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Effects of Gamma Ray Radiation on the Performance of

Microelectromechanical Resonators

David D. Lynes,* Hengky Chandrahalim,* James E. Bevins, and James C. Petrosky

While much radiation test data are available for metal-oxide-semiconductor
(MOS) devices, research into the effects of radiation on microelectromechanical
systems (MEMS) is in its relative infancy. Piezoelectrically transduced MEMS
resonators have broad applications in signal processing, environmental moni-
toring, and navigation. Aluminum nitride (AIN), in particular, is an attractive
piezoelectric because of its favorable fabrication characteristics and ease of
integration into the complementary MOS (CMOS) manufacturing process. The
utility of these devices in space and nuclear systems necessitates research into
their performance in radiation environments. Resiliency and an established
relationship between radiation dose and device behavior provide a critical tool for
engineers in their design process. Multiple AIN-based MEMS resonator designs
are created and exposed the devices to 1 Mrad(Si) gamma irradiation from

a Cobalt-60 source while measuring scattering (S-) parameters in situ. The
experimental data are matched to a theoretical model to describe the change in
frequency as a function of radiation-induced displacement damage. It is dem-
onstrated that the AIN-based resonators are resilient against radiation-induced
charge-trapping effects. Furthermore, a new method is presented of permanent
frequency trimming MEMS resonators up to 30% of their bandwidth without
modifying quality factor or motional resistance.

radiation environments often opt for ligh-
ter shielding. Co-60 sources, emitting
gamma rays at an average energy of
1.25 MeV, serve as the standard for assess-
ing ionization effects on electronics.!"?
Notably, fission fuel and other radioactive
structures in nuclear power plants emit
gamma rays with an average energy of
around 1 MeV, making Co-60 gamma rays
suitable for simulating the electromagnetic
environment of reactors.!! In space mis-
sions, gamma rays themselves are not a sig-
nificant radiation source. However, Co-60
gamma rays primarily generate Compton
electrons, which effectively simulate pene-
trative electrons and protons in the space
radiation spectrum.™?

Extensive research has been conducted
on radiation effects in metal-oxide-
semiconductor (MOS) devices over the past
30years.” In contrast, the study of radia-
tion effects on microelectromechanical
systems (MEMS) is still emerging.

1. Introduction

Gamma rays, emitted during atomic decay, are highly penetrative
and necessitate substantial shielding for electronic devices.
Shielding with 10 mm of lead attenuates gamma rays by only
10%.1  Consequently, systems operating in high-gamma
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MEMS possess desirable characteristics
such as low power consumption, light-
weight design, small form factor, and
potential integration with CMOS electronics, making them
well-suited for space and other radiation-intensive applications.
While MOS devices are often identified as the weak link in elec-
tronic system reliability within radiation environments, advance-
ments in gate size reduction, processing techniques, and
alternative dielectrics have significantly enhanced their reliabil-
ity.»>) MEMS serve as enabling technologies in various scien-
tific applications, such as the atomic force microscope (AFM)
sensor for the Mars Phoenix Mission, gyroscopes, accelerome-
ters, and star-tracking cameras for microsatellites,” " and vibra-
tion sensors deployed on nuclear power plant structures./*”~*%
Consequently, it is crucial to carefully evaluate the performance
of MEMS in diverse radiation environments to mitigate potential
failure risks, despite their previous “rad-hard” reputation.
Piezoelectrically transduced MEMS find widespread use in
diverse applications, including energy harvesting, signal process-
ing, robotics, aerospace, and defense.'"'**? Compared to
alternative transduction methods like thermal/piezoresistive,
capacitive, and electrostatic schemes, piezoelectric materials
offer advantages such as higher energy density, superior
frequency scaling, lower power configurations, and easier
characterization and integration.”>**! Incorporating additives
into piezoelectric materials enhances material constants and
aging characteristics.*! Particularly, microscale resonant devices
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utilizing piezoelectric transduction, known as piezo-MEMS res-
onators, find extensive utility in inertial sensing, radio frequency
(RF) signal processing, and environmental monitoring
applications.*>*”) They serve as filters, sensors, and clock gen-
erators,*® offering high selectivity, narrow bandwidth, and good
stability.?* These characteristics, along with their ongoing mini-
aturization, affordability, and compatibility with CMOS technol-
ogy, position piezo-MEMS resonators as excellent choices for
deployment in microsatellites and radiation monitoring systems.

