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Fig. 1.2 : Comparison of contemporary, commercially available IR imagers using

uncooled bolometer arrays. Table from a review paper by Niklaus et al [6]. .................... 6

Fig. 1.3 : (a) The resonant IR detector is a thin-film micromechanical resonator
mechanically suspended by thin tethers. The resonator body accounts for most of the
thermal mass of the device, while the tethers isolate the resonator thermally. The
resonator is coated with an IR absorber layer that efficiently absorbs incoming radiation.
(b) The transduction mechanism can be separated as the absorption of IR radiation
resulting in a temperature shift, resulting in a proportional frequency change for the
resonator. (c) A depiction of the reduction of frequency of a resonator due to IR

illumination. For most materials, increased temperature causes a reduction in frequency. 8

Fig. 1.4 : Schematic showing the absorption, transmission and reflection of infrared

radiation by an IR absorber coating on the resonator substrate. The absorption can be
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broadband over a large spectrum, or designed to be narrowband at a specific wavelength,
based on the intended application. Within the absorption band, the goal is to increase
absorption while reducing transmission and reflection. Both broadband and narrowband

absorbers are experimentally demonstrated in this wWorki............coccooiiiiiiininnninnnn 11

Fig. 1.5 : (a) Schematic of the conceptual approach to differential resonant IR sensing. A
sense-reference resonator pair is shown. Upon IR irradiation, the sense resonator, which
is coated with an IR absorbing layer, undegoes a frequency shift, while the reference
resonator does not absorb radiation and remains frequency-invariant. (b) A representative
circuit that can be used for differential measurement. Both resonators are used in identical
feedback loops as self-sustaining oscillators. The oscillator signals are mixed together
and the beat frequency is extracted. The beat frequency is a function of the IR signal
power, but eliminates common mode signals such as temperature drift. The effective

sensitivity of the differential signal is larger than that of a single sensor.............c.cc....... 13

Fig. 1.6 : (a) A scanning electron microscope (SEM) image of a fabricated array of 4 x 4
resonators. Bilayer routing is seen here and can be replaced by flip-chip bonding with a
readout IC. (b) A schematic showing the FPA composed of a number of resonant IR
detectors. The focusing optics are standard equipment for FPAs and depend on the

spectral range to be detected. ......oouiiiiiiiiiie e 14

Fig. 1.7 : (a) Intrinsic material f X Q limits for GaN-based BAW resonators. For
longitudinal acoustic wave resonators, the dominant loss mechanisms are phonon-phonon

loss and phonon-electron loss. The electron loss is highly dependent on the free carrier



concentration in the material. Based on analytical values, it is possible that the phonon-
electron scattering is significant or even dominant for GaN (b) Measured f X Q values
for GaN resonators (red dots) in comparison with the theoretical limits provide qualitative

validation of this hYPOtRESIS. ....cc.eeviiiiiiiiiiiieieeieee e e ees 16

Fig. 1.8 : Schematic showing the simple experimental setup and the effect of
acoustoelectric amplification on the performance of GaN resonators. (a) Acoustoelectric
amplification in GaN resonators can be seen by applying a DC bias to the device during
normal RF operation. (b) We see an improvement in Q and insertion loss (IL) and a
narrowing of the bandwidth of the device. This is a dynamic improvement and can be
switched on/off or tuned during operation. Measured results shown later exhibit up to
35% improvement in Q, with DC bias values as low as 20 V. This thesis proves that the
measured performance improvement is due to the acoustic gain resulting from phonon-
electron gain in piezoelectric semiconductor BAW resonators, and eliminates all other

potential causes by careful experimental CONtrols. ..........cccoceeveriieriininiinieniicnieeene 17

Fig. 2.1 : (a) General model of a thermal IR detector. Image from [1]. (b) Scanning
electron micrograph image of a released two-port GaN resonator with dimensions of 80
pm x 80 um x 12 pm. The suspended membrane acts as the IR radiation collector, while
thermally connected to the substrate (thermal sink) only by the mechanical tethers which
have a low thermal conductance by virtue of their thin and long structure, and ideally the

use of material that possess low thermal conducCtivity...........cccoeviieiiiiniieiiiiniieiieie e 22
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Fig. 2.2 : Predicted values of resonant frequency change due to electrostriction in GaN.
This calculation assumes a 2.15 um thick film and a pyroelectric coefficient of value
1x10° V/m-K. The accurate value of M3; is not known and an approximate, conservative
value is used. This plot is derived based on the theoretical model for electrostriction in

GAN [55]. wevoreeeeeeeeeeeeeeeeeeeeeeeeeese e e s eeeeeee s e s s e e e s e s e e e s s s seeseeeeeesseene 26

Fig. 2.3: The modeled NETD design space as a function of the GaN resonator area and
the total thermal conductance between the GaN resonator and its surroundings. This
particular graph assumes ideal absorption. The radiation limit denotes the point at which
radiation losses dominate the heat loss. When not limited by radiation, the tether
conductance and detector area are the two most important design parameters for
determining the NETD. This graph assumes f/1 optics with 80% transmissivity, a pixel
fill factor S8 of 80% and ideal IR absorption 7. Frequency instability is assumed to be 10

ettt 30

Fig. 2.4 : Examples of fabricated resonators show the evolution of the tether design for
high thermal isolation,while retaining the total area occupied by the resonator ‘pixel’.
This is generally achieved by using bent or meandered tethers that increase effective
length. The SEM images show (a) a prototype with simple, short tethers, (b) a tether-
suspended thickness mode FBAR, (c) a resonator with single-bend crableg tethers, and
(d) a resonator with a two-bend crableg tether. Fabricaton and characterization of these

resonators are presented in subsequent sections of this chapter. ...........ccccoeviiviiinnienin. 33
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Fig. 2.5 : Fabrication process flow for GaN resonator prototypes. The GaN films are
lithographically patterned to define the resonator. Top electrodes are defined by e-beam
evaporation and liftoff. After the IR absorber layer is patterned, the resonator is released

using through-wafer DRIE. Sputtered metal is used for the back electrode..................... 35

Fig. 2.6 : (a) Schematic showing the IR measurement setup of the GaN resonant sensors.
Both sensor and reference resonators are measured using an identical procedure. (b) The
radiant power output of the source/optical fiber system as per vendor specifications [69],
and the absorption efficiency of the silicon nitride layer, measured using NIR
spectroscopy. The boxed area is the spectral region that describes the NIR radiation

absorbed by the SENSe reSONALOTS. .......cecuiiiiieiieeieeiie ettt s ee 36

Fig. 2.7 : (a) An SEM image of a fabricated GaN resonator with silicon nitride absorber.
The dimensions of the device are 120 pm % 80 pm % 2.15 um. (b) A comparison of the
nominal and irradiated RF (transmission and reflection) performance of the resonator
with 156 uW of incident power (~ 30 uW of absorbed power). All the relevant operating

parameters (frequency, O, IL, and bandwidth) of the resonator change simultaneously. 36

Fig. 2.8 : (a) Measured data for the sense and reference resonator pair, showing the
response upon IR illumination with 156 uW of radiated IR power (~ 30 uW of absorbed
power). Note that the span of the Y axis is the same for both graphs, and thus in
comparison to the sense resonator, the reference resonator is almost invariant upon IR
irradiation. (b) The beat frequency change upon IR irradiation. Relative change in the

beat frequency when the IR signal of 156 pW is turned ON is about 15%. This is much
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larger than the relative change of the sense resonator alone. Using this differential
measurement also eliminates common mode signals such as ambient temperature changes,

acceleration sensitivity, and pressure SENSItIVILY. ......eeceerveeriierieenienieerieeeeeeseeeeeeesieeenne 40

Fig. 2.9 : SEM images of successfully fabricated 2x2 arrays ((a) and (b)) and 4x4 arrays

((c) and (d)) with local reference resonators. ..........cceveeeeieeeiiieeiie et 43

Fig. 2.10 : (a) Measured response of all the first length extensional mode resonance for
the 80 um % 80 pm resonator array shown in Fig. 2.11. (b) Magnified range shows that
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layer. The sense resonators themselves have near-identical performance, with a standard

deviation of 0.0037% (37 ppm) with respect to the average. ..........cceceeveeriienienieenneenne. 44

Fig. 2.11 : (a) 2 x 2 resonator array. Each resonator has dimensions of 80 pm x 80 um.
Three sense resonators are coated with 200 nm thick SiNx absorber layers. The reference
resonator is uncoated. (b) Color map indicating the relative change in beat frequency for
the 2 x 2 resonator array. The reference resonator is the baseline, while the three sense
resonators show as much as a -5.5 % shift in the relative beat frequency upon

illumination with 102 uW incident IR power (~20.4 uW absorbed power)................... 45

Fig. 2.12 : (a) SEM image of a fabricated 4 % 4 resonator array. Each resonator has
dimensions of 28 pm x 38 pm. Twelve sense resonators are coated with 200 nm thick

SiNx absorber layers. The four reference resonators (at the corners of the array) are
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uncoated. (b) Color map indicating the relative change in beat frequency for the 4 x 4
resonator array with ~30 uW incident IR power. The reference resonators are the baseline,
while the sense resonators show as much as a -1.6 % shift in the relative beat frequency
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Fig. 2.13 : (a) Sz21 amplitude of the sense resonator under switched near-IR illumination.
Measurements are acquired at high speeds to measure the resonator response. Magnified
ranges showing cooling and heating time constants based on measured data and curve
fitting using double exponential functions to extract the thermal time constants. The slow
time constant is due to the non-ideal substrate and surroundings, while the fast time
constant (556 ps) is a function of the thermal properties of the sensors. The calculated
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Fig. 2.14 : (a) Array of AIN-based designs, with single-bend crableg designs. The devices
are mechanically released using XeF2. This particular batch was also used as a platform
for integrating spectrally selective plasmonic IR absorbers, details of which are provided
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Fig. 2.15 : (a) Measured response of an AIN-on-Si reonator fabricated using a
commercial foundry MEMS process. The mechanical performance of the resonator is one
of the best achieved so far, with a measured frequency (42 MHz) close to the design
value (44 MHz), low IL (-12 dB) and high Q (1950). Inset shows a microscope image of
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routing and pinout. (b) The IR response of the device when illuminated by ~96 uW of

power. The response time was separately calculated to be on the order of 4 ms. ........... 50

Fig. 2.16 : (a) An SEM image of the PZT-on-SiO2 IR detector arrays developed in
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Fig. 2.19 : The expected NETD values as a function of the (a) tether conductance and (b)
resonator area for different material combinations and designs that were part of this work.
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magnitude has room for improvement. Inset shows the polarization angle dependence of
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Fig. 2.25 : (a) A SEM image of an array of resonant IR detectors with three sense
resonators covered with the MIM plasmonic structures and one uncoated reference. (b) &
(c) Magnified SEM images showing the well-defined plasmonic grating with 750 nm
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Fig. 3.1: (a) Cross-section SEM images of a cleaved GaN film grown on a Si (111)
substrate. A transition or buffer layer of AIN and AlxGaixN is necessary in order to
reduce the lattice mismatch between the Si and GaN crystals. This buffer layer is seen in
the SEM image. (b) Schematic of the GaN wafer along with optical images of each layer
after etching down using dry etching. The transition from the polycrystalline AIN

nucleation layer to the single crystal GaN can be clearly seen............cccceeveevenveneniennnn. 71

Fig. 3.2: A representative result showing XRD spectroscopy on a GaN thin film grown
on a Si (111) substrate using MOCVD. Inset: Rocking curve of the (0002) GaN plane

exhibits a very clear peak and a FWHM of 1296 arcsec. ........ccccoceeveveenenieneenienienenn 72

Fig. 3.3: Calculated slowness curves for GaN for in-plane and out-of-plane acoustic wave
propagation. The green shaded regions indicate the slowness values extracted from the
frequency of resonators in this work and reported in [64, 91, 108, 111, 126-128]. The

measured velocities match well with theoretical estimates. .......ovvvvvveeveeeeeeeeeeeeeeeeeeeeeeeeenns 76

Fig. 3.4: The best Q measured in our lab was on a 40 pm x 80 pum length-extensional
mode GaN resonator. The RF transmission (S21 curve) at room temperature and ambient
pressure is shown in red, showing a Q of 8113. The Q improves to 12185 at 77 K and 10

uTorr. IL also improves at the lower temperature and pressure, while frequency increases.

Fig. 3.5: Calculated values of the f X Q limits for the dominant intrinsic dissipation

mechanisms in GaN. Measured results from this work are shown in red dots. The
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measured values compare favorably with work by other researchers [126, 127, 133-135].

Fig. 3.6: Measured values of (a) keff2 as a function of Q and (b) keff2 X Q as a
function of frequency. Data are consistent with published work by other researchers [64,

126, 127, TA2]. oottt st 81

Fig. 3.7: The change in the frequency of two length-extensional GaN resonators as a
function of temperature, showing a negative TCF with experimentally measured values of
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Fig. 3.8: Measured IIP3 for a GaN mechanical resonator. The data are measured on a 2.1
GHz with a frequency separation of 5 KHz. The measured GaN bulk acoustic wave
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Fig. 4.1 : (a) Schematic cross-section of a piezoelectric semiconductor BAW resonator,
depicting the fundamental thickness mode of vibration. The schematic indicates the
various intrinsic loss mechanisms (phonon-phonon scattering, TED and phonon-electron
scattering) in addition to the reflection losses. In the absence of other external losses,
such as air damping, the total energy loss per cycle is dominated by these loss
mechanisms. For a piezoelectric semiconductor material, under the right conditions, the
phonon-electron scattering losses can be inverted to achieve acoustoelectric gain. (b) A
representative set of output responses for BAW resonators, denoting damped, undamped,

and amplified responses (a >0, a =0, and a <0 respectively). (c) The same
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responses can be visualized by the strain distribution of BAW resonator cross-sections
under ideal, damped and amplified conditions (¢ > 0, @ = 0, and «a < 0 respectively).
The cross-section images show higher order standing wave BAW resonance modes, and
visually exaggerated damping/amplification envelopes for clarity of concept. The color

map shows areas of positive (red) and negative (blue) strain............cccceeeevvevieecieeneennnnns 93

Fig. 4.2 : (a) The phonon-electron loss/gain in a representative GaN material system with
respect to resonant frequency and the velocity ratio 7. Increasing the applied electric field
(and thus 1) reduces the phonon-electron loss across all frequencies. Here, n =
0,1,2, ... correspond to electric field values ED = 0 kV/m, 400 kV/m, 800 kV/
m ... as per Eqn. 4.15. Within a certain range of n, the phonon-electron loss is negative,
indicating acoustic gain. (b) The total loss in the system is clearly affected by phonon-
phonon loss and thermoelastic damping, but still includes regions where loss is negative
predicting the possibility of acoustoelectric amplification in the resonator that can
theoretically overcomes all other intrinsic losses in the material. Note that this is the
frequency dependence loss for the piezoelectric semiconductor material, not the resonator.
The mechanics of the BAW resonator itself imposes further frequency selectivity,

allowing only those modes that conform to the resonance condition nd = 2L................ 94

Fig. 4.3 : (a) The f x Q limits for the various intrinsic loss mechanisms in piezoelectric
semiconductor GaN ( f = w2m) . For low to moderately doped piezoelectric
semiconductor GaN, the phonon-electron mechanism is the significant limiting factor,

lower than the anharmonic phonon-scattering and TED. (b) For a representative
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frequency, (here, 1.5 GHz), the piezoelectrically coupled model for phonon-electron
interaction is significant only for a range of values of moderate doping. Beyond this
range, other interactions dominate. The /" x Q limit due to phonon-electron interaction is
highly dependent on the effective electron concentration. Two important mechanisms of
phonon-electron interaction are (c) piezoelectric and (d) deformation-potential (DP)
coupling. At low to moderate doping, the piezoelectric interaction dominates, and the two

loss mechanisms achieve parity only at a concentration of ~1x10'® cm™ for GaN. ....... 101

Fig. 4.4 : (a) A schematic of a two-port thin film BAW resonator made from epitaxially
grown GaN. The resonator is normally driven using only an RF stimulus, but a DC bias
applied across the resonant cavity causes a change in the performance. The resonator is
seen in (b) a SEM and (c) a microscope image that shows the edge of the released GaN
membrane. Scale bar corresponds to 100 um. (d-e) RF transmission measurements (S21)
of the resonator with indicating both nominal operation and the evolution of BAW
resonator performance improvement with an increasing DC bias. (f) This improvement
can be quantified by the improved IL, decreased bandwidth, and consequently increased
0. (g) The extracted mechanical O, Qm, which is free of all parasitic effects. Qm shows
significant improvement with applied DC, demonstrating that there is a fundamental
reduction in internal loss and consequently an improvement in the energy confinement in
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Fig. 4.5 : The values of Rm extracted from the measured data for the BAW device

shown in Fig. 4.4. The values of Qm are based on these extracted values. ................... 106
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Fig. 4.6 : (a) Cross section electron micrograph of a GaN film epitaxially grown on a Si
(111) wafer. (b) In order to mitigate the lattice mismatch between GaN and Si, a graded
buffer layer consisting of AIN and AlGaN layers is used. (c) A modified version of the
two-port Butterworth-van Dyke (BVD) model of a resonator can be used to map
mechanical quantities with their equivalent motional quantities. The parasitic effect of the
buffer layers associated with the body of the resonator and the contact pads has been

included for a more accurate fit. The model is symmetric with respect to its ports. ...... 107

Fig. 4.7 : BVD model fit for the RF transmission magnitude and phase of the 1.5 GHz
resonator shown in this work. It can be seen that the model provides an accurate match
with measured RF transmission parameters. The lumped element values for the 1.5 GHz
device used for this fitting are shown in Table 4.II. The transmission response of the
resonator at each value of DC bias can be matched using the BVD model and
corroborates the lowering of Rm. The value of Rm for this resonator at varying DC bias
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Fig. 4.8 : Qualitative comparison of the improvement in Qm for representative resonators
on multiple wafers, using the full intrinsic loss model. Approximate estimates for the
effective electron concentrations of each wafer are determined using this comparison.
Error bars for Wafer C denote the maximum/minimum data over multiple data sets for
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Fig. 4.9 : Measured values of f X Q for devices above, and the limiting values imposed
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values of N for each individual wafer. The difference between the f X Q limit and the
measured values is due to reflection loss and other extrinsic losses not accounted for in
the model. Reflection loss can be lowered by more optimized resonator design, while
other losses can be reduced by reducing the defect density of the material lattice,

operating the device in a vacuum and at [low temperatures. .............ecveeveerreerveenreennens 111

Fig. 4.10 : (a) Phonon-electron loss/gain aPiezope as a function of frequency and
applied DC electric field, for the wurtzite GaN system with a fixed carrier concentration
N = 10" ¢cm™ and carrier mobility =200 ¢cm?*/V-s. The gain region aPiezopewr, ED <
0 is clearly seen. Subsequent plots (b)-(e) denote loss aPiezope as a function of ED, at
representative frequencies, w max and 1.5 GHz, with variations in N and p. The nature
of aPiezope is highly dependent on these parameters. A similar analysis can be carried
out for other piezoelectric semiconductor materials, in order to identify the optimum
material properties and design for low-loss or high-gain resonant piezoelectric

semiconductor BAW amplifiers. .........ccceeeiiiiiiiiiiiiiiecieeieeee ettt 112

Fig. 4.11 : The critical velocity ratio nth 1is the threshold value at which aPiezope = 0.
Any further increase in the velocity ratio (achieved by applying a higher electric field)
would drive the resonator into the gain regime aPiezope < 0. The possible solution
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Fig. 4.12 : (a) Relative improvement in Qm for multiple resonators as a function of
frequency and modeled N for four GaN wafers. Planar projections indicate the trends
with respect to frequency for a fixed set of material properties (Wafer A). (b) Relative
improvement in experimentally measured and extracted Qm for four BAW resonators
concurrently fabricated on Wafer A (and thus possessing the same material properties).
As predicted by the model, increasing the resonance frequency (w w max) increases the
relative improvement in Qm . As expected from the model, increasing electron
concentration reduces piezoelectrically coupled phonon-electron interactions due to
screening, and leads to (c) a higher nominal /<Q (lower loss) but also (d) a lower relative
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Fig. 4.13 : (a) DC I-V curves and (b) measured resonator Q for two similarly designed
BAW resonators. In both cases, positive voltages result in similar trends in improvement
of Q. In devices designated type A, a negative voltage results in negligible QO
amplification, while in devices of type B, there is a perceptible change in the O with a
negative bias. This is well correlated with the nature of the DC current seen in both type
of devices; devices that do not show large currents in the negative bias region do not
show improvements in the Q. Further investigation into the n-GaN/Ti/Au contact is
necessary to fully characterize and control contact resistance and consequently the QO
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Fig. 4.14 : Change in (a) measured Q and (b) IL of the 70 MHz BAW resonator (Wafer

A) with applied DC bias at different levels of RF input power. We can see that increasing
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the input power temperature improves the Q and IL slightly. (¢) & (d) The same data
plotted as a function of the RF power, at select values of DC bias. Increasing RF power
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Fig. 4.15 : Change in (a) measured Q and (b) IL of a 70 MHz BAW resonator (Wafer A)
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ABSTRACT

This thesis work presents the first comprehensive utilization of Gallium Nitride
(GaN) in high-performance, high-frequency micromechanical resonators. It presents
characterization of critical electromechanical properties of GaN and validation of
high-performance designs.

The primary motivation behind this project is the use of GaN resonators as
sensitive, low-noise, uncooled infrared (IR) detectors. IR response of
micromechanical resonators is based on radiative absorption and a consequent shift in
its resonant frequency. Mechanical resonators are expected to perform better than
contemporary uncooled IR detectors as the noise equivalent temperature difference
(NETD) is primarily limited by each resonator’s thermomechanical noise, which is
smaller than resistive bolometers. GaN is an ideal material for resonant IR detection
as it combines piezoelectric, pyroelectric, and electrostrictive properties that lead to a
high IR sensitivity up to -2000 ppm/K (~ 100x higher than other materials). To
further improve IR absorption efficiency, we developed two types of thin-film
absorbers: a carbon nanotube (CNT)-polymer nanocomposite material with broad-
spectrum absorption efficiency (> 95%) and a plasmonic absorber with narrow-
spectrum absorption (> 45% for a select wavelength) integrated on the resonator.
Designs have also been successfully implemented using GaN-on-Si, aluminum nitride
(AIN), AIN-on-Si, and lead zirconate titanate (PZT), and fabricated both in-house and

using commercial foundry processes. Resonant IR detectors, sense-reference pairs,
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and small-format arrays (up to 16 elements) are successfully implemented with
NETD values of 10 mK, and ~1 ms-10 ms response times.

This work also presents the first measurements and analysis of an exciting, fairly
unexplored phenomenon: the amplification of acoustic standing waves in GaN
resonators using electrical energy, boosting the quality factor (Q) and reducing energy
losses in the resonator. This phenomenon is based on phonon-electron interactions in
piezoelectric semiconductors. Under normal conditions this interaction is a loss
mechanism for acoustic energy, but as we discovered and consistently demonstrated,
it can be reversed to provide acoustoelectric amplification (resulting in Q-
amplification of up to 35%). We present corroborated analytical and experimental
results that describe the phonon-electron loss/gain in context with other loss
mechanisms in piezoelectric semiconductor resonators. Research into this effect can
potentially yield insights into fundamental solid-state physics and lead to a new class

of acoustoelectric resonant amplifiers.

Xxxii



Chapter 1 Introduction

1.1. Infrared Detectors: A Brief History

The discovery of the infrared (IR) spectrum is relatively new, with the astronomer
William Herschel credited with the detection of infrared radiation in 1800. Herschel’s
detection system, which is the first thermal IR detector, was a prism that separated the
infrared from the visible portions of the spectrum, and a thermometer that absorbed
the radiation and showed an increase in temperature [1]. The next hundred years
witnessed great advances in the understanding of blackbody radiation (Kirchoff-1860,
Stefan-1879, Boltzmann-1884), and some thermal IR detector designs (Langley’s
bolometer-1878) but few practical implementations of IR detection. It took an
understanding of the photoelectric effect (Einstein-1905) and advances in
photoconductive materials for the first detectors that showed real promise. A thallium
sulfide photonic detector was first used in 1917 to detect an aircraft at the range of 1
mile. This technology proliferated and improved greatly during World War II, with an
emphasis on designing photoelectric materials with bandgaps that respond sensitively
to the various regions of the IR spectrum [1]. While research on thermal detectors
such as thermopiles continued in parallel, it was only in the 1970s, with the

demonstration of the Honeywell microbolometer focal plane array (FPA), that



thermal detectors became competitive with photonic detectors [1, 2]. With the
licensing of Honeywell’s technology in the 1990s, the microbolometer FPAs became
the standard for high-volume, low-cost IR detectors with applications ranging from
the military, defense and security, medical, healthcare, automotive and consumer

markets [1-3].

