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B: ABSTRACT

The goals of the first six months of this project were to lay the foundations for both the SiC
front-end optical chip fabrication as well as the free-space laser beam interferometer designs and
preliminary tests. In addition, a Phase I goal was to design and experimentally build the high
temperature and pressure infrastructure and test systems that will be used in the next 6 months
for proposed sensor experimentation and data processing. All these goals have been achieved and
are described in detail in the report. Both design process and diagrams for the mechanical
elements as well as the optical systems are provided. In addition, photographs of the fabricated
SiC optical chips, the high temperature & pressure test chamber instrument, the optical
interferometer, the SiC sample chip holder, and signal processing data are provided. The design
and experimentation results are summarized to give positive conclusions on the proposed novel
high temperature optical sensor technology.

The goals of the second six months of this project were to conduct high temperature
sensing tests using the test chamber and optical sensing instrument designs developed in the first
part of the project. In addition, a Phase I goal was to develop the basic processing theory and
physics for the proposed first sensor experimentation and data processing. All these goals have
been achieved and are described in detail. Both optical experimental design process and sensed
temperature are provided. In addition, photographs of the fabricated SiC optical chips after

deployment in the high temperature test chamber are shown from a material study point-of-view.
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D: LIST OF GRAPHICAL MATERIALS

Fig. 1a. HTHP (High temperature (up to 1200°C) and high pressure (up to 100 atm)) cell design.
1,4: Insulator; 2: Silicon Carbide; 3: Induction Heater; 5,8: Stainless Disk; 6,7: Cooler.

Fig. 1b. Cylindrical aluminum test cell design to examine the performance of the reflective
interferometer at room temperature.

Fig. 2a. A photograph of the fabricated room temperature cell for holding the SiC optical chip for
testing the reflective interferometric measurement at room temperature.

Fig. 2b. A photograph of designed and fabricated novel high temperature and high pressure cell
for high temperature and high pressure measurements.

Fig. 3 Photograph of a power supply for the induction heating coil of the HTHP cell.

Fig. 4. Basic features of a silicon carbide window implemented design. TMF — Thin metal film,
RB — Reference laser beam and SB — Signal (Probe) laser.

Fig. 5. Pictures of the fabricated tungsten-coated silicon carbide windows to be used as a high
temperature and high pressure sensor element. These photos show the front sides of the
windows with tungsten film covering one-half of each wafer.

Fig. 6. Pictures of the fabricated tungsten-coated silicon carbide windows to be used as a high
temperature and high pressure sensor element. These photos show the back sides of the windows
with tungsten film covering the entire backside of each wafer designed for reflective
interferometry.

Fig. 7. Vacuum chamber for diffusive thin film deposition on silicon carbide for high
temperature and high pressure sensor applications.

Fig. 8. Target holder to be used in the vacuum chamber (Fig. 7) for thin film deposition.
Fig. 9. Substrate holder to be used in the vacuum chamber (Fig. 7) for thin film deposition.

Fig.10 Fundamental Design of the Proposed Interferometer that engages the SiC Optical Chip
with two optical beams. This is an externally referenced baseline interferometer.

Fig.11 Proposed design of the internally referenced polarization multiplexed scanning
heterodyne interferometer.

Fig.12 Laboratory system implementation of Fig.11, including use of the fabricated SiC holder
shown in Fig.2a.



Fig.13 Proposed design of the internally referenced wavelength multiplexed scanning heterodyne
interferometer.

Fig.14: Oscilloscope Traces of Signals output from the built wavelength multiplexed heterodyne
interferometer.

Fig.15 Proposed design of the internally referenced wavelength-polarization multiplexed
scanning heterodyne interferometer.

Fig.16 Proposed design of the internally referenced time-wavelength-polarization multiplexed
scanning heterodyne interferometer using a tunable laser.

Fig. 17.(a) Original tungsten (W) coating Electron image analysis showing a highly pure W film
containing very little amount of carbon and oxygen.

Fig. 17(b) Original tungsten (W) coating Surface and qualitative Energy Dispersive Spectra
(EDS) chemical analyses were done with a Quanta 3D Dual Beam Instrument, assisted by FEI
Company.

Fig. 18 Oxidized tungsten (W) surface near 400°C showing Electron Image with oxygen,
nitrogen and other elements.

Fig. 19 Oxidized tungsten (W) surface near 400°C showing Surface and qualitative Energy
Dispersive Spectra (EDS) chemical analyses were done with a Quanta 3D Dual Beam
Instrument, assisted by FEI Company.

Fig.20 Sensor Phase in Radians versus SiC Chip Temperature (°C). A weak quadratic curve fit is
achieved for this data.



E: INTRODUCTION
The purpose of this project is to develop a science base to fabricate sensors for ultra high

temperature fossil fuel applications. The sensors proposed are based on the principle of the
Optical Path Length (OPL) variation in a medium owing to the dependence of the optical
property (e.g., refractive index) of a high temperature material, such as silicon carbide (SiC), on
the temperature, pressure, or species concentration. These three thermodynamic variables can be
measured by a single sensor if we understand how they individually change the refractive index
of the sensor material. Since these changes can be very small, a high accuracy optical signal
processing scheme is proposed for working in unison with the remote SiC sensor frontend.
Specifically, a vibration-tolerant interferometric technique capable of measuring the changes in
OPL with sub-nanoscale accuracy and at a high speed is investigated in this project. The
proposed novel sensor technique will thus enable us to measure the desired variables remotely,

accurately and rapidly.

Remote interrogation of the sensor by using a laser beam will eliminate the complications
associated with electrical signal-based sensors in high temperature applications. The
complications in such conventional sensors include (i) melting of the solder joint between the
sensor device and the bonding wire, (i) requirement of high temperature insulation for the
electrical wires connecting the device to the electrical signal processing unit, and (iii)
inconvenience in mounting or embedding the device in rotating components such as the turbine
blades. A high speed optical interferometer will respond to the changes in the thermodynamic
variables rapidly at microsecond speeds allowing real-time control of the combustion process.