Aluminum nitride (AIN) is an excellent piezoelectric material
for MEMS resonators. AIN thin films retain most of their bulk
physical, thermal, and electric properties, making them highly
desirable. The sputtering deposition of AIN requires low
temperatures (<400 °C), making it compatible with CMOS
integration.*”>* Moreover, AIN does not introduce contamina-
tion to the cleanroom environment and can be doped to enhance
electromechanical coupling while maintaining a high quality (Q)
factor.*>>) AIN has been successfully utilized as a transducer in
numerous applications, including energy harvesters, acoustic devi-
ces, sensors, actuators, RF filters, and accelerometers. #2657

The broad utility and practicality of AIN-based piezo-MEMS
resonators make them well-suited for use in devices that may
encounter harsh radiation environments. Thus, the importance
of characterizing radiation effects in piezo-MEMS resonators is
twofold: 1) High Q resonators are designed for high signal sen-
sitivity and resolution. The extremely narrow bandwidth required
of these devices makes them vulnerable to shifts in performance
due to radiation-induced degradation; and 2) Increasing loss
weakens the signal for RF processing or reduces output power
in energy harvesting applications. Low-loss resonators are also
vulnerable in signal processing and energy harvesting applica-
tions. Therefore, this work investigates the effects of ionizing
radiation on AIN-based MEMS resonators.

Aluminum
¥ Aluminum Nitride
M Thermal Oxide

Silicon

Il Substrate

Figure 1. lllustration of AIN transduced two-port rectangular flat plate
resonators. Two resonator designs were irradiated: one with SiO, thin film
(top) and one without (bottom). The devices were irradiated using the
OSU Co-60 Underwater Irradiator. S-parameters were measured in situ
to develop empirical models of device behavior while in an ionizing
radiation environment.
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This work explores how the effects on the resonator change
when a thin film dielectric layer is added to the device design.
AIN transduced two-port rectangular flat plate resonators with
and without a silicon dioxide (SiO,) thin film (Figure 1) were
designed and commercially fabricated. The devices were
mounted to a custom printed circuit board (PCB) and exposed
to 1 Mrad(Si) using The Ohio State University’s (OSU) Cobalt-
60 (Co-60) Underwater Irradiator. During irradiation, scattering
(S-) parameters were measured in situ. Measured resonant fre-
quency, motional resistance, quality factor, and one-port electro-
mechanical coupling are used to validate a theoretical model that
describes the device reaction to the total dose effects of atomic
displacement damage and charge generation/trapping. This
work also presents a new method of permanent frequency trim-
ming MEMS resonators by up to 30% of their bandwidth without
modifying quality factor or motional resistance.

2. Results and Discussion

2.1. Background

The initial interaction of Co-60 gamma rays with solid matter is
Compton scattering.”® The direct result of the Compton inter-
action is the ionization of an electron and the scattering of a
lower energy X-ray. These electrons and photons continue inter-
acting within the material, creating a cascade that can generate
hundreds to thousands of electron-hole pairs (EHP).!") Most elec-
trons immediately recombine with the holes. The electrons and
holes that escape this initial recombination usually recombine as
they drift through the material. Some fraction of the free holes
and electrons are trapped. For instance, it has been shown in
SiO, that the trapping of holes causes a positive oxide-trap
charge™ Also, the hydrogen ions freed during the hole
“hopping” process may drift to the SiO,-Si interface to form
positive interface traps."! Similarly, researchers have shown that
electrons can be trapped in the bulk of a dielectric and at its
interfaces, forming regions of negative bias.?%%

In addition to creating EHPs, the secondary electrons released
from high-energy gamma rays, like those from Co-60, may have
sufficient energy to displace atoms. Silicon (Si) irradiation by
gamma rays can produce Compton electrons in the energy range
0f 0.1-0.9 MeV; the electron threshold energy required to cause a
displacement in Si has been reported between 0.125 and
0.145 MeV.!" In turn, the electron-displaced Si atoms can receive
enough energy to displace other Si atoms or ionize other elec-
trons. The direct result is that the gamma radiation produces
vacant lattice sites in Si, and the displaced atoms will come to
rest as interstitials. The number of displacements per unit
volume (Ng4) caused by energetic electrons in a solid is given by