1.2. Uncooled Infrared Detectors

The IR spectrum ranges from 700 nm to 300 pum. For the purposes of
thermography and IR imaging, the useful ‘thermal radiation’ range of 700 nm to ~ 14
um is further divided into the near infrared (NIR) from 700 nm to 1.5 pm, the mid-
wave infrared (MWIR) from 3 um to 5 um, and the long-wave infrared (LWIR) from
8 um to 14 um. The unused spectra between these ranges have very low transmission
because of atmospheric absorption. Human bodies (at ~37 “C) emit LWIR radiation,
and objects at higher temperatures (industrial equipment, furnaces, missiles, aircraft
engines) emit progressively from MWIR to NIR ranges as the temperature increases.
This makes the detection of thermal radiation very useful for commercial, industrial,
healthcare, military, defense and security applications.

As alluded to in the previous section, there are two main types of IR detectors:
photonic detectors and thermal detectors (Fig. 1.1). Photonic detectors depend on
bandgap transitions due to photonic excitation in materials specially engineered to
respond to certain wavelengths. Although efforts are being made to develop high

operating temperature photonic detectors [4], these detectors work best at low



temperatures on the order of 100 K, and require bulky, power hungry cooling
equipment. Thermal detectors, as with Herschel’s thermometer and Langley’s
bolometer, depend on the conversion of incident radiation to heat. The wavelength
selectivity is solely dependent on the absorption band of the IR absorber coating. The
absorbed heat is usually transduced into an electrical signal for measurement and
signal processing. Thermal detectors typically do not require cooling and are designed
to work at 300 K and higher. In the last decade, there has been a large surge in the
number of solutions that use uncooled detectors, primarily due to the fact that cooled
photonic sensors, even though they have enhanced sensitivity, require a bulky
cooling/refrigeration unit that consumes both space and power in excess of the actual
imaging system. The high cost of cooled detectors also makes them unattractive to the

growing automotive and consumer market.

(a) e (b)
Silicon nitride and
vanadium oxide
n-HoCdie ¥ —
p-HgCdTe / 4
: 7 Bipalar
Epoxy Y-metal o !ranpslstor
Silicon ROIC x-metal

Fig. 1.1: (a) Schematic of a photonic infrared detector using a mercury cadmium telluride material
system. Detection of IR radiation depends on the bandgap transition in the semiconductor upon
irradiation. For best results, the device must be cooled to low temperatures. (b) Schematic of a
microbolometer with silicon nitride membrane coated with a vanadium dioxide layer. Vanadium
dioxide changes its resistance as a function of temperature, thus imparting this structure the ability to
sense heat absorbed due to infrared radiation. This is a popular design, and has proven performance as
a low cost uncooled detector. Images from [1].



Many successful commercial uncooled detector solutions rely heavily on
technologies developed in the overall realm of microelectromechanical systems
(MEMS) [1, 2, 5-7]. This includes single detectors and FPAs of thermopiles [§],
bolometers [5], ferroelectric and pyroelectric vidicons [9]. The small size and low
thermal mass of MEMS, along with the ability to fabricate uniform arrays of identical

sensors make MEMS one of the most attractive choices of technology.

1.3. Uncooled Resonant Infrared Detectors

While contemporary uncooled IR imagers offer significant advantages in
deployment and operational costs, they lag behind cooled photonic detectors in key
technical metrics, chiefly the responsivity, the limiting noise levels, response time,
and spectral selectivity [1]. This research proposes a relatively new and unexplored
technology for uncooled micromechanical IR sensors that can offer high sensitivity
and large signal to noise ratio with a small sensing area, along with the fast response
time required for continuous video imaging. In the proposed sensor, we use
micromechanical resonators that respond to IR radiation by a shift in their resonant
frequency. This technology has been proposed by Vig and Kim [10, 11] to be a way
to make high sensitivity, low noise IR detectors. Unlike resistive microbolometers,
the limiting noise in micromechanical resonators operating in the 1 MHz — 1 GHz
frequency range is due to the thermomechanical noise arising from random thermal
fluctuations in the body of the resonator. The critical figure of merit for noise in IR

detectors is the noise equivalent of temperature difference (NETD), which denotes the



noise-limited minimum resolvable temperature. Prototypes of such resonant IR
detectors were fabricated using quartz in the past [12-14], but this technology was not
amenable to making resonator arrays with element size and performance comparable
to that of conventional microbolometer arrays. Furthermore, quartz, and in fact, most
of the materials that are used for making resonators are dielectrics or wide-bandgap
semiconductors and are thus not inherently sensitive to IR radiation. Decoupling the
resonator operation from the efficient absorption of IR radiation is the best available
solution for resonant IR detection. This can be achieved by coating the resonator
surface with a thin film absorber that has a high absorption efficiency.

This work aims at developing micromachined arrays of resonant IR detectors with
high sensitivity and low noise, and with absorber layers that efficiently convert IR

radiation to heat.

1.4. Comparison of Resonant Detectors with Contemporary Technology

Contemporary state of the art uncooled IR detectors are generally high
performance bolometer arrays intended for military and defense applications [1, 2, 5,
6]. A comparison of some commercially available instances is given in a review paper
by Niklaus et al [6] (Fig. 1.2). It can be seen that the pixel pitch is as low as 17 um,

with NETD values as low as 35 mK.



Company Bolometer type Array format (pixels) | Pixel pitch (um) (IZI):STCEOJ_:UEEE

FLIR, USA VO, bolometer 160x120 - 640x480 25 35 mK
L-3, USA VO, bolometer 320x240 37.5 50 mK
a-Si bolometer 160x120 - 320x240 30 50 mK

BAE, USA VO, bolometer 320x240 - 640x480 28 30-50 mK.
{;’:;fj:ﬂ”;g;‘:;) 160x120 - 640x480 R&D: 17 50 mK
DRS, USA (1:1:;};%0;22;;1) 320x240 25 35 mK
(:;;)b‘r;?:f:;;‘;) 320x240 R&D: 17 50 mK

Raytheon, USA VO, bolometer 320x240 - 640x480 25 30-40 mK
(;;;‘r;?l“::;‘;;) 640x512 R&D: 17 50 mK

ULIS, France a-Si bolometer 160x120, 640x480 25-50 35-100 mK
Mitsubishi, Japan Si diode bolometer 320x240 25 50 mK
NEC, Japan VO, bolometer 320x240 23.5 75 mK
SCD, Israel VO, bolometer 384x288 25 50 mK

Fig. 1.2 : Comparison of contemporary, commercially available IR imagers using uncooled bolometer
arrays. Table from a review paper by Niklaus et a/ [6].

The NETD of the bolometer based arrays is based on the Johnson noise, //f noise,
thermal fluctuation noise, and noise in the circuitry. The motivation behind the use of
resonant IR detectors is that resonators are generally limited by only the thermal
fluctuation noise, with significantly lower levels of Johnson noise and //f noise [15,
16], and as we intend to demonstrate in this work, it is possible to achieve NETD
values of under 10 mK using resonant IR detectors. Another important metric is the
responsivity of the detector, which is defined as the output signal per unit incident
radiation power. This metric is defined by the efficiency of radiation absorption, and
the temperature dependencies that generate the output signal as a function of the
absorbed heat. Contemporary bolometers use a quarter wavelength resonant cavity to

absorb at a particular spectral wavelength, but are limited to 60% - 70% absorption



efficiency. We intend to show that it is possible to achieve > 95% absorption with
novel absorber coatings, and thus boost the responsivity.

The thermal dependence of a bolometer is set by the bolometric material (i.e., the
material that changes its resistivity upon heating) that makes up the structural layer of
the device. High quality devices use vanadium oxides (VOz, V203 and V20s) that
have a temperature coefficient of resistance (TCR) of up to 4%/K under ideal
laboratory conditions, but are generally limited to under 2%/K [17]. This is a material
property of the vanadium dioxide or any other bolometric material, and can only be
improved incrementally. On the other hand, the thermal dependence of resonant IR
detectors is determined by its temperature coefficient of frequency (TCF), which is a
function of both the material properties and the design of the resonator. We show that
it is possible to use resonator materials (such as GaN) that have a very large thermal
dependence on temperature change, including both primary and secondary effects.
Secondly, it is possible to design a resonator to exhibit higher TCF by designing the
internal stress profile [18, 19]. Thus, resonant IR detector technology has the potential
to achieve higher responsitivity with lower noise and with comparable pixel

footprints.

1.5. Basic Principles of Operation of Devices in This Work

We can consider the resonant IR detector to be comprised of two major functional
components (Fig. 1.3): the resonant structure and the absorber. The operating

principles of each component are discussed in detail separately.
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1.3 : (a) The resonant IR detector is a thin-film micromechanical resonator mechanically

Fig. 13 :

suspended by thin tethers. The resonator body accounts for most of the thermal mass of the device,
while the tethers isolate the resonator thermally. The resonator is coated with an IR absorber layer that
efficiently absorbs incoming radiation. (b) The transduction mechanism can be separated as the
absorption of IR radiation resulting in a temperature shift, resulting in a proportional frequency change
for the resonator. (c) A depiction of the reduction of frequency of a resonator due to IR illumination.

For most materials, increased temperature causes a reduction in frequency.
1.5.1. Resonant Detector

The resonator is a mechanically suspended structure (Fig. 1.3 (a)) that undergoes

mechanical vibration as a result of either self-sustaining and stable oscillation

conditions or a driving signal at the natural frequency of resonance. The natural

frequency of resonance for micromechanical resonators (Eqn. 1.1) is set by the

material properties and dimensions of the structure.

fo = l kei o« l E Eqgn. 1.1
21 Mgy 2D |p
Here,

fn 1s the natural frequency of resonance,

n is the mode of vibration for the resonator,



kesr is the effective elastic stiffness of the resonator,
Mesy is the effective vibrating mass of the resonator,

L is the critical dimension of vibration of the resonator,
E is the effective Young’s modulus of the material,

p is the mass density of the material.

Since both the material properties and dimensions are temperature-dependent, a
change in the temperature of the device results in a proportional change in the
frequency of the resonator. The transduction mechanism can be one of a number of
mechanisms: capacitive, piezoelectric, thermal, magnetic, etc. In this work we use
piezoelectric actuation, primarily using gallium nitride (GaN) for high sensitivity, but
also other similar materials and combinations (GaN-on-Si, AIN, AIN-on-Si, and PZT).
Most materials used as resonators respond to temperature changes through the
temperature coefficient of frequency (TCF), which is in the range of -20 ppm/K to
+80 ppm/K depending on the material. GaN is used as the material of choice since it
is not only piezoelectric, but it is a strong pyroelectric and electrostrictive material.
Changes in temperature cause fast and large changes in the net strain in a GaN layer
due to the pyroelectric-electrostrictive mechanisms, leading to frequency shifts as
large as -2000 ppm/K.

The tethers mechanically and thermally connect the resonator to the substrate. The
thermal conductance of the tethers (Gierper) 1S an important property for optimizing
the thermal performance of the device. For high sensitivity and low NETD, the

resonator needs to be thermally isolated from the substrate, and thus Ge¢pe- should be



as low as possible. However, a high Giptper also slows down the response time.
Therefore, the tether design needs to be optimized for the application in question. The
thermal capacitance of the body of the resonator (C;, ) is also significant for
determining the response time, as well as the level of thermomechanical noise in the
system. In addition, the material, size, and dimensions of the resonator and its tethers
also determine its basic performance as a resonator and thus it is critical to optimize
mechanical performance of the device as a resonator and its thermal and noise

performance as an IR detector.

1.5.2. IR Absorbing Coatings and Structures

The thin-film absorber coating is needed to provide efficient absorption of
incident radiation and conversion into thermal energy [1, 2, 20, 21]. Absorber layers
for resonant IR detectors require the following attributes [21]: (i) high and
polarization-independent absorption [22], (ii) absorption bandwidth that can be
designed to specification and can be made narrow-band or broadband as desired, (iii)
low thermal and inertial mass, (iv) good thermal conduction to the resonant detector,
(v) stable and reproducible properties, and (vi) process-compatible with detector and
electronics fabrication technologies. Fig. 1.4 shows a schematic of the thin-film
absorber layer on the resonator substrate, with the fraction of energy absorbed by the

layer given by Eqn. 1.2.
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Fig. 1.4 : Schematic showing the absorption, transmission and reflection of infrared radiation by an IR
absorber coating on the resonator substrate. The absorption can be broadband over a large spectrum, or
designed to be narrowband at a specific wavelength, based on the intended application. Within the
absorption band, the goal is to increase absorption while reducing transmission and reflection. Both
broadband and narrowband absorbers are experimentally demonstrated in this work.

AQ) =1-R\) —T(A), Eqn. 1.2

where
A is the wavelength of radiation,

A,R, and T are the fractional absorption, reflection, and transmission.

Silicon nitride is widely used as the IR absorbing layer as it is CMOS-compatible
and can be deposited at low temperatures. However its absorbance is at best ~80%
and limited to a small region of the far-IR spectrum. In order to boost the efficiency
of IR detection and to widen the spectral range of the sensor, we develop a new
material that is highly absorptive (> 95%) across large parts of the near, mid, and far

IR spectra. This material is a nanocomposite comprised of CNTs and nanodiamonds
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(NDs) mixed into a polymer matrix for mechanical stability. Additionally such
absorbers can be used for solar-thermal energy harvesting [23].

For surveillance applications and thermography, high-efficiency narrow-spectrum
absorbers are needed that can isolate certain thermal phenomena (e.g.: LWIR
absorption to distinguish human forms against a cold background). However, in
recent years, there is interest in using multi-spectral and hyperspectral imaging that
combines data across various spectra to get a better understanding of the target. This
is useful for both surveillance and for remote sensing/astronomy. For photonic
sensors, this can be achieved by using materials with different bandgaps. For thermal
sensing, this can be achieved by multiple pixels each having an IR absorber layer
sensitive to different narrow spectral bands. For this purpose, we design plasmonic
metamaterial-based IR absorbers that can be designed to absorb a specific wavelength.
The absorbed wavelength is based on the dimensions and material properties of the
metamaterial, and can be designed according to the application. Measured results
have demonstrated selectivity for a particular wavelength (with an absorption of >
45% and a pass band of 1.5 um centered around 10 pm) and the ability to integrate

these designs on a resonant detector platform.

1.5.3. Differential Operation and Detector Arrays

In order to boost the sensitivity of detection, and at the same time, eliminate the
effects of interfering signals such as slow changes in ambient temperature,

acceleration, rotation, pressure changes, and background radiation, we use a

12



differential measurement scheme with a resonant sensor, paired with a reference
resonator that is invariant to IR radiation. The sense resonator is coated with the IR
absorber, while the reference resonator is coated with a reflective metal that does not
absorb IR radiation and thus does not undergo significant frequency shift in response
to IR radiation (Fig. 1.5(a)). A number of readout schemes can be implemented to

achieve differential sensing for these sense/reference pairs (Fig. 1.5 (b)).

b

Top electrode N
|7
IR
absorber f Ile Mixer
®—» LPF
G L ‘ [ fo-lfs- £
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Fig. 1.5 : (a) Schematic of the conceptual approach to differential resonant IR sensing. A sense-
reference resonator pair is shown. Upon IR irradiation, the sense resonator, which is coated with an IR
absorbing layer, undegoes a frequency shift, while the reference resonator does not absorb radiation
and remains frequency-invariant. (b) A representative circuit that can be used for differential
measurement. Both resonators are used in identical feedback loops as self-sustaining oscillators. The
oscillator signals are mixed together and the beat frequency is extracted. The beat frequency is a
function of the IR signal power, but eliminates common mode signals such as temperature drift. The
effective sensitivity of the differential signal is larger than that of a single sensor.

A major advantage of thin-film technology and standard MEMS processing
techniques is the ability to fabricate not just single resonant IR detector elements
(unlike quartz-based resonators), but to batch fabricate large arrays (Fig. 1.6) of
identical resonant IR detector ‘pixels’. This is a critical step in achieving parity with
conventional microbolometer-based FPAs. While this work has not reached the

maturity of industrial FPA design and fabrication, we demonstrate small-format
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arrays of up to 16 elements. Ongoing work is aimed at arrays with up to 256
elements. Important practical aspects to be considered while designing arrays are the
pixel footprint, the pixel pitch, the routing, and the readout/signal processing scheme.
The current limiting factor for the number of elements (in a research lab environment)
is the routing design optimization, and not the design or fabrication of the actual
resonant detectors. With mature industrial processes such as through-wafer vias or
flip-chip bonding to a readout IC, it is possible to extend these designs to larger

formats.

Focusing optics

30.0kV 13.8mm L-x1.20k

(b)
Fig. 1.6 : (a) A scanning electron microscope (SEM) image of a fabricated array of 4 x 4 resonators.
Bilayer routing is seen here and can be replaced by flip-chip bonding with a readout IC. (b) A
schematic showing the FPA composed of a number of resonant IR detectors. The focusing optics are
standard equipment for FPAs and depend on the spectral range to be detected.

1.6. Characterization of GaN Resonators

In order to develop resonant IR detectors with high sensitivity, this work has
pioneered high-frequency GaN-based micromechanical resonators based on
extensional modes of vibration. Extensional modes of vibration allow us to reach
frequencies ranging from 10 MHz to several gigahertz. As part of this work, a number

of GaN resonators were designed, fabricated, and characterized. Important properties
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of GaN such as the acoustic velocity, piezoelectric coupling coefficient, TCF, and
acoustic loss were characterized. Characterizing these properties is critical to ensure
that GaN resonators can be implemented reliably with high performance. Apart from
their use as IR detectors, GaN resonators can be integrated homogenously with GaN
electronics to provide a high-frequency, high-power electromechanical signal
processing system.

A substantial part of this thesis focuses on investigating acoustic losses in GaN,
especially losses due to electrons (GaN is a piezoelectric semiconductor), and an

interesting phenomenon: acoustic gain in GaN due to the acoustoelectric effect [24].

1.7. Phonon-Electron Loss in GaN Resonators

Bulk acoustic wave (BAW) resonators of the type discussed in this thesis rely on
acoustic waves (phonons) trapped in the elastic cavity defined by the material. While
ideal standing-wave BAW resonators are lossless, the energy confinement in practical
materials is not ideal due to attenuation occurring via a number of phonon-scattering
processes. This attenuation limits the QO of the BAW resonator. Analytical expressions
for maximum @ limits for a variety of intrinsic scattering processes, such as
anharmonic phonon-phonon loss and thermoelastic damping (TED), are well known
and experimentally validated for commonly used acoustic materials [25-31]. An often
neglected scattering process is the phonon-electron interaction [32-37], which is
significant in materials that have both moderate-to-high doping concentrations and a

mechanism facilitating strong electromechanical interactions. Piezoelectric
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semiconductor materials such as ZnO, GaN and cadmium sulfide (CdS) fulfill both
criteria and as we will show in this thesis, the phonon-electron scattering can be the

dominant loss mechanism in such materials.
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Fig. 1.7 : (a) Intrinsic material f X @ limits for GaN-based BAW resonators. For longitudinal acoustic
wave resonators, the dominant loss mechanisms are phonon-phonon loss and phonon-electron loss.
The electron loss is highly dependent on the free carrier concentration in the material. Based on
analytical values, it is possible that the phonon-electron scattering is significant or even dominant for
GaN (b) Measured f X Q values for GaN resonators (red dots) in comparison with the theoretical
limits provide qualitative validation of this hypothesis.

A very popular figure of merit for describing intrinsic loss mechanisms across a
wide range of frequencies is the limiting value of the frequency-quality factor product
or fXQ (f= w/Zn)' The higher the f X Q value, the lower the loss. Fig. 1.7
demonstrates the theoretical values for the various loss mechanisms in GaN, and
measured results across a wide range of frequencies. It can be seen that the measured
values of f X Q are lower than that expected from the phonon-phonon loss, and that
the phonon-electron loss is significant and potentially the dominant acoustic loss

mechanism for GaN resonators.
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1.8. Acoustoelectric Amplification in GaN BAW Resonators

Along with investigating the loss due to electron scattering, we show that phonon-
electron interactions can lead to acoustic gain of standing waves in piezoelectric
semiconductor BAW resonators and present, for the first time, a comprehensive
model that explains the enhanced mechanical Q of these resonators under the

acoustoelectric effect [38, 39].
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Fig. 1.8 : Schematic showing the simple experimental setup and the effect of acoustoelectric
amplification on the performance of GaN resonators. (a) Acoustoelectric amplification in GaN
resonators can be seen by applying a DC bias to the device during normal RF operation. (b) We see an
improvement in Q and insertion loss (IL) and a narrowing of the bandwidth of the device. This is a
dynamic improvement and can be switched on/off or tuned during operation. Measured results shown
later exhibit up to 35% improvement in Q, with DC bias values as low as 20 V. This thesis proves that
the measured performance improvement is due to the acoustic gain resulting from phonon-electron
gain in piezoelectric semiconductor BAW resonators, and eliminates all other potential causes by
careful experimental controls.

The measured data acquired on multiple BAW resonators with resonance
frequencies ranging from 37 MHz to 8.7 GHz and fabricated using multiple wafers of
single-crystal wurtzite GaN are consistent with theoretical trends. Measured results

show up to a 35% increase in the Q of the resonator simply by applying a DC bias,

17



something that is unprecedented in piezoelectric materials. We explore the
dependence of both gain and loss on factors such as charge carrier concentration,
mobility, and resonance frequency. We show that it is possible to design piezoelectric
semiconductor BAW resonators with (i) minimum phonon-electron scattering loss
under normal operation, (ii) reduced total energy loss via acoustoelectric interaction,
and (iii) acoustoelectric gain that can overcome all other losses, effectively creating a
highly frequency-selective acoustoelectric resonant amplifier. We believe that this is

a new area of research and deserves further analytical and experimental exploration.

1.9. Contributions

The important contributions of this thesis are as follows:

e Development of the first small-format resonant IR detector arrays using GaN as
the structural layer. Measured results demonstrate high sensitivity and fast
response time of less than 1 ms. Expected thermomechanical NETD values for
various designs ranges from 10 mK to 100 mK.

e Development of a thin-film CNT nanocomposite with an absorbance of as high as
95% across a broad spectra. This is one of the highest performance IR absorbers
with high absorption per unit thickness.

e Development of a plasmonic metamaterial structure that demonstrates narrowband
IR absorption in the LWIR spectrum (1.5 pm passband centered on the 10 um

LWIR wavelength, with > 45% measured efficiency). These structures have been
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integrated on an array of resonant IR detectors and the integrated detectors shows
high selectivity to LWIR radiation.

Characterization of GaN as an important material for use as a high-frequency
electromechanical material.

The first investigation of the phonon-electron interactions of GaN-based BAW
resonators. This analysis is valid for all piezoelectric semiconductor materials and
is thus an important result for the design of BAW resonators based on materials
such as GaN, zinc oxide (Zn0O), silicon carbide (SiC), gallium arsenide (GaAs),
and CdS.

First experimental demonstration of acoustoelectric amplification in piezoelectric
semiconductor BAW resonators. We also develop the first theoretical model that

explains this amplification, and corroborates to a large extent the measured data.

1.10. Organization of the Thesis

In Chapter 1, we discussed the overall scope of the thesis, and highlighted some

of its key scientific contributions. In Chapter 2, we elaborate upon the design,

fabrication, and characterization of resonant IR detectors, differential-sensing pairs

and arrays. We explain the use of efficient broadband and narrowband absorbers for

IR absorption and demonstrate measured results for the same. Chapter 3 deals with

the basic characterization of GaN resonators necessary for high performance resonant

devices. Chapter 4 details the phonon-electron interactions in piezoelectric

semiconductor BAW resonators, from theory to measured results. We present the
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concept of acoustoelectric amplification of standing waves, and present theory and
corroborating experimental evidence. We conclude this thesis with some discussion
of future research directions in Chapter 5.