Since a passive sensor frontend is proposed, any optically transparent high temperature material,

such as a single crystal silicon carbide, diamond or sapphire, can be used as the sensor material.



At least one surface of the proposed sensor needs to be coated with a thin metal film allowing
reflective interrogation via the interferometer. Such a passive sensor can be produced at a very
low cost in a small (sub-millimeter) size and can be readily embedded in a small hole at the
surface of any structure by using the thermal expansion/contraction stress-based fitting method.
The structure could be a stationary or rotating component containing the sensor at a convenient
location providing remote accessibility to the probe laser beam for interferometry.

Note that the leading fiber-optic sensors such as using fiber Fabry-Perot interference or
in-fiber Bragg Gratings with wavelength-based processing require costly environmental
protection of the light delivery and light return fiber [1-3]. This is because the fiber intrinsically
contains both the sensing zone that must react to the changing environmental conditions (e.g.,
temperature) and the light delivery fiber that should stay protected and essentially unaffected
from changing environmental effects (e.g., changing stresses in the long lengths of the delivery
fiber could cause unexpectedly high bending losses leading to loss of detection signal). It is well
known that standard low loss single mode optical fibers (SMFs) are made of glass, with
transition temperatures around 475 °C, leading to unwanted softening of glass at higher
temperatures, such as needed in DOE applications. Thus, there exists a dilemma for the sensor
design engineer using the mentioned fiber-optic sensors. In our proposed sensor, this dilemma is
removed as a free-space laser beam reads sensing parameters off the SiC sensor chip, thus
producing no physical contact between the harsh environment and the light delivery and
processing optics. In effect, one can imagine many low cost SiC optical chips distributed in the
desired sensing zone where a scanning free-space laser beam rapidly engages these sensor
frontend chips to produce signals for later data processing and environmental parameter

recovery. In effect, a truly non-invasive distributed optical sensor is realized.



F: EXECUTIVE SUMMARY (1 st Year)

Accomplishments during the first six months of this project have been achieved on three
fronts, namely; design, fabrication, and preliminary testing of proposed optical sensor using SiC
optical chip and interface optics. One objective was to build a custom portable test chamber for
high temperature (up to 1200°C) and pressure (up to 100 atm) testing of the proposed sensor
using the SiC optical chip. The chamber must be capable of holding a SiC optical chip window
that can interface with a freespace laser beam coming from the optical interferometer. Such a
chamber has been successfully designed and the detailed mechanical design is presented in this
report. The chamber is designed to hold one inch diameter SiC chips. Another first phase project
objective was to design and fabricate the SiC optical chip. The design chosen for the SiC optical
chip that engages with the sensing zone. Such a design of the chip efficiently and robustly
engages with the freespace laser beam pair coming from the optical interferometer. A special
holder is designed and fabricated for the two inch SiC chip that can be interfaced to the optics for
testing. The related first phase project objective was to design, fabricate, and conduct preliminary
tests on the optical interface. The baseline interface was designed and tested using an external RF
reference to measure the OPL detected by the optical chip sensor. An improved sensitivity
optical interface is designed to deliver an internal referenced OPL measurement system. Both
these designs are implemented in the laboratory and show a desired factor of 10 improvement in
OPL detection stability. A new optical measurement architecture is proposed that has the
capability to take three independent OPL measurements off the SiC chip leading to the
measurement of the desired fossil fuel parameters of temperature, pressure, and species. An
efficient optical architecture is proposed that generate a full data set to generate advanced
sensing capabilities via the SiC chip. This aspect of the project will be required and developed
during the second phase of the project.

Accomplishments during the second six months of this project have been achieved on
key fronts, thus meeting the program stated Statement of Work (SOW) tasks and goals. First
experimental assembly and use of the baseline novel optical sensor is achieved to measure

temperature up to 1000 °C. Sensor theory and basic signal processing has been proposed.



G: EXPERIMENTAL RESULTS (1* 6 Months)

G.1 Design and Fabrication of a High Temperature and High Pressure (HTHP)
Cell/Chamber: (Program Task 3.1)
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Fig. 1a. HTHP (High temperature (up to 1200°C) and high pressure (up to 100 atm)) cell design.
1,4: Insulator; 2: Silicon Carbide; 3: Induction Heater; 5,8: Stainless Disk; 6,7: Cooler.

Two important components of the sensor in this project are: (i) a high temperature (up to
1200°C) and high pressure (up to 100 atm) cell and (ii) a heterodyne vibration-tolerant
interferometer interface capable of measuring the changes in the optical path length (OPL) with
sub-nanoscale accuracy. A cross section of the designed HTHP cell is shown in Fig. 1a. This
cell is custom designed and fabricated since such cells are commercially unavailable. The HTHP
cell consists of a small (~7.9 mm diameter) hole in a stainless steel disk. The hole is covered

with a heater containing a silicon carbide window. A salient feature of the novel cell is the
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reduced size of the pressure cavity and small sensor exposure area, which (1) reduces the volume

of hazardous chemical species and (2) reduces stress variations across the exposed sensor

T
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Fig. 1b. Cylindrical aluminum test cell design to examine the
performance of the reflective interferometer at room temperature.

We also have designed a test cell (Fig. 1b) to evaluate the performance of the interferometer at
room temperature. These cells and accessories have been fabricated as shown in Figs. 2 and 3
based on the custom cross sectional design drawings of Fig.1. Figures 2a and 2b are photographs

of the room temperature cell and HTHP cell, respectively.
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Fig. 2a. A photograph of the fabricated room temperature cell for holding the SiC optical chip for

testing the reflective interferometric measurement at room temperature.
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Fig. 2b. A photograph of designed and fabricated novel high temperature and high pressure cell
for high temperature and high pressure measurements.