Ng = n,o0® (1)

where n, is the number of atoms per unit volume of the absorber
(5 x 102 Siatomscm ™), ¢ is the energy-dependent displace-
ment cross section (68 x 1072 cm™2 for 1 MeV electrons in
Si), v is the average displacement per primary displacement,
and @ is the radiation fluence.®"! Previous research has shown
that for n-type silicon (n-Si), the displacements caused by a total
dose of 1 Mrad(Si) of Co-60 gamma irradiation is equivalent to
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that caused by a fluence of 1.25 x 10'3 cm™2 1 MeV electrons.[®?
Furthermore, the model created by Kinchin and Pease predicts
that the average number of displacements in Siis 1.53 per 1 MeV
electron./*"%% From Equation (1), it is possible to predict approx-
imately 6.5 x 103 displacements cm ™ in the Si from 1 Mrad(Si)
Co-60 gamma rays.

The atomic displacements caused by the high-energy
Compton electrons result in interstitial and vacancy defects.
The displacements slowly increase the material’s disorder.
That is, there is a change from high long-range order to high
long-range disorder. On a bulk scale, crystalline materials have
different elastic moduli than their amorphous counterparts. For
example, crystalline silicon has an elastic modulus, Cy; of approx-
imately 169 GPa, whereas amorphous silicon has an elastic mod-
ulus of roughly 80 GPa.l**®! Furthermore, the transition from
high order to high disorder decreases the atomic packing factor
and, in turn, decreases the mass density of the material. Using
silicon as an example again, crystalline silicon’s density is greater
than amorphous silicon’s (2.328gcm™> vs 2.285 gcm?).[%¢)
Additionally, as the mass density changes, the device dimensions
change. At some point, equilibrium is reached when the number
of displacements occurring no longer increases the long-range
order of the material.

The time rate of change of atomic displacements in a crystal-
line solid is proportional to the dose rate, ¢, by a constant, «, that
represents the number of displacements that occur per unit dose

dD(t)
b A 2

o (2)

The proportionality constant, x, depends on how many dis-
placements exist. Therefore, « is modified by the ratio between
the number of current atomic displacements, D(t), and the num-
ber of displacements that exist as the dose goes to infinity, Dy,

-5

Assuming an initial preirradiation displacement density, D,,
the solution to this first-order linear differential equation is
X
D() = (Do = Dgr)e P’ + Dy (4)
If ¢ is constant throughout the exposure, the product ¢t now
represents the total dose, @, such that
D((I)) = (Do - Dsat)67$® + Dsat (5)
Other work has shown that Young’s modulus of a material is

representable as a linear relationship to the crystallinity of a
solid.!*”%®! That is

E(®) = mD(®) + b 6)

where m and b are constant and real. In this case, the constants m
and b are not known, so it is more helpful to look at the fractional
change to Young’s modulus. The fractional change to Young’s
modulus is the ratio between Young’s modulus at some fluence,
E(®), and the preirradiation Young’s modulus, E,, such that
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Figure 2. a) An example of a two-anchor rectangular flat plate resonator
and its critical dimensions. b) An example of the motion of the Tst
(fundamental) WEM vibration.

E(®)

s (1-Ae*+A ()

where 7 = Dg,/k and A = E,/E,.

The device used to test the gamma-ray effects on piezo-MEMS
resonators was a two-port two-anchor rectangular flat plate reso-
nator, as shown in Figure 2a. The radiation response of the fun-
damental width extensional mode (WEM) was explored in this
work. The equations of motion of the first WEM can be solved
analytically. The first WEM is also one of the strongest resonance
modes exhibited by this geometry. The WEM resonant vibration
is achieved when an in-plane longitudinal standing wave is
formed along the width of the rectangular plate. An example
of the first WEM’s vibrational motion is shown in Figure 2b.
The resonant frequency, f,, of the first WEM, is described by

1 |Eeg
- 8
fe=aw Pett ®

where W is the width of the resonator as shown in Figure 2a and
Eegr and p.r are the effective Young’s modulus effective mass
density of the material stack, respectively.*"*¢!

