in sapphire.

53. The apparatus of claim 33, wherein the pump wavelength is within the

range of about 200 nm to about 15000 nm.
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54. The method of claim 53, wherein the pump wavelength is within the
range of about 10 pum to about 12 pm.

55. The apparatus of claim 53, wherein the pump wavelength is within the

range of about 720nm to about 890nm, or equal to about 980 nm.

56. The apparatus of claim 33, wherein the probe wavelength is at least

partially reflective in sapphire.

57. The apparatus of claim 33, wherein the probe wavelength is an infrared
wavelength.
58. The apparatus of claim 57, wherein the probe wavelength is within the

range of about 10 pm to about 15 pum. .

59. The apparatus of claim 57, wherein the probe wavelength is about
1550 nm.
60. The apparatus of claim 33, wherein the analyzing device comprises a

device capable of performing phase-sensitive detection and heterodyne detection.

61. The apparatus of claim 33, wherein the analyzing device comprises a

vector network analyzer.

62. The apparatus of claim 33, wherein modulating the amplitude of the
intensity of the pump light beam further comprises generating a modulated pump
magnitude signal representing a magnitude of the modulated pump beam between the
at least first modulation frequency and the second modulation frequency, and a
modulated pump phase signal representing a phase of the modulated pump beam
between the at least first modulation frequency and the second modulation frequency;
the detection signal further comprises a reflected probe magnitude signal representing
a magnitude of the reflected probe beam, and a reflected probe phase signal

representing a phase of the reflected probe beam; wherein
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the analyzing device receives the modulated pump magnitude signal, the
modulated pump phase signal, the reflected probe magnitude signal, and the reflected
probe phase signal, and wherein

the analyzing device calculates the property of the target material by
comparing the modulated pump magnitude signal and the modulated pump phase

signal to the reflected probe magnitude signal and the reflected probe phase signal.

63. The apparatus of claim 33, wherein the portion of the modulated pump
beam has a spot size on the manipulation portion of the target material; wherein the

spot size 1s within the range of about 1 pm to about 50 pm.

64. The apparatus of claim 33, wherein the probing portion of the target

material is within the manipulation portion of the target material.

65. An apparatus for measuring at least one property of a target material
using thermoreflectance, the apparatus comprising:

a pump device that generates a pump light beam at a pump wavelength;

a first direction apparatus that directs the pump light beam to a modulation
device,

wherein the modulation device generates a modulated pump beam by
modulating an amplitude of the an intensity of the pump light beam between at
least a first modulation frequency and a second modulation frequency,

a second direction apparatus that directs at least a portion of the modulated
pump beam to a manipulation portion of the target material;

a probe device that generates a probe beam at a probe wavelength;

a third direction apparatus that directs at least a portion of the probe beam to a
probing portion of the target material, wherein at least a part of the portion of the
probe beam is reflected off of the target material forming a reflected probe beam,

wherein the reflected probe beam has a similar modulated frequency
characteristic as the pump beam;

a detection device that detects at least a portion of the reflected probe beam,

and produces a detection signal from the reflected probe beam;
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an analyzing device receives the detection signal and calculates the property of
the target material by comparing the modulated frequency characteristics of the
reflected probe beam to the modulated frequency characteristics of the pump beam;
and

wherein the pump device, the modulation device, the first direction apparatus,
the second direction apparatus, the probe device, the third direction apparatus

comprise fiber optic devices.

66. The apparatus of claim 65, wherein the property of the target material

is a thickness of the target material.

67. The apparatus of claim 65, wherein the pump device comprises a pump

fiber laser.

68. The apparatus of claim 67, wherein the pump fiber laser comprises a

fiber coupled laser or an in-fiber laser.

69. The apparatus of claim 67, wherein the pump fiber laser is a single

mode fiber laser or a multimode fiber laser.

70. The apparatus of claim 65, wherein the probe device is a probe fiber

laser.

71. The apparatus of claim 70, wherein the probe fiber laser comprises a

fiber coupled laser or an in-fiber laser.

72. The apparatus of claim 70, wherein the probe fiber laser is a single

mode fiber laser or a multimode fiber laser.
73. The apparatus of claim 65, wherein the modulation device, the first

direction apparatus, the second direction apparatus, and the third direction apparatus,

comprise fiber optic devices and not free-space optics.
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74. The apparatus of claim 73, wherein a fourth direction apparatus directs

the at least part of a portion of the reflected probe beam to the detection device.