Appendix A provides a full derivation of the phonon-electron loss coefficient in
travelling waves, based on the work of A. R. Hutson and D.L. White [39-41], which
is used as a basis for our work on understanding phonon-electron loss and

acoustoelectric amplification in GaN and other piezoelectric semiconductor materials.
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Chapter 2 Resonant IR Detectors and Arrays

This chapter deals with the use of arrays of high-performance micromechanical
resonators as resonant IR detectors. Section 2.1 deals with the theoretical model and
design principles behind low-noise resonant IR detectors. Sections 2.2-2.5 detail the
fabrication and characterization of detectors and detector arrays made using GaN and
other materials. Sections 2.6 and 2.7 provide details of two novel IR absorbers
developed as part of this work, designed to provide broadband and spectrally-

selective narrowband absorption respectively.

2.1. Theoretical Model and Resonator Design

The basic principle of transduction for a resonant IR detector is the change of its
mechanical resonant frequency due to the temperature rise induced by the absorbed
IR radiation. The mechanical resonator can be driven at its natural frequency in an
open loop or used in a self-sustaining oscillator by using simple and common
feedback circuits, allowing continuous operation with a very stable frequency. In this
section, we focus on the design of the resonator as an IR sensing element. The
resonant IR detector consists of a detector plate suspended by thin, high thermal

resistivity tethers that thermally isolate the detector from the substrate (Fig. 2.1).
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Fig. 2.1 : (a) General model of a thermal IR detector. Image from [1]. (b) Scanning electron
micrograph image of a released two-port GaN resonator with dimensions of 80 um x 80 um x 12 um.
The suspended membrane acts as the IR radiation collector, while thermally connected to the substrate
(thermal sink) only by the mechanical tethers which have a low thermal conductance by virtue of their
thin and long structure, and ideally the use of material that possess low thermal conductivity.

The resonator can be actuated in a number of ways such as capacitive,
piezoelectric, thermal, and magnetic. We choose to use piezoelectric actuation as it is
the best suited method to achieve high performance with low driving power and with
a small resonator size. Different modes of resonance of the plate can be used for
temperature sensing; here, we focus on the length-extensional resonant mode. The

resonance frequency is a function of temperature and is given by Eqn. 2.1.

1 |Cerr(T) Eqn. 2.1
2L(T) P

f(T) =

Here L, Corr, and p are the length, effective stiffness, and mass density,

respectively. The detector surface that is to be exposed to radiation can be coated with

a material that is an efficient thermal absorber of IR radiation. This decouples the
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function of efficient thermal absorption from efficient resonator performance. This is
critical since most resonator designs and materials are poor absorbers of infrared
radiation. Commonly used absorber materials such as silicon nitride, gold black,
experimental new materials such as nanocomposites, or designed plasmonic
metamaterials can be used as IR absorbers [42-47]. A detailed discussion of the IR
absorbers is provided in Section 2.6 and Section 2.7. The conversion of incident IR

radiation power ¢(4) into temperature change is given by:

n(DeA)

AT =
\/Gthz + W2 Con”

Eqn. 2.2

where

Gy, 1s the effective thermal conductance of the device,
Cyy, 1s the thermal capacity of the device,

wj, 1s the rate of change of the incident signal,

A is the spectral wavelength of radiation, and

n(A) is the absorption efficiency of the IR absorber layer.

The relation between the increased temperature and the change in frequency of

the resonator is determined by the thermal dependencies of the resonant frequency.

2.1.1. Thermal Dependencies of Resonator Frequency
The relative change in resonator frequency with respect to temperature is given

by:
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ar = Lg Eqn. 2.3
f(T)oT

This quantity is commonly known as the TCF and is expressed in parts per million
per K (ppm/K). From Eqn. 2.1 and Eqn. 2.3, we can see that the significant
temperature dependent properties are the length and the stiffness. The changes in the

length and the effective stiffness with respect to temperature are given by:

L(T) = L(Ty)[1 + (LTE)(T — Ty)] Eqn. 2.4

Copf(T) = Copp(T)[1 + (TCE)(T —T,)],  Ean. 2.5

where LTE and TCE are the coefficient of linear thermal expansion and thermal
coefficient of elasticity, respectively. For most materials relevant in this context, the
TCE is the dominant factor in setting the TCF and puts an upper bound on the thermal

sensitivity of the resonator. Using Eqn. 2.3-Eqn. 2.5, for most materials, we get
TCF = T Eqn. 2.6

The choice of GaN as the resonant material is deliberately made with a view to
boosting this TCF limited sensitivity by using some unique properties of GaN. GaN is
known to be a pyroelectric material, with a theoretical pyroelectric voltage coefficient

(Pv) of 7x10° V/m-K, and measured P, as high as 1x10* V/m-K [48, 49].

|4

pyro = P, tAT Eqn. 2.7
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This implies that the additional temperature AT due to IR radiation would induce
a pyroelectric voltage V},,., across the thickness t of the GaN film. It is theorized
that this instantaneous voltage would generate a large strain across the film (in
addition to the strain wave due to actuation RF voltage) due to a combination of
linear piezoelectric and second-order electrostrictive effects, thus changing the
frequency of the resonator drastically upon IR irradiation.

In GaN, it has been found that a significant quadratic (electrostrictive)
dependence of strain on electric field exists [50]. Electrostriction can be described as
the quadratic dependence of strain on the applied electric field, and is most simply
included in the piezoelectric constitutive equations as S;; = sT + d;;E + M;;E?
where M;; is the electrostrictive coefficient. If we include electrostrictive effects as

per the analysis of Willatzen and Lew Yan Voon [51-55], we see that the

temperature-dependent frequency equation changes to:

() =5 L’ZT)

€31C11+€31€3, Eqn. 2.8
p(€31+2M31Epyro(T)es, )’

where €3, = (€31 — M31Epyr0e31), es, = (esy + M31Epyr0031), and the coefficients
€,e, and their corresponding primed counterparts represent permittivity and
piezoelectric strain tensors, respectively. M3s; is the electrostrictive transverse
coefficient and Epyro is the electric field across the thickness of the film, caused by
pyroelectric charge separation. Based on published values for the material properties

of GaN and an assumed M3 value of -6x101° m? V2, we get the relative frequency
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sensitivity to temperature as large as -2000 ppm/K (Fig. 2.2). This is almost 100x the
sensitivity of a TCF-limited material.

Pyroelectric Voltage (V)

0.0 0.2 0.4 0.6

-2000

Relative Frequency Change (ppm)

-4000
-6000 - oM, =-6x10"m’V’ 1
o M, =-12x10" m*V?
_8000 " 1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0

AT (K)
Fig. 2.2 : Predicted values of resonant frequency change due to electrostriction in GaN. This
calculation assumes a 2.15 pm thick film and a pyroelectric coefficient of value 1x10° V/m-K. The
accurate value of M3, is not known and an approximate, conservative value is used. This plot is derived
based on the theoretical model for electrostriction in GaN [55].

A caveat to this analysis is that there is some debate about the actual values of M;;
for GaN, with theoretical estimates for M35 being on the order of (1-10) x 1022 m*V-
2 [24] and experimental results in the order of 1.2 x 10" m?V2 [25]. Therefore, we
consider a range for M3 of GaN for estimating the elastic constants. In our model,
we also use a value of M3; = -6x10""m?/V? (half of M3 in magnitude). The sign of
M3, is negative (opposite of M3; ) to account for the fact that as the material
expands due to M35 , it will contract in the M5, direction to conserve mass. (Fig. 2.2).
Extracting theoretically and empirically consistent values for M;; would require some

fundamental experiments on GaN single crystal films in the future. Nevertheless, the
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pyroelectric-electrostrictive interaction of GaN can be utilized to improve the
sensitivity of the detection mechanism for resonant IR detectors. This effect, however,

requires a shutter as it is sensitive to the rapid change in the temperature and not the

absolute temperature of the resonator.

2.1.2. Design for Low NETD

The important metrics for comparison of thermal detectors are the response time,
the detectivity ( D;, ) the thermal fluctuation noise floor (4T,,;, ) (the dominant noise
mechanism for mechanical resonators [10]), and the thermal NETD [1, 2, 10, 15].

The important IR detector metrics are given by the following equations:

D _( n?BA )1/2 Eqn. 2.9
th — 4—kBTDZGth >
2
AT in = ,k(?; , Eqn. 2.10
2 -1
vETD < 7+ Doy [(ﬁ) ] , Eqn. 2.1
Topt.BAiR AT A1-22

where

F is the focal ratio of the focusing optics,

Topt 18 the transmissivity of the focusing optics,
[ is the pixel fill factor

A 1s the area of the resonator,

oy 1s the frequency instability, and

ar is the relative change in frequency with per unit change in temperature.
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(%)/1 is the temperature dependence of the blackbody power emission function
-

for the spectral band 1; — A,. For the 8-14 pm LWIR range, this value is 2.62 x10™
W/ecm?K [2, 15]. R is the responsivity in terms of incident power radiated by a

blackbody source, and is expressed as [15]:

nar
)=——"L Eqn. 2.12
Rwrr) Geny (1+wir272) a
where T =Cpp, Gy . Eqn. 2.13

The NETD can further be decomposed into spatial and temporal components [56].
The spatial NETD depends on the spatial variation of the IR response of large arrays
of IR detectors and is not discussed here. The temporal thermal NETD can be
calculated for every pixel, and is the focus of this work. State-of-the-art uncooled
detectors demonstrate measured temporal NETD values between 30 mK to 50 mK
[57]. As expected, there will need to be a tradeoff between responsivity and
frequency instability. We can combine Eq. (10) and Eq. (11) to expand the relation

for NETD in terms of all the operating parameters as follows

NETD =

(4F? +1)aNGth\/W [ l  Equ. 2.14
AT/ 3 -2,

ToptBAn(aT)

The critical design parameters here are the thermal conductance, resonator surface
area, and a;. We can make some design assumptions in order to set achievable goals
for low thermal NETD values. For example, efficient absorbing materials can give us

up to 90% or higher absorption over the desired spectral range [43-47, 58]. Of the
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noise processes that could affect the micromechanical resonator frequency
significantly, the dominant source is the temperature fluctuation induced frequency
instability [15, 59]. For room temperature conditions, and assuming conservative
values of resonator O and input power levels, the limiting value for total short-term
frequency noise can be estimated to be on the order of 107! [59, 60]. Practical
MEMS oscillators have been able to achieve measured short-term frequency
stabilities between 5x107 [61] and 6x1071° [62] with larger resonators. The design
optimization challenge will be to reach these values while maintaining the small
footprint and thermal mass required for IR detectors. As seen in our measured results
[63] and prior literature [59, 60], frequency instability scales inversely with the
loaded Q. Values for Q on the order of 10 — 10* in the frequency range of 1 MHz — 1
GHz using thin-film piezoelectric materials have been measured practically in prior
literature and in the course of this work [31, 64-66]. Based on this we assume a
frequency instability of oy = 107'°. Higher O values will only improve the noise

performance and also improve the sensing resolution as the minimum detectable

frequency shift for mechanical resonators scales inversely with \/6 [67].
We can reorder Eqn. 2.14 in order to isolate the important parameters that can be

optimized during design in order to achieve the lowest NETD performance.

NETD =

1
(4F? + 1)UNW[ ] x [Gth] Eqn. 2.15
AT A=Ay

Toptﬂ(aT) nA
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Fig. 2.3: The modeled NETD design space as a function of the GaN resonator area and the total
thermal conductance between the GaN resonator and its surroundings. This particular graph assumes
ideal absorption. The radiation limit denotes the point at which radiation losses dominate the heat loss.
When not limited by radiation, the tether conductance and detector area are the two most important
design parameters for determining the NETD. This graph assumes {/1 optics with 80% transmissivity,
a pixel fill factor B of 80% and ideal IR absorption 1. Frequency instability is assumed to be 1070 .

In order to reduce NETD, it is necessary to reduce G, , improve absorptionn,
and increase detector area. Clearly the latter requirement is at odds with the practical
requirements of high spatial resolution: large arrays of small and tightly packed

detectors. Thus, we try to optimize Eqn. 2.15 by reducing G, and improving 7, while

trying to maintain a small pixel footprint (Fig. 2.3). Optimizing [%] is achieved by
proper thermal design of the resonator element, and high efficiency absorbers, and is

the focus of the succeeding sections.
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2.1.3. Thermal Design of the Resonator Element

Important thermal parameters to consider while designing the resonator ‘pixel” are
the thermal conductance of the system and the thermal capacity of the body of the

resonator given by

Gtn = Gtethers T Gair + Graa Eqn. 2.16

and Cin = Z(p)i(cp)ivi Eqn. 2.17
i

For a resonator made of multiple materials, including the piezoelectric film, the

absorber, and metal electrodes, thermal conductance through the tethers is given by:

G I (Ap);
tethers i (Lt)i

Eqgn. 2.18

for every i material in the composite stack. The quantities k, p, C,, A; L, and V
denote the thermal conductivity, mass density, specific thermal capacity, area of
cross-section of the tethers, length of tethers, and the volume of the resonator body.
Note that the conductance depends on the number of tethers ‘n’ that connect the
resonator to the substrate. For a complete understanding of the limits of performance,
we need to consider other relevant modes of heat loss from the resonator to its
surroundings. The conductance through air and via radiation exchange (from both

surfaces of the detector) is given by Eqn. 2.19 and Eqn. 2.20, respectively [68].
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Kaird

Guir = Egn. 2.19

b
dcavity

Grad = 4(€t0p + SbOt)Ao-bTS =~ 8€DAO_bT3 , Eqn 2.20

where

Kqir and d gyt are the thermal conductivity and height of the air column,

A 1s the surface area of the detector,

Erop and &, are the emissivity values of the top and bottom surfaces of the detector,
0y, 1s the Stefan-Boltzmann constant, and

T is the absolute temperature of the detector.
The conduction model through air is valid down to pressures of about 20 pTorr.
Estimated worst case scenario values for G,;,- and G,.,4 are generally smaller than the
values of Gipiper for the designs presented here (Fig. 2.3). The worst case scenario
assumes the emissivity of the detector surfaces to be €, = 1, and k- of 0.026 W/m-
K [68, 69].

State-of-the-art bolometers have values of G, on the order of 10 W/K, before
being limited by radiation effects [70]. Such values of thermal conductance are
possible for resonators with thin films, and the goal is to achieve these values with

resonant detectors as well.
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Fig. 2.4 : Examples of fabricated resonators show the evolution of the tether design for high thermal
isolation,while retaining the total area occupied by the resonator ‘pixel’. This is generally achieved by
using bent or meandered tethers that increase effective length. The SEM images show (a) a prototype
with simple, short tethers, (b) a tether-suspended thickness mode FBAR, (c) a resonator with single-
bend crableg tethers, and (d) a resonator with a two-bend crableg tether. Fabricaton and
characterization of these resonators are presented in subsequent sections of this chapter.

Other feasible ways to decrease G;;, is to use single tether designs or meandered
tethers, while taking care to maintain good mechanical performance of the resonator.
In some of the more recent designs in this work, longer tether designs have been
implemented using ‘crableg’ designs (Fig. 2.4) that allow a much longer effective
tether length, with negligible increase in the total pixel area. It is important while
designing such non-conventional tether structures to ensure that the Q of the resonator

does not degrade significantly due to anchor loss.
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2.2. Prototype Detectors and Sense-Reference Pairs

2.2.1. Fabrication Process

Complete details about the GaN films are provided in Chapter 3. The fabrication
process used for the resonant detectors relies on conventional MEMS processing (Fig.
2.5). Four-inch GaN-on-Si wafers, acquired from vendors, are used as the starting
substrates. First, thick silicon dioxide (Si0O2) layer is deposited on the backside of the
wafer. The contours of the GaN resonator were defined using conventional
lithography and plasma etched using Cl2/BCl3 chemistry. Top electrodes of 10 nm Ti
and 100 nm of Au were deposited and patterned using lift-off. A 400 nm thick gold
layer was deposited on the signal and ground pads to reduce the probe contact
resistance. A 50 nm thin layer of PECVD silicon nitride was deposited as the
absorber layer and patterned. The reference resonators did not have the silicon nitride
layer. Devices were released using selective DRIE etching of silicon from the
backside having SiOz as the mask and the AIN/AlGaN buffer layer as the etch stop.
Finally, the bottom electrode (10 nm Ti/100 nm Au) was sputter deposited from the
backside. This process flow is used for most of the GaN devices in this work, unless

otherwise noted.
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Fig. 2.5 : Fabrication process flow for GaN resonator prototypes. The GaN films are lithographically
patterned to define the resonator. Top electrodes are defined by e-beam evaporation and liftoff. After
the IR absorber layer is patterned, the resonator is released using through-wafer DRIE. Sputtered metal
is used for the back electrode.

2.2.2. Prototype Measured Results

Single element sense and reference prototype resonant detectors using thin film
GaN are fabricated and characterized. The experimental setup for measuring the
frequency response of the GaN resonators is shown in Fig. 2.6. The RF performance
of the GaN resonators is measured using an Agilent Vector Network Analyzer. IR
illumination is provided by a Tungsten-Halogen lamp (Ocean Optics Inc.), and is
coupled into the probe station using optical fibers. The near-IR power density per unit
detector area is calibrated using a Thorlabs FDS 100 photodiode and is measured to
be 16 nW/um?. Considering the total area of this particular resonator, the incident
power is 156 uW. The calculated incident power is 284 uW (ideal power is calculated
from lamp and fiber optic cable datasheets, and does not include spreading losses and

attenuation in air).
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Fig. 2.6 : (a) Schematic showing the IR measurement setup of the GaN resonant sensors. Both sensor
and reference resonators are measured using an identical procedure. (b) The radiant power output of
the source/optical fiber system as per vendor specifications [69], and the absorption efficiency of the
silicon nitride layer, measured using NIR spectroscopy. The boxed area is the spectral region that
describes the NIR radiation absorbed by the sense resonators.

Fig. 2.7 shows an SEM image of the prototype sensor, and demonstrates the
change in the frequency response of a representative sense resonator upon IR
radiation. The shift in the frequency is clearly visible, as is the shift in the insertion
loss. In fact, four important parameters of the resonator (frequency, Q, IL, and
bandwidth) change simultaneously [71] and can be used as the metric of choice for

alternate sensing schemes.

SiNx IR absorbers 20[ ' ' 0.0
02
30 —
@©
& lLasemss 048
E -
l w
e Y 4 @ 40 0.6
y I S— igi -08
DRIE cavity ™ 4 * N ﬁ;ﬁ%’&?ﬁa
thermally )ﬁ ; 50+
isolates - /‘ ; y A
sensor ; : 118.5 119.0 1195 120.0
20.0kV 9.5mm L-x1.50k y U Frequency (MHz)

(b)

Fig. 2.7 : (a) An SEM image of a fabricated GaN resonator with silicon nitride absorber. The
dimensions of the device are 120 pm x 80 pm X 2.15 um. (b) A comparison of the nominal and
irradiated RF (transmission and reflection) performance of the resonator with 156 pW of incident
power (~ 30 pW of absorbed power). All the relevant operating parameters (frequency, O, IL, and
bandwidth) of the resonator change simultaneously.
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2.2.3. Differential Sensing

The IR sensors must be designed to work reliably at conditions that are sub-
optimal for performance, in the presence of interfering signals due to shock,
acceleration, rotation, and changes in ambient temperature. The best way to cancel
out these interfering effects is to use a reference resonator that is similar to the sensor
in all ways except one: the surface of the reference resonator does not have the
absorber layer exposed. Ideally the reference resonator shall reflect all incident IR
energy and remain invariant to radiative heating, while tracking the sense resonator
when subject to the other interfering signals mentioned above. The small density
difference caused by the absorber and the expected variations in fabrication offset the
frequency of the reference by a small amount, as compared to the sensor. This
difference is enough to cause a small beat frequency if the frequency outputs of the
sense and reference resonators are mixed together. In order to reduce this beat
frequency, further design iterations of the reference can have the absorber layer, but
coated with half the thickness of the top electrode (other half is under the absorber
layer). The frequencies of the two resonators can be described as functions of

temperature by [72]:

£i(T) = £.(Ty) + aAT, + bAT? + - Ean.2.21

f(T.) = f.(Ty) + a, AT, + b, AT,? +---  Ean.2.22

Neglecting higher order expansion terms, we can write the beat frequency as
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fz(T) = f,(Ty) — £.(T,) = [asATs — a,AT,] + f5(T,)  Ean.2.23

The subscripts s, », and B indicate the sensor, reference, and beat frequencies,
respectively. 79 is the initial temperature. The coefficients a; are the net coefficients
of frequency change with respect to temperature, inclusive of all contributing
mechanisms. Thus, the relative change in the beat frequency is a function of the
incident IR radiation (Eq. 8). The beat frequency and the change thereof are easily
measured using a mixer and frequency counter [72], and determines the responsivity

of the differential measurement system:

Af,/f ,(To)
Raifr = %;1)0 Eqn. 2.24

Using Eqn. 2.21, Eqn. 2.24 , and Eqn. 2.2 for slowly varying IR signals of a small

magnitude, we get the differential responsivity to be:

- _ [aATs — a, ATy /f5(To)  aairnA) o 5 s
Rair = (A “Cafs T

Thus, for a given design, along with the thermal conductance and the absorber
efficiency constant, the responsivity depends on ag;rr, the net coefficient of
frequency change for the resonator, inclusive of all mechanisms. Since the reference
is almost invariant, ag;s¢ is nearly equal to ar for the sense resonator. Differential
sensing can boost the system sensitivity, since the original beat frequency can be
made extremely small, limited only by fabrication tolerances. Differential sensing

also eliminates common-mode effects such as slow changes in ambient operating
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temperature, pressure variations in the sensor package, and acceleration. Crucially,
differential measurements using beat frequency detection for TCF-based sensing
eliminates the need for a mechanical chopper, leading to savings in size, weight, and
power.

The responses of the sense resonator and a reference resonator (identical to the
sensor except the absence of the silicon nitride absorber) are measured as the IR
signal is turned ON and OFF as shown in Fig. 2.8(a). Note that the frequency axis
(Y-axis) on both graphs has the same span, visibly demonstrating the difference in
response between the two devices. In comparison to the frequency shift of the sensor,
the reference frequency is almost invariant. The beat frequency obtained from these
two resonators is shown in Fig. 2.8(b). It is clear that the IR illumination causes ~30
kHz change in the sense resonator, which when compared to its original frequency of
119 MHz is small (252 ppm). The original beat frequency is ~205 kHz, and compared
to this, the change in the beat frequency is again ~30 kHz, which is a 15% shift. Thus,
the differential measurement can provide higher sensitivity to small changes in IR

1llumination.
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Fig. 2.8 : (a) Measured data for the sense and reference resonator pair, showing the response upon IR
illumination with 156 pW of radiated IR power (~ 30 uW of absorbed power). Note that the span of
the Y axis is the same for both graphs, and thus in comparison to the sense resonator, the reference
resonator is almost invariant upon IR irradiation. (b) The beat frequency change upon IR irradiation.
Relative change in the beat frequency when the IR signal of 156 pW is turned ON is about 15%. This
is much larger than the relative change of the sense resonator alone. Using this differential
measurement also eliminates common mode signals such as ambient temperature changes, acceleration
sensitivity, and pressure sensitivity.

Table 2.1 compares the performance of the single resonator and the sense-reference pair
with the highest-performance resonant thermal detectors reported in the literature. It can
be seen that the GaN resonators and sense-reference pairs can achieve high performance

even with a small footprint. In comparison with the quartz devices, the GaN resonators

are monolithically fabricated.
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Table 2.1

A Comparison of Resonant IR Detectors in Literature

Absolute Absolute
Material |Absorber;  Dimensions Responsivity Responsivity Ref.
(incident power) | (absorbed power)
. . 450
3 -
SiO; pt+ Si 1800 x 200 x 2 ym - [73]
si S ELEEEEE TN . . (74] | R
1000 umdia., 0.166
Qe b 18 pm thick ppm/uW [13] %
0.3 I —
. 3 _ Ll
AIN 45 x 80%0.5 pm ppm/uW ¢ [75] -
AIN - 75 % 25% 0.5 um? N/A [76]
GaN
(single SiNy 3 111./6 m% THIS
e 120 x 80 x 2 um ppm/pW ppm/pW WORK
GaN
. . . 962 4700 THIS
differential| SiNx | 120 x 80 x 2 um?
( oai) K ppm/puW PPM/UW WORK

* This is a temperature sensor. Radiant responsivity not given
iTemperature data is used to estimate radiant responsivity with appropriate assumptions.