Next Fig. 3 shows the photograph of a commercial power supply to be used for the induction

heating coil of the HTHP cell.
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Induction Heating Power Supply 2.5 Water Recirculator
kW, 200 KHz Model: RWAG-5A
240/380/480 V, 3, A.C. 1 Phase 115/208/230 V, 60 Hz
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Fig. 3 Photograph of a power supply for the induction heating coil of the HTHP cell.
G.2 Design and Fabrication of a High Temperature SiC Optical Chip: (Program Task 2)
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Fig. 4. Basic features of a silicon carbide window implemented design. TMF —
Thin metal film, RB — Reference laser beam and SB — Signal (Probe) laser.
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Figure 4 shows the implemented design of the silicon carbide (SiC) window (or optical front-end
chip) with thin metal film coatings and pertinent dimensions that are later measured with a 100X
optical microscope scale with a 10 micron resolution. Fig.4 also shows how basically the SiC
optical chip is interrogated by the two beam of the interferometer. The inner surface (facing
towards the hole, i.e., Fig. 1a & Fig.4 region A) of the window is coated with a metallic film as a
circular patch to allow reflection of the probe (signal) laser beam for reflective interferometry.
The outer surface of the window is coated to provide partial coverage as in Fig. 4 to allow
reflection of the reference laser beam by the coating. The uncoated region of the outer surface

will allow the probe beam to enter into the window and propagate towards the inner surface.

Reflective
Coating

Fig. 5. Pictures of the fabricated tungsten-coated silicon carbide windows to be
used as a high temperature and high pressure sensor element. These photos
show the front sides of the windows with the tungsten film covering one-half of
each wafer.

To expedite demonstration of the proposed sensor principle, preliminary metal deposition has
been accomplished using a conventional vacuum evaporation technique. Smooth tungsten (W)
metal film has been deposited to ensure a mirror finish for reflective interferometry. The
complete surface of one side of the window was coated while only one-half of the opposing

surface was coated. In the preliminary run, one 2-inch diameter window and two 1 inch
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diameter windows were processed in this manner as shown in Fig. 5 and Fig.6. The 2-inch
diameter window is for testing the interferometer at room temperature using the test cell (Figs.
1b and 2a) and the 1 inch diameter windows are for the HTHP cell (Figs. 1a and 2b) to evaluate
the performance of the sensor at high temperatures and high pressures. Tungsten was chosen as
the preliminary metal because of its coefficient of thermal expansion compatibility with silicon
carbide (4.5 ppm/K for W versus 5.5 ppm/K for SiC over a wide temperature range of 273-1773

K) and its carbon solubility which will reduce debonding.

Fig. 6. Pictures of the fabricated tungsten-coated silicon carbide windows to be used as a high
temperature and high pressure sensor element. These photos show the back sides of the windows
with tungsten film covering the entire backside of each wafer designed for reflective
interferometry.

As a parallel effort, we have completed designs for a vacuum chamber, target holder, and
substrate holder to deposit diffusive thin films on silicon carbide using laser-assisted
evaporation. Figure 7 shows the front and top views of the vacuum chamber with relevant
dimensions. One of the windows of this chamber will be used to pass a laser beam onto one or
multiple targets held by the target holder shown in Fig. 8. The other windows will be used as
view-ports. The laser beam will vaporize the target material and the vapor plume will move

towards the silicon carbide substrate held by the substrate holder shown in Fig. 9. The vapor will
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condense on silicon carbide to form a thin film. The properties of the film and its adhesion to
silicon carbide will be controlled by controlling the substrate temperature, laser irradiance at the
target, target-substrate distance, and the type of inert gas and pressure inside the vacuum

chamber. The vacuum chamber and associated components are currently under construction.
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Fig. 7. Vacuum chamber design for diffusive thin film deposition on silicon carbide for high
temperature and high pressure sensor applications.
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G.3 Design and Fabrication of Sensor Interferometers: (Program Task 2.1 and 3.2)

The heart of the sensor measurement system is the non-invasive free-space beams based
scanning heterodyne interferometer. The strength of this interferometer is its sub-nanometer
scale OPL measurement sensitivity due to a vibration and environment tolerant in-line design.
Furthermore, the signal laser beam can be made to electronically scan rapidly (e.g., in
microseconds) in one dimension, allowing time sensitive sensor measurements or measurements

at different points in space.
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Fig.10 Fundamental Design of the Proposed Interferometer that engages the SiC Optical Chip

with two optical beams. This is an externally referenced baseline interferometer.

Fig.10 shows the fundamental design of the proposed interferometer. The point to note is that
only a few compact optical components quickly realizes this self-aligning self-assembly design
that produces two near collinear optical beams that strike the SiC chip. The retroreflected beam
pair returns via the interferometer to a single photodiode (PD) that produces the RF signal with
SiC sensing parameter dependent phase shift. This phase shift is compared with an external RF
signal provided via the Phase-Locking Electronics. Here, the RF of frequency f. from a stable
signal generator feeds the Bragg cell or acousto-optic device (AOD). The PD generates the phase
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signal RF at 2f; frequency that is fed to the lock-in electronics. The RF of frequency f. from a
stable signal generator also feeds the lock-in electronics that internally generates a stable RF at
2f.. Then the lock-in electronics compares the phase between the 2f. frequency signals, one from

the PD and one from the internal lock-in electronics.