The small signal equivalent circuit components—motional
resistance (R,,), capacitance (Cy,), and inductance (L,,)—have
been derived in previous work.*? Specific to this research, the
analytical solution of R, for a two-port piezoelectrically trans-
duced resonator built on a substrate operating in the fundamen-
tal WEM is given by

_ 7T VEegpess )
" 4L QEizezodgl

where T'is the total thickness of the resonator, L is its length, and
dy is the transverse piezoelectric coefficient.[*”) Epiezo and pieso
are Young’s modulus and the effective mass density of the pie-
zoelectric layer, respectively. The quality factor (Q) measures
how damped the resonator is. In another sense, Q is a measure
of efficiency and energy loss. Q is comprised of several different
loss mechanisms, such as mechanical, electrical, and material
losses.?>*¢) For this experiment, we mathematically describe

Qas
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1 1 1 1
J’_

Q Qo " Qt‘tap Qdisp

(10)

where Q, represents the mechanisms not affected by radiation
such as an anchor or fluidic losses, Q,,, represents all loss mech-
anisms that may be affected by trapped charges due to radiation
such as dielectric loss, and Qy, is associated with loss mecha-
nisms affected by displacement damage such as mechanical and
material losses. Other sources of loss, such as thermoelastic
damping (TED) and squeeze film damping, hold minimal signif-
icance. TED pertains to the phenomenon of phonon diffusion
from regions of higher temperature to lower temperature areas.
In the frequency range of operation for the devices in this study,
TED’s impact on bulk-mode resonators is considered
negligible.”*~7% Similarly, squeeze film damping can be deemed
negligible due to the absence of small air gaps surrounding the
resonator. From Equation (8)—(10) charge generation and trap-
ping have an effect on Q and, in turn, R,,. Notably, f, is inde-
pendent of the effects of charge trapping. In contrast,
displacement damage will affect Q, ds;, Eer, and Epjeso-
Therefore, it is reasonable to expect changes to both R, and
f, due to displacement damage.

The Young’s modulus of the material is not directly measur-
able from the resonator’s frequency response, but the resonant
frequency, f,, can be. As previously discussed, as the crystal is
amorphized, the changes to device dimensions and mass density
are negligible compared to the change to material elasticity.**-¢¢!
Therefore, using Equation (8), the fractional change to resonant
frequency can be written as

(@) [E(@) )

fro Eeffo

where f, is the initial, preirradiation, resonant frequency.
From Equation (1), it was shown that 1 Mrad(Si) only displaces
approximately 1 in every 1 billion atoms. In other words, there is
only a slight increase in atomic displacement density. Therefore,
the value E(®)/E.q, is assumed to be very close to unity. In
this case, it is possible to approximate Equation (11) with a first-
order Taylor expansion. That is, \/X,.; ~%+3. And so, the
fractional change to resonant frequency can now be written as

@: (1-a)e ™ +a (12)

where 7 = Dsat/K and a :frm/fro oy Eeffsa(/Eeffo'

Table 1. Layer dimensions and bulk material Properties.

www.aem-journal.com

2.2. Experiment

The devices under test are two-port two-anchor AIN transduced
rectangular flat plate MEMS resonators. From bottom to top, the
resonators consist of a 10 pm thick n-doped silicon layer, an
optional 0.2 pm thick SiO, thin film, a 0.5 pm AIN layer, and
a 1.02 um Al/Cr electrode layer. The devices are fabricated on
a silicon-on-insulator (SOI) handle wafer by MEMSCAP, Inc.
The Supporting Information section presents details regarding
MEMSCAP’s PiezoMUMPs fabrication process. We designed
devices with and without the SiO, layer such that the top elec-
trode and AIN layers were identical. The device dimensions
and material properties are presented in Table 1. To prepare
the resonators for irradiation, the devices were diced and glued
to a custom PCB using conductive silver paste. Wirebonds for
ground and signal connections were made using 99% gold 1-
mil bonding wires. 50 Q SMA connectors were soldered to the
PCB to provide the RF connection during irradiation. Figure 3
presents (a) cross-sectional scanning electron microscope
(SEM) images of aluminum nitride transduced MEMS resonator
designs, with and without a SiO2 thin film, (b) and (c) SEM
images of a device before and after gluing and wire bonding,
and (d) a final prepared package. It should be noted that the
AN transducer layer was deposited during the same fabrication
step for both resonators, with and without the oxide layer.
However, the device incorporating the oxide layer demonstrates
the presence of finer columnar features, as shown in Figure 3a.