2.3. Resonant IR Detector Arrays

After the successful demonstration of standalone prototypes and sense-reference
pairs, the next step was to design and test arrays of such devices. Initial attempts

using GaN films were unsuccessful, as most of the resonators broke during the release
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process. The probable cause was the film stress in the thin (~1.3 um) GaN film that
caused the entire array to break upon release, either using DRIE or isotropic gas
phase SF¢ or XeF: etching. An alternate fabrication scheme was implemented
utilizing a GaN-on-SOI substrate. The device layer of the SOI wafer is (111) Si, and
is 10 pm thick. The device layer is etched from the front similar to the contours of
the GaN device, forming a resonant structure that is a GaN-on-Si stack. The device
layer provides mechanical stiffness to the resonators and improves release yield to
almost 100 %. This approach has the added advantage of not requiring a sputtered
Ti/Au back plane electrode as the Si device layer has a low resistivity (0.001-0.01
Q.cm). Another advantage of growing GaN on an SOI wafer rather than on bulk Si is
the lower built-in stress in the GaN film when grown on a thinner Si device layer
which in turn results in a better quality thin film and fewer dislocations [77].

Two array formats, 2x2 and 4x4, were designed and successfully fabricated using
a GaN-on-SOI wafer as shown in Fig. 2.9. In order to accommodate the higher
number of electrical traces for the 4x4 arrays, a two layer routing scheme was used,
with a 500 nm thick SiO2 spacer to provide isolation. Care was taken to minimize
capacitive feedthrough between two ports of each resonator. These are, to the best of
our knowledge, the first monolithically fabricated resonant IR sensor arrays.

The designs so far have more than one reference resonator in the larger array to
provide redundancy. With the GaN-on-SOI process, yield was almost 100%;
therefore, this redundancy eventually proved unnecessary. In future designs, we can

decrease the number of references per array to improve the density and reduce the
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dead area. As this design and fabrication matures, the bilayer routing shall be
replaced by flip-chip bonding to a readout IC in order to optimize the pixel placement,
spacing and the routing itself. A readout IC also has the advantage of allowing direct
circuit integration, switching and signal processing. This is one part of the ongoing

and future work for the project.

I|||\I1I"1r|l
200um

12,0k 18.8mm S-x

(d)
Fig. 2.9 : SEM images of successfully fabricated 2x2 arrays ((a) and (b)) and 4x4 arrays ((c) and (d))
with local reference resonators.

2.3.1. Measured Results of Small Formal Arrays

An important and desirable attribute of the IR detector array is that the nominal
response and the illuminated response of each element of the array should be near-

identical. Apart from reducing spatial variation in the array, it also facilitates the use
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of similar electronic interface circuitry and reduces the calibration costs. For large
format arrays, where the outputs of the sense resonators will be sequentially sampled
by the same circuit, this is a critical requirement.
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Fig. 2.10 : (a) Measured response of all the first length extensional mode resonance for the 80 pm x 80
pm resonator array shown in Fig. 2.11. (b) Magnified range shows that the reference resonator has a
slightly different frequency and IL than the sense resonators. This is expected due to the mass loading
and stress caused by the silicon nitride absorber layer. The sense resonators themselves have near-
identical performance, with a standard deviation of 0.0037% (37 ppm) with respect to the average.

Fig. 2.10 shows the measured RF response of a 2x2 array of resonators. Three of
these devices are sensors coated with 200 nm SiNx absorber layers, and the sole
uncoated device, clearly seen in the SEM image, is the local reference resonator. It
can be seen that the nominal variation is very small (37 ppm for the sense resonators)
in the array. The reference resonator has a slightly different response due to the
differences in mass loading and stress caused by the absence of the silicon nitride
absorber. The array in question is shown in Fig. 2.11 (a).

The relative change in beat frequency is mapped for the 2 x 2 array in Fig. 2.11.
The reference resonator serves as the baseline. Based on the radiation incident on the

detector surface (calibrated using the FDS 100 photodiode), and taking into account
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the measured NIR absorption characteristics of the silicon nitride absorber we can
calculate the temperature rise of ~70 mK (100 mK based on TCF data for the same
devices) [63], or a frequency shift of ~-36 ppm/K. This is significantly smaller (60x
smaller) than the frequency shift seen in the prototype GaN-only sensor. It is expected
that with the GaN-on-Si implementation, the thermal dependencies of the resonator
are dominated by the TCF of the thick silicon (about -30 ppm/K). This supports our

initial reasoning behind using GaN resonators for achieving higher IR sensitivity.

1.0%

0.75%

-6.0%

Fig. 2.11 : (a) 2 x 2 resonator array. Each resonator has dimensions of 80 um x 80 um. Three sense
resonators are coated with 200 nm thick SiNx absorber layers. The reference resonator is uncoated. (b)
Color map indicating the relative change in beat frequency for the 2 x 2 resonator array. The reference
resonator is the baseline, while the three sense resonators show as much as a -5.5 % shift in the relative
beat frequency upon illumination with 102 pW incident IR power (~20.4 uW absorbed power).

A similar measurement and characterization scheme is followed for a larger
format 4 x 4 array (Fig. 2.12(a)). In this design, there are 4 references and 12 sense
resonators. The beat frequency is measured between a sense resonator and the nearest
reference, providing spatially local compensation. The best sensitivity for this array
was obtained from the change in the thickness mode at 1.68 GHz. The relative

change in the beat frequency is mapped for the 4 x 4 array (Fig. 2.12 (b)).
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Fig. 2.12 : (a) SEM image of a fabricated 4 x 4 resonator array. Each resonator has dimensions of 28
um X 38 pm. Twelve sense resonators are coated with 200 nm thick SiNx absorber layers. The four
reference resonators (at the corners of the array) are uncoated. (b) Color map indicating the relative
change in beat frequency for the 4 x 4 resonator array with ~30 uW incident IR power. The reference
resonators are the baseline, while the sense resonators show as much as a -1.6 % shift in the relative
beat frequency upon illumination.

2.3.2. Response Time

The thermal time constant of the resonators is critical in determining the
measurement speed of the IR imager. For 30 Hz - 100 Hz operation, and allowing
overheads for processing delays and addressing dead-time, each resonator pixel
should ideally have a time constant (including the readout time) on the order of 1 ms -
10 ms. Thin-film resonators are well suited for such fast responses due to their small
thermal mass. Experimentally, the response time of the resonant IR detectors is
characterized by measuring the rise or fall of the transmission signal level (S21) with
respect to switched IR illumination using a manual shutter. In order to ensure fast
measurements of the thermal response, the device is stimulated using the network
analyzer with a continuous wave (CW) signal with a fixed frequency f.,. The choice

of fcw 1s based on preliminary frequency sweeps in order to identify the frequency
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at which the slope of Sz1is the sharpest [75]. Data are captured using a fast integration
bandwidth allowing for sampling at ~20 ps intervals. Fig. 2.13(a) shows the measured
response for a sense resonator (from the array shown in Fig. 2.11) over a few cycles
of switched IR illumination. Fig. 2.13(b) and Fig. 2.13 (c) show magnified regions of
the response to illustrate the rise time and fall time for the detector. Two distinct time
constants can be extracted: for the heating/cooling of the device, and the
heating/cooling of the surrounding regions of the substrate and measurement chamber
[13]. The time constants of the device and the substrate can be estimated from curve
fitting of the data using a double exponential fit to be approximately 556 ps, and 1000
s, respectively. The measured time constant is in the same order as the calculated
value for this particular design (270 ps) [63]; however, a better measurement setup
should be used to get a more accurate estimate of the time response and close the gap

between measurement and calculations.
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Fig. 2.13 : (a) Szi amplitude of the sense resonator under switched near-IR illumination. Measurements
are acquired at high speeds to measure the resonator response. Magnified ranges showing cooling and
heating time constants based on measured data and curve fitting using double exponential functions to
extract the thermal time constants. The slow time constant is due to the non-ideal substrate and
surroundings, while the fast time constant (556 ps) is a function of the thermal properties of the
sensors. The calculated time constant for this device is 270 ps [63].
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2.4. IR Detector Arrays using Other Materials

While GaN has been used successfully so far for its IR sensitive properties, it is
not the ideal material in terms of fabrication. It has to be grown epitaxially on certain
specific substrates; and till industrial market volume for GaN grown on (111) Si
increase, cost per wafer shall remain high. Most significantly for the IR detector
design, the GaN films and their seed or buffer layers of AIN/AlGaN are good thermal
conductors, and thus G;e¢per cannot be reduced beyond a point. Neither can GaN be
grown on an easily-machined substrate that has low thermal conductivity (apart from
(111) Si common substrates for epitaxial GaN are SiC and sapphire).

The concept of using arrays of resonators for IR detection can be extended to
materials other than GaN. As these materials may not possess the same pyroelectric-
electrostrictive properties as GaN, the resonators will be less sensitive to IR radiation
than GaN by a factor of 10-100, based on their thermal properties. The advantages of
using other materials and composite structures lie in the simpler fabrication and more
flexibility in optimizing the thermal design of the resonators to achieve lower Gioiper-
In the course of this work, we used AIN, AIN-on-Si, and PZT on SiO:2 to design and
successfully implement small format IR detector arrays. While the devices were all
designed by the author, some devices were fabricated by collaborators. The PZT
devices were fabricated at Army Research Labs (ARL), while the AIN-on-Si devices
were fabricated using a commercial foundry process in collaboration with Invensense

Inc.

48



24.1. AIN

The first successful substitute for GaN was AIN, a material with similar properties,
but one that can be sputter deposited at moderate temperatures onto most substrates.
A significant advantage of this is that AIN can be deposited onto a metal, removing
the necessity of through-wafer DRIE release and sputtering. Stress can be controlled
well by tuning the deposition parameters. The resonators can be released from the
front using dry gas-phase XeF: etching. This drastically improves yield of the
resonators. Even with the non-conventional crab-leg tethers, it is seen that the Q is
still > 1000. Arrays of resonant detectors were fabricated using low—stress, high-
quality AIN deposited in-house in the Lurie Nanofabrication facility (LNF) (Fig.
2.14). These devices were used as platforms for demonstrating narrowband plasmonic

metamaterial based absorbers. Details are provided in Section 2.7
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Fig. 2.14 : (a) Array of AlN-based designs, with single-bend crableg designs. The devices are
mechanically released using XeF». This particular batch was also used as a platform for integrating
spectrally selective plasmonic IR absorbers, details of which are provided in Section 2.7 (b) The AIN
arrays were successfully fabricated and characterized, and found to have good performance as
resonators and IR detectors.
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2.4.2. AIN-on-Si

In an ongoing collaboration with Invensense Inc., the concept of resonant IR
detectors was adapted to develop AIN-on-Si resonant IR detectors integrated with a
CMOS readout IC using a commercial foundry MEMS-CMOS process. Due to the
limits imposed by the foundry MEMS process, the size of the resonators on the first
validation run was on the order of 200 um. This offset the fact that the thick AIN and
Si layers present on the tethers reduced thermal isolation. We used meander tethers to
reduce Giepper and aim for the 10 mK NETD goal. The first fabrication run was
successful, with both the MEMS chip and the MEMS-CMOS bonded chip yielding
measured results with high performance that were responsive to IR radiation (Fig.
2.15). This collaboration yielded the first successful AIN device for Invensense Inc.,
as well as the first set of resonant IR detectors fabricated using commercial foundry
MEMS processes. Future designs aim at optimizing the resonator and array designs,

and introducing signal processing and switching on the CMOS readout IC.
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Fig. 2.15 : (a) Measured response of an AIN-on-Si reonator fabricated using a commercial foundry
MEMS process. The mechanical performance of the resonator is one of the best achieved so far, with a
measured frequency (42 MHz) close to the design value (44 MHz), low IL (-12 dB) and high O (1950).
Inset shows a microscope image of the device. The MEMS dies have been bonded at the wafer level to
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CMOS ROICs for routing and pinout. (b) The IR response of the device when illuminated by ~96 uW
of power. The response time was separately calculated to be on the order of 4 ms.

4.4.3. PZT-on-Si0;
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Fig. 2.16 : (a) An SEM image of the PZT-on-SiO> IR detector arrays developed in collaboration with
ARL. The tethers only have low thermal conductivity materials such as PZT, SiO,, and thin Pt. (b)
While the resonators were found to be working, there is a lot of room for improvement in terms of
performance and stability. (c) IR response of the one of these device, coated with PECVD SiNy when
exposed to ~70 uW of absorbed power. The drift of the resonator frequency needs to be addresseed.
This is part of ongoing and future work.

Some of the best thermal isolation can be achieved by using the PZT-on-SiO2
process developed by ARL. The tether stack comprises of PZT, Pt, and SiO2 all of
which have low thermal conductivity. Designs were fabricated at ARL and measured
at UM. While the results of the first batch were promising, there are some unresolved
process issues related to stress, contacts, poling and frequency drift of the resonators
that need to be addressed before high resonator and IR detector performance can be

achieved.
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2.5. Expected Performance for Various Material Combinations

2.5.1. Dynamic Range

The dynamic range of the detector can be considered as the ratio of the maximum
temperature change that can be sensed while maintaining a linear response to the
minimum distinguishable temperature change. The minimum distinguishable
temperature is given by the NETD, while the maximum linear sensing range can be
estimated by examining the linearity of the two basic processes: conversion of
radiation to a temperature rise in the detector, and the frequency shift in the device.
Many resonator materials are known to have non-linear TCF behavior but based on
the measured TCF of GaN and AIN based resonators presented in this work, we can
assume a linear range between at least -50 °C to +100 °C. The conversion of radiation
to a temperature rise is given by Eqn. 2.2 and Eqn 2.16 - Eqn. 2.20. Including the

effect of radiation, and for slowly changing IR signals, we can rewrite Eqn. 2.2 as:

AT ~ UL _ Eqn. 2.26
Gtether + Grad (T + AT)

As the absorbed temperature rises, the amount of heat re-radiated increases
since Gpqq % (T + AT)3. When G, starts becoming non-negligible, the conversion
becomes non-linear. The actual magnitude depends on all the factors involved in the
above equation, and most specifically on Ggpper. The lower the Giprper, the easier it
is to achieve a non-linear response. As discussed before, with changing Gietner»

NETD changes, and we can write the dynamic range (DR) as the ratio between the
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highest temperature change that can be sensed linearly to the lowest temperature that

can be sensed.
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Fig. 2.17 : Normalized calculated linear response range and the input dynamic range for a resonant IR
detector with a surface area of 80 pm x 80 pm, and an absorber efficiency of 100%. Input dynamic
range is defined as the range of temperatures that the device can decetect with a response that is 1%
linear or better. Increasing the thermal conductance of the tethers improves the maximum linear
sensing temperature, at the expense of NETD. The dynamic range is limited by the linearity of the
radiative heating procecss and the linearity of the thermal dependence of frequency.

The input dynamic range is the range of temperature that the 80 um x 80 pum
device can sense linearly and is in the range of 30 dB to 70 dB with Gp¢per In the
range of 10 W/K to 10 W/K. Practical measurements in the future are necessary to
validate this model. It is expected that in practice, higher values of NETD, other non-
linearities from convection losses, and non-linearities in the signal processing
circuitry will restrict the dynamic range slightly below this theoretical estimate. It is

also possible to achieve a significantly higher dynamic range either by allowing a
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non-linear response and linearizing the output, or by using high dynamic range

algorithms in the output signal processing.

2.5.2. Temperature Coefficients of Offset & Sensitivity

The static or nominal offset of the frequency of the resonators will be decided by
processing variability within the array. Specifically, for the differential readout, the
offset between the sense and reference resonators will be crucial and will need to be
minimized. The temperature coefficients of offset and sensitivity will depend on the
difference between the thermal dependencies of the sense and reference resonators.
Ideally, the TCF should be identical. However, in reality, there will be small
difference between the TCF values, especially at elevated ambient temperatures. This
difference is expected to be small (< 1ppm/K), and caused primarily due to the small
difference in the structure of the sense and reference resonators. Further extensive
characterization is necessary to characterize the temperature coefficient of offset and
temperature coefficient of sensitivity. In practice it may be necessary to use pre-
deployment calibration to equalize the offset values across the array at various

operating temperatures.

2.5.3. Packaging of Imaging Cores

One of the major steps in a practical implementation of an array of resonant IR
detectors is the impact on performance due to packaging. The array needs to be
packaged suitably to prevent damage to the devices, while at the same time, ensuring

that the devices can be illuminated with IR radiation. For the frequency range of
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operation used for the prototype devices (in the several 10s of megahertz), vacuum
packaging is not needed. The success of the AIN-on-Si devices using a wafer level
packaging scheme (with Invensense) implies that it is possible to package the arrays.
Further the arrays will need IR imaging optics such as a transmission window (such
as Ge). These packaging processes will change the thermal and stress profiles of the
devices. The use of a differential sensing scheme can mitigate most of the change in

performance due to this stress, but more characterization is needed to verify this.

2.5.4. Expected Performance for Various Material Combinations

The predicted NETD of GaN-based resonators in this work have shown promising
results with as low as 50 mK values expected. To further reduce the NETD, an
optimized design is necessary (Fig. 2.18). It is possible to reduce the thermal
conductance of the tethers by using low thermal conductivity materials such as SiO2
as the structural elements of the tethers. Further, replacing gold traces and top
electrodes with low thermal conductivity materials would also improve the thermal
isolation and reduce NETD. The properties of various materials used in these designs
are detailed in Table 2.II. Lastly, improving the absorber efficiency to >99% would

reduce the NETD up to 5% when compared to devices with silicon nitride absorbers.
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Fig. 2.18: Predicted NETD of fabricated GaN resonant IR detectors (blue circles), with predicted
performance improvements using optimized tether materials and designs (green circles) and with
absorber efficiency >99% (red circles). The use of composite tethers and high efficiency absorbers can
allow low NETD (5 mK — 10 mK ) with small area (~100 pm?).
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Fig. 2.19 : The expected NETD values as a function of the (a) tether conductance and (b) resonator
area for different material combinations and designs that were part of this work. With resonators made
from single, high thermal conductivity materials such as GaN or AIN, it is possible to achieve NETD
lower than 100 mK, as seen in the measured results. The AIN-on-Si devices have low NETD but are
larger in size due to the limitations of the foundry process used to fabricate them. It can be seen that
achieving low NETD with both small area and low Ggeeper 1S possible with composite material stacks.
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Table 2.11
Thermal Properties of Materials

Thermal Conductivity Mass Density Specific Heat capacity

(W/m-K) (Kg/m’) (J/kg-K)
GaN 130 6150 490
AIN 160 3260 740
PZT 1.2 7800 420
Si 130 2330 700

SiO2 1.4 2200 1000
Au 318 19300 129
Ti 22 4506 522
TiN 30 3257 136
Pt 71.6 21450 130

We have demonstrated that it is possible to use a number of materials and
combinations of materials as the primary transduction element. We can calculate the
expected thermal temporal NETD for all the designs used in this work (Fig. 2.19) as a
function of Gerner and A assuming ideal absorption. This shows us that it is possible
to reach low NETD values of 10 mK and below, even with resonator surface areas on
the order of 10 um x 10 pm. NETD values between 10 mK and 100 mK have been
achieved for many different material combinations, and in the form of detector arrays
making this method feasible and scalable for large scale implementation. The last
important parameter that is the focus of this work is the absorber efficiency, which is

discussed in detail in Sections 2.6 and 2.7.
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2.6. Broadband CNT-ND Nanocomposite Absorbers

2.6.1. Motivation: Thin, Broadband IR Absorbers

To improve the efficiency of IR detectors, we require that incident IR radiation is
efficiently converted to heat. The standard solution in such cases is the use of a low
heat capacity of material on the detector surface which has a high absorbance for a
broad spectrum of IR wavelengths. Common methods of achieving this goal involve
the use of metal alloys, metal blacks, carbon blacks, and carbon nanotubes. Metal
alloys such as porous nickel-alumina have been used [78], with thickness as low as
200 nm, but with limited absorbance (~60%) and a limited spectral range. Along with
this, we have a fundamental limitation of using a porous metal. The porous structure
is not stable and is highly liable to oxidation. A porous structure entails a low density
film, and aging effects tends to increase the density of the film. Various metal blacks
have been used as IR absorbers. The most common are gold-black, silver-black and
platinum-black [79], with a maximum absorbance of 50%. Unconventional materials
such as bismuth-black [80] have demonstrated an absorbance of 80% with a film
thickness of 11 um. The drawback of metal blacks, as with metal alloys, is the film
durability. Temperature and aging effects will tend to shrink the films: the density
will increase and the films will tend towards the limiting case of the packed
continuous film which will not be porous and will be highly reflective. Carbon or

graphite blacks have been used by as IR coatings [81, 82]. These films demonstrate
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absorbance of up to 85% in the LWIR range, with film thickness on the order of 27
pum.

Another more recent method utilizes vertically aligned arrays of CNTs as
broadband visible/IR absorbers [44, 83, 84]. The principle of absorption here is based
on trapping light in the sparse and tall CNT arrays. The sparsity enables very close
matching of the refractive index to that of free space/air. The height of the arrays
(tens to hundreds of microns) allows for multiple internal reflections and the eventual
absorption of all incident radiation over a large spectral range. While the measured
absorption of these arrays is excellent (~99%) [44], the drawback of this approach is
their large mass and thermal loading on the detector.

Ideally, the broadband absorber coating should have a high absorbance over the
spectral band of interest, should be thin and light to minimize mass loading on the

resonator, and should not load the thermal capacitance of the resonator significantly.

2.6.2. Fabrication of CNT/DND/Polymer Nanocomposite

Previous sections stressed the importance of achieving high absorption efficiency.
Conventional solutions use simple materials such as silicon nitride that are reasonably
good absorbers in certain parts of the IR spectrum. However, in order to achieve
significantly higher absorbance (~99 %) over a broad spectrum in the IR, we look to
non-conventional absorbers. Broad-spectrum absorbers are the best solution for
detection weak signals that are spectrally spread over a range of wavelengths. Such an

absorber can be very useful for IR detectors used to detect any unknown activity.
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Another advantage of broad-spectrum absorbers is to use them for solar-thermal
energy harvesting and in astronomy.

A recent implementation of broad-spectrum IR absorber coating utilizes vertically
aligned arrays of CNTs as broadband visible/IR absorbers [44, 83, 84]. The principle
of absorption here is based on trapping light in the sparse and tall CNT arrays. The
sparsity enables very close matching of the refractive index to that of free space/air.
The height of the arrays (tens to hundreds of microns) allows for multiple internal
reflections and the eventual absorption of all incident radiation over a large spectral
range. While the measured absorption of these arrays is excellent [44], the drawback
of this approach is their large mass and thermal loading on the detector. In addition,
the high temperatures and catalytic surfaces required for vertical CNT arrays, the
precise sub-micron lithography required for SPR absorbers, and the etch chemistry
control required for porous metal and metal-black films make these methods
prohibitive for economical, large-scale fabrication. In a separate approach,
researchers have fabricated horizontally dispersed CNT mats for infrared absorption
using vacuum filtration [85-88] or airbrushing [89]. Neither method gives the desired
combination of very thin films that are mechanically stable and can be further
patterned or processed. Hence we develop a new thin-film nanocomposite that is
mechanically stable and highly absorbing for IR radiation. In the procedure described
in detail elsewhere [90, 91] and summarized below, CNT powder is commercially
purchased at low cost and mixed with a polymer (i.e. poly-(methylmethacrylate)

(PMMA)) [92] in order to provide the eventual film with the required mechanical and
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thermal stability, and amenability to post-processing. In the spun layers of
CNT/PMMA, the orientation of the CNTs is generally horizontal and follows no
particular order, other than the strong tendency to agglomerate into bundles due to
surface forces [21, 92, 93] (Fig. 2.20 (a) and (b)). The agglomeration of CNTs in the
polymer can be prevented by mixing surfactants to separate the CNT bundles. In this
work, electrically charged DNDs are used as effective surfactants, counteracting the
CNT agglomeration by electrostatic repulsion [93]. Unlike liquid surfactants, the
DNDs are not volatile and remain in the film after spinning and baking (Fig. 2.20 (c)
and (d)). The DNDs used in this work have an average diameter of 30 nm, a {-
potential of +45 mV (Fig. 2.20 (e)). Ultrasonication aids with dispersing CNTs in the
polymer by shearing the CNTs, but is largely ineffective without the DNDs. Further
addition of dimethylsulfoxide (DMSO) as a liquid surfactant helped with achieving
lower viscosity and thus thinner films. For films having 0.6 w/v % DND and 0.2
w/v % CNT in DMSO, we were able to achieve excellent dispersion of the CNT films
with surface roughness in the range of 50 to 100 nm [90], over a substrate size of 25
mm % 25 mm (Fig. 2.200 (c) and (d)). This is in stark contrast to the large (~10 um
thick) agglomerates encountered prior to the addition of the DNDs and thus the
addition of DNDs proved crucial to this process. With a low spin speed (< 500 rpm),
we were able to get consistent, visibly black films on a glass substrate, with a
thickness on the order of 300 nm per layer. Following the spinning process, the films
were baked on a hotplate at 110 °C to evaporate the DMSO solvent and cure the

polymer. This bake step represents the maximum temperature used in this entire
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process. Multiple layers of the film can be sequentially deposited to increase the film
thickness if needed. The films discussed in further sections have multiple layers
resulting in measured thicknesses of 1600 nm and 2000 nm (5 and 7 layers,
respectively). The final CNT/PMMA/DND layer is mechanically and thermally stable
and can be spin-coated on a substrate and patterned using standard photolithography
and plasma etching. The spun-on absorber retains its properties up to temperatures of

300 °C or laser damage of up to 28 mJ/cm? [46].
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Fig. 2.20 : (a), (b) Large agglomerates seen in the CNT/polymer films without the charged DND
particles. (¢) A SEM image of a thin film of CNT/DND in the PMMA matrix, showing that CNTs are
stably enmeshed in the film with the addition of charged DNDs. (d) Magnified image of the same layer
as (c), showing the grid like structure of the film. (e) Dispersion mechanism of CNT bundles by
charged DND clusters via de-bundling and dispersion in a polymer/solvent mixture [93]. The
dispersion remains stable and the CNTs remain separated even when the volatile liquid solvent
evaporates and the polymer/CNT is baked into a solid film.