We implemented the Fig.10 system in the laboratory as a first stage test. This system uses a flint
glass AOD with a 70 MHz center frequency and 40 MHz bandwidth with a 10 microseconds
aperture. The spherical lens used at the SiC optical chip plane has a 10 cm focal length. The
system is first tested using a 100 mW level Ar+ ion 514 nm laser with a linearly polarized beam.
A standard mirror is mounted in the SiC mount shown in Fig.2a. to gather first test data. Initial
data measured from this system shows a = 1° phase measurement stability indicating a = 0.713
nm OPL measurement accuracy. Although this phase measurement stability achieved is good, as
shown later, further improvement is possible using modified optical interferometer designs. Note
that the baseline Fig.10 system uses an externally generated RF for phase referencing with the
RF phase coded signal produced by the PD in the optical system. The key point is that the phase
noise produced in the PD RF versus the external reference RF are not correlated. Specifically,
the PD phase noise is a representation of the optical system phase noise effects including optical
components and environmental conditions. On the other hand, the phase noise of the external
reference RF signal is generated by the lock-in amplifier signal synthesis electronics. Because
both processes are independent, their respective phase noises are uncorrelated. Hence the mixing
operation in the phase meter/lock-in amplifier of the PD RF and the externally generated RF
does not cancel or substantially reduce the relative phase noise in the phase difference signal that

measures the OPL off the sensor optical chip.
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Fig.11 Proposed design of the internally referenced polarization multiplexed scanning

heterodyne interferometer.

The solution to improve the OPL measurement stability rests in the ability to generate both the
reference RF and signal RF from within the same optical interferometer, as shown previously in
our work [4]. Because both RF signals are generated via the same optical system, their phase
noises are essentially identical, leading to a higher phase stability for the eventual RF phase
meter data reading. The ref.4 system used several optical components with inefficient power use

to form the needed internally referenced interferometer.

Fig.11 shows a new simplified and robust design for the internally referenced interferometer.
Specifically, the Fig.11 design is called the polarization multiplexed scanning heterodyne
interferometer. Here, the reference RF signal and the data RF signal are created by using two
orthogonal light polarizations. Specifically, a linearly polarized beam is used in conjunction with
a Half Wave Plate (HWP) and a Beam Displacement Prism (BDP) at the input of the system. The

HWP rotates the polarization plane of the incident beam to any desired polarization. The
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function of the BDP is to create two orthogonally polarized beams (p and s polarizations) at the
output face but slightly displaced from each other vertically. By varying the rotation of the HWP,
the optical power of the two orthogonally polarized beams entering the AOD can be changed.
This feature is highly desirable as it can be used to adjust optical powers in the two beam paths
that strike the separate front and back mirror surfaces of the SiC optical chip. This power
adjustment can be used to optimize PD detected RF signal-to-noise ratio. In addition, slight
rotation of the BDP can be used to adjust for small misalignments with the SiC chip when the

chip is taken out and then replaced for maintenance.

The Fig.11 interferometer works as follows. After passing through the BDP, the two
orthogonally polarized beams that are simultaneously Bragg matched to the AOD optical and
drive conditions produce two pairs of exit beams. One beam pair is p-polarized while the other is
s-polarized. Each beam pair contains a diffracted/deflected beam and its corresponding DC or
un-shifted beam. In effect, in the lens Fourier plane where the SiC chip is placed are present four
spatially separated line beams. The height of the line beams is slightly more that the diameter of
the original input laser beam; hence, these four line heights are small. The SiC chip is oriented in
such a way that only the p-polarized diffracted beam passes through the SiC wafer before being
retro-reflected back into the AOD. The other three beams on the SiC chip plane are retro-
reflected from the front surface of the SiC optical chip. The p-polarized DC beam and the double
diffracted double (+1,+1) Doppler shifted beam from the AOD combine to form a collinear beam
pair that eventually generate the SiC sensing phase data signal. Similarly, the s-polarized DC
beam and the double diffracted double (+1,+1) Doppler shifted beam from the AOD combine to
form a collinear beam pair that eventually generate the internal reference signal for RF phase
comparison. The s-polarization and p- polarization beam pairs strike a polarization beam splitter
(PBS) that physically separate the signal and reference beam sets in the interferometer. After this
separation, each beam pair is incident on its respective high speed photo-detector (PD) to
produce its heterodyne detected RF signal at 2f. where f. is the AOD drive frequency. Hence,
PD,; generates the phase meter reference signal at 2f. while PD, generates the phase coded
sensing data signal @ 2f; that is also fed to the phase meter. The relative phase between the two
RF signals is measured by the phase meter/lock-in amplifier. The relative phase shift measured
between these two RF signals is due to the extra optical path length traveled by the +1 order p-
polarized beam that passes through the SiC substrate of the SiC optical chip. Note that because
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the two beam pairs engage the same optical components, both beams suffer near identical phase
noise conditions. Here the phase meter is fed by RF signals with correlated phase noise, leading
to an expected improvement in phase measurement stability versus an external RF signal

interferometer set-up.

SiC at the rear,
surface

. Signals @ 140 MHz to.
- Lock-in Amplifier |

Fig.12 Laboratory system implementation of Fig.11, including use of the fabricated SiC holder

shown in Fig.2a.

Next, the Fig.11 internally referenced polarization multiplexed scanning heterodyne
interferometer is set-up in the laboratory, as shown in Fig.12. The AOD is fed by a 70 MHz RF
and the PDs produce 140 MHz RFs that are fed to a phase meter. The cylinder used has a 10 cm
focal length while the wavelength is 514 nm. The phase meter reading gives a phase
measurement stability of + 0.1° indicating a + 0.713 Angstrom OPL measurement accuracy.
Compared to the externally referenced design of Fig.10, the new Fig.11 design indeed gives a
much better phase measurement stability; in fact, at present a factor of ten improvement in
measurement sensitivity, thus progressing to the needed Angstrom scale OPL sensitivity. An
important point to note is that the Fig.12 experiment is conducted under normal laboratory
conditions with no-air flotation on the optical table, showing the robustness of the proposed

interferometer design.
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Fig.13 Proposed design of the internally referenced wavelength multiplexed scanning heterodyne

interferometer.