75. The apparatus of claim 74, wherein the fourth direction apparatus

comprises a fiber optic device and not free-space optics.

76. The apparatus of claim 65, wherein the test material comprises silicon

on sapphire.

77. The apparatus of claim 65, wherein the first modulation frequency and

the second modulation frequency are different frequencies.

78. The apparatus of claim 77, wherein the modulation device generates
the modulated pump beam by modulating the amplitude of the intensity of the pump
light beam by sweeping between the first modulation frequency and the second

modulation frequency.

79. The apparatus of claim 65, wherein the first modulation frequency and
the second modulation frequency are in the range from about 10 Hz to about 100

GHz.

80. The apparatus of claim 65, wherein the first modulation frequency and
the second modulation frequency are in the range from about 1 GHz to about 100

GHz.

81. The apparatus of claim 65, wherein the modulation device generates
the modulated pump beam by modulating the amplitude of the intensity of the pump
light beam to produce a sinusoidal wave, a square wave, a triangle wave, or a

sawtooth wave.

82. The apparatus of claim 65, wherein at least one of the pump

wavelength and the probe wavelength is an infrared wavelength.
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83. The apparatus of claim 65, wherein of the pump wavelength is equal to

the probe wavelength.

84. The apparatus of claim 65, wherein the pump wavelength is different

from the probe wavelength.

85. The apparatus of claim 65, wherein the pump wavelength is at least

partially absorptive in sapphire.

86. The apparatus of claim 65, wherein the pump wavelength is within the

range of about 200 nm to about 15000 nm.

87. The apparatus of claim 86, wherein the pump wavelength is within the

range of about 10 pum to about 12 pm.

88. The apparatus of claim 86, wherein the pump wavelength is within the

range of about 720nm to about 890nm, or equal to about 980 nm.

89. The apparatus of claim 65, wherein the probe wavelength is at least

partially reflective in sapphire.

90. The apparatus of claim 65, wherein the probe wavelength is an infrared
wavelength.
91. The apparatus of claim 90, wherein the probe wavelength is within the

range of about 10 pum to about 15 pm.

92. The method of claim 90, wherein the probe wavelength is about 1550

nm.

93. The apparatus of claim 65, wherein the analyzing device comprises a

device capable of performing phase-sensitive detection and heterodyne detection.
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94. The apparatus of claim 65, wherein the analyzing device comprises a

vector network analyzer.

95. The apparatus of claim 65, wherein modulating the amplitude of the
intensity of the pump light beam further comprises generating a modulated pump
magnitude signal representing a magnitude of the modulated pump beam between the
at least first modulation frequency and the second modulation frequency, and a
modulated pump phase signal representing a phase of the modulated pump beam
between the at least first modulation frequency and the second modulation frequency;
the detection signal further comprises a reflected probe magnitude signal representing
a magnitude of the reflected probe beam, and a reflected probe phase signal
representing a phase of the reflected probe beam; wherein

the analyzing device receives the modulated pump magnitude signal, the
modulated pump phase signal, the reflected probe magnitude signal, and the reflected
probe phase signal, and wherein

the analyzing device calculates the property of the target material by
comparing the modulated pump magnitude signal and the modulated pump phase

signal to the reflected probe magnitude signal and the reflected probe phase signal.
96. The apparatus of claim 65, wherein the portion of the modulated pump
beam has a spot size on the manipulation portion of the target material; wherein the

spot size 1s within the range of about 1 pm to about 50 pm.

97. The apparatus of claim 65, wherein the probing portion of the target

material is within the manipulation portion of the target material.
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This intemational search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. [:I Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. D Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
See extra sheet(s).

1. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, % No required additional search fees were timely paid by the applicant  Consequently, this international search report is
restricted to the invention first mentioned in the claims; 1t is covered by claims Nos.:

1-64

Remark on Protest I_—_l The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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Continued from Box No. lll Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group |, claims 1-64, drawn to a method for measuring at least one property of a target material using thermoreflectance, the method
wherein at least one of the pump wavelength and the probe wavelength is an infrared wavelength.