The irradiation was conducted at the Co-60 Underwater
Irradiator at The Ohio State University. The Co-60 sources are
kept in a 16 ft deep pool at OSU’s facility. A 6inch diameter
dry access tube allowed the devices to be lowered next to the
sources for uniform exposure at the maximum possible dose
rate. The dry tube’s diameter permitted the irradiation of two res-
onators simultaneously. Twenty-five feet LMR-240 coax cables
connected the devices to the VNAs. VNA RF input power was
0dBm. Before lowering the devices into the dry-tube, two-port
short-open-load-through (SOLT) was accomplished to correct
line error. S-parameters were continuously recorded in situ dur-
ing irradiation and for a 15 min postirradiation timed anneal.
Total six devices were irradiated (3 with and 3 without the
SiO, thin film) to a total dose of 1 Mrad(Si). The Co-60 irradiator
was originally calibrated in 2002. The dose rate was revalidated in
2016 by irradiating Landauer nanoDot dosimeters for 10 and
40 min. Based on the previous calibration and the half-life of
Co-60, the dose rate at the time of the experiment was approxi-
mately 12.8 krad h ™. The devices were irradiated at atmospheric
pressure and room temperature. A diagram of the experimental
setup is presented in Figure 4.

Parameter Al AIN SiO, n-Si
Dimensions (No SiO, layer)L x W x T in [pm] 97 x 37 x 1.02 206 x 46 x 0.5 Not applicable 216 x 56 x 10
Dimensions (With SiO; layer)L x W x T in [pm] 97 x 37 x 1.02 206 x 46 x 0.5 216 x 56 x 0.2 222 x 62 x 10
Density [kg m ] 2,700 3,260 2,465 2,330
Young’s modulus [GPa] 69 325 70 166
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Figure 3. a) Cross-sectional SEM images of aluminum nitride transduced MEMS resonator designs, with and without SiO, thin film. b) SEM image of a
device after fabrication (no SiO,). c) SEM image of a device after gluing and wire bonding to PCB (with 0.2 pm SiO,). d) Example of a final device prepared

for irradiation.
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Figure 4. Diagram of The Ohio State University’s Co-60 Underwater Irradiator (not to scale). The pool is nearly 16 feet deep. Two devices were irradiated
simultaneously by lowering them next to the Co-60 sources via a dry access tube. Coax cables led out of the dry access tube to VNAs (not pictured) that
continuously recorded S21 and S11 parameters for both devices during irradiation.

2.3. Results

S-parameter data were postprocessed to determine f, Q, R,,,, and
one-port effective electromechanical factor (kX;). Q, Ry, and
one-port k; were calculated in the usual manner for two- and
one-port resonators presented by Bhugra and Piazza and Wu
ot al2146.73]

Figure 5 presents the frequency response from two different
resonators under irradiation, one without the 0.2 pm oxide layer
(a) and one with the additional layer (b). IL and Q change very
little throughout the exposure. f, exhibits a small but significant
trimming during irradiation. The magnitude of the frequency

Adv. Eng. Mater. 2023, 25, 2201837 2201837 (5 of 10)

trim of the device with the 0.2 pm oxide layer is roughly half that
of the resonator without the additional layer. The ~50% differ-
ence in frequency trim magnitude is consistent across all devices
tested. Raman spectra of pre- and postirradiated silicon were col-
lected to assess the change in crystallinity. Results are presented
in the Supporting Information. No detectable change in crystal-
linity was measured. The gamma irradiation has not amorphized
the crystalline structures of the device, but sufficient displace-
ments have been introduced to change its behavior.

In both devices, there is frequency trimming. The magnitude
of the frequency trimming for the device with the oxide layer is
approximately half that of the resonator without the SiO, layer.
Color warmth increases with total dose.
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Figure 5. Measured frequency response during gamma irradiation for a) a
device without the SiO; thin film and b) a device with the 0.2 ym SiO,
layer.

The measured values of f, O, R, and one-port k% pre- and
post-1 Mrad(Si) gamma irradiation are tabulated in the
Supporting Information section. The reduction in resonant
frequency after the 1 Mrad(Si) exposure is consistent across all
irradiated devices. Q, Ry, and k%; do not have a consistent or
significant pattern of change from the irradiation. The observed
changes in f, from irradiation are significantly smaller than the
differences between devices due to fabrication imperfections.
The magnitude of the measured frequency shifts is 10% to
30% of the resonator’s bandwidth. Figure 6 presents the frac-
tional shift (e.g., 1—f,(®)/f, ) for the insitu measurements

of f., O, Ry, and k% for both resonator designs. Here, we
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see f, gradually decreases with increasing total dose for both
devices. Q, Ry, and kZ; experience fluctuations that are not con-
sistent between devices and are, ultimately, relatively stable
throughout the gamma irradiation. The resonant frequency of
the devices with the thin film dielectric shifts an average of
37.5 ppm after 1 Mrad(Si), whereas the f, of the devices without
a SiO; layer shift an average of 60.0 ppm, nearly double.