An alternate interferometer design that keeps the two beam pairs closer to each other to reduce
phase noise is shown in Fig.13. This new design uses two independent lasers at different
wavelengths but orthogonal linear polarizations. Using a PBS, the starting input two laser beams
are made perfectly collinear (unlike Fig.11) before entering the baseline interferometer system.
Thus by making the beams exactly one on top of the other before entry into the beam splitter
(BS), exactly the same phase noise is picked up, making a highly robust system in case small
scale (within a millimeter scale) spatial phase perturbations are expected across beam paths.
Note that in Fig.13, the two different wavelength (and polarization) beams are shown to be
slightly offset from each other so they can be visualized. In reality, they are exactly one on top of

each other. Here, the +1 order s-polarized red beam gets diffracted at a slightly higher angle and
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thus is reflected from the back surface of the SiC optical chip. This beam then acts as the phase
coded signal beam. As in the previous design, after passing through the AOD twice, a PBS is
used at the output to separate the signal and reference beam pairs. PD; generates the reference
signal at 2f; from the p-polarized green beam while PD, generates the data signal @ 2f; from the

s-polarized red beam. The remaining operation of the system is as before.

Data signal

Ref. signal

Fig.14: Oscilloscope Traces of Signals output from the built wavelength multiplexed heterodyne

interferometer.

The proposed Fig.13 design of the internally referenced wavelength multiplexed scanning
heterodyne interferometer is assembled in the lab. for initial testing. The wavelengths used were
633 nm red and 514 nm green. The AOD was Bragg matched for a 75 Mhz drive frequency
giving two output signals at 150 MHz frequencies. Fig.14 shows the two clean RFs generated
from the experimental wavelength multiplexed heterodyne interferometer. The red beam is
responsible for engaging the sensing zone. As before, a flat mirror is used in the sensing zone to
perform phase measurement stability experiments. The results again indicate a measurement
stability of = 0.1°. Because the red wavelength engages the sensing zone, the + 0.1° phase
stability corresponds to a + 0.88 Angstrom OPL measurement accuracy. Again, the needed

Angstrom level measurement sensitivity is achieved.

Recall that the final DOE goal is to enable measurement of temperature, pressure, and species in
a high temperature fossil fuel environment. In order to enable these three measurements with the
proposed SiC optical chip, one must some how taken three independent measurements of OPL
via the SiC optical chip. The proposed approach for this project is to use three independent laser

wavelengths to take the three OPL measurements from the same sensing zone on the SiC optical
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chip. Hence proposed is a new interferometer design called wavelength-polarization multiplexed

scanning heterodyne interferometer shown in Fig.15.
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Fig.15 Proposed design of the internally referenced wavelength-polarization multiplexed

scanning heterodyne interferometer.

The design in Fig.15 is a combination of the polarization multiplexed scanning heterodyne
interferometer and the wavelength multiplexed scanning heterodyne interferometer. This hybrid
design uses three linearly polarized lasers with three different wavelengths. Again, the rotation of
a common HWP is used to control the intensity ratio between the p and s polarization
components for each independent wavelength. If different ratios are required per wavelength to
give full sensing flexibility, then each laser beam is accompanied by its own HWP placed before
the grating. In this case, the input grating polarization dependent loss (PDL) effects must be
taken into account. The three wavelengths are incident at their respective Bragg angles on the
input grating, producing an output diffracted beam where the three colors are collinear and
hence on top of each other. Again for clarity, in Fig.15 the three colored beams are shown

slightly offset from each other. The AOD drive RF is chosen that sufficient Bragg diffraction is
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achieved simultaneously for all three wavelength. At the sensor plane, the AO diffraction process
produces six +1 order diffracted beams and six DC or undiffracted/deflected beams. In effect,
there are six beam pairs where one beam pair contains one +1 order diffracted beam and its
corresponding DC beam for the given wavelength and specific linear polarization. Of the six
beam pairs, 3 beam pairs (one per wavelength) acting as the phase signal sensing signal
generators are at the p-polarization while the corresponding 3 beam pairs (one per wavelength)
are the internal reference signal generators and are at the s-polarization. At the output of the
interferometer, after double passage through the AOD, a PBS and an output grating are used to
successfully generate the required phase and reference RF signals for the three wavelengths.
Thus, the proposed wavelength-polarization multiplexed scanning heterodyne interferometer
indeed provides three independent OPL measurements from the sensing zone of the proposed
SiC optical chip. Then these three data sets can be used to calculate the three unknown quantities
of temperature, pressure, and species concentration. Note that depending on various system
parameters such as wavelength values, Fourier transform cylindrical lens focal length, AOD
device parameters, the diffracted beams from the three wavelengths are spatially slightly
displaced. Because this displacement is expected to be small (< 100 micron), the data generated

is still considered sensed over a small zone on the SiC optical chip.
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Fig.16 Proposed design of the internally referenced time-wavelength-polarization multiplexed

scanning heterodyne interferometer using a tunable laser.

As shown in Fig.16, one possible modification to the Fig.15 system is the replacement of the
three fixed wavelength lasers and their grating optics by a single tunable laser that in time
generates multiple different wavelengths, one at a time, for time multiplexed data measurements.
In this case, the optics at the input and output ports is simpler. In addition, the AOD RF drive can
be changed to track the changing wavelengths, leading to possible wide band measurements over
a given optical band. This modified interferometer can be called an internally referenced time-
wavelength-polarization multiplexed scanning heterodyne interferometer. Because laser tuning
can be obtained at high speeds, high speed time multiplexed data processing can lead to high
resolution sensing by the SiC optical chip sensor. Hence, this type of interferometer is the most

advanced and powerful optical interface proposed for the SiC optical chip sensor.
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H: RESULTS AND DISCUSSION (Tasks 2 & 3; 1* 6 Months)

This project requires a special portable high temperature and pressure chamber that can hold the
designed and fabricated SiC optical chip and allow the chip to be optically interrogated by a free-
space laser beam. Our team has successfully delivered this goal. Specifically, the HTHP cell has
been successfully hydro-tested (i.e., pressure is supplied by water pressure) to 2000 psi without
leakage. A metal blank was used to seal the window orifice. An induction heating coil (see Fig.
2a) has been fabricated for positioning over the window flange and all controls of the heating

coil have been integrated into a control box.

Table 1. Various thermo-physical, mechanical and optical properties of single crystal 6H-SiC.