2.6.3. Measured IR Absorption
To characterize the IR absorption properties of the CNT/DND based polymer,
normal incidence reflection R,y,(4) and transmission Te,p,(4) measurements are

acquired on glass slides coated with the thin films using a Perkin Elmer Spectrum GX
in the spectral range of 4000 cm™ to 14000 cm™ with a spectral resolution of 4 cm™.

Transmission measurements are normalized to an identical uncoated glass substrate,
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while reflection measurements are normalized to an uncoated glass substrate placed

on a gold coated standard (Fig. 2.21) [94, 95]. Absorption for the film (Axp(4)) is
calculated as Agyp(4) =1 — Reyp(A) — Teyxp(1) . Measured results for the two

samples demonstrate a high broadband absorption (Fig. 2.22(a)). The effect of pure

PMMA is considered; as shown in (Fig. 2.22 (b)). PMMA does not contribute

KBriCaFE
Detector
FT-IR FT-IR E

CNT Film

significantly to the absorption.

@ Standard Au Reflector

f‘(Br,’CaFE

Detector
Fig. 2.21: A schematic of the normal incidence transmission and reflection test setup. The
measurements are normalized using uncoated glass substrates for transmission and a standard gold
reference for reflection.

Optical properties of ordered arrays of nanotubes can be analytically modeled
[96]. However, because of the random dispersion of CNT/DNDs in the polymer,
accurate modeling of the optical properties are challenging for the presented films.
Instead, the optical constants are extracted (Fig. 2.23) from the measured results
using an effective media approximation [46]. Physically, the absorption in the film

has significant contributions from scattering due to the many scattering centers
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provided by the well-dispersed CNTs with a diameter much smaller than the
wavelength, as well as the intrinsic absorption provided by the CNTs. The small
DND particles are not expected to contribute significantly to the optical absorption.
These well-dispersed and dense films have at least an order of magnitude higher
extinction coefficient k than vertically aligned CNT forests of the same thickness [84].
Increasing the density and improving the dispersion homogeneity of the CNTs in the

matrix can further increase scattering and improve the effective extinction coefficient

of the films.
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Fig. 2.22 : (a) The reflection, transmission, and the absorption of the 1600 nm and 2000 nm films. The
avarage absorbance for both films is ~95% across the entire spectral region. (b) Transmission
measurement for a 2000 nm thick layer of PMMA on a glass substrate, indicating that the PMMA itself
does not contribute significantly to the IR absorption.
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Fig. 2.23 : (a) Extracted effective n for the measured films. (b) Extracted effective k for these films is

more than 10x higher than that for aligned CNT forests, resulting in increased absorption in a
significantly lower thickness.

The CNT-DND films can be patterned lithographically and etched in an oxygen
plasma. This makes integration with resonant IR detectors (or any other system)
easily possible. The films have been tested at high temperatures and with a high
power laser to assess the ageing characteristics and thermal degradation [46]. It is
seen that the CNT-DND films are mechanically and thermally robust and have high

damage thresholds.
2.7. Narrowband Spectrally-Selective Plasmonic Metamaterial Absorbers

2.7.1. Motivation

The logical complement to broadband IR absorbers is the development of narrow-

spectrum, selective absorbers that can be designed for specific wavelengths for multi-
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spectral imaging, spectroscopy, or decoy rejection. The use of narrowband (or
spectrally selective) IR absorber coatings can enable thermal detectors to achieve the
type of narrowband response normally only possible with photonic detectors or
specifically designed quarter-wavelength absorber cavities. Narrowband IR detectors
can be used for multi-spectral and hyperspectral imaging, where IR information from

multiple spectral bands is combined to give a more meaningful image [97].

2.7.2. Theory and Design

Narrow band, spectrally selective absorbers can be implemented using metal-
insulator-metal (MIM) subwavelength plasmonic structures that utilize surface
plasmon resonance (SPR) for selective absorption of electromagnetic radiation [98-
100]. SPR-based devices have been shown to provide high spectral selectivity [98],
strong light absorption [99], simplicity of design and fabrication [101], and compact
form-factor [102]. The physical mechanism that enables the selective optical
absorption in the MIM may be modeled with a Fabry-Perot cavity model [99]

governed by the following relation:
Ar = 2ngppw + %,10. Eqn. 2.27

Here,

A, is the SPR resonance wavelength,

Neyy is the effective index of the guided surface plasmon-polariton (SPP) mode,
w is the strip width,

Ao 1s the vacuum wavelength, and

¢ is the phase shift incurred upon reflection from the strip terminations.
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2.7.3. Fabrication and Characterization

The appropriate wavelength and the peak absorption may be chosen by choosing
the right materials and dimensions using known analytical models for metallic slits
and FEA simulations (Fig. 2.24(a)). We choose to design for the 10 um LWIR
wavelength. The structure uses the resonator top electrode as the bottom metal in the
MIM stack and 200 nm thick Si0O: as the insulator. The top plasmonic grating consists
of 35 nm thick Ti/Au strips with designed width of 750 nm and gap of 100 nm. The
top metal grating was defined by electron beam lithography. The plasmonic absorber
is characterized using a PerkinElmer spectrometer fitted with a polarizer and show up
to 46% absorption at the expected wavelength of 10.15 um, which is lower than the
simulated value of 80% possibly due to deviation of material properties from those
used in simulations. While this absorber design is polarization sensitive (Fig. 2.24(b)),
similar polarization-insensitive structures can be readily integrated with the presented

resonant detectors.
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Fig. 2.24 : (a) Simulated EM field confinement for the MIM structure used as the selective plasmonic
absorber. The design is for a maximum absorption in the LWIR spectrum, at a wavelength of 10.15
um. (b) Measured data acquired using a spectrometer, compares favorably with simulation with respect
to wavelength, but the absorption magnitude has room for improvement. Inset shows the polarization
angle dependence of the grating absorbers.

This is the first demonstration of resonant infrared detectors with integrated
nanostructured subwavelength plasmonic gratings designed to selectively absorb long
wavelength infrared (LWIR) radiation (Fig. 2.25). The resonant detectors are also the
smallest in size demonstrated so far (30 um x 14 um). The absorbers are optimized
for a spectral wavelength of 10.15 um and experimentally demonstrate an absorbance
of 46% with a Full Width at Half Maximum (FWHM) of 1.7 um. It can be seen that
even for such a small detector, non-ideal thermal sources such as human hands or

heated solder tips cause perceptible shifts in the operating frequency (Fig. 2.25(d)).
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Fig. 2.25 : (a) A SEM image of an array of resonant IR detectors with three sense resonators covered
with the MIM plasmonic structures and one uncoated reference. (b) & (c¢) Magnified SEM images
showing the well-defined plasmonic grating with 750 nm wide strips and fabricated gap of 90 nm
(design value was 100 nm). (d) Frequency response of a 30 pum x 14 um AlIN+plasmonic resonant
detector to human hands (~30 °C) briefly held 10 cm above the detector, and a heated solder tip at
(~260 °C), Both thermal sources change the resonant IR detector response. This is the first measured
result for LWIR plasmonic absorbers integrated with resonant detectors.

In summary, it is seen that both broadband and narrowband IR absorber coatings
have been successfully implemented and characterized. These films have a high
absorbance per unit thickness, have a low mass, and do not thermally load the small
resonators. Tests on the CNT layers have shown that they have low ageing and

damaging thresholds and work well at elevated temperatures.
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Chapter 3 Characterization of GaN Resonators

3.1. Need for Electromechanical Characterization of GaN

Over the recent few years, GaN has become one of the most popular
semiconductor materials in use [103-105]. While the current cost of GaN substrates is
high, based on the economics of scale, high-volume production of GaN wafers is
expected to reduce the wafer cost to the same level as GaAs substrates [103]. In
addition, epitaxial growth of high quality GaN on low-cost substrates, such as Si, is
becoming more mature. This would make GaN one of the cheapest semiconductors,
second only to Si. While a significant amount of research has been devoted to GaN-
based optoelectronics, RF & high-power electronics, little attention has been given to
the use of GaN for nano and microelectromechanical systems (N/MEMS)
applications. Unlike Si, GaN is a piezoelectric semiconductor and one can envision
using the piezoelectric properties of GaN alone to manufacture multitude of devices
for diverse applications. In this work, we focus on the piezoelectric and high-
frequency electromechanical properties of GaN in order to implement high-
performance piezoelectric electromechanical resonators using GaN. A more
comprehensive review of the state-of-the-art for the electromechanical properties of

GaN is found in [66].

70



3.2. Epitaxial GaN films

3.2.1. Epitaxial Growth

GaN thin films are grown on (111) silicon substrates using either molecular
beam epitaxy (MBE) or metallo-organic chemical vapor deposition (MOCVD). GaN-
on-Si wafers used in this work have been purchased from SOITEC [8] and Nitronex
Corp [71]. GaN-on-Si wafers provided by SOITEC were MBE grown. Details of the
SOITEC MBE stack are unavailable. The Nitronex unintentionally doped (UID) GaN
films were epitaxially grown on 100 mm silicon substrates, using a custom-built cold-

wall rotating disc MOCVD reactor. The growth temperature was 1020 “C. The full

epitaxial stack consists of an AIN nucleation layer, followed by two AlGaN layers,

which complete the transition layer (Fig. 3.1).

GaN layer forms
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Fig. 3.1: (a) Cross-section SEM images of a cleaved GaN film grown on a Si (111) substrate. A
transition or buffer layer of AIN and AliGa;.«N is necessary in order to reduce the lattice mismatch
between the Si and GaN crystals. This buffer layer is seen in the SEM image. (b) Schematic of the
GaN wafer along with optical images of each layer after etching down using dry etching. The
transition from the polycrystalline AIN nucleation layer to the single crystal GaN can be clearly seen.

A thicker GaN film was subsequently grown on top of the transition layer.

The transition layer is required to alleviate the problem of film stress caused by the
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lattice mismatch between the Si substrate and the GaN epitaxial layer. Cross-section

SEM images of the GaN layer confirm the film structure and thickness (Fig. 3.1).

3.2.2. Crystal Quality

GaN in its wurtzite form has a crystal structure with lattice parameters of a =
3.189 A and ¢ = 5.185 A. A figure of merit that is commonly used to characterize
the intrinsic crystalline quality of an epitaxially grown thin film is the Full Width at
Half Maximum (FWHM) acquired using X-Ray Diffraction (XRD) analysis. A
narrow FWHM denotes high long range crystalline order and good internal alignment

of the crystal (Fig. 3.2). Measured values are well within the reported range for

(0002) GaN (i.e., 0.18° to 0.6") [106].
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Fig. 3.2: A representative result showing XRD spectroscopy on a GaN thin film grown on a Si (111)
substrate using MOCVD. Inset: Rocking curve of the (0002) GaN plane exhibits a very clear peak and
a FWHM of 1296 arcsec.
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3.2.3. Dry Etching of GaN

Currently, plasma-based chemical dry etching is the most commonly used
patterning technique for group IlI-nitrides. The mechanisms and variations have been
reviewed in detail by Pearton et al. [107]. In particular, high-density electron
cyclotron resonance (ECR) and inductively coupled plasma (ICP) etch processes have
yielded smooth, highly anisotropic, etch characteristics. Etch rates that can exceed 1.0
um/min can be achieved. Halogen-based plasma chemistries (Cl-, I- and Br-based
plasmas) yield high-quality etch characteristics. The choice of the reactive source gas
(Clz, BCls, ICI, 1Br, efc.) and secondary gases (Hz2, N2, Ar) changes the concentration
of reactive neutrals and ions in the plasma, which directly correlates with the etch rate.
The process parameters used for anisotropic etching of GaN in this work [63, 71, 91,
108-112] are shown in Table 3.1. This process results in smooth, vertical sidewalls.
As expected, increasing gas flows within a range increases the isotropicity of the

etching process. The process flow for fabricating GaN resonators was discussed in

Chapter 2.
Table 3.1
Process Parameters for ICP Etching of GaN

Parameter Unit Value

Chamber Pressure mTorr 5-10

Cly Flow rate sccm 24-36

BCl; Flow rate sccm 6-10

Ar Flow rate sccm 5-8

He Pressure (wafer backside cooling) Torr 8

ICP Power W 500
RF Bias Power W 50-100

Etch Rate (anisotropic) nm/min ~200
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3.3. Electromechanical Properties of GaN

3.3.1. Elastic and Hardness Moduli

The mass density of GaN has been quoted in the literature as 6095 kg/m?® [113,
114] or 6150 kg/m® [104]. Due to its hexagonal nature, the elastic properties of
wurtzite GaN are symmetric along the in-plane vectors. The elastic moduli of w-GaN
have been calculated by Wright using ab-initio density field calculations [115] and
verified using Brillouin scattering by Yamaguchi et al. [116] and Polian et al. [113].

The full stiffness matrix for GaN is given by:

390+ 25 145+20 10620 0 0 0
1454+20 390+15 106420 0 0 0 \
C.. | 106 £20 106 +20 398+ 20 0 0 0 GPa
0= 0 0 0 105+ 10 0 0
0 0 0 0 105+ 10 0
0 0 0 0 0 122.5 £ 20

The elastic compliance and constants for the binary compounds as well as the rule
to obtain the values for alloys are summarized by Ambacher et al. [104]. Knoop
hardness of GaN was reported to be 14.21 GPa [104] and agrees well with
experimental data obtained for GaN-on-Si samples in this work (Table 3.II). The
microhardness of single crystal GaN thin films is reported to be 10.2-19 GPa [104,
117]. Here, nanoindentation experiments leading to the mechanical properties of GaN
films have been obtained by nanoindenter and a Berkovich tip. The nanoindentation
measurements were performed using the continuous stiffness measurement (CSM)

method, where a small oscillation is superimposed to the primary loading signal [118].
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Nanoindentation tests carried out in the course of this work indicate that the hardness
for different types of substrates and fabrication methods consistently lies in the range
of 20-26 GPa. GaN Young’s moduli reported in Table 3.1 are higher when the
material is directly grown on the bulk c-Sapphire or (111) Si substrate. It is
significantly lower when the thickness of GaN grown on Si is less than 3 um,
indicating probable influence of the crystal quality on the Young’s modulus.

Table 3.11

Mechanical Stiffness and Hardness Moduli for GaN

Substrate llizslrlirfi?;lilzn/ Hardness (GPa) Young's Indenter tip Ref.
GaN thickness modulus (GPa) .
Bulk - 12+2 287 Vickers [119]
Bulk - 18-20 295+3 Berkovich [120]
c-Sapphire MOSX?H/HIS ) 53.6 290 Berkovich [121]
c-Sapphire MOC}E{; 18- 155+0.9 210+23 Spherical [122]
c-Sapphire  [MOCVD/2 um 19+1 286 £ 25 Berkovich [123]
buffer/(111) Si | MBE /2 um 22.7+3 266 43 Berkovich This work
c-Sapphire [MOCVD/1 um| 25.5+0.6 405+ 7 Berkovich This work
buffer/SOI MOCIH? /13 23+£23 288 +21 Berkovich This work

3.3.2. Acoustic Properties

As a hexagonal piezoelectric material, GaN can be used to implement acoustic
transducers. While conventional acoustic transducers use very strong bulk
ferroelectrics for actuation on the macro-scale (for applications such as sonar and

ultrasound), there is a growing trend for using materials such as thin-film PZT and

AIN in micro-acoustic implementations, such as piezoelectric micro-machined
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ultrasonic transducers (pMUTs) [124, 125]. GaN can be a very attractive option for
high output power, high-frequency capable acoustic transducers, with the added
advantage of co-fabrication and integration with the necessary drive and control
electronics. The slowness curves for GaN (inverse of acoustic velocity) as a function
of propagation vector for both in-plane and out-of-plane modes can be calculated

based on the stiffness matrix (Fig. 3.3).

240300
270

Fig. 3.3: Calculated slowness curves for GaN for in-plane and out-of-plane acoustic wave propagation.
The green shaded regions indicate the slowness values extracted from the frequency of resonators in
this work and reported in [64, 91, 108, 111, 126-128]. The measured velocities match well with
theoretical estimates.

For a majority of resonant devices described in this work, the mode of operation
depends on longitudinal waves trapped in the mechanical resonant cavity. The values
for extracted acoustic velocity from these resonant devices match the expected
longitudinal velocities in plane (7960 m/s) and along the c-axis (8044 m/s). Extracted
longitudinal velocities for a number of GaN resonators from this work [64, 91, 108,
111, 126-128] lie in the range of 7200 m/s to 7800 m/s. Slight deviations from the

exact theoretical velocity values could be attributed to the effect of a small tilt of the
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c-axis of the manufactured thin films, and the loading due to metal electrodes and
buffer layer on the real devices. The mass density is assumed to be 6150 kg/m? for all
calculations. The longitudinal velocities of GaN (both in-plane and out-of-plane) are
very similar to that of crystalline Si. In the popular thin-film piezoelectric-on-Si
(TPoS) configurations [129-132], the use of GaN as the transduction layer on Si has
the potential to reduce acoustic loss as the acoustic velocities in both materials are
very similar.

Acoustic waves travelling through GaN, like any other elastic material, are
attenuated via a number of intrinsic scattering processes. A comprehensive
knowledge of the loss mechanisms is crucial to designing highly sensitive and energy
efficient electromechanical devices. The study of these loss mechanisms is a part of

this work and have been discussed in detail in [24] and Chapter 4.

3.4. Performance Metrics for GaN Resonant Devices

3.4.1. Quality Factor and f X Q Limits

The Q of an acoustic resonator is directly related to the total energy lost, which is
quantified by the attenuation coefficient. The highest O for a GaN resonator measured

in this work was 12185 at a frequency of 120 MHz (Fig. 3.4).
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Fig. 3.4: The best O measured in our lab was on a 40 um x 80 um length-extensional mode GaN
resonator. The RF transmission (S;; curve) at room temperature and ambient pressure is shown in red,
showing a Q of 8113. The O improves to 12185 at 77 K and 10 pTorr. IL also improves at the lower
temperature and pressure, while frequency increases.

One of the most important metrics for mechanical resonators is the product of
frequency and Q, which is inversely proportional to the loss in the device. The
measured values of the resonator f X Q are a good indicator of how close the
resonator is to the limiting values. Fig. 3.5 shows the f X Q limits of GaN due to
different loss mechanisms and compares that to the measured data (red dots) from
GaN resonators presented in the previous sections. A more detailed discussion of loss

mechanisms is presented in Chapter 4.
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Fig. 3.5: Calculated values of the f X Q limits for the dominant intrinsic dissipation mechanisms in
GaN. Measured results from this work are shown in red dots. The measured values compare favorably
with work by other researchers [126, 127, 133-135].

3.4.2. Coupling Efficiency and the kg 5 X Q Metric

The piezoelectric coupling coefficient k7 is a material property that determines
the efficiency of converting electrical energy into mechanical energy and vice-versa
[136]. For the various electromechanical axes of GaN, the values of k? range from
1.3% to ~2% [137, 138]. The effective coupling coefficient kgff is extracted from the
mechanical response of the resonators and includes the effects of metal electrode
loading, non-ideal electrode area coverage, and anisotropic effects [137]. Measured
values of kgff in prior literature (Fig. 3.6(a)) are seen to be close to the calculated

maximum values for both the thickness modes and in-plane modes.

e;ie
ktz — Ukl Eqn. 3.1

€Cijkl
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Practically, for a mechanical resonator kt2 can be estimated as [136]

ktz ~ fs_fp

Eqn. 3.2
fs’

where f; and f,, denote the series and parallel frequency of the resonator. Theoretical

investigations into the piezoelectric coupling coefficient of un-doped or high-
resistivity GaN have consistently yielded values close to ~1.9% for the thickness
mode [139].

Another related metric that is used often for characterizing the applicability of a
piezoelectric material for use in RF electromechanical filters is the kgff X Q product.
Practically, a higher resonator kgff increases the separation between the series and
parallel resonances. For coupled-resonator filter topologies, this higher separation
implies a wider bandwidth. A higher Q (for each individual resonator) imparts a
sharper roll-off for the filter. Thus, a high kgff X @ product is desirable for wide-
band RF filters [137]. In this regard, measured GaN resonators have demonstrated
similar numbers (Fig. 3.6(b)) in comparison with Quartz, Diamond, TPoS and Si-
based internal dielectric transduction. However, it is significantly lower than stronger

piezoelectric materials such as LiNbO3 [140], or highly optimized devices such as the

AIN FBAR [141].
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Fig. 3.6: Measured values of (a) kgff as a function of Q and (b) kgff X @ as a function of frequency.
Data are consistent with published work by other researchers [64, 126, 127, 142].

3.4.3. Temperature Coefficient of Frequency

One of the important metrics for resonator performance is the TCF, which
describes the relative shift in the resonator frequency with temperature change. As
mentioned earlier, in most materials, the dominant mechanism is the change in the
elastic modulus (TCE) of the material with respect to temperature. For the GaN
resonators in this work, the TCF values for length-extensional modes range from -14
pp/K to -18 ppm/K [64, 71, 77, 108]. TCF values ranging from -23 ppm/K to -25
ppm/K are reported for thickness-extensional modes. The TCF of the resonator is

mode dependent and also is influenced by other materials in the resonating stack.
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Representative plots of the TCF for two fabricated length-extensional resonators are

shown in Fig. 3.7.
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Fig. 3.7: The change in the frequency of two length-extensional GaN resonators as a function of
temperature, showing a negative TCF with experimentally measured values of ~ -17 ppm/K.

3.4.4. Power Handling and IIP3

The ability to handle high power levels has always been one of the most attractive
features of GaN-based electronics. This has spurred the growth of a large power-
electronics industry. Electromechanical devices, especially resonators, also have
limiting values of input power that can be handled without distortion of the output
due to the onset of electrical and mechanical non-linearity. In piezoelectric resonators,
intrinsic mechanical non-linearity is primarily due to the non-linearity in the elastic
coefficients of the material (especially for the suspension tethers) [129]. The non-

linearity of the resonator is also limited by those of the supporting tethers. A popular
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method for characterizing the non-linearity and distortion of mechanical resonators

associated with high input power levels is the third order intercept point (IIP3).
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Fig. 3.8: Measured IIP; for a GaN mechanical resonator. The data are measured on a 2.1 GHz with a
frequency separation of 5 KHz. The measured GaN bulk acoustic wave resonator shows Q of ~500.
For GaN length-extensional mode resonators with thin tethers, distortion is seen at
+5 dBm or greater, while no distortion is seen for clamped membrane type thickness-
mode resonators at input powers up to +20 dBm [64]. Extrapolated IIP3 (Fig. 3.8)
demonstrate values in excess of +32 dBm without requiring the use of thick Si
structural layers in the device, a method that is used in the AIN-on-Si TPOS
configuration [129]. These values are comparable with similar devices made using

AIN [143].
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Chapter 4  Phonon-Electron Interactions in Piezoelectric-

Semiconductor BAW Resonators

The analytical and experimental work discussed in this chapter presents for the
first time, a comprehensive investigation of phonon-electron interactions in BAW
resonators made from piezoelectric semiconductor materials [24]. We show that these
interactions constitute a significant energy loss mechanism and can set practical loss
limits lower than anharmonic phonon scattering limits or thermoelastic damping
limits. Secondly, we theoretically and experimentally demonstrate that phonon-
electron interactions, under appropriate conditions, can result in a significant acoustic
gain manifested as an improved Q.

The dynamics of acoustic waves (or phonons) trapped in resonant cavities
comprised of solid elastic materials have been studied extensively [144]. At an
appropriate frequency that satisfies the resonance criteria, mechanical energy is
confined in the form of standing waves in such an elastic cavity. This principle forms
the basis of BAW resonators [137, 144, 145]. While ideal standing wave BAW
resonators are lossless, the energy confinement in practical materials is not ideal due

to attenuation occurring via a number of phonon-scattering processes. This
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attenuation limits the QO of such a BAW resonator. Analytical expressions for
maximum Q limits for a variety of intrinsic scattering processes, such as anharmonic
phonon-phonon loss and TED, are well known and experimentally validated for
commonly used acoustic materials [25-28, 30, 31, 146]. An often neglected scattering
process is the phonon-electron interaction [32-37, 147], which is significant in
materials that have both moderate-to-high doping concentrations and a mechanism
facilitating strong electromechanical interactions. Piezoelectric semiconductor
materials such as ZnO, GaN, and CdS fulfill both criteria and as we will show in this
chapter, the phonon-electron scattering can be the dominant loss mechanism in such
materials. Similar to well-known lattice loss mechanisms such as the phonon-phonon
loss, the phonon-electron scattering is dependent on the bulk material properties and
is not design dependent. We show that phonon-electron interactions can lead to
acoustic gain of standing waves in piezoelectric semiconductor BAW resonators and
present, for the first time, a comprehensive model that explains the resulting enhanced
mechanical QO of these resonators under the acoustoelectric effect [38, 39]. We
evaluate the effect of phonon-electron interactions in piezoelectric semiconductor
BAW resonators in context with other important acoustic loss mechanisms (such as
anharmonic phonon loss and TED loss) by comparing the limiting figure of merit, the
f X Q product, for each interaction mechanism. We compare theoretical estimates
with measured results obtained using GaN BAW resonators as test vehicles.
Measured data acquired on multiple BAW resonators with resonance frequencies

ranging from 37 MHz to 8.7 GHz and fabricated using multiple wafers of single-
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crystal wurtzite GaN are consistent with theoretical trends. We further explore the
dependence of attenuation/amplification on factors such as charge carrier
concentration, mobility, and resonance frequency. We show that it is practically
possible to design piezoelectric semiconductor BAW resonators with (i) minimum
phonon-electron scattering loss under normal operation, (ii) reduced total energy loss
via acoustoelectric interaction, and (iii) acoustoelectric gain that can overcome all
other losses, effectively creating a highly frequency-selective acoustoelectric resonant

amplifier.

4.1. Theory of Acoustoelectric Amplification in Resonators

4.1.1. Standing Waves in Resonators

Acoustic waves travelling in a piezoelectric material cause local perturbations in
the electric field in the material, as described by the basic piezoelectric constitutive
equation T = ¢S — eE. Here, T, S and E are the local stress, strain, and electric field,
while ¢ and e are the stiffness coefficient and the piezoelectric coefficient,
respectively. In a piezoelectric semiconductor material, the locally perturbed electric
field causes the electrons to accumulate in the minima of the potentials of the waves,
but as the wave progresses the electrons tend to lag behind [35]. This places more
charge density in the electric field whose direction is that of wave propagation. This
means that the average power transferred from acoustic phonons to electrons is
positive, causing attenuation of the acoustic wave [33, 35, 36]. A large body of work

[33-39] on phonon-electron interactions proved analytically and experimentally that
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travelling acoustic waves in piezoelectric semiconductor materials suffer attenuation
due to electron-scattering. The electrons gain energy and momentum, get accelerated
in the direction of the acoustic wave, and appear as a net DC current in the material
(Weinreich DC current [33]). It was observed that if electrons are accelerated by
applying an external electric field across the material with velocities higher than the
phonon velocity, energy can be transferred from the electrons to the phonons,
effectively increasing the energy of the acoustic wave [35, 38, 39, 41]. This is
referred to as acoustoelectric amplification and has been used to develop high-gain
travelling-wave acoustic amplifiers [37].

We extend the existing analysis on acoustic amplification in travelling waves [33-
39] to standing waves in BAW resonators, for the first time, and demonstrate that it is
possible to generate acoustic gain in standing waves in piezoelectric semiconductor
BAW resonators under the right conditions. We begin the analysis by solving for
standing wave loss in a BAW resonator. Considering a real, elastic material of a finite
thickness L, an acoustic wave travelling through this material will reflect back from
the boundaries and remain confined in the material if the resonance condition nA =
2L is satisfied, where A is the wavelength of the »n vibration mode. This forms a
cavity resonance and is the basic operational principle of BAW resonators [137, 144,
145]. The cavity resonance is a standing wave which is described as the superposition
of two travelling waves with equal amplitudes and frequencies but opposite wave
vectors [137]. Assuming plane acoustic waves, we can denote the standing wave in

the BAW resonator as the superposition of the two waves (Fig. 4.1a).
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Usoe = Re [uoei(ﬁz+wt) + uoei(k;z+wt)] Eqn. 4.1

or Utor = UOCOS(EZ + a)t) + uocos(gz + a)t) Eqn. 4.2
For ideal elastic materials, k; = k and k, = —k which gives
Usor = 2Ugcos(wt)cos(kz), Eqn. 4.3

which is the equation for an ideal lossless standing wave in a resonant cavity. For a
real, lossy material, the wave vectors are denoted by k; = k + iy and k, = —k +
ia, where the imaginary components are the loss coefficients per unit distance
travelled. The loss a is composed of all distributed sources of acoustic loss in the
bulk of the material, namely, losses due to phonon-phonon interaction (aPP),
thermoelastic damping (a”EP), and phonon-electron interaction (a??). At this point,
we assume that the boundary reflection is perfectly lossless; reflection losses
(aTeflectiony will be considered separately later. The superposition relation can be

written as

Upor = Re[uoe—alz. ei(kz+wt) + uoe—azz_ ei(—kz+wt)] Eqn. 4.4

OF Uy = Uge %1%, cos(kz + wt) + uge %%, cos(—kz + wt). Edn. 4.5
The above relation can be further simplified as

Uror = Ajcos(wt)cos(kz) — Bysin(wt)sin(kz),  Ean 4.6
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where Ay = ugle™ 17 4 e~ %2%]
Eqn. 4.7

& B, = uy[e™ %1% — e~ %27,

These equations predicts a pseudo-standing wave, which may have non-zero
amplitude at the nodes if B; # 0 . Most lossy resonant cavities are symmetric, i.e., the
attenuation in each direction is equal in magnitude, as it is a result of the fundamental,
non-directional loss mechanisms of the material. That is a; =a,=a .
Consequently, B; = 0 and A; = 2uy[ e”%#] . This recovers the expression for a real,

damped resonant cavity, which is the most commonly encountered practical situation

(Fig. 4.1(b)):

Utor = 2Uy[e™**]cos(wt)cos(kz). Eqn. 4.8

The possible responses for such a standing-wave BAW resonator depend on the
nature of a. Fig. 4.1((b) and Fig. 4.1((c) depict possible scenarios of damped,
undamped (ideal) and amplified BAW resonators (¢ >0, a =0, and a <0
respectively). The possibility of an amplified response with an additional external
stimulus is a unique attribute of piezoelectric semiconductor materials and is detailed
in further discussion. In the case of a non-symmetric interaction mechanism, where
the attenuation is direction-dependent (i.e., @; # @,), Eqn. 4.6 must be considered in
its entirety. We can simplify the amplitude coefficients (Eqn. 4.7) by expanding them

in a Taylor series and neglecting higher powers of az, to get

Ay = ug[2 = (ag + a3)7] Eqn. 4.9
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& B, = up(a; — ay)z.

For practical values of attenuation A; > B; and thus we can neglect the
term B, sin(wt)sin(kz). This assumption is valid as long as a;z <K 1 & o,z < 1 and

we can consider the lossy standing wave to be

Ugor = Ajcos(wt)cos(kz), Eqn. 4.10

Q

where Ay ~ 2up[1 — (agy)z]. Eqn. 4.11

The assumption a;z < 1 & a,z < 1 is valid for any BAW resonator made with
a high-quality thin-film elastic material. As an example, for a high-quality GaN film
and in the absence of an external electric field, the value of af ¢ and age is ~2500 m!
at 1.5 GHz, or an energy loss of 0.25% per micrometer of the GaN film. We define

net roundtrip attenuation per unit length for the standing wave BAW resonator as,

o+ a,

gy = — Eqn. 4.12

Other distributed losses in the material of the BAW resonator (the phonon-phonon
and TED losses) are symmetric, i.e., @; = a,. Again, this directly implies B; = 0,
resulting in a lossy standing wave. For phonon-electron interaction in piezoelectric
semiconductor materials, upon application of a DC electric field, there is a net drift
of electrons in one direction. Based on the directional nature of the interaction
between coherent phonons and electrons, the uni-directional drift of the electrons

breaks the symmetry of attenuation, and thus a?® # ab®. Using Eqn. 4.12 and the
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equations for attenuation coefficients in travelling waves from the theory put forward
by Hutson and White [39, 41], we can write effective attenuation due to phonon-

electron interaction for the standing wave as

pe _szc{ 1-7 1+7n

€ - _ ¢ Eqn. 4.13
riezo = 3 5 @ — )2 + b2 " 1+n)?>+ bz}’

W,
where b= (—C + —) Eqn. 4.14
w  wp
n= Ve| _ HEp Eqn. 4.15
S s I
o N s?
w,=—= qett ) & wp= e ) Eqn. 4.16
€ € ukgT

A complete derivation of the attenuation coefficent for travelling waves is
provided in Appendix A. In the above relations, K is the piezoelectric coupling
coefficient, u is the electron mobility, N is the effective free electron concentration,
Ep is the applied DC electric field, v, is the electron drift velocity, s is the acoustic
velocity, 1 is the velocity ratio, w. is the carrier relaxation frequency, and wp is the
carrier diffusion frequency. The electrical conductivity, permittivity, electronic
charge, absolute temperature and Boltzmann’s constant are denoted by the usual
symbols o,€,q,., T, and kg, respectively. Eqn. 4.13 agrees with observations of
Maines and Paige [148]. Note that without applied bias, n = 0, and Eqn. 4.13 reduces
to the symmetric situation denoting the nominal loss due to phonon-electron

interaction with piezoelectric coupling
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2
K W,

e | = e
n=0 25 1+ b?%’

_ _ Eqn. 4.17
A1 = Az = Apjeye q

Eqn. 4.13 can be physically interpreted to be the combination of the phonon-
electron interaction for the travelling-wave components parallel and anti-parallel to
the direction of carrier drift. Based on the theory of acoustoelectric amplification in
travelling waves [35-39, 41], when the carrier drift velocity exceeds the acoustic
velocity, the parallel wave component is amplified by transfer of energy from
electrons to phonons, while the anti-parallel wave component is attenuated by
electron-scattering. When an adequate electric field is applied to the BAW resonator
and the parallel gain exceeds anti-parallel loss, agf ez0 Can become negative, denoting
net gain over the roundtrip. This is the theoretical basis for achieving a net acoustic
gain in a standing wave piezoelectric semiconductor BAW resonator. Unlike the
travelling wave model [39, 41], agieezo is symmetric with respect to the direction of
applied electric field. Further, the acoustoelectric amplification in BAW resonators
can be practically observed only for those modes that fulfill the resonance condition

nA = 2L. This imparts frequency selectivity to the standing wave model in BAW

resonators that is unique to it and differentiates it from the travelling wave model.
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Fig. 4.1 : (a) Schematic cross-section of a piezoelectric semiconductor BAW resonator, depicting the
fundamental thickness mode of vibration. The schematic indicates the various intrinsic loss
mechanisms (phonon-phonon scattering, TED and phonon-electron scattering) in addition to the
reflection losses. In the absence of other external losses, such as air damping, the total energy loss per
cycle is dominated by these loss mechanisms. For a piezoelectric semiconductor material, under the
right conditions, the phonon-electron scattering losses can be inverted to achieve acoustoelectric gain.
(b) A representative set of output responses for BAW resonators, denoting damped, undamped, and
amplified responses (@ >0, a =0, and a < 0 respectively). (c) The same responses can be
visualized by the strain distribution of BAW resonator cross-sections under ideal, damped and
amplified conditions (¢ > 0, a = 0, and a < 0 respectively). The cross-section images show higher
order standing wave BAW resonance modes, and visually exaggerated damping/amplification
envelopes for clarity of concept. The color map shows areas of positive (red) and negative (blue)
strain.

4.1.2. Frequency Dependence of Gain and Loss

The curves for agf 70 as a function of frequency and 1 can be obtained using Eqn.
4.13 for wurtzite GaN (Fig. 4.2(a)). Here, an effective carrier concentration of 10'

3

cm™, a carrier mobility of 200 ¢cm?/V-s, an acoustic velocity of 8000 m/s, and a

coupling coefficient of 2% are assumed. Other relevant material properties are given

in Table 4.1.
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Fig. 4.2 : (a) The phonon-electron loss/gain in a representative GaN material system with respect to
resonant frequency and the velocity ratio 7. Increasing the applied electric field (and thus 1) reduces
the phonon-electron loss across all frequencies. Here, n = 0, 1, 2, ... correspond to electric field values
Ep, =0kV/m, 400 kV/m, 800 kV/m ...as per Eqn. 4.15. Within a certain range of 7, the phonon-

electron loss is negative, indicating acoustic gain. (b) The total loss in the system is clearly affected by

phonon-phonon loss and thermoelastic damping, but still includes regions where loss is negative
predicting the possibility of acoustoelectric amplification in the resonator that can theoretically

overcomes all other intrinsic losses in the material. Note that this is the frequency dependence loss for
the piezoelectric semiconductor material, not the resonator. The mechanics of the BAW resonator itself
imposes further frequency selectivity, allowing only those modes that conform to the resonance

condition nd = 2L.

Table 4.1
Material Properties used for Calculating Loss Components in GaN
Material Property Symbol Values Units Ref.
Mass Density p 6150 kg/m3 [138]
Specific Heat C, 490 J/kg-K [138]
Phonon Relaxation Time T 2.02x10°12 S -
Thermal Conductivity K 130 W/m-K [138]
Coefficient of linear Expansion B 5.6x10° K! [138]
Acoustic Velocity s 8000 m/s [138]
Griineisen Parameter 4 1.18 - [149]
Deformation Potential Constant o) 12 eV [150, 151]
Intervalley Relaxation Time TR 1.2x10712 s [152]

In addition to the frequency selectivity imposed by the mechanical resonance

condition and the resonator dimensions, the phonon-electron interaction itself has
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strong frequency dependence (Fig. 4.2(a)). The maximum interaction of phonons and
electrons is observed at the geometric mean of w, and wp ( Wyex = m ).
At W 4y, and without DC bias, the nominal agf oz0 18 at its peak value corresponding
to the maximum acoustic loss due to electron-scattering. However, the acoustic gain
is also maximum at w4, When a sufficiently large Ej is applied to the GaN film.

With increasing 7, the acoustic loss decreases. Above a threshold velocity ratio (1),

pe
aPiezo

becomes negative, indicating a crossover into the gain regime. The highest
gain is seen for w,,q,; but it is also possible to achieve acoustic gain at lower
frequencies. This is a significant finding as it relaxes the design frequency range for
resonators. The frequency of highest gain, w4, tends to be high (~10 GHz or
higher for most piezoelectric semiconductor materials). This result indicates that it is
possible to boost the Q electrically with resonators operating in the VHF/UHF ranges.
In fact, given the high nominal values of loss at w,,,,, it may be practically more
useful to choose a frequency at which the original loss is small and yet obtain a

relatively large improvement in Q with increasing E,. Alternately, it is possible to

design for lower values of w4, by careful selection of N in the material, within

reason (@ gy < VN). This enables higher amplification ratios at lower frequencies.
The dependence of the interaction on material properties is detailed in the proceeding

sections.

95



4.1.3. Other Loss Mechanisms in Piezoelectric Semiconductor BAW

Resonators

The anharmonic phonon-phonon loss due to inelastic interaction of the acoustic

wave with the lattice phonons can be expressed as [26]:

orwt <1 2 2
4 oPP = C”TV3T< @ _ 2) Eqn. 4.18
Akhieser Regime 2ps 1+ wet
And
>1 5,21 474
forer aPP = M Eqn. 4.19
6h3

Landau-Rumer Regime 30ps h

The two regimes for phonon-phonon loss depend on whether one can consider the
lattice to be interacting with phonon ensembles or individual phonons and are
distinguished by the relation between the frequency and the phonon relaxation time .

The phonon relaxation time can be calculated [26] from the equation:

3k

Eqgn. 4.20
C,s?

T =

TED loss is due to the volume changes during vibrational motion that cause loss
of energy as a result of the heat flow in the material. For longitudinal ‘bar’ resonators,
operating at VHF/UHF frequencies with adiabatic vibration, the TED loss can be

approximated to be [26]:

kT B?
arer = KPP 2 Eqn. 4.21
18C,%s
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Note that different values will apply for TED loss in flexural resonators and for
purely shear mode resonators with isochoric vibration, there is ideally no TED loss.
The reflection loss or interface loss is defined as the energy lost by the resonator
through its tethers or through the air-interface surrounding it, as a consequence of
non-ideal boundary conditions. This is not strictly a distributed bulk material loss;
however, we model it as such for the purposes of fitting. Analytical solutions are
difficult to achieve except for the simplest of situations, and so we use § and r as the
fractions of energy lost and retained, respectively, per cycle of operation. § + r = 1.
For the perfect resonant cavity of length L, nA = 2L, r = 1, which implies perfect
reflection and no loss at the material interface. For a real resonator, the presented
model uses § as an independent parameter, ranging from 0.0001 to 0.01 to achieve a
reasonable fit between the measured and modeled Q,,,. The reflection loss coefficient

is defined as [148]:

qreflection — _ % In{r(w)} Eqn. 4.22

Phonon-electron interactions due to deformation potential (DP) coupling occur in
all semiconductors [35] due to the perturbations of the conduction band due to lattice

strain caused by phonons. The loss can be expressed as

=2 2 —
pe _ _NZ W Tl — 1) Eqn. 4.23

a =
PP 95ty Tp 14 (1 —n)2w?ts?

where E is the deformation potential constant, and 7 is the relaxation time for

intervalley transitions. In general, DP coupling is significantly smaller than

97



piezoelectric coupling for low to moderate doped piezoelectric semiconductor
materials. DP coupling is the dominant phonon-electron interaction mechanism for
non-piezoelectric semiconductors and semi-metals. A comparison for the calculated
values of piezoelectric and DP coupling [150, 151] for GaN confirms the dominance
of piezoelectric coupling. The values for the various loss components in GaN are

calculated using material properties from existing literature [138, 149-152].

4.1.4. Influence on Total Intrinsic Q

. . . . e
For practical piezoelectric semiconductor BAW resonators, agiezo needs to be

seen in context with all other loss mechanisms. The total loss can be written as the

e

sum of all contributing intrinsic and extrinsic loss mechanisms. Note that ap,,,,

can

be positive (attenuation) or negative (gain), but for other loss mechanisms a > 0.

total — ,,pp TED reflection pe pe Ean. 4.24
a = af +«a +a +aDP+aPiezo q

The mechanical Q of the resonator is defined as the ratio of the energy conserved

to the energy dissipated per cycle of operation [26, 137, 144] and is given by

total _ W

= Eqn. 4.25
3 Zsatotal

We neglect other extrinsic factors, such as air damping that can be eliminated by
good resonator design or by operation in vacuum. The phonon-phonon loss and the
TED loss have been explored in detail [30, 153] and are generally considered to be
the ultimate limiting factors for the O of mechanical resonators with low-doped or

dielectric materials [30, 31, 146]. The reflection losses include all interfacial losses
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from the body of the resonator to the surrounding media, inclusive of the loss through
the supporting tethers. An important distinction between the travelling-wave amplifier
and the amplified resonator arises from the selectivity afforded by a™¢/tection The
reflection loss is low at resonance, and extremely high at other wavelengths that do
not fulfill the resonance condition mentioned earlier. The loss due to deformation-
potential coupling (aDpi,) is another phonon-electron interaction mechanism that is
present in all semiconductors but only becomes significant at high or degenerate
doping. The total phonon-electron loss/gain for wurtzite GaN as a function of
frequency and 7 is shown in Fig. 4.2(b). It is seen that total loss is still lowered with
increased Ep, and it is theoretically possible for the phonon-electron gain to overcome

other loss mechanisms (a°t® < 0) under the right conditions.

4.1.5. Limiting Values of f X Q product

Fig. 4.3 compares the limits set by the phonon-electron interaction due to
piezoelectric coupling with other limiting values for GaN (Fig. 4.3(a)). As discussed,
the electromechanical interactions can be of two types: piezoelectric coupling or
deformation-potential coupling. Loss due to piezoelectric interaction is given by Eqn.
4.13 and the loss due to deformation-potential coupling is given by Eqn. 4.24. Fig.
4.3(b) describes the non-monotonic dependence of the f X Q limit for phonon-
electron interactions as a function of N for a particular frequency (here, 1.5 GHz). It
is seen that in the moderately doped GaN, the phonon-electron loss is more

significant (higher) than losses due to other mechanisms. By the same logic,
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significant acoustoelectric gain is only possible for moderately doped GaN. In lightly
doped piezoelectric semiconductor materials, the interaction between acoustic wave
and charge carriers is limited due to the low density of charge carries, leading to low
phonon-electron loss and consequently a high limiting value of f x Qb:,, . This tends
towards the dielectric model, where phonon-electron losses are insignificant. As N
increases to a highly-doped level, the piezoelectric interaction is screened, leading to
lower phonon-electron loss due to piezoelectric coupling and again a high limiting
value of f X Qgie ozo- At extremely high doping levels, the material behaves similar to
a metal, where acoustic loss occurs due to interaction of phonons and the free-
electron gas, described by a different model [26]. For the range of doping from
unintentionally doped [154, 155] to highly doped bulk GaN (10> cm™<N < 10" cm’
3) the f x Q limits for both phonon-electron interaction mechanisms are depicted in
Fig. 4.3(c) and Fig. 4.3(d). The limiting value set by the piezoelectric coupling
portion of the phonon-electron loss is most relevant for low to moderately doped
piezoelectric semiconductor resonators. In this range, limits set by the phonon-
electron interaction are lower than other intrinsic loss mechanisms and are thus the
dominant limiting factors. In contrast, for highly doped or degenerately doped
semiconductors ( N > ~10'® cm™), ag; becomes the significant factor. For non-

piezoelectric semiconductors, deformation-potential coupling is the only form of

phonon-electron interaction.
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Fig. 4.3 : (a) The f x Q limits for the various intrinsic loss mechanisms in piezoelectric semiconductor
GaN (f = w/2m). For low to moderately doped piezoelectric semiconductor GaN, the phonon-
electron mechanism is the significant limiting factor, lower than the anharmonic phonon-scattering and
TED. (b) For a representative frequency, (here, 1.5 GHz), the piezoelectrically coupled model for
phonon-electron interaction is significant only for a range of values of moderate doping. Beyond this
range, other interactions dominate. The f X O limit due to phonon-electron interaction is highly
dependent on the effective electron concentration. Two important mechanisms of phonon-electron
interaction are (c) piezoelectric and (d) deformation-potential (DP) coupling. At low to moderate
doping, the piezoelectric interaction dominates, and the two loss mechanisms achieve parity only at a
concentration of ~1x10'® cm™ for GaN.
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4.2. Experimental Findings

4.2.1. Fabrication

The BAW resonators are fabricated from wurtzite UID GaN grown by MOCVD
(Wafers A, C, and D, acquired from Nitronex Corp. NC, USA), or by MBE (Wafer B,
acquired from SOITEC, Bernin, France). Neither type of GaN film has the
GaN/AlGaN strained interface that is used to achieve the high sheet conductivity
known as the 2D electron gas (2DEG). Both types of films are thus bulk GaN, with
unintentional (low) n-type doping and low mobility. The fabrication process is

described in Chapter 2.

4.2.2. Measurement Procedures and Controls

The RF scattering parameters of the resonators were measured using an Agilent
N5241A or an Agilent E5061 network analyzer, Cascade ACP RF probes in the
Ground-Signal-Ground (GSG) configuration, with 50 Q terminations. Short-open-
load-through (SOLT) calibration was performed to remove the effect of the cables
and probe parasitics. DC bias is applied to the RF electrodes using bias tees. The
two-port devices are fully symmetric with respect to choice of port for RF or DC

stimulus.
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Fig. 4.4 : (a) A schematic of a two-port thin film BAW resonator made from epitaxially grown GaN.
The resonator is normally driven using only an RF stimulus, but a DC bias applied across the resonant
cavity causes a change in the performance. The resonator is seen in (b) a SEM and (c) a microscope
image that shows the edge of the released GaN membrane. Scale bar corresponds to 100 um. (d-e) RF
transmission measurements (S21) of the resonator with indicating both nominal operation and the
evolution of BAW resonator performance improvement with an increasing DC bias. (f) This
improvement can be quantified by the improved IL, decreased bandwidth, and consequently increased
0. (g) The extracted mechanical Q, Q,,, which is free of all parasitic effects. Q,,, shows significant
improvement with applied DC, demonstrating that there is a fundamental reduction in internal loss and
consequently an improvement in the energy confinement in the BAW resonator.

The measurements are performed with the devices in a cryogenic-capable,
temperature controlled vacuum probe station (Lakeshore TTPX). Temperature of the
sample stage and surrounding chamber walls is synchronously monitored and
maintained at 300 K (except for the thermal testing) and monitored to within £10 mK.
Devices are measured at vacuum levels under 20 pTorr. Upper limits of RF input and
DC excitation are maintained below the onset of resonator non-linearity or
mechanical breakdown of the devices.

Fig. 4.4(a) - Fig. 4.4(c) show a schematic and images for a BAW resonator

operating in the fundamental thickness extensional mode. Normal RF performance is

measured using a network analyzer, and increasing DC bias is applied between the
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two ports using bias tees. The DC bias causes a marked change in the performance of
the device (Fig. 4.4(d)-Fig. 4.4(e)). This change in performance can be quantified by
the simultaneous improvement of the O, lowering of the IL, and narrowing of the
resonance bandwidth (Fig. 4.4(f)). At the same time, the off-resonance transmission
decreases. The decrease in the transmission level is the result of current saturation
that accompanies acoustoelectric amplification [156]. The net effect of these changes
is an improvement in the resonator transfer-function or a selective amplification of
the energy confined in the primary resonance mode. It is to be noted that selective
improvement at resonance and decrease in the off-resonance transmission
distinguishes this phenomenon from a simple shift in the transmission response that
can be achieved using GaN/AlGaN high electron mobility transistors (HEMTSs) in
conjunction with the resonator [142, 157]. While the electrical contacts used in this
work are non-ohmic, the non-linear nature of the contacts cannot explain the selective
improvement of the transmission response at resonance.

To illustrate the improvement in the purely mechanical performance of the device,
electrical losses and parasitic effects are de-embedded and the mechanical (or
unloaded) quality factor (Q,,) (Fig. 4.4(g)) along with the motional resistance (R,,,) of
the device are extracted (Section 4.2.3 and Section 4.2.4). The Q,, shows clear
improvement (~17.35% for this particular resonator) upon application of a DC bias,

indicating that mechanical performance enhancement is significant.
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4.2.3. Analytical Extraction of Q,,

The Q,, of a piezoelectric resonator can be calculated analytically by considering

the lumped model of a single electroded region of the resonators and by using the

relation

_ 1/kmeff _ a)meff Eqn-

™ nR,{?  nR,,?

This reduces to the relation between Q,,, and motional resistance (R,,)

QR =
miim n{ijz

This can be further simplified by using the relations

Eqn.
Merr = pWit/2
33wt _ _cqqlt Eqn.
k33 - l ’ 11 — ’
2e33wl Eqn.
{33 = t ; {31 = 2e3w,

_ WMy Eqn.

4.26

4.27

4.28

4.29

4.30

where {;; is the electromechanical coupling coefficient (N/V), and n is the number of

elemental resonators present in the entire device. The motional resistance (R,;,) is the

lumped representation of all the acoustic or mechanical losses in the system. The

mass and the stiffness of the resonating element are described by the motional

inductance (L,,) and motional capacitance (C,,), respectively, which are given by:
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_ Merr c (UZ Eqn. 4.31

— 2 =
Cij

L =
m m w Zmeff

The value of R,,, can be extracted from the electrical impedance of the measured
data, after considering the effect of electrical feedthrough and the parasitic
capacitances originating in the device and contact pads.

For piezoelectric resonators, the only effective methods used for lowering R,,
require optimization of the resonator geometry, electrode materials and dimensions,
or the electrical/mechanical matching conditions [158]. Prior work on BAW
resonators has focused on exhaustive analysis [147], low-loss designs [159], or
improvement of material [160] and structural composition [77] to improve the Q.
None of these improvements are dynamic in nature. It is seen in the current work that
the values of R,,, for the GaN resonators decrease significantly (up to 35% reduction),
simply by applying a DC bias, indicating a reduction in the mechanical losses

incurred. The improvement is dynamic, repeatable and reversible.
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Fig. 4.5 : The values of R,,, extracted from the measured data for the BAW device shown in Fig. 4.4.
The values of Q,,, are based on these extracted values.
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4.2.4. Equivalent Electrical Model Fitting

The equivalent electrical model provides another corroborative indicator that R,,
decreases with the applied electrical bias when all electrical parasitics are de-
embedded. The exact values of the parasitics are calculated using the known
dimensions of the GaN film and electrodes, and standard material properties of GaN

[138].

Contact Pad 11 Contact Pad
Parasitics Parasitics

00S
ZHo4g ©

@ port1 @

500
—\VW—

£
e
T

°

Resonator Resonator
Parasitics Parasitics

Fig. 4.6 : (a) Cross section electron micrograph of a GaN film epitaxially grown on a Si (111) wafer.
(b) In order to mitigate the lattice mismatch between GaN and Si, a graded buffer layer consisting of
AIN and AlGaN layers is used. (¢) A modified version of the two-port Butterworth-van Dyke (BVD)
model of a resonator can be used to map mechanical quantities with their equivalent motional
quantities. The parasitic effect of the buffer layers associated with the body of the resonator and the
contact pads has been included for a more accurate fit. The model is symmetric with respect to its
ports.
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Fig. 4.7 : BVD model fit for the RF transmission magnitude and phase of the 1.5 GHz resonator shown
in this work. It can be seen that the model provides an accurate match with measured RF transmission
parameters. The lumped element values for the 1.5 GHz device used for this fitting are shown in Table
4.11. The transmission response of the resonator at each value of DC bias can be matched using the
BVD model and corroborates the lowering of R,,. The value of R,, for this resonator at varying DC

bias is shown in Fig. 4.5

Table 4.11
Dimensions and Material Properties for the 1.5 GHz resonator

Material Properties

GaN 0.0446 Q-m Relative GaN 8.9 -

Resistivity AlGaN - Q-m Permittivi AlGaN 8.8 -

AIN - O-m Y AIN 8.5 -

Dimensions
GaN 1800 nm L 130 pm
Film AlGaN 250 nm In-plane w 40 pm
Thickness AIN 250 nm Dimensions Lpad 80 pum
Wpad 80 um
Parasitic Effects

C(GaN) 40 fF Cpad(GaN) 40 fF

Resorl.apor R(GaN) 650 Q Pad Parasitics Rpad(GaN) 600 Q
Parasitics Cp 360 F Cb_pad 300 F

(AlGaN/AIN) (AlGaN/AIN)
Rout >1012 o Rbuf >10'2 Q
(AlGaN/AIN) | (~open) (AlGaN/AIN) | (~open)
Electrical Feedthrough
Capacitance | Cr | 374 | fF | Resistance | R | 17 kQ
Motional Parameters
Motional Motional

Capacitance Cm 1.875 ¥ Inductance Lm 6 wH
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4.3. Comparison of Experimental Data and Models

total

The analytically modeled values for Q; are compared to the measured values

be

for Qy, for the piezoelectric semiconductor BAW resonators. a,,;,,,

is the only

parameter that is dependent on applied Ep, and follows the trends shown in Fig. 4.2.

reflection

All loss mechanisms except « are calculated as discussed in Section 4.1.

areflection total

is used as a fitting parameter to equate the nominal values of Q; and
measured @Q,,. Representative comparisons of piezoelectric semiconductor BAW
resonators from each wafer are shown in Fig. 4.8. The most critical parameters for
achieving comparable trends are the resonant frequency and the effective electron
concentration N. Unless otherwise noted, the values of u and K? used in the
calculations are 200 cm?/V-s and 2 % respectively. All modeled values are for a
temperature of 300 K. Resonators from the same wafer expectedly have the same
values for N. For Wafers A and B respectively, the best comparison of N values are
110" ¢cm™ and 7x10"° cm™ respectively. For Wafer C, the amplification is low, and
we use averaged data sets. The estimated value of N for Wafer C is (8 £2) x10' cm’
3. The gain saturation in Wafer C could be a result of higher trap density in GaN, non-
linear response due to joule heating from DC current, or a combination of these
effects. The high initial Q,,, and the low amplification are as expected for a wafer with
high doping. An accurate quantitative fit between modeled values and measured

results is not attempted at this point due to the large number of parameters involved in

the loss component calculations, the large range of values for these parameters, and

109



the fact that these values are derived from different sources in literature. Measured

f X Q values are consistent with modeled f X Q limits (Fig. 4.9).
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Fig. 4.8 : Qualitative comparison of the improvement in Q,, for representative resonators on
multiple wafers, using the full intrinsic loss model. Approximate estimates for the effective
electron concentrations of each wafer are determined using this comparison. Error bars for Wafer C
denote the maximum/minimum data over multiple data sets for the same devices.
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Fig. 4.9 : Measured values of f X Q for devices above, and the limiting values imposed by the
phonon-electron loss. The phonon-electron limits of f X Q depend on the specific values of N for
each individual wafer. The difference between the f X Q limit and the measured values is due to
reflection loss and other extrinsic losses not accounted for in the model. Reflection loss can be
lowered by more optimized resonator design, while other losses can be reduced by reducing the
defect density of the material lattice, operating the device in a vacuum and at low temperatures.

4.4. Material Dependencies for Acoustoelectric Loss/Gain

The full model for a®;, (w, Ep) presented in Eqn. 4.13 and shown in Fig. 4.10(a) (for

Piezo
GaN) indicates that aﬁfezo is critically dependent on N, u, K2, and s. The electronic
properties, N and u especially, can be tailored by proper crystal growth and doping.
These parameters influence the (i) original agfezo(at Ep = 0), (ii) onset of gain, (iii)
frequency of maximum effect w 4y , (iv) absolute magnitude of gain/loss, and (v) range
of n that results in amplification. Variation of agfezo with N and p is shown in Fig.

4.10 (b)- Fig. 4.10 (e) at both w ;4 (Which varies with N) and at the fixed frequency of

1.5 GHz.
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Fig. 4.10 : (a) Phonon-electron loss/gain agfezo as a function of frequency and applied DC electric
field, for the wurtzite GaN system with a fixed carrier concentration N = 10'* cm™ and carrier mobility
u=200 cm?/V-s. The gain region agfezo (w,, Ep) < 0is clearly seen. Subsequent plots (b)-(e) denote
loss aﬁfezo as a function of E), at representative frequencies, w4, and 1.5 GHz, with variations in N
and p. The nature of ap;,,, is highly dependent on these parameters. A similar analysis can be carried
out for other piezoelectric semiconductor materials, in order to identify the optimum material

properties and design for low-loss or high-gain resonant piezoelectric semiconductor BAW amplifiers.
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Comparing trends at 1.5 GHz, we see that higher N screens out piezoelectric
interaction, progressively decreases the nominal loss, and thus requires higher applied
Ep to decrease agfezo (Fig. 4.10(d)). Maximum achievable gain is reduced with
increasing N. Increased u reduces the threshold Ej required for cross-over, but the

. e
minima of a?

piezo 18 higher and does not necessarily cross over into the gain regime (

Fig. 4.10(e)). Nevertheless, in all cases, applying E, to the piezoelectric

e

semiconductor BAW resonator results in lowered ap,,,,

and subsequently an

total

improved Q; . As discussed, the threshold velocity ratio 7, is the critical value

at which a??

piezo = 0. Above n.p agfezois negative, leading to gain. Solving Eqn.

4.13 for ab?

piezo = 0 gives us the critical condition for zero-loss (and zero gain):

nz =1+ b2, Eqn. 4.32

which depends on the electronic properties N and p. The limiting values for
amplification are set by the carrier saturation velocity for the particular material. Fig.
4.11 depicts the possible solution space for achieving phonon-electron gain. This
solution space is a function of the properties N, 4 and w, while the upper bound for
amplification is set by the electron saturation velocity of the material. The parametric
trends given by Fig. 4.10 and Fig. 4.11 provide important rules for choosing a
piezoelectric semiconductor material and tailoring its properties to reduce nominal
electron loss in piezoelectric semiconductor BAW resonators, or to develop

piezoelectric semiconductor BAW resonant acoustoelectric amplifiers.
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Fig. 4.11 : The critical velocity ratio 1., is the threshold value at which agfezo = 0. Any further
increase in the velocity ratio (achieved by applying a higher electric field) would drive the resonator
into the gain regime aﬁfezo < 0. The possible solution space for the gain regime (shown shaded here
for the wurtzite GaN system under consideration) is dependent on the electronic properties (N, 1) and
the resonant frequency. The upper bound for amplification in any real material is set by the electron
saturation velocity.

Using the theoretical model, including all loss mechanisms for GaN, we can
qualitatively compare all measured devices and plot relative improvement in Q,,, as a
function of both frequency and N (Fig. 4.12(a)). For a given set of material properties,
higher resonant frequencies ( w = W, ) should result in higher relative
amplification of Q;"°*®. This is verified experimentally for multiple BAW resonators
with increasing frequency, fabricated concurrently on the same wafer (Fig. 4.12(b)).
The 192 MHz BAW resonator seen here has the dual advantage of having the highest
frequency measured on the wafer with lowest N and it expectedly exhibits the

highest measured improvement of ~35% in Q,,. Across all four wafers, with
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increasing N we also see the expected increase in the measured nominal f X Q values
(Fig. 4.12(c)) and the expected decrease in relative amplification (Fig. 4.12(d)). This
verifies the trends predicted in Fig. 4.2 and Fig. 4.10, and is important for the design
of low-loss piezoelectric semiconductor BAW resonators, the design of highly-
amplifying piezoelectric semiconductor BAW resonators, or an optimized design
involving both attributes.

While higher N and p are generally reported for GaN-based HEMT electronics,
the values used here more closely represent the practical values in high-quality, UID
bulk GaN [154, 155]. Bulk GaN has an electron saturation velocity greater than 10°
m/s, comfortably higher than the acoustic velocity by more than an order of
magnitude [161, 162]. Impact ionization effects are not expected till electric fields of
at least 150 MV/m [163], enabling large values of n before velocity saturation or

breakdown.
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Fig. 4.12 : (a) Relative improvement in Q,, for multiple resonators as a function of frequency and
modeled N for four GaN wafers. Planar projections indicate the trends with respect to frequency for a
fixed set of material properties (Wafer A). (b) Relative improvement in experimentally measured and
extracted Q,,, for four BAW resonators concurrently fabricated on Wafer A (and thus possessing the
same material properties). As predicted by the model, increasing the resonance frequency
(W = Wmqy) increases the relative improvement in Q,,. As expected from the model, increasing

electron concentration reduces piezoelectrically coupled phonon-electron interactions due to screening,
and leads to (c) a higher nominal fxQ (lower loss) but also (d) a lower relative acoustoelectric
improvement in Q.
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4.5. Experimental Controls

In order to validate the acoustoelectric amplification as the causal phenomenon
for the improvement in observed performance of the resonators, it is necessary to
evaluate other possible causes such as non-linear current-voltage (I-V) in GaN,
temperature, and RF input power. Further, GaN is not ferroelectric [164], and poling
is not expected. Any possibilities of this amplification being a charging effect due to
the presence of dielectric layers is negated by the fact that electric charges could
potentially change the transmission level but cannot amplify specific modes
selectively. The control experiments below strongly indicate that neither contact non-
linearity, drive power, nor self-heating could be responsible for the improvements in

resonator Q seen in this work.

4.5.1. Effect of Contact Non-Linearity

Generally, one important consideration when making electrical connections with
GaN films is the contact linearity. Ti/Au is a popular combination for use with n-GaN
as the barrier height for Ti to n-GaN [165] is one of the smallest for commonly used
materials, even as-deposited without annealing [166]. The Au/Ti/n-GaN top contacts
are not fully linear, but are expected to show only weakly-rectifying behavior [167].
The low doping expected of the UID films further means that the current transmission
through the GaN is expected to be low. The bottom contact is to the AIN/AlGaN
buffer layer, which can be considered to be a leaky dielectric. The two top electrodes

can be considered to be back-to-back (weakly) rectifying contacts providing a leakage
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path through GaN, and the measured current transmission characteristics Fig. 4.13 are
similar to expected trends for such a configuration with Au/Ti/n-GaN [166]. It should
be stressed however that contact non-linearity cannot explain the selective
amplification of the mechanical resonance peak of the GaN resonator. Even the use of
active GaN HEMTs co-fabricated with GaN resonators has been shown to only shift
the entire transmission response of the resonator, without selective amplification of

the mechanical peak [142, 157].
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Fig. 4.13 : (a) DC I-V curves and (b) measured resonator Q for two similarly designed BAW
resonators. In both cases, positive voltages result in similar trends in improvement of Q. In devices
designated type A, a negative voltage results in negligible O amplification, while in devices of type B,
there is a perceptible change in the Q with a negative bias. This is well correlated with the nature of the
DC current seen in both type of devices; devices that do not show large currents in the negative bias
region do not show improvements in the Q. Further investigation into the n-GaN/Ti/Au contact is
necessary to fully characterize and control contact resistance and consequently the O amplification
with negative DC bias.
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4.5.2. Effect of RF power

It is known that mechanical resonators have a non-linear relationship between the
QO and input RF power. Increasing RF power levels improves the Q till the Diiffing
non-linearity is achieved [168]. We explore the effect of RF power and observe only
small improvements in the QO as we change input power from -20 dBm to 0 dBm (Fig.

4.14). We do not observe the onset of non-linearity within the input range of the

experlment.
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Fig. 4.14 : Change in (a) measured Q and (b) IL of the 70 MHz BAW resonator (Wafer A) with
applied DC bias at different levels of RF input power. We can see that increasing the input power
temperature improves the Q and IL slightly. (¢) & (d) The same data plotted as a function of the RF
power, at select values of DC bias. Increasing RF power improves performance slightly, but not
significantly when compared to the DC bias.
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Increased RF power may also increase the O due to the same mechanism as the
DC bias: an interaction with RF current and the phonons, improving the acoustic
performance. This is in effect, a self-actuation mechanism due to the RMS value of
the RF current interacting with the acoustic phonons [139]. This change is

significantly lower than the improvement seen with DC bias (Fig. 4.14).

4.5.3. Effect of Temperature

The effect of temperature is investigated to gauge the effect of ambient
temperature changes or any self-heating due to RF or DC currents. The phonon-
phonon, TED, and phonon-electron loss are all expected to increase (lowering Q) at
higher temperatures, and this is consistently borne out by experimental evaluation

(Fig. 4.15) and previous work [64].
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improvement at low temperature needs further investigation.
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4.6. Potential Materials for Acoustoelectric Amplification
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Fig. 4.16 : Potential piezoelectric semiconductor materials for achieving acoustoelectrically amplified
BAW resonators. Representative plots for agﬁ,(w, n) for other piezoelectric semiconductor materials
that can potentially exhibit acoustoelectric amplification via piezoelectric interactions between
phonons and electrons. Each material is investigated up to the limit 744, set by the respective electron
saturation velocity. Other loss mechanisms are not considered here. Material properties used for
modeling are provided in Table 4.II1. Note that the axes are scaled individually for visual clarity.

Numerical calculations are carried out for various candidate piezoelectric
semiconductor BAW materials that may potentially exhibit acoustoelectric
amplification via piezoelectric interactions between phonons and electrons Fig. 4.16.
The representative properties used for a comparison of these materials are provided in
Table 4.III. Due to their higher piezoelectric coupling and lower N values, the
wurtzite materials (GaN, ZnO, CdS, and 4H-SiC) exhibit a strong phonon-electron
interaction and can transition into the gain regime. The velocity ratio n required to
transition into the gain regime is low enough that the electron saturation velocity ratio

Nsae 18 NOt exceeded.
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Table 4.111
Potential Candidate Materials for Acoustoelectric Amplification

GaN ZnO CdS 4H-SiC AlAs n-GaAs
Structure units || Wurtzite | Wurtzite | Wurtzite | Wurtzite Cubic Cubic
K2 - 0.02 0217 0.03-0.07 8x10* 1.01 x 10| 3.7x10*
Mobility cm?Vs| 150-440 150-200 285 400 180-294 1000 - 9000
Carrier 3 1x10% - | 6x10'- s 17 2x10'7- | 1x10'-
Concentration | 1x10"7 3x10' 4x10 110 9x10"7 1x10%
0.385 -
N 2 i} B
e C/m 0.65 0.96 0.626 0.2 0.23 0.16
&, - 9 7.5 93-95 9.66 10.1 13.18
Acoustic m/s [ 7960-8040| 6200 4300 - 4500 13,100 2910 2470
Velocity
Satwration [l 3005 | 32x105 | 1x105 | 22x105 | 85x10° | 2x10°
Velocity
[138, 161, ] [138, 172- | [56, 175,
Ref. 1) | 11691711 | [40.138] | 1O e | 1175.176]

The cubic materials (AlAs and GaAs) exhibit a very weak reduction in phonon-
electron loss due to low piezoelectric coupling and high N. The wurtzite materials are
promising candidates for implementing BAW amplifiers. This model suggests that
the piezoelectric mechanism for phonon-electron interaction is not sufficient for
inducing acoustoelectric gain in the cubic materials. Note that a®f may be a more
significant interaction mechanism for the cubic semiconductors with weak
piezoelectric coupling [35], but is not considered at this point. The wurtzite materials
are more evenly matched in terms of acoustoelectric performance. Each material
offers unique practical advantages such as high-quality epitaxially grown films (GaN),
ease of deposition at low temperatures (ZnO, CdS) or low phonon-phonon loss (SiC)
[31]. Prior work has shown acoustoelectric amplification in thick crystals of CdS

[148] and ZnO [177] but the subsequent development of advanced processing

123



technology makes it possible to practically design thin submicron films of GaN, CdS,
ZnO, or SiC that can increase the fundamental thickness vibration frequency to the 1-
10 GHz range, where acoustoelectric amplification can be seen most clearly in
standing wave BAW resonators. Similarly, better control of growth or deposition can
yield better quality films with tailored electronic properties. These materials can also
be used in composite acoustic resonators or superlattices or integrated with
electronics, leading to practical electromechanical systems that utilize acoustoelectric

amplification to compensate for intrinsic material loss.

4.7. Limits of Acoustoelectric Amplification

The theoretical maximum limits on the acoustoelectric amplification are set by the
electron saturation velocity, or the dielectric breakdown field of the material. Bulk
GaN has an electron saturation velocity greater than 10° m/s, comfortably higher than
the acoustic velocity by more than an order of magnitude [161, 162]. Impact
ionization effects are not expected till electric fields of at least 150 MV/m [163],
enabling large values of 17 before velocity saturation or breakdown.

The minimum sizes of GaN-based structures where we could potentially observe

acoustoelectric interactions is limited by the Debye length,

Lp = ekpT Eqn. 4.33

= N

which is on the order of 10 nm to 100 nm for moderately doped GaN. Thus, this

effect could potentially be seen in nanostructures such as GaN nanowires. However,
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as the dimensions scale down, the loss will be dominated by surface and interface
scattering [178, 179] (which may be orders of magnitude higher than electron loss)
and it may not be possible to practically observe the phonon-electron interactions.
Based on the measured voltage-current curves (see Fig. 4.13), the DC power
applied to the resonators is on the order of 4 uW (200 nA for an applied DC voltage

of 20 V). The transfer of energy from the electrical domain to the mechanical domain

pe

piezo» and should necessarily be a

due to the piezoelectric interaction is defined by «
fraction of the applied DC electric power. Based on the calculations in Section
Chapter 14.1.2, the conversion efficiency is on the order of 0.1% to 0.5% per um. The
rest of the DC power is dissipated as heat in the device. Heating of the resonator due
to applied electric field causes an increase in the vibration energy of an ensemble of
phonon modes across a broad spectrum, causing an increase in overall phonon-
scattering and thus decreasing the Q. It is expected that practical acoustoelectric
amplification would be limited by the increasing phonon loss as we increase the DC
bias. It is possible, though not yet verified, that the saturation of amplification seen in
most resonators in this work is due to this reason. The experimental results and the
limiting values seen in this work are in no way the limiting values of the

acoustoelectric phenomenon. With optimized material properties and the correct

resonator design, it is expected that significantly higher gain is practically possible.
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4.8. Discussion

By definition, mechanical devices made from piezoelectric semiconductor
materials rely on the interactions between the electronic and mechanical domains. In
practical devices, these interactions are lossy and with limited conversion efficiency.
This work explores the possibility of mitigating the mechanical losses and achieving
the most energy efficient devices by choosing the right material properties and
designs. Furthermore, we demonstrate that it is possible to utilize the reverse effect:
pumping electrical energy into the system to offset the mechanical losses. This
dynamic and reversible improvement in the Q of piezoelectric semiconductor BAW
resonators can be distinctly observed on applying a DC electric field. Experimental
work presented here has focused on GaN as it is a high-quality acoustic piezoelectric
semiconductor material predicted to be optimal for demonstrating acoustoelectric
amplification [139, 163]. Measured results presented here verify these predictions.
Other piezoelectric semiconductor materials could also be potentially used to achieve
Q-amplified BAW resonators.

An important question arising from this work is whether one can overcome all
other sources of loss in a practical piezoelectric semiconductor BAW resonator and
achieve frequency-selective resonant BAW amplifiers. That is, is it possible to

<0 and at the same time |0{pe | > (aPP + aTEP + ab’ +

. pe
obtain « Piezo

Piezo
areflection 4 ...y in thin film piezoelectric semiconductor BAW devices? Net

acoustic gain has been experimentally measured for CdS-based acoustoelectric

travelling-wave amplifiers [37, 38]. This indicates that it is possible to compensate for
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all loss mechanisms and further actively amplify the acoustic travelling wave. Based
on the models and properties for the relevant materials, this work demonstrated that it
is theoretically possible to achieve acoustic gain and high Q values exceeding the
intrinsic limits of the materials for standing waves in piezoelectric semiconductor
BAW resonators. If the acoustic gain via piezoelectric coupling exceeds, in absolute
value, the magnitude of all losses combined, then the resonator stores acoustic energy
(by consuming DC power) and the Q is undefined using the conventional description
(a ratio of energy stored and energy dissipated). To demonstrate this experimentally,
further investigation is necessary into piezoelectric semiconductor BAW resonators
made with high-quality thin-film materials, such as GaN, CdS, or ZnO. Ideally, the
resonators should be optimized for low reflection loss, operated under controlled
pressure/temperature, and stimulated with continuous wave or pulsed DC excitation.
This would enable exhaustive investigation into acoustoelectric interactions in
piezoelectric semiconductor materials and encourage the design of a new class of
high-performance acoustoelectrically amplified resonant devices, which could be

used for high-sensitivity sensors, such as the resonant IR sensors of this work.
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Chapter 5 Summary and Future Work

5.1. Summary

The use of GaN resonators and filters can provide a new dimension to high-power,
high-speed electronics, optoelectronics, and power electronics based on GaN.
Thorough characterization of the high-frequency electromechanical properties of GaN
is an essential prerequisite of such research and development. This thesis presented
some of the first high-frequency micromechanical resonators fabricated using single
crystal GaN. GaN resonators were found to possess high performance, and have great
potential for implementation in GaN based integrated electromechanical systems.

The use of these GaN resonators as resonant IR detectors is one specific
application that is addressed in this work. We presented the first monolithically
integrated thin-film arrays of resonant IR detectors, made from GaN and other
materials. These resonant IR detectors are capable of achieving a small footprint, high
sensitivity, and extremely low noise levels, as evidenced by the designed NETD of 10
mK. We present comprehensive analysis of the design rules and optimization
principles needed to fabricate these arrays, in an effort to achieve performance

comparable to commercial uncooled IR detectors. As part of this effort, two novel IR
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absorber coating materials were developed: a CNT-based polymer nanocomposite
and a metamaterial grating that selectively absorbs a particular infrared wavelength.
In order to investigate the seemingly anomalous and unprecedented amplification
of O in GaN resonators, we investigated phonon-electron interactions in GaN bulk
acoustic wave resonators. We show that while these interactions generally constitute a
significant acoustic energy loss mechanism in GaN, under appropriate conditions,
these interactions are reversible and can lead to acoustic gain in the material at the
expense of electrical energy. A comprehensive model for the interactions of phonons
and electrons in resonators made from piezoelectric semiconductor materials such as
GaN, ZnO, CdS, SiC, GaAs, etc. was derived. This model is a classical treatment of
the interactions and describes both the acoustoelectric gain and loss in bulk devices.
This model, along with the experimental results that validate it, is a first step towards
the implementation of high-gain, narrowband mechanical amplifiers or high-

sensitivity IR detectors based on acoustoelectric amplification.

5.2. Future Research Directions

This work yielded some important insights into GaN resonators and resonant IR
detectors, both in terms of theoretical understanding and practical design principles.

The following sections discuss some of the potential future directions for this research.

5.2.1. Resonant IR Detector Arrays

This work accomplished the first prototype resonant IR detectors and small

format arrays, using GaN or other materials. A number of steps are necessary before
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these prototypes can be translated into commercially viable FPAs. Some of these
steps are part of the ongoing research in the Resonant MEMS group.

The next set of AIN and AIN-on-SiO2 arrays shall have up to 256 pixels in a 900
pum x 900 pum area (Fig. 5.1), with bilayer routing in order to optimize the pixel
packing density. The bilayer routing is achieved by using doped polysilicon traces
under the AIN layer for routing. The individual resonator pixels are designed with a
10 um % 15 pm area to achieve low footprint, and yet maintain an NETD of under 10

mK and a time response of under 3 ms.

Fig. 5.1: A medium format array with 256 pixels. The total area of the FPA is 900 um x 900 um. High
packing density can be achieved in this format by using polysilicon traces. The polysilicon layers will
be under the AIN layers, separated by thick isolating oxide layers. The resonators will be released
using a dry gas-phase XeF2 etch.

The routing and placement of the resonator pixels is a significant challenge as the

pixel footprint decreases, packing density of the array increases, and total array size
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increases. In future implementations, a more efficient way to manage routing

complexity is to use a separate readout IC chip, bonded to the resonator array.

5.2.2. AIN-0n-SiO; with SiO; Tethers

As discussed previously GaN cannot be grown on low thermal conductivity
substrates that can be easily machined, and thus the structure will have a relatively
high thermal conductivity (~130 W/m-K). This leads to high thermal conductance
through the tethers, on the order of 10° W/K or 10* W/K for GaN and GaN-on-SOI
designs. To be competitive with commercial IR designs, with device area on the order
of 20 um x 20 pm, the thermal conductance needs to be on the order of 10”7 to 107
W/K. Towards this goal, we explore a novel fabrication technique involving a
composite resonator stack. The main structural element of the resonator plate and the
tethers is Si02, which has a thermal conductivity of 1.1 W/m-K (100x lower than the
GaN-based counterparts). An AIN layer deposited on the resonator plate (but etched
away from the tethers) is responsible for resonator actuation. Electrical connection is
made using thin (20 nm) Ti traces, as Ti has a low thermal conductivity of 22 W/m-K.
Thus, the tethers are made of only Ti and oxide (Fig. 5.2) and thus give us thermal
conductance values between 5x10® W/K and 5x10”7 W/K for various designs, and can
drive down expected NETD values down to 5 mK, even for detector areas of as low
as 20 pm x 20 pm. The resonators are dry-released using XeF2 (Fig. 5.3). The bottom

electrode was Ti during initial runs but changed to TiN (thermal conductivity of 30
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W/m-K) as the Ti surface was found to oxidize and thus degrade electrically during

processing.

IR absorber \

Patternedtop Ti
electrode

.
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Fig. 5.2 : Schematic showing the device cross-section for a composite material thin-film resonator for
low NETD IR detection. The structural layer is 300 nm SiO,, with 250 nm AIN on the resonator plate
for actuation, and up to 200 nm of SiNj for IR absorption. The tethers are comprised of low thermal
conductance Ti- SiO»-Ti. Molybdenum or platinum is used as a seed layer for improving AIN crystal
quality, but is not present on the tethers, and does not contribute to thermal conduction.

XeF; release

AIN+ SiO>
resonator .
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(b)
Fig. 5.3 : (a) An SEM image of a fabricated AIN-on-SiO, resonant IR detector. (b) The tethers are
made solely of SiO; and thin Ti in order to reduce the thermal conductance of the tethers.

The process yield of the various structures is excellent, with almost all the devices
surviving mechanically. This can be attributed to the low stress of the AIN and SiO2
films, and the small pixel sizes. However, none of the resonators were found to be

working. Probable causes are the quality of AIN grown on oxide or the electrical
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quality of the thin films used as electrodes. Ongoing and future work aims at

investigating and addressing these issues.

5.2.3. Readout Circuits

In conjunction with collaborators, the next batch of AIN-on-Si resonators in a
wafer-level bonded MEMS-CMOS die shall have CMOS-based amplifiers to use the
resonators in a feedback oscillator loop. This can be implemented by having one
amplifier per resonator or one amplifier in total, with switching circuitry.

Another method of implementing a readout circuit for resonant IR detectors is in
an open loop configuration. In the proposed method, the readout is excited with a
frequency close to the desired resonance mode for a short time. Then, the excitation is
switched off and the resonator produces an exponentially-damped sinusoidal signal
(ring-down signal). From this ring-down signal, resonant frequency and even Q can
be extracted by counting the number of signal periods before it dies out. This is
another research presently pursued in the Resonant MEMS group.

In certain harsh environments, it is possible that CMOS circuitry will not be
useful. One of the advantages of GaN is the possibility of integrating GaN resonators
with GaN HEMT electronics, on the same substrate. This has been demonstrated by
others in the Resonant MEMS group. GaN resonant IR detectors can be coupled with

GaN HEMTs to form free-running oscillators in the Pierce configuration.
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Fig. 5.4 : Schematic showing a Pierce oscillator constructed using a GaN MEMS resonator and a GaN
HEMT transistor. The two GaN elements can be co-fabricated on the same substrate, as demonstrated
by Ansari et al [128].

The power required to drive the resonant IR detectors to get high performance is
on the order of 10 uW to 100 uW, depending on the size, material and frequency of
the device. The use of a differential pair will obviously double the power
consumption. For array implementation it is not feasible to continually keep all
resonators in the operation state at all times. An electronic switching/scanning readout
can be used that addresses each resonator pixel (or groups of pixels) sequentially [15].
Given the fast response times achieved by these detectors, it is possible to scan a
number of pixels and still maintain the 30 Hz — 100 Hz video frame rate requirements.
This, and the use of efficient, low-power readout circuitry, will maintain system

power consumption at or under ~10 mW.

5.2.4. Characterization using a Blackbody Source

Industrial standards for testing the practical temporal and spatial NETD call for

measuring the response of an FPA to a calibrated large area black-body radiation
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source. The arrays and the readout circuitry shall be tested using an LES-100-04E
large-area blackbody source (Electro-Optical Technologies, Santa Barbara, CA),
recently acquired by the Resonant MEMS group. The blackbody source has a NIST-
traceable calibration, an emissivity of 99% up to 100 °C, and setpoint accuracy of 10
mK.

To the best of our knowledge, there are no exhaustive, repeatable and statistically
significant experimental results that systematically isolate and investigate the various
loss mechanisms and operational regimes at high frequencies. This is the most
important future research goal for the project. Such knowledge will be vital in
understanding the physical mechanisms involved and in the design of the next

generation of high-frequency, low-loss resonators.

5.2.5. Quality Factor Improvement and its Effect on IR Sensitivity

One of the important operational parameters of a resonator is its Q. For resonant
sensors, the Q of the resonator is one of the most important parameters setting the
limit of resolution and the limit of detection. The minimum detectable change in the

frequency of a resonator is an inverse function of Q [67].

’ fokgBT
Af. . = Eqn. 5.1

where B is the measurement bandwidth, k is the stiffness of the material, kg is the

Boltzmann constant and (z2) is the time averaged square of the displacement
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amplitude. As discussed in previous chapters, improving the Q of the resonant IR

detectors will improve the NETD performance and sensing resolution.

- -« Frequency Shift Sensing

Frequency (a.u)

Fig. 5.5 : A schematic showing the importance of the Q in frequency-shifting resonant sensors. At a
given frequency, the sensing resolution (by convention compared at the -dB bandwidth) improves by a

factor of \/5 . All other factors kept constant, the insertion loss also improves, making it easier to
interface the sensor with electronics.

5.2.6. Loss Mechanisms in Resonators

The research into the phonon-electron loss in resonators and the acoustoelectric
effect leads to a bigger question: understanding, separating and reducing the intrinsic
loss mechanisms in resonators operating at high frequencies (> 1 GHz). While some
experimental results by various researchers have demonstrated promising results, a
more systematic study is needed to isolate and separate specific loss mechanisms at
high frequencies. For phonon loss, the transition between the Akhieser regime and the
Landau-Rumer is not conclusively established and is a critical factor in determining
the performance of these high-frequency devices. As shown in Chapter 4, the electron

loss can be very significant at frequencies > 1 GHz. Very few data exist for electron-
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loss other than the work presented here, and acoustoelectric amplification as a
practical application is in its infancy. An analysis of resonators fabricated using
different substrates with well characterized electronic properties can provide good
experimental verification of the acoustoelectric gain/loss in high-frequency resonators.
The use of multiple methods of characterization including optical, interferometric,
stroboscopic measurements shall be used to complement electrical measurements in

order to eliminate losses that occur during electrical actuation of the resonators.
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Appendix A- Derivation of Phonon-Electron Interactions for

Travelling Waves in Piezoelectric Semiconductors

The classical small-signal treatment of the interactions of acoustic travelling
waves and electrons in a piezoelectric semiconductor material was first fully
described in a series of papers by A.R. Hutson and D.L. White [39-41, 180, 181] in
the early 1960’s. Hutson and White, among others, analytically and experimentally
demonstrated that this interaction is reversible for travelling waves. We seek to prove
the same for standing waves. Since we seek to extend their work to understand such
interactions in standing wave elastic cavities (mechanical resonators) [24], we first
present a full derivation of the interaction coefficient (commonly known as the
acoustic attenuation coefficient) for travelling waves in piezoelectric semiconductors.

The piezoelectric constitutive equations of state are:

Eqn. A 1
T =cS—eE
Eqn. A2
D =eS+€E
The one-dimensional elastic wave equation is given by:
0*u aT Eqn. A3
P\oez) ~ ox
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paz_u _0S OE 0*u  OE Eqn. A 4
ot?

“ox  “ox “ox2” “ox

To expand the above terms we use Gauss' divergence theorem and the equation

of charge/current continuity in a semiconductor material.

oD Eqn. A5
Frial
Eqn. A 6
9 0Q
dx ot
Eqn. A7
Q= —qng

Here q is the magnitude of electronic charge and ng is the number of electrons to
produce the required space charge.
The current in the n-type semiconductor is given by:

on
J = quncE + gD, (O_xC) Ean. A 8

The first term above is the drift current due to the applied electric fields, and the

: U . . kpT
second term is the diffusion current due to a concentration gradient. D,, = A

the Einstein coefficient for diffusion of electrons in a semiconductor. n, is the
number of conduction electrons. The number of electrons in the conduction band are

written as:

Eqn. A9
ne=ng+ fng
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n, is the equilibrium number of electrons in the absence of the acoustic wave, and
f €10,1] is a fraction of the space charge that is available for conduction. This
correction is due to the presence of trapping that may produce space charge, without
participating due to conductions electrons. From the above set of equations, we

proceed to eliminate J,ng, n. in the following manner.

on, Eqn. A 10
] =qun.E +qD, <6x)
on, a(fns)
= Eqn. A 11
] = qunoE + qufngE + qDy, (( I ) I
10D on
]:qyn0E+qny<q )" >+q nf s Eqn. A 12
oD 23D
— _f__ _ _ Eqn. A 13
] = [ano = £ 5| uE = Dur S

Use the spatial derivative of ] to get:

ax_”ax{[q o~ ] } (a 2) pan A

92D 0 Eqn. A 15
_axat_”a{ [q"" _] } "fa 3

The next step is to eliminate D and write a relation in terms of the electric field
applied, and the material displacement. Now, assuming plane acoustic waves in the

material, we can write the displacement (of every particle) as:
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u(x, t) = ueikx—ob Eqn. A 16

Where the propagation constant k is a complex quantity comrised of the real

propagation and the attenuation, given by:

Eqn. A 17
For practical, high-quality materials that support plane elastic wave propagation,

a < @/s . The small signal electric field is given by:

E=E,+ Elei(kx—wt) Eqn. A 18

The DC field E, is due to external applied voltage, while the sinusoidal
component is due to the ultrasonic wave propagating through the piezoelectric
medium.

For the convenience of the derivation, we can write down and simplify some of

the derivatives (with respect to time and space) for the physical quantities in question.

0E _ \
i (E — Eo)(ik)
0%E .
Frvie (E — Ep)(ik)
. ( Eqn. A 19
el (E — Eo)(ik)?
oE
Frin (E — Ep)(—iw) )
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ou \

& = U(lk)
0%u
ﬁ = U(lk)z
b Eqn. A 20
d3u
ﬁ = U(lk)3
Ju _
i u(—iw) )
Now, we expand Eqn. A 15:
02D 0°D\ 0D OE 03D
- - Eqn. A 21
oxot MM 0( “f[ ( ) ox ox D"f<ax3>
azD . . 3 . 2
By qung(E — Ey)(ik) — ufE{eu(ik)> + e(ik)*(E — E,)} Eqn. A 22
— Dyf{eu(ik)* + €(ik)3(E — Ey)}
aZD - . 3 . 2
- = quno(E — Eo)(ik) — ufEeu(ik)® — ufEe(ik)*(E — Eo) Eqn. A 23
Ox Ot q

— D,f{eu(ik)* + e(ik)3(E — Ey)}

Reorganizing the terms, we get:

2
0D _ (£ — Eg)(ik){quno — nfEc(iR)? — Dofe(ik)?)
oxadt Eqn. A 24
— (ik){ufEeu(ik)? + D, feu(ik)3}

To eliminate D , we start with the piezoelectric equation of state (Eqn. A 2), and
try to compare its derivatives to Eqn. A 15. We use Eqn. A 19 and Eqn. A 20 and

simplify the expressions.
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D =eS+¢€eE

oD 0%u N 0E
ox eaxz € 0x
aD
0x

0°D 0E
- 11,13 )
%2 eu(ik)’ + e(ik) Ix

9°D

= — =eu(ik)® + €(ik)*(E — E,)

ox2

23D

— = eu(ik)* + €(ik)3(E — E,)

ox3

0°D
Ox 0t

2

oxoT

Comparing Eqn. A 24 and Eqn. A 30, and reorganizing terms, we get:

(E — Eg){quny — ufEe(ik) — e(iw) — D, fe(ik)?}
= eu(ik)(iw) + ufEeu(ik)? + D,feu(ik)3

= eu(ik)? + €(E — E,)(ik)

= eu(ik)?(—iw) + e(ik) (—iw)(E — E,)

D _ (ik)(iw)[eu(ik) + €(E — E,)]

Eqn. A 25

Eqn. A 26

Eqgn. A 27

Eqn. A 28

Eqn. A 29

Eqgn. A 30

Eqn. A 31

Defining quny, = o, the conductivity of the material, and rearranging terms,

143



. , ,
(E — Eg)[—e(iw)] {1 + pfEeik) +-2 4 iD,fw <§) }

e(iw) 20

= (—eukw) {1 + ufE (g) + iDyf (g)z} Eqn. A 32
2
(E—E,) = (—eukw) {1 + ufE (g) +iD,fw (g) } o
0) = , . |

—e(iw) {1 + ufE (%) +% +iD,fo (5)2}

E=bot {_(izuk)} ¥ Eqn. A 34
Where,
(e () +our0 ()]

v Eqgn. A 35

{1 +ufE(S)+ 2 4 iD,fw (%)2 }

Y is independent of both time and space, and is purely a function of material

properties and operating conditions.

0E 04 {—(iek)}wau

ax € ax Eqn. A 36

Using this in the 1-D elastic wave equation (Eqn. A 4), we get:

0%u _ 0*u —(iek) Lpau Eqn. A 37
Pacz = “axz” | ¢ ox
eZ
pu(—iw)? = cu(ik)? + ?(ik)zutp Eqn. A 38
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2
e
pw? =c (1 + Elp> k2 Eqn. A 39

Which is of the standard form of the elastic wave equation, pw? = ¢'k?, and the

effective stiffness is given by

e? Eqn. A 40
c'=c|l1+—¥
CE

This is the piezoelectrically stiffened expression for material stiffness. The
presence of ¥ makes ¢’ a complex quantity, which can be split up into real
component (perfectly elastic stiffness coefficient) and the imaginary component
(inelastic loss coefficient). W can be further simplified by making the following
simplifications, based on the definitions of plasma frequency w, and the diffusion

frequency wp,

\
|
¥ Eqn. A 41

And for an electric field oriented in the direction of wave propagation, we define
the ratio of drift velocity to acoustic velocity as

UfE Eqn. A 42
s

From Eqn. A 35, Eqn. A 41, Eqn. A 42, we can write:
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a+m+i(y

Y =
Eqn. A 43
2 4 (Qey @) 4
1+n) +l(w +<UD)
The attenuation coefficient can be written as [39]:
)
a=— Im {Vc'} Eqn. A 44

2
Where we use the standard definition of acoustic velocity, s = \/%. Since i—e K

1, we can simplify the attenuation coefficient to:

e? w, 1+n) Eqn. A 45

2ce s (1+n)2+ (%+a%)2

a:
2ce s

If the electric field opposes the wave propagation vectors, we changen = (—n).
Under normal circumstances, & > 0, and there is attenuation of acoustic waves in the
material. With an applied electric field, @ < 0, and there is acoustic gain in the
system (Fig. A 1). Note that the attenuation coefficient is dependent on the direction

(or polarity) of the electric field, and thus a is not symmetric about E = 0 . Instead, a

is anti-symmetric about the point E =£ . Unlike this situation, the

attenuation/amplification in a standing wave cavity is ideally independent of the
polarity of the electric field. We use Eqn. A 45 as a starting point for our own
analysis for acoustoelectric amplification in standing waves in resonators made from
GaN. The experimental arrangement and measured results for CdS based on Hutson

and White’s experiment are shown in Fig. A 2 and Fig. A 3 respectively.
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Fig. A 1 : A graphical depiction of the theory of acoustoelectric amplification for travelling waves in
piezoelectric semiconductors.
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Fig. A 2 : Experimental arrangement for the first demonstration of acoustoelectric amplification of
travelling waves in piezoelectric semiconductors (here CdS). (From Hutson et al [40]).
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Fig. A 3 : The first experimental results on acoustoelectric amplification in a bulk piezoelectric
semiconductor. (From Hutson et al [40]). The data show the amplification of a 45 MHz ultrasonic
(travelling wave) signal applied to a 7 mm thick crystal of CdS. With the increase in the DC electric
fields, the acoustic loss decreased. Above a certain threshold, the attenuation was found to be negative,
implying a net gain in the acoustic signal. This phenomenon was explained using phonon-electron

interaction in bulk CdS.
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