A 15min room temperature timed anneal was performed
immediately after gamma irradiation. Table S2 in the
Supporting Information section presents the measured values
off,, Q, Ry, and k%; after the time anneal. There is no significant
shift to any resonator parameters after the timed anneal
Therefore, the frequency shift caused by the gamma irradiation
is stable at room temperature.

2.4. Discussion

A statistical analysis was conducted on the data to illustrate the
significance of the resonant frequency shift. The data were
graphically presented in Figure 7, depicting the mean and stan-
dard deviation, for both sets of devices: three with the oxide layer
(Figure 7a) and three without the oxide layer (Figure 7b). Notably,
the six devices (three with the SiO, thin film and three without)
underwent irradiation in three distinct experimental runs, accu-
mulating a total dose of 1Mrad(Si). The observed frequency
exhibits a consistent decrease after each experimental run.
These deviations are statistically significant, thereby asserting
the influence of an unaccounted-for factor. Given the consistency
of this shift across both device designs, it can be inferred that this
factor is a common element. The shift is consistent across both
device designs; therefore, it is a common factor. The magnitude
of the shift from the first to the third run of 40-50% does not
correlate with the nuclear decay of Co-60. With a half-life of
5.27 years, the activity of the Co-60 decreased only 0.75% during
the 3-week experimentation period. The shifts are most likely
attributable to the imprecision of device placement inside the
dry tube. The ideal placement of the devices is level with the
Co-60 sources at a radius of 2.5inches. An error in elevator
height of only 2inch can decrease the dose rate by almost
50%. The error is not sufficiently significant to reject the results,
as demonstrated by the t-tests.

Assuming a t-distribution for a small sample size, all data are
within three standard deviations, 3S, of the mean; therefore, no
data are rejected as outliers. Using a null hypothesis of no change
(i-e., h = 0) and applying the one-tailed t-test, there is a 98.2%
confidence that the frequency shift for the device with the oxide
layer (blue) is statistically significant. There is a 96.4% confidence
for the device without the oxide layer (red) that the shift is
significant. The frequency shift between device designs was com-
pared using the two-sample t-test. The resulting P-value is 0.30.
Using the conventional significance level of 0.05, it cannot be
concluded that the added SiO, creates a significant difference
in how the device’s resonant frequency changes when exposed
to gamma rays.”* Overall, a small but significant shift in
resonant frequency is present during gamma irradiation up to
1 Mrad(Si) for both device designs.

Recognizing that, by Equation (8), the resonant frequency of a
WEM device is independent of electric fields, and gamma
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Figure 6. Measured fractional change to resonator parameters during exposure to 1 Mrad (Si). Shown are the a) f,, b) one port k%, c) Ry, and d) Q for six
different resonators while being exposed to 1 Mrad (Si) Co-60 gamma irradiation. Three of the devices had a SiO, thin film between the AIN and n-Si layers

(blue) and three did not (red).

irradiation does not add material, the source of the frequency trim-
ming is the gamma radiation causing small amounts of localized
displacement damage. As previously discussed, the difference in
stiffness between crystalline and fully amorphous Si is much more
significant than the difference in mass densities.[** %% From this,
it can be concluded that any change in device dimensions is neg-
ligible, and gamma irradiation primarily alters the acoustic velocity
of the material. From Equation (8), the acoustic velocity values pre-
and postirradiation are extracted. These data are presented in
Table 2. In addition to the measured changes in f,, Q is not altered
significantly after the 1 Mrad dose. By Equation (10), the Q of the
device is dominated by Q,. In other words, the loss factors that
dominate the Q of the resonator are unaffected by gamma irradia-
tion, at least up to 1 Mrad.

The gamma interactions can be considered uniform through-
out the device. Therefore, the displacements in the AIN layer
should decrease ds;;. However, R,, does not have a statistically
significant change, implying d;; does not change significantly
for this radiation dose. Noting that Q remains unchanged, then
by Equation (9) Ry, is proportional to \/Eegpeg. A reduction in
the effective Young’s modulus, and thus a reduction in acoustic
velocity (as demonstrated by the shift in f), should decrease R,.
However, this amounts to only tenths of Ohms in difference, sig-
nificantly below the noise threshold of the measurement setup,
as shown in the right-most column of Table 2.