Properties Values

Density (kg/m’) 3214

Specific heat capacity (J/kg-K) 690

Thermal conductivity (W/m-K) 490

Melting (peritectic reaction) temperature (°C) | 2545 at 1 atm and 2830 at 35 atm
Linear thermal expansion coefficient (°C™") 4.5x10°°

Elastic modulus (GPa) 475 at 20°C and 441 at 1500°C
Shear modulus (GPa)" 192

Bulk modulus (GPa) 220

Poisson ratio 0.142

Refractive index for different wavelengths (A) | 2.7260 for A = 473 nm (Blue light)
at room temperature 2.6932 for A = 532 nm (Green light)
2.6567 for A = 633 nm (Red light)

"Data for 4H-SiC.

There are numerous polytypes of silicon carbide such as 3C (cubic), 2H (hexagonal), 4H
(hexagonal), 6H (hexagonal) and 15R (rhombohedral). Since 6H-SiC is used as the sensor

element, its relevant properties such as room temperature refractive index are listed in Table 1.
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We have successfully fabricated three SiC optical chips. Approximate dimensions of the 2-inch
diameter SiC fabricated window are measured as: 270 um thick 6H-SiC wafer, 30 um thick W
film covering the entire surface of the wafer, and 80 pum thick W film covering only one-half of

the wafer.

The SiC chip has also been experimentally tested for optical parameters such as reflectivity and
polarization independence. Present measurements of reflectivity conducted at the red 633 nm
wavelength have given a 40 % reflectivity for the front mirrored face of the chip and 30%
reflectivity for the back mirrored face of the chip that also includes double passage through the
front air-SiC interface. These numbers indeed match the design numbers as indicated as follows.
The reflectivity number for the front face Tungsten mirror is consistent with the 30-40 %
reflectivity number reported for Tungsten mirrors at 633 nm as earlier reported in the literature
[5]. The air-SiC interface produces a Fresnel Transmissivity coefficient T= 1-R, where R= r,
where for near normal incidence, r = [n (SiC)- n (air)]/ [n (SiC) + n (air)]. Here r is the Fresnel
reflection coefficient, R is the Fresnel Reflectivity coefficient, n (SiC) is the refractive index for
SiC at the measurement temperature and wavelength, and n (air) is the refractive index of air.
Using the n(SiC)=2.6567 from Table 1 and n(air)=1, r= 0.4531 or R=0.205. This implies that T=
0.795 or that 79.5 % of light passes through an air-SiC interface. Considering the path that the
light beam has to travel to strike the mirrored back side of the SiC chip, the expected
transmission efficiency for this beam is 0.795 (air-SiC) x 0.4 (Tungsten) x 0.795 (SiC-Air)= 0.26
or 26 %. Here we have assumed that the back face Tungsten mirror also has the same reflectivity
as the front face mirror, or 40 %. The measured transmission for this back mirror reflected beam
comes to be 30 %, slightly higher than the design value of 26 %. This is because the fabricated
back surface mirror and has a slightly higher fabricated reflectivity than the 40 % measured
reflectivity for the front surface mirror. These initial results indicate that the SiC optical chips
indeed have sufficient optical reflectivities to feed the interrogating free-space beam
interferometer. In addition, any unbalanced power levels for the two retro-reflecting SiC chip
beams can be balanced using optical and electronic power balancing techniques in the proposed

interferometers.
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For interferometric interrogation of the sensor as shown earlier in Fig.4, two laser beams are to
be directed to the designed silicon carbide window. These two beams are reflected from two
surfaces of the window to determine the changes in the optical path length caused by the
variation in the refractive index of silicon carbide due to high pressure in region A or due to high
temperature of silicon carbide. To study the effect of pressure on the refractive index of silicon
carbide, region A will be filled with a high pressure gas (e.g., Argon) from a high pressure gas
cylinder. The pressure of the gas in region A will be varied and the corresponding changes in the
optical path length (OPL) will be determined. These data will be used to calculate the refractive
index of silicon carbide as a function of gas pressure. Similarly, the silicon carbide window will
be heated to different temperatures at a given gas pressure, and the corresponding changes in the

optical path length will be determined to obtain the refractive index as a function of temperature.

Successful design of the optical interface to the SiC chip has been achieved. First, the baseline
externally referenced interferometer is designed, built, and tested. It is shown that this type of
interferometer has a nanometer-type OPL measurement stability. Next, internally referenced
optical interferometer designs using polarization or wavelength multiplexing are proposed,
designed, and tested, indicating a factor of ten improvement in OPL measurement stability, i.e.,
the Angstrom level. As the eventual project goal is measurement of three independent sensing
parameters of temperature, pressure, and species using the same SiC optical chip, novel optical
interfaces based on using multiple wavelengths are introduced. The first system uses three
wavelengths and forms an internally referenced wavelength-polarization multiplexed scanning
heterodyne interferometer. The second more advanced system forms an internally referenced
time-wavelength-polarization multiplexed scanning heterodyne interferometer using a tunable
laser. It is expected that these optical interfaces will engage the proposed SiC optical chip to
enable advanced sensing of fossil fuel high temperature scenarios leading to project objectives
over the three years. Initially in the 2™ phase of the project first year, the baseline line internally
referenced optical interfaces will be used to provide temperature and pressure signals via the

designed and fabricated SiC optical chips.
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I: CONCLUSION (1% 6 Months)

The success of the proposed project depended on several key factors during the first year phase
of the project.

First, we required a way to test our proposed SiC chip sensor with high temperature and pressure
conditions, all implemented within a low cost, portable test chamber. We have succeeded in
achieving this goal by designing, building, and preliminary testing such a custom test chamber.
The details of this test chamber have been presented in this report. As a parallel effort, we have
completed designs for a vacuum chamber, target holder, and substrate holder to deposit diffusive

thin films on silicon carbide using laser-assisted evaporation.

Second, for the first time to our knowledge, we have shown how an optical chip needed for high
temperature and pressure sensing proposed in this project can be designed and fabricated using a
SiC substrate and Tungsten mirrors. The chip design is unique as the front face of the chip is a
half-mirror while the back face is a full mirror. This unique chip design allows efficient and
stable interface to the free-space laser beam optics interrogating the SiC chip. The details of

fabrication of the SiC optical chips have been presented in this report.

Finally, the optical interface to the SiC chip requires super resolution phase stability to detect
OPL changes on an Angstrom scale. This need has been delivered in this project by designing
new polarization and wavelength multiplexed optical heterodyne interferometers that provide an
internal RF referencing scheme. These architectures have been built and tested, indicating the
required Angstrom scale OPL measurement stability. The details of the design and fabrication of
these optical interfaces have been presented in this report. In addition, ground work has been
laid towards the advanced optical interface architecture that will be used to make the multiple
sensing measurements (e.g., pressure, temperature, and species) via the single SiC chip. Details

of this novel optical interface design are also presented in the report.

The design chosen for the SiC optical chip includes a chip frontend with half a mirror and a fully
mirrored back face that engages with the sensing zone. Tungsten films are deposited to form high

temperature mirrors on the SiC substrate. The two inch chip is optically characterized with
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measured 40% and 30 % front and back face reflectivities, respectively, that match the expected
design numbers. The SiC thicknesses measured are: Front mirror film thickness: 80 micron;

Back mirror film thickness 30 micron; SiC substrate thickness: 270 micron.

Data collected from this system indicates at best a + 1° phase measurement stability indicating a
+ 0.713 nm OPL measurement accuracy using 514 nm laser. An improved sensitivity optical
interface is designed that using either polarization multiplexing or wavelength multiplexing to
deliver an internal referenced OPL measurement system. Specifically, data indicates a + 0.1°
phase measurement stability indicating a £ 0.713 Ansgtrom OPL measurement accuracy using
514 nm laser. A new optical measurement architecture using three wavelengths combined with
polarization multiplexing is proposed that has the capability to take three independent OPL
measurements off the SiC chip leading to the measurement of the desired fossil fuel parameters
of temperature, pressure, and species. An efficient optical architecture that uses a wavelength
tunable laser to implement a time-wavelength-polarization multiplexed optical interferometer is

proposed that generate a full data set to generate advanced sensing capabilities via the SiC chip.

Next, the SiC chip will be placed in the test chamber and interfaced with the proposed internally
referenced interferometer to take OPL data readings as temperature is changed and then as
pressure is changed, indicating that indeed the SiC optical chip forms a robust high temperature

and pressure sensor.
J.1: EXPERIMENTAL RESULTS (Tasks 2 & 3; 2" 6 Months)

Design and Fabrication of Silicon Carbide Sensor Element(Program Task 2):

This section deals with experimental results and issues related to the first generation SiC chips
fabricated for the proposed sensors.

Among the protective coatings suggested, a review of chemical thermodynamics
(chemical reactivity) and thermal expansion coefficient matching with the silicon carbide
substrate led to the following strategies. Pure tungsten (W) is the best bet coating to begin with
because of its close thermal coefficient of expansion to that of SiC and its oxidation resistance

and chemical stability compared to titanium and titanium alloys. Pure tungsten (W) is the least
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chemically active to oxidation, a primary constituent of combustion environments. However,

the difference in thermal coefficient of expansion between SiC and W is still significant.

An important consideration that evolved from the preliminary interferometry studies is that the
front and back surface of the coated silicon carbide should maintain a sufficient reflectivity
during temperature and environmental exposure. Consequently chemical changes that result in
reflectivity changes can reduce useful sensing signal levels and complicate sensor signal
processing. Therefore, metals that oxidize and show rapidly degraded reflectivity were dropped
from the coating matrix. Also, metal carbide and other ceramic coatings suggested for their
potential chemical stability where dropped form the coating matrix because of their low

reflectivity resulting in weak signals.

The evaporated coating of W on a polished surface showed the following unwanted behavior:

a. The W coating heavily oxidized at about 400 °C in the presence of a carbonaceous-
oxygen rich environment created by the pyrolysis of viton o-ring seal located 1 cm
from the W coated/SiC substrate.

b. A large portion of the W coating sublimed at 400 °C from the surface via chemical
oxidation from both oxygen and carbon.

c. The W coating showed fracture lines and debonding indicating the creation of film
stresses resulting from the thermal coefficient of expansion mismatch between W and
SiC. Tungsten (W) was chosen as the preliminary metal because of its close thermal
coefficient of expansion compatibility with silicon carbide (4.5 ppm/K for W versus
5.5 ppm/K  for SiC (273-1773 K)) and its carbon solubility which was thought to
improve bonding with SiC.

d. The reflectivity of the W coating degraded at the 400 °C temperature (Figs. 17 and
18), rendering the coating reflectivity weak based on used laser power level and thus
highly limiting signal processing.

Although W is considered inert to most oxidizing agents, it does exhibit 5 oxides (W30, WO,,
Wi5049, W20Ous, WO3). Reaction of W with O,, CO; or H,0 results in the growth of these

oxides and carbides, which predominate in different temperature and concentration regions.
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This variation in surface chemistry leads to an unstable, varying and poorly reflective mirror

surface.
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Fig. 17.(a) Original tungsten (W) coating Electron image analysis showing a highly pure W film
containing very little amount of carbon and oxygen.
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Fig. 17(b) Original tungsten (W) coating Surface and qualitative Energy Dispersive Spectra
(EDS) chemical analyses were done with a Quanta 3D Dual Beam Instrument, assisted by FEI
Company.
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Fig. 18 Oxidized tungsten (W) surface near 400°C showing Electron Image with oxygen,
nitrogen and other elements.
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Fig. 19 Oxidized tungsten (W) surface near 400°C showing Surface and qualitative Energy
Dispersive Spectra (EDS) chemical analyses were done with a Quanta 3D Dual Beam
Instrument, assisted by FEI Company.
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Creation of Protective Layer over Metal Film (Program Task 2.3): A positive and salient
feature of the polished silicon carbide was revealed in this study; the polished silicon carbide
(SiC) single crystal wafer was reflective up to 1000°C. In this case silicon carbide ceramic is
processed as a highly pure wide bandgap semiconductor for improved optical properties. The
material is green and optically transmissive as opposed to black, absorptive, polycrystalline and
diffractive sintered silicon carbide structures. This exciting opportunity led to the following

observations:

An optical phase was created inside a polished single crystalline 4H-SiC substrate with a high
intensity laser beam. This embedded laser-metallized optical phase was tested for reflectivity for
a green laser (wavelength, A = 532 nm). The reflectivities of the laser-metallized and
unmetallized (original silicon carbide substrate) were found to be 16% and 10% respectively.
Epitaxial surfaces (epilayers) were found [6] to exhibit higher reflectivities. These reflectivities

are sufficiently large for interferometric detection and signal processing.

a. A polished single crystalline silicon carbide substrate or epitaxial surface shows
sufficient chemical stability in oxygen up to 1000°C [7-10].
b. A polished single crystalline silicon carbide surface eliminated the classical thermal

coefficient of expansion mismatch issue.

These thoughts are corroborated by earlier work pursued by Morton International, Inc., now
Rohm and Haas Company, Advanced Materials Division, and more recently, Polo Corporation
(circa 2004) on the development of silicon carbide as a mirror or mirror coating on beryllium
supported, principally by MDA. Extensive optical and chemical resistance tests where
conducted [7-9]. The material can be polished to less than 3 Angstrom RMS surface finish and
is resistant to wet oxygen to very high temperatures; wet oxygen exposure at elevated
temperatures (1823 K (1550°C) to 1923 K (1650°C)) for 88.4 hrs does generate silicon oxide
formation. Rohm and Haas CVD SiC has a reflectivity of greater than 41% for wavelengths
120-190 nm and 70-99% for wavelengths ranging form 10500-12000 nm [10].
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K.1: RESULTS AND DISCUSSION (Tasks 2 & 3; 2™ 6 Months)

The earlier works of our team members Quick [11-14] on laser conversion have been extended
by other team members Sengupta et al. [15] and Salama et al. [16-18] to laser doping of silicon
carbide to create different electrical and optical phases including embedded nanoribbon
fabrication in SiC substrates. The new approach is to use the laser conversion technology to
optimize the SiC substrate reflectivity for those detector wavelengths compatible with
interferometer operation. This is laser materials processing technology; the lasers used in this
materials processing (150-1064 nm wavelength) operate in the range 15-200 W at frequencies up
to 35 KHz. These phases exhibit different reflectivities [6]. Therefore the optical properties of

the silicon carbide sensor substrate can be optimized

J.2 : EXPERIMENTAL RESULTS (Tasks 3; 2" 6 Months)

Measurement of the High Temperatures Using Non-Invasive Optical Sensing (Program
Task 3):

Results have also shown that the uncoated SiC-air interface produces a significant Fresnel light
reflection between 16-20 %. For applications requiring additional species sensing, heterodyne
detection optical sensing might be required as reflected light levels may become much smaller.
The next section is focused on the proposed baseband optical sensor for high temperature

measurements.
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Proposed Optical OPL Baseline Sensor:

The proposed baseband optical sensor uses remote interrogation of the frontend sensor chip by
using a laser beam eliminates the complications associated with electrical and prior art fiber-
optic sensors, particularly in high temperature applications. In the proposed sensor system, no
physical contact between the harsh environment and the light delivery and processing optics is
implemented. In effect, one can imagine many low cost distributed desired sensing zones where
a laser beam engages to produce signals for later data processing and environmental parameter

recovery. In effect, a truly non-invasive distributed optical sensor is realized.

Sensor Experiments:

The sensor system is set-up in the laboratory. A single 1 cm diameter SiC chip is placed and
sealed in the experimental high temperature high pressure chamber. Light from a fiber-
connectorized laser is collimated by a fiber GRIN lens with a d; =6 cm half self-imaging distance
and a 0.44 mm 1/¢” beam waist diameter. The light from the fiber lens is launched into the sensor

system.

As the temperature of the SiC is changed using current based heating in the test chamber, the SiC

properties change, thus inducing OPL variations.
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K.2: RESULTS AND DISCUSSION (Tasks 2 & 3; 2™ 6 Months)

To demonstrate this sensor operational concept, the experiment is performed over the room
temperature to 1000 °C. The sensor optical power data is recorded as the SiC temperature is
increased from room temperature to 1000 °C using current heating of the test chamber.
Temperature of the SiC is monitored by a thermocouple that is in contact with the SiC external to
the test chamber but close to the probe optical beam. Because the present experiment is
characterizing the proposed optical sensor, one can store the optical power data over the entire
temperature band and then process optical power data to produce a normalized plot of OPL

versus temperature.
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Fig. 20: Sensor Data in Radians versus SiC Chip Temperature ("C). A weak quadratic curve fit

1s achieved for this data.
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1.2: CONCLUSION (2" 6 Months)

All tasks proposed for the project have been successfully completed. The difficult goal of
realizing the fundamentals of a novel minimally invasive optical sensor that can operate at very
high temperatures (1000 C) has been realized. The physics, mathematics, and signal processing
theory for the proposed novel sensor has been successfully laid. More importantly, the basics of
the novel sensor have been experimentally tested and these include sensor characterization and

operation for temperature measurements from room temperature to 1000 C all at 1 atmosphere.

In conclusion, theoretical and experimental groundwork has been successfully laid on a
breakthrough minimally invasive optical sensor technology for very high temperature and
pressure applications such as DOE fossil fuel applications. Future work is needed to build on this
initial success to realize a robust optical sensor technology not only for very high temperature

and pressure measurements but also for species identification such as in fossil fuel applications.
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