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In Situ Acoustic Temperature Measurement During
Variable-Frequency Microwave Curing
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Abstract—Variable-frequency microwave (VFM) curing can
perform the same processing steps as conventional thermal
processing in minutes, without compromising intrinsic material
properties. With increasing demand for novel dielectrics, there is
a corresponding demand for new processing techniques that lead
to comparable or better properties than conventional methods.
VFM processing can be a viable alternative to conventional
thermal techniques. However, current limitations include a lack of
reliable temperature measuring techniques. This research focuses
on developing a reliable temperature measuring system using
acoustic techniques to monitor low-k polymer dielectrics cured on
silicon wafers in a VFM furnace. The acoustic sensor exhibits the
capability to measure temperatures from 20 °C to 300 °C with an
attainable accuracy of +2 degrees.

Index Terms—Acoustic temperature sensing, polymer curing,
rapid curing, variable frequency microwave curing, zinc oxide
deposition.

I. INTRODUCTION

HE development of advanced materials plays a vital
T role in the manufacture of thinner, smaller, and faster
electronic devices. The limitations of traditional inorganic
dielectrics have driven the microelectronics industry to develop
new organic, inorganic, and porous dielectric materials that
have superior performance. As such, a number of research
studies have been conducted to develop low-k and ultra low-k
dielectrics for use in the semiconductor manufacturing industry
[1], [2]. A considerable number of these novel dielectrics are
polymers, polyimides, spin-on glasses, and porous materials.
With increasing demand for novel dielectrics, there is a corre-
sponding demand for new processing techniques that lead to
comparable or better properties than conventional methods.
Currently, conventional thermal curing steps can take several
hours, and there is a need to shorten the processing time for
cost reasons [3]. A new thermal processing technique known
as variable frequency microwave (VFM) curing can perform
the same processing steps in minutes, without compromising
the intrinsic material properties [4]-[6]. In the future, VFM
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processing could be a viable alternative to conventional thermal
processing techniques because of advantages like rapid heating,
selective heating of materials though differential absorption,
penetrating radiation, controllable electric field distribution,
and self-limiting reactions. However, current limitations in
VEM processing include uncertain process characterization
methods, lack of reliable temperature measuring techniques,
and the lack of control over the various processes occurring
in the VFM chamber. To address these issues, prior work
has utilized experiment design, neural networks, and genetic
algorithms to model and optimize the polymers cured on silicon
using a VFM furnace [7], [8]. The current research addresses
the challenge of a reliable temperature measuring device by
the development of an acoustic temperature sensor for VFM
processing monitoring.

The acoustic temperature sensor developed herein relies on
the monotonic relationship between temperature and time-of-
flight of longitudinal acoustic waves to monitor the temperature
of silicon in the VFM furnace. In Section II, we discuss con-
ventional and VFM curing of polymer dielectrics. In the VFM
curing subsection, we discuss VFM processing in more detail.
In Section III, a discussion on the background of acoustic tem-
perature sensing is presented, and in Section IV, we present the
acoustic temperature sensor design for this research. Results and
discussion are presented in Section V. A conclusion is given in
Section VI, and future work is discussed briefly in Section VIIL.

II. POLYMER CURING

A. Conventional Curing

The objective of curing polymers in microelectronics is to re-
move residual solvents and to complete the chemical reactions
that convert monomers into polymers. Because curing condi-
tions play a major role in the final properties of a polymer, it
is important to reduce variability when curing polymers so that
acceptable electrical and mechanical properties result. Some of
the parameters that must be controlled to ensure a proper cure
include the polymer composition and molecular weight: glass
transition temperature; time, temperature, and heating rate; and
environmental conditions such as the atmosphere, relative hu-
midity, exhaust flow rate [9]. For a given polymer with constant
molecular weight and composition, the primary factors that con-
trol the curing process are time, temperature, and heating rate
[9].