Adv. Eng. Mater. 2023, 25, 2201837 2201837 (7 of 10)

Finally, the measured fractional shift to f, is fit to
Equation (12) from the decaying exponential model to determine
7 and a for both device designs. The results are shown in
Figure 8. The decay constant, 7, depends on device design and
radiation type. The decay constant, 7, is shorter for the device
without the added SiO, layer. That is, the device reaches equilib-
rium more quickly. The shorter 7 is attributable to the addition of
the oxide thin film. The SiO, layer is amorphous, and the dis-
placement energy for oxygen is almost twice that of silicon.
Therefore, the SiO, layer is less susceptible to changes due to
displacement damage, making the device less susceptible to
change from gamma irradiation. So, it is reasonable that 7 is
higher for the device with the added oxide layer.

Previous work has shown that this device design is susceptible
to thermal effects. Additionally, localized thermal spikes from
the irradiation may also cause the depoling of AIN. The thermal
effects on these devices are reversible without hysteresis.””
Furthermore, AIN is essentially immune to thermal spike dam-
age, and the thermal spikes are not above the melting tempera-
ture of Si.””) This experiment’s statistically significant frequency
trim remains unchanged after a 15 min postirradiation time
anneal. Therefore, displacement damage is likely the primary
resultant of the irradiation.

To the author’s knowledge, this is the first execution of in situ
measurement of radiation effects on piezoelectrically driven
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Figure 7. Statistical comparison between devices exposed to gamma rays.
Shown are a) the device with the SiO, layer and b) the resonator without
the oxide layer. Error bars are one standard deviation.

Table 2. Resonator average acoustic velocity before and after 1 Mrad(Si)
irradiation and corresponding theoretical shift in R,,.

Device Average acoustic velocity [ms™] AR, [Q]

Pre-Rad Post rad A Theoretical Measured
Without SiO,  8,823.11 8,822.52 —0.59 —0.59 —7.71£13.50
With SiO, 8,893.46 8,893.11 —0.35 -0.35 8.32£37.60

MEMS resonators. Very early research was not accomplished
insitu and focused on the effects of charge build-up.”*”%
Displacement damage was only considered a significant effect
once high-frequency RF MEMS emerged.”® Polysilicon fixed-
fixed beams irradiated to 16krad(Si) exhibited a decrease in
resonant frequency that was attributed to the relaxation of
stress in the beams and not a change to Young’s modulus.””!
Single-crystal AIN irradiated by fast and thermal neutrons and
gamma rays up to 2.7 Grad exhibited no change to d;;.””) An
AN single-crystal accelerometer was irradiated to 1.1 Mrad from
a Co-60 source, with no significant degradation observed.!”) Most
recently, an electrostatically driven comb drive resonator was irra-
diated by protons. A frequency shift of 298 ppm and a recovery of
189 ppm were measured.”® By utilizing MEMS resonators
operating in the VHF range, this work shows a detectable change
in the effective Young’s modulus of the material due to gamma
irradiation. After a total dose of 1 Mrad(Si) Co-60 gammas, the
average frequency shift ranged from 52 to 65 ppm with no

Adv. Eng. Mater. 2023, 25, 2201837 2201837 (8 of 10)
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Figure 8. The fractional shift in resonant frequency data fits to the
decaying exponential model. The decay constant () is longer for the device
with the added oxide layer.

recovery, and the change to the effective Young’s modulus
ranged from 104 to 131 ppm.

During the irradiation up to 1 Mrad, the resonant frequency
shifts only a fraction of the device’s bandwidth, and this shift
remains stable at room temperature. This shift is much smaller
than the precision obtainable by many commercial MEMS fabri-
cation processes. Furthermore, the other resonator performance
parameters — Q, Ry, and k%; — remain stable throughout the
irradiation. The stability of the resonator’s Q, Ry, and one port
k2 demonstrates the resiliency of these devices in an ionizing
radiation environment, providing a design space for systems
engineers. Moreover, this experiment demonstrates the first
use of gamma radiation to permanently trim the f, of a resonator
by up to 30% of its bandwidth without altering the device’s other
performance parameters.

3. Conclusion

The utility of MEMS devices in space and reactor systems
necessitates research into how these devices behave in a radiation
environment. Improvements to CMOS materials, novel design
structures, and size reduction have made the devices inherently
more resistant to most forms of radiation. Therefore, it is vital
to continue the study of radiation effects on other devices such
as MEMS.

AIN transduced two-port rectangular flat plate resonators with
and without a SiO, thin film were irradiated using Co-60 gam-
mas. S-parameters were measured in situ while the devices were
exposed to 1 Mrad(Si) at the OSU Co-60 Underwater Irradiator.
The measured values of f, Ry,, Q, and one port k2 describe the
device’s reaction to TID effects. These measured values refine
the theoretical model and identify radiation- and device-
dependent damage and decay coefficients.

This work has demonstrated that these devices will experience
a reduction in resonant frequency when placed in a gamma radi-
ation environment up to 1 Mrad(Si). The frequency shift is due to
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high energy Compton electrons causing sufficient atomic dis-
placement damage to alter the effective Young’s modulus of
the device. This effect is stable and does not change when the
device is removed from the radiation environment and kept at
room temperature. This work has also shown that these devices
are largely immune to the effects of charge trapping, so Ry, O,
and k%; remain relatively unaffected during gamma irradiation.
The frequency shift due to gamma irradiation ranges from 10%
to 30% of the device’s bandwidth. The ability to shift the resonant
frequency with gamma irradiation presents a new way of precise
and permanent frequency trimming MEMS resonators without
altering Q or other properties.

Additionally, adding the amorphous SiO, layer slows the fre-
quency rate of change per unit dose of radiation. The reduction to
the resonant frequency’s sensitivity to gamma irradiation is cap-
tured in the time constant, 7, in that the addition of the SiO, thin
film increases the 7 of the resonator. Finally, this work demon-
strates the usefulness of the modified diffusion model in describ-
ing the general change in the resonant frequency of a BAW
resonator due to displacement damage. This model is a simple
tool for predicting the behavior of a MEMS resonator subject to
gamma ray or electron irradiation while preserving information
about the material in the damage coefficients, a and . A key ben-
efit is that this model does not need the high levels of computing
power that a 3-dimensional molecular dynamics model would
require.

These devices were exposed to a total ionizing dose of
1 Mrad(Si), similar to that experienced during the lifetime of a
spacecraft. Engineering decisions such as shielding and device
placement are essential when designing systems to operate in
harsh radiation environments. Resiliency and an established
relationship between radiation dose and device behavior provide
a critical tool for the design process.
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S.1 Fabrication

The resonator designs are fabricated using the PiezoMUMPs process by MEMSCap.!!) The
fabrication design flow is presented in Figure S2. The substrate is a 150 mm (100) oriented silicon-
on-insulator (SOI) wafer. Phosphorus is used to n-dope the silicon layer to increase conductivity.
A thermal oxide layer is grown and wet etched. The AIN film is deposited using reactive sputtering
and is then wet etched. Next, 20 nm chromium and 1000 nm Al are deposited and patterned by a
lift-off process. The n-Si and SiOz layers are lithographically patterned and etched by reactive ion
etching (RIE). Finally, the devices are released via a back-etch of the handle wafer by a

combination of RIE and wet etch.[!]

B A [l AN sio: [[llln-type Si [l SiO: (handle wafer) [l Si (handle wafer)

Figure S1. Summary of PiezoMUMPs fabrication process flow. (a) Top Si layer of SOI wafer is n-doped.
(b) Patterning of thermal oxide layer. (c) Deposition and patterning of AIN.
(d) Deposition and patterning of Al layer. (e) RIE of oxide and n-Si. (f) Backside RIE of handle wafer.



S.2 Raman Spectroscopy

Raman spectra were collected on the surface silicon before and after irradiation using a
532 nm excitation laser. The samples were prepared using a 30 second acetone rinse, 30 sec
methanol rinse, 30 sec isopropanol rinse, and blown dry with nitrogen. Crystalline silicon has a
sharp peak at 521 cm™!. As silicon becomes amorphous, a broad band appears in the Raman spectra
centered at 480 cm™ .2l The ratio between the peaks is used to estimate the relative amount of
amorphous material. Figure S2 presents the Raman spectra of the surface silicon. No peak at
480 cm is present, nor has the peak at 521 cm! experienced any significant reduction in
magnitude. Together, these indicate the silicon has retained a majority of its crystallinity. This is
reasonable in that the gamma ray irradiation interacts uniformly throughout the material and the

atomic defect density is roughly 1 in 6.5 X 108 atoms.
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Figure S2. Raman spectra of surface silicon before and after 1 Mrad gamma