Group |l claims 65-97, drawn to a method for measuring at least one property of a target material using thermoreflectance, the method
wherein the pump device, the modulation device, the first direction apparatus, the second direction apparatus, the probe device, the third
direction apparatus comprise fiber optic devices.

The inventions listed as Groups |-l do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
I invention: wherein at least one of the pump wavelength and the probe wavelength is an infrared wavelength as claimed therein is not
present in the invention of Group II. The special technical feature of the Group Il invention: the pump device, the modulation device, the
first direction apparatus, the second direction apparatus, the probe device, the third direction apparatus comprise fiber optic devices as
claimed therein is not present in the invention of Group .

Groups | and Il lack unity of invention because even though the inventions of these groups require the technical feature of an apparatus
for measuring at least one property of a target material using thermoreflectance, the apparatus comprising: device, a pump device that
generates a pump light beam at a pump wavelength; a first direction apparatus that directs the pump light beam to a modulation wherein
the modulation device generates a modutated pump beam by modulating an amplitude of an intensity of the pump light beam between at
least a first modulation frequency and a second modulation frequency; a second direction apparatus that directs at least a portion of the
modulated pump beam to a manipulation portion of the target material; a probe device that generates a probe beam at a probe
wavelength; a third direction apparatus that directs at least a portion of the probe beam to a probing portion of the target material,
wherein at least a part of the portion of the probe beam is reflected off of the target material forming a reflected probe beam, wherein the
reflected probe beam has a similar modulated frequency characteristic as the pump beam; a detection device that detects at least a
portion of the reflected probe beam, and produces a detection signal from the reflected probe beam; an analyzing device receives the
detection signal and calculates the property of the target material by comparing the modulated frequency characteristics of the reflected
probe beam to the modulated frequency characteristics of the pump beam, this technical feature is not a special technical feature as it
does not make a contribution over the prior art.

Specifically, US 2015/0110150 A1 (TRUSTEES OF BOSTON UNIVERSITY) 23 April 2015 (23.04.2015) teaches an apparatus for
measuring at least one property of a target material using thermoreflectance (para. 0076, 0092), the apparatus comprising: device, a
pump device that generates a pump light beam at a pump wavelength; a first direction apparatus that directs the pump light beam to a
modulation wherein the modulation device generates a modulated pump beam by modulating an amplitude of an intensity of the pump
light beam between at least a first modulation frequency and a second modulation frequency; a second direction apparatus that directs
at least a portion of the modulated pump beam to a manipulation portion of the target material; a probe device that generates a probe
beam at a probe wavelength; a third direction apparatus that directs at least a portion of the probe beam to a probing portion of the
target material, wherein at least a part of the portion of the probe beam is reflected off of the target material forming a reflected probe
beam, wherein the reflected probe beam has a similar modulated frequency characteristic as the pump beam; a detection device that
detects at least a portion of the reflected probe beam, and produces a detection signal from the reflected probe beam; an analyzing
device receives the detection signal and calculates the property of the target material by comparing the modulated frequency
characteristics of the reflected probe beam to the modulated frequency characteristics of the pump beam (fig.23 shows the apparatus
100 comprising: device, a pump device 112 that generates a pump light beam at a pump wavelength; a first direction apparatus 122 that
directs the pump light beam to a modulation wherein the modulation device generates a modulated pump beam by modulating an
amplitude of an intensity of the pump light beam between at least a first modulation frequency and a second modulation frequency; a
second direction apparatus 130 that directs at least a portion of the modulated pump beam to a manipulation portion of the target
material 140; a probe device 110 that generates a probe beam at a probe wavelength; a third direction apparatus 120 that directs at
least a portion of the probe beam to a probing portion of the target material 140, wherein at least a part of the portion of the probe beam
is reflected off of the target material forming a reflected probe beam, wherein the reflected probe beam has a simitar modulated
frequency characteristic as the pump beam; a detection devica 160 that detects at least a portion of the reflected probe beam, and
produces a detection signal from the reflected probe beam; an analyzing device 170 receives the detection signal and calculates the
property of the target material by comparing the modulated frequency characteristics of the reflected probe beam to the modulated
frequency characteristics of the pump beam, para. 0097-0099)

Since none of the special technical features of the Group | or Il inventions are found in more than one of the inventions, unity of invention
is lacking.
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