In microelectronic applications, minimizing stress is a very
important issue. A ramped cure cycle is typically used to fa-
cilitate solvent removal and to minimize the development of
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Fig. 1. Schematic representations of microwave energy distribution in cavities
for (a) fixed frequency microwave and (b) variable frequency microwave [10].

thermal stresses arising from the coefficient of thermal expan-
sion (CTE) mismatch between the polymer and the substrate [9].
To further reduce the potential for stress, polymers should not
be cured above their glass transition temperatures. However, if a
polymer is not fully cured, any subsequent processing of the film
that exceeds the final cure temperature may result in the release
of volatiles. Consequently, the final cure temperature should be
at least as high as the maximum temperature of any subsequent
processing [9].

A standard curing process is typically done in either a laminar
flow forced air convection oven or in a diffusion furnace [9].
The primary requirements of the curing equipment are uniform
temperature distribution, the capability to adequately control the
heating rate, the capability to maintain a dry inert atmosphere
(exclude moisture and oxygen), and the provision of adequate
ventilation to remove volatiles that are released during the cure

[91.

B. VFM Curing

In this paper, VFM curing is performed in a MircoCure 2100,
which is manufactured by Lambda Technologies in Research
Triangle Park, NC. The controllable parameters for the Micro-
Cure 2100 are center frequency, bandwidth, sweep rate, power
level, and ramp rate. Samples may be processed at a fixed fre-
quency, at a variable frequency with a specific center frequency
and bandwidth, with a varying bandwidth, and/or varying sweep
rate. However, the unique feature of this system is the capa-
bility of frequency stepping. The system can step through 4096
frequencies over a 1.15-GHz bandwidth every 0.1 s. This fre-
quency stepping provides a time-averaged uniform energy dis-
tribution throughout the cavity, which eliminates the nonuni-
form temperature distribution that occurs in single-frequency
microwave furnaces as shown in Fig. 1.

This VFM furnace also has a feedback control system that
regulates the temperature of the sample being processed. The
control system can automatically adjust the power levels to
maintain the sample at the desired temperature, which allows
good control of ramp rates and final hold temperatures of the
samples to be processed. The VFM furnace has provisions to
maintain an inert atmosphere during processing of samples.
The processing cavity can be pumped down using a mechanical
pump and back-filled using nitrogen gas for processing in an

IR Pyrometer

Thermocouple

Quartz Plate

Fiber Optic
Probe

Fig. 2. Current temperature measuring devices.

oxygen-free environment. Another important characteristic of a
VEM furnace is the ability to place metal inside the microwave
cavity because charge build up and arcing due to the presence
of the field is eliminated.

Three temperature measurement devices are currently used in
the VFEM furnace: an infrared pyrometer, a fiber optic probe, and
a thermocouple. The pyrometer is a noncontact device, whereas
the thermocouple and fiber optic probe need to be held in con-
tact with the substrate with high-temperature Kapton tape and
a metal clip insulated with the tape a metal clip insulated with
the tape, as shown in Fig. 2. Despite the availability of several
temperature measurement techniques for the VFM, a consistent
measurement technique is still needed to accurately process ma-
terials. This is attributed to the physical contact needed to be es-
tablished to use the fiber optic probe and thermocouple, and the
varying emissivity values for the range of temperatures required
to set the pyrometer temperature level. The emissivity depends
on factors such as temperature, surface roughness, and wave-
length. Since these parameters are changing during a cure, there
is no automated way to determine the emissivity of a sample.
Even if there was an automated method to determine the emis-
sivity, the current pyrometer has the limitation of a manual input
for the emissivity value.

When processing in the VEM furnace, a sample is placed on a
quartz substrate, which is supported by quartz mounts. The fiber
optic probe and thermocouple are attached to the sample. The
experimental data is usually taken with the infrared pyrometer
as the temperature measuring and control device, with the fiber
optic probe acting as the temperature verification sensor. A cal-
ibration step must be performed to determine the emissivity of
a sample. The emissivity of the pyrometer is then set to the final
cure emissivity of the polymer.

Curing polyimide involves the removal of solvent or other
volatiles from the film and the imidization (or hardening) of the
polymer into an intractable polyimide film.! The curing process
is performed in several steps. Hot plates are commonly used for
a soft bake after the polymer is applied. Post bakes range from
50 °C-150 °C on one or more inline hot plates. Typically, a fur-
nace or programmable oven is then used for the final cure. Final

1[Online]. Available: http://www.hdmicrosystems.com/tech/process.html.
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curing is usually done at temperatures between 280 °C—400 °C,
depending on the application.

For a typical experiment, PI 2611 was spun-cast onto silicon
wafers and subsequently soft baked at 120 °C for 2 min on a
hotplate. The spun-on film thicknesses were in the range of 18
—22 pm. The coated wafers were then cured in the VFM fur-
nace under a nitrogen atmosphere. During VEM processing, the
temperature of the polyimide samples were ramped to an ap-
propriate level and held there for a specific amount of time.
After curing, the wafers are allowed to cool to room temper-
ature. After cooling, measurements are taken to determine elec-
trical and mechanical properties of the films. The cured film
thicknesses were in the range of 10-12 pm. To improve process
monitoring for the VFM system (with the goal of better control
of the heating rate and temperature), an acoustic temperature
sensor was developed and implemented in the VFM furnace to
monitor polymer dielectric curing on a silicon wafer.

III. ACOUSTIC TEMPERATURE SENSING

One limitation of VEM processing is the lack of reliable tem-
perature measuring devices. This limitation reduces the capacity
to effectively monitor and control temperature while processing
in a VFM furnace. A novel approach to temperature measure-
ment is acoustic temperature sensing. An acoustic temperature
sensor (ATS) is typically developed based on one of two phe-
nomena: 1) the change in acoustic velocity as a function of tem-
perature [11], and/or (2) the phase-shift of acoustic wave as it is
reflected from an interface as a function of temperature [12].

For many years, researchers have exploited the concept of
measuring the temperature of a gas by measuring the speed of
sound in that gas. This is a technique known as acoustic pyrom-
etry [13], [14]. Sensors based on this phenomenon have been
developed for real-time temperature profile measurements in-
side automobile catalytic converters and industrial furnaces and
boilers. Another example of change in acoustic velocity being
used to measure the temperature is that of the slotted acoustic
rod [15], where ultrasonic pulses are excited in an acoustic rod
with known expansion and propagation properties. For a rod
with notches at known distances from the excitation position,
the temperature of the medium can be calculated by measuring
the reflection times of the pulses from the notches.

In the 1990s, several acoustic sensors were developed at Stan-
ford University [11], [19]. One of these was used to measure
the temperature in a wafer by exploiting the interdependence
of the Lamb wave acoustic velocity and temperature of silicon
[11], [16]. This device was used to measure the temperature in a
rapid thermal processing system. In addition to measuring tem-
perature, this technique was used to determine the film thickness
on the same substrate that temperature was being measured by
using two sets of transducers operating at different frequencies
[18]. In [19], Lee and others developed a noninvasive technique
to measure temperature using a laser to excite acoustic waves
in a substrate and then exploited the change in the dispersion
relations of the plate modes through the wafer as a function of
temperature. In the late 1990s, the Stanford group developed an
ultrasonic sensor that was used to monitor pre-bake photoresist
processing [12], [20].

Temperature sensors have also been developed based on other
acoustic wave phenomena. Surface acoustic waves (SAWs) and
surface skimming bulk waves (SSBWs) have also been used to
measure temperature of films [21], [22].

The acoustic temperature sensor developed in the present
study measures the temperature of a polymer-coated sil-
icon wafer in a variable frequency microwave furnace. The
time-of-flight of an acoustic wave in silicon is related to the tem-
perature through the dependence of the elastic constants [16],
[17], [23]. In the seminal paper by McSkimm [23], acoustic
velocity was characterized as a function of temperature in
silicon. This data showed that the acoustic velocity decreases as
temperature increases, which corresponds to a negative velocity
coefficient of temperature (-31e-6 [dimensionless quantity]).
Thus, there is an increase in the time-of-flight of the acoustic
wave when the silicon temperature increases.

IV. SENSOR DESIGN

A. Piezoelectricity

A piezoelectric transducer converts electrical signals into
mechanical signals and vice versa [24]. One of the more widely
used piezoelectric materials for acoustic applications is zinc
oxide (ZnO). Zinc oxide has been widely used because of its
relatively high coupling coefficient (0.28 [25]), the fact that
it adheres well to a number of substances, and because its
methods of deposition coincides with IC fabrication techniques
[26]. Zinc oxide has been used for acoustic devices such as
SAW devices [27], [28], surface skimming bulk wave [21],
flexural plate wave devices [29], lamb wave devices [16],
[17], bulk acoustic wave devices [27], [30], longitudinal wave
devices [12], and acoustic—optic devices.

1) Zinc Oxide Deposition: The deposition of ZnO is very im-
portant because the thickness of a transducer determines the fun-
damental operating frequency for the device [31] and because
the film quality (crystalline structure, lack of voids, etc.) deter-
mines if a device will be peizoelectrically active or not. Lee et
al. reported that polycrystalline ZnO thin films must meet two
requirements to be properly suited for acoustic wave devices:
1) the basal plane of ZnO crystallites must be oriented parallel
to the plane of the substrate, which is sometimes referred to as
“c-axis orientation”’; and 2) the ZnO film must have a columnar
structure with void-free boundaries [32].

Zinc oxide can be deposited in a number of ways: RF mag-
netron sputtering [27], [28], [32], dc magnetron sputtering [35],
[36], dc triode sputtering [27], [28], molecular beam epitaxy
[37], metal organic chemical vapor deposition (MOCVD) [38],
and pulsed laser [39]. ZnO can be deposited by sputtering a zinc
target in an oxygen atmosphere [33], [35] or sputtering a ce-
ramic ZnO target [25]. RF sputtering of a ceramic ZnO target is
the most common method of deposition. Because of the number
of techniques and system configurations for a particular method,
there has been a considerable amount of research conducted on
processing, characterizing, and optimizing (trying to produce
highly c-axis oriented) ZnO films [25], [26], [30], [32], [34],
[40].
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Fig. 3. Input impedance (a) real, (b) imaginary, and (c) magnitude from KLM
model showing that the sensor should resonate around 200 MHz to 1.6 GHz.

Although the techniques used to deposit ZnO come from the
IC domain, ZnO is highly reactive. After it is deposited, subse-
quent processing can contaminate processing chambers as well
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Fig. 4. Insertion loss of transducer from KLM model.

as other device fabricated on silicon [26]. However, a passiva-
tion layer of silicon nitride can help reduce device contamina-
tion [41].

2) Sensor Modeling: To facilitate the design of acoustic
devices and to gain a better understanding of the affects of
changing a transducer’s parameters, a model was developed
of the acoustic device. There are two major approaches for
modeling acoustic devices: Mason’s lumped-element circuit
model [24], [42], [43] and the Krimholt-Leedom—Matthaei
(KLM) model [44]. These modeling techniques can be use to
determine the resonant frequency and insertion loss of devices.
They may also be used to optimize transducer parameters such
as film thickness, transducer area, type of transducer material,
type of contact, and contact thicknesses. Mason’s model is a
one-dimensional, lumped-element equivalent circuit model of
a piezoelectric device. It consists of an equivalent circuit that
separates the piezoelectric material into an electrical port and
two acoustic ports through the use of an ideal electromechanical
transformer, where network theory can be used to analyze the
circuit [45]. One of the drawbacks of the Mason’s model is
that it contains a (nonrealizable) negative capacitance [42]. The
KLM model is also a three-port network, but the equivalent cir-
cuit models an acoustic device using transmission line theory.

For this research, a KLM modeling program that was devel-
oped in the Ginzton Laboratory by Gokhan Percin (circa 1997
[46]) was used. Fig. 3 illustrates the input impedance of the
acoustic device parameters listed in Table 1. This figure shows
that the device should have a bandwidth of 200 MHz to 1.6 GHz
with a center frequency of 700 MHz. The insertion loss, the loss
resulting from a device being inserted into a transmission line,
is plotted in Fig. 4. Low insertion loss is a design goal.

B. Sensor Fabrication

To fabricate the acoustic temperature sensor, a ZnO piezo-
electric transducer was deposited onto a sapphire acoustic
buffer rod. Sapphire was used as the acoustic buffer rod be-
cause it is inert to microwave radiation [4] and has a low
acoustic attenuation [42]. First, the sapphire buffer rod was
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TABLE 1
ACOUSTIC DEVICE PARAMETERS USED IN THE KLM MODELING

Acoustic Device Parameters

Buffer rod length 4.7 mm
Active transducer area 1 mm?
ZnO Thickness 3 um
Contact Thicknesses (Au) 1500 A
Sapphire Buffer Rod Cr/Au Contact

Ti/Au Contact ZnO (Piezoelectric)

(@)

Polymer Dielectric

Silicon Wafer

Sapphire Buffer Rod

m +
/ v I I
ZnO Transducer

(b)

Fig. 5. (a)Illustration of a zinc oxide transducer fabricated on a sapphire buffer
rod and (b) an ultrasonic wave traveling through acoustic temperature sensor.

ultrasonically cleaned with acetone, methanol, and isopropanol.
Then, the piezoelectric transducer was fabricated by depositing
a bottom contact of Ti/Au, a ZnO layer, and a top contact of
Cr/Au onto the flat polished surface of the sapphire buffer rod.
The bottom contact was deposited by electron-beam evapora-
tion with the titanium layer, approximately 100 A thick, serving
as an adhesion layer. The gold layer was 1500 A thick. The
ZnO layer was deposited by RF sputtering at a temperature
of 325 °C. The top contact consisted of 100 A of chromium,
which serves as an adhesion layer, and 1500 A of gold, both
deposited by electron-beam evaporation. Fig. 5 illustrates a
fabricated transducer on a sapphire buffer rod.

Applying a voltage pulse between the two metal layers of the
transducer generates a longitudinal wave in the transducer that
is transmitted to the buffer rod. The longitudinal wave travels
through the buffer rod, the wafer, and the polymer. The wave re-
flected from the wafer/air interface and/or polymer air interface
back to the transducer. Temperature is subsequently calculated
from the time-of-flight measurement. Fig. 5(b) shows a wave
traveling through a buffer rod and wafer being reflected at the
polymer—air interface.

-s <« (111) Au

(002) ZnO

Fig. 6. XRD plot illustrating the (002) orientation of a ZnO film deposited on
Au/Ti/ sapphire wafer.
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Fig. 7. XRD plot illustrating a polycrystalline ZnO film with (001), (002), and
(101) orientations deposited on Au/TI/sapphire wafer.

C. Sensor Measurements

1) X-Ray Diffraction: In order for the transducer to resonate
properly, the zinc oxide must have the correct crystal orien-
tation (c-axis orientation). To determine the crystalline struc-
ture of the ZnO, X-ray diffraction (XRD) measurements were
performed using a Phillips X’PERT Pro X-ray Diffractometer
using Cu—Ka radiation. XRD (£2— 26 scan) measurements were
taken of ZnO films that were deposited on the titanium/gold
bottom contact, which had been deposited on 430-um, double-
sided double-polished, 2-in, c-axis oriented, sapphire wafers. It
should be noted, that these films were deposited using the same
recipe that was used for the buffer rod (see Table II). The thick-
nesses of the films were approximately 3 ym. The XRD mea-
surement shown in Fig. 6 was taken from a film deposited by
the Acoustic Electronics Group (AEG) at the Georgia Institute
of Technology using an RF sputterer, while the XRD plot shown
in Fig. 7 was of a film that was not deposited by the AEG. Table I
lists typical RF sputterer parameters [30]. Fig. 6 illustrates a
ZnO with the proper (002) orientation, which has a peak around
34.1 (20 degrees). The XRD plot in Fig. 7 illustrated a poly-
crystalline ZnO film with the (001), (002), and (101) orienta-
tions. The films with this type of XRD scan can be thought of a
poor quality, and these types of films were not piezoelectrically
active when a top electrode was deposited and a voltage was
subsequently applied to the contacts. Thus, these films did not
produce transduction and were not used for the acoustic temper-
ature sensor.
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TABLE 11
TYPICAL SPUTTERING PARAMETERS DEPOSITED BY THE MICROELECTRONIC
ACOUSTIC GROUP AT THE GEORGIA INSTITUTE OF TECHNOLOGY [30]

Sputtering parameters

RF Power 125 W
Argon Partial Pressure 2 mTorr
% Oxygen 3%
Deposition Pressure 5 mTorr
Temperature 325°C

5 1 15 2 25 3 35 4 45 5
GHz
= Zn0Transducer (S11)

Fig. 8. ATS s-parameter measurement from 100 MHz to 5 GHz.

2) Network Analyzer Measurements: To determine if the
transducer is active and to validate the operating frequency
range of the sensor, scattering parameter (s-parameter) mea-
surements were taken with an Agilent 85107B vector network
analyzer (VNA). In general, s-parameters relate incident and
reflected traveling waves that are scattered when an n-port
network is inserted into a transmission line, and they provide a
means of measuring and characterizing circuit elements when
traditional lumped equivalent circuit models cannot accurately
predict circuit behavior [47]. Thus, they can be used to de-
termine properties of a circuit or network, such as gain, loss,
reflection coefficient, etc.

In this paper, the reflection parameter s11, which is the ratio of
the reflected signal to the incident signal over a given frequency
range, was measured. The s1; measurement is commonly trans-
formed to yield the input impedance response Zj,, of the network
through the relationship

Ltsu

Zin = 50 .
1—s11

(D

To perform the VNA measurements, a calibration was per-
formed using a standard short-open-load (SOL) technique. After
calibration, the s;; data was collected. Fig. 8 is a plot of the
s11 data for the ATS measured from 100 MHz to 5 GHz. From
this measurement, it can be seen that the sensor has a band-
width from 200 to 900 MHz with a center frequency of ap-
proximately 600 MHz. Fig. 9 consists of four plots: a) the real

Real

5 1 15 2 25 3 35 4 45 5
GHz

()

= ZnOTransducer 211)

Imagnary

5 1 15 2 25 3 35 4 45
GHz

o

= Zn0Transducer (211)

(b)

Magritude
g

5 1 15 2 25 3 35 4 45

o

= Zn0Transducer (211)

= Zn0Tiansducer (S11)

(d

Fig. 9. (a) Real part of the input impedance measurements, (b) imaginary part
of the input impedance measurements, (c) input impedance measurements, and
(d) s-parameter measurements plotted on a Smith chart from 100 MHz to 5 GHz.

part of the input impedance measurements, b) imaginary part
of the input impedance measurements, ¢) the magnitude of the
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Fig. 10. Calibration schematic.

input impedance measurement, and d) s-parameter measure-
ments plotted on a Smith chart from 100 MHz to 5 GHz.

V. RESULTS AND DISCUSSION

A. Sensor Calibration

Before the acoustic temperature sensor was used in the
VEM system, it was calibrated to determine the temperature
sensitivity. Fig. 10 illustrates the ATS calibration process.
First, the silicon wafer was heated on a hot plate. The ATS was
placed in contact with the silicon wafer, and a high-voltage
pulsing circuit is used to generate a 100-V, 90-ns pulse that
produces a longitudinal wave in the sapphire rod. Time-of-flight
measurements were made by monitoring the returned pulses
of the sensor using a computer-controlled digital oscilloscope
(Tektronix TDS 5054). A thermocouple was placed in contact
with the wafer, and its readings were monitored with an Omega
TAC80B-K thermocouple-to-analog converter connected to an
Aglient 34401A digital multimeter, which was linked to the
oscilloscope via an RS 232 serial connection.

The expected time-of-flight is calculated by dividing the
buffer rod length (4.7 mm) by the speed of sound in sapphire
(11000 m/s) and multiplying that by a factor of two (for the
two-way travel). This time was 854.5 ns. Fig. 11 is a typical
oscilloscope reading with the initial pulse, followed by several
returned pulses. The returned pulses are approximately 805 ns
apart. Fig. 12 is an oscilloscope image of one of the returned
pulses.

A MATLAB script was developed to locate the returned
pulses and measure the time-of-flight as the temperature
changed. The program captures a digitized averaged waveform
from the oscilloscope. Returned pulses were identified by
applying a moving window across the samples of the waveform
and evaluating each sample in the window to a threshold.

Tek _ Run Sample

L B L D LN B RLELELELE I TUL v P SU
2. 839.2ns

At: 805.6ns
A 1241MHz

P | AP PP P

[ EPETAETS AT AT A

M 400ns 1.25GS/s  800psit 1.52ps
A Ch3 s 224mY

Ch3  200mY Q

Fig. 11. Oscilloscope measurement showing initial pulse and several returned
pulses.

The first waveform sample value in a particular window that
was greater (or less) than the maxima (or min) threshold was
classified as a returned pulse. After the first two pulses were
found, the time-of-flight calculation was made by dividing the
number of samples between the first and second pulses by the
sampling rate. The top plot in Fig. 13 illustrates three returned
pulses, where the program has identified the first two pulses
and has placed a small circle at the leading edge of the pulse
and plotted the pulses a different color than the waveform.
Fig. 14(a) illustrates an approximately linear relationship of
the time-of-flight of the returned pulses and the temperature. A
polynomial model was developed from the data in Fig. 14(a)
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Fig. 12. Oscilloscope measurement showing one of the returned pulses.
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Fig. 13. ATS with temperature ramped to 200 °C and held there for approxi-
mately 5 min.

and used to plot the measured temperature of a thermocouple
with the temperature estimate using the acoustic temperature
sensor [Fig. 14(b)]. The plot shows that there is an attainable
42 degree error during ramp up and hold, but there is a +5
degree error during cool downs.

Fig. 15 illustrates the ATS measuring temperature that is
ramped at a rate of 10 °C/min to 300 °C and held for approxi-
mately 80 min. At several points during the measurement, there
are spikes in the time-of-flight data, which correspond to the
algorithm not being able to capture one of the leading edges of
the subsequent returned pulses.

B. ATS Implementation in VFM

To implement the acoustic temperature sensor in the VFM
oven, the sensor had to be placed in a holder. The sensor holder
was developed such that it was the same size as the quartz rod
and plate that were already being used in the VFM. The ATS
was set in the holder such that the sensor protruded less than a
half a millimeter out of the holder. In this way, when a wafer is
placed on top of the holder, it stays in contact with the sensor.
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Fig. 15. ATS with temperature ramped to 300 °C and held there for approxi-
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Wire bonding was attempted to attach the sensor fabricated on
the buffer rod to the connector on the sensor holder. However,
the bond between the gold wire and the top contact on the buffer
rod was not strong enough (when a bond was actually made)
and did not stay attached during subsequent processing. After
examination of the surface of the top contact, it was found that
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Fig. 16. (a) ATS in the sensor holder next to the quartz plate and (b) shows a polymer-coated silicon wafer on top of the ATS in the sensor holder.
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Fig. 17. Graphical user interface used to monitor in situ the returned pulses and the thermocouple readings of a polymer-coated wafer inside the VFM chamber.

the surface was very rough. In addition, the clamps on the wire
bonder were not designed for circular devices, which meant that
the buffer rod was not properly clamped down during bonding
that could have caused the device to move during the ultrasonic
phase of the bonding process. Because of this bonding issue
with the transducer fabricated on to the buffer rod, the actual
acoustic device that was implemented in the VFM furnace was
fabricated on the double-sided polished sapphire wafer that was
used for the XRD measurements with a top contact deposited
on it. This acoustic sensor was mounted on to a sensor holder
as described above. The sensor holder was placed inside the

microwave chamber, and a polymer coated wafer was placed
on top of the sensor/sensor holder (see Fig. 16).

A graphical user interface (GUI) was developed in MATLAB
to monitor the time-of-flight from the returned pulses and to
monitor the thermocouple that was attached to a polymer-coated
wafer inside the VFM furnace. Fig. 17 illustrates the GUI with
the temperature being ramped from room temperature to 95 °C.
This figure shows that the profile of the returned pulses has a
strong correspondence to the temperature profile from the ther-
mocouple that was attached to the polymer coated wafer. The
time-of-flight measurement is noisier in the VFM than it was
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during calibration, which may be the result of the alternating
field around the wires inside the VFM chamber that connect the
ATS to the pulsing circuit. Both thermocouple and the ATS mea-
surement would suffer from this problem. However, in a future
version of the ATS, the wires could be shielded or the sensor
could be designed so that the wires do not need to be inside the
chamber.

VI. CONCLUSION

An acoustic temperature sensor was developed by depositing
a ZnO transducer onto a sapphire buffer rod or sapphire wafer.
Piezoelectric activity of the ZnO was confirmed by XRD mea-
surements. The time-of-flight of a longitudinal wave acoustic
wave was measured by generating a high voltage pulse, which
produces the acoustic wave in the transducer. The acoustic wave
travels through the sapphire into the silicon wafer and reflects
off of either the silicon/air interface (or polymer/air interface
if the silicon is coated with a polymer) and returns back to the
transducer which then converts the mechanical signal back to an
electrical signal, where it is read on an oscilloscope.

A MATLAB program was developed to capture the wave-
form from the oscilloscope and find the returned pulses within
the waveform and by doing so measure, the time-of-flight as
the temperature changed. The data exhibited an approximately
linear relationship to the time-of-flight of the returned pulses
and the temperature. The expected time-of-flight for the buffer
rod was calculated by dividing the length of the rod (4.7 mm)
by the speed of sound in sapphire (11 000 m/s) and multiplying
that by a factor of two (for the two-way travel time), which was
854.5 ns. The actual returned pulses were approximately 805
ns apart. Experimental data was taken with the acoustic buffer
rod measuring the time-of-flight of silicon wafers with temper-
ature profiles ramped to as high as 300 °C and held constant for
as long as 80 min. For lower temperature and shorter runs, the
time-of-flight data was approximately linear with the tempera-
ture as measured with a thermocouple.

When the sensor was mounted in a holder and placed inside
the VFM furnace, MATLAB with a GUI was used to mon-
itor both the time-of-flight of the returned pulses and a ther-
mocouple that was attached to a polymer-coated wafer. The
time-of-flight data had a strong correspondence to the temper-
ature profile from the thermocouple that was attached to the
polymer-coated wafer. The acoustic sensor can measure tem-
peratures from 20 °C to 300 °C with an attainable accuracy of
+2 °C.

VII. FUTURE WORK

To implement the scheme in a production VFM system, a
redesign of the sensor holder may be required. Currently, the
sensor holder is made of aluminum, but developing a sensor
holder using a nonmetal such as quartz may be beneficial. The
insulation of the wire that was used to contact the sensor in the
VEM was burned during one of the runs. Thus, the insulation
should be inert to microwave radiation. A potentially better ap-
proach would be to have the sensor mounted such that the wire
contacts the transducer outside of the chamber, where no wires
would be needed inside the chamber.

To further improve the monitoring capabilities of the VFM
furnace, other sensors will be investigated. Some of the fol-
lowing sensors should be explored for in situ monitoring of
VEM curing: Fourier transform infrared spectroscopy (FTIR),
dual-wavelength IR pyrometer, and ellipsometer. In general,
there is more information contained in the returned pulses from
a transducer than the time-of-flight information. For example,
the amplitude of the returned pulse can be used to determine
the reflection coefficient. Further investigation will determine
if this information, in addition to using a network analyzer to
measure the phase of returned pulses, could be useful for VFM
processing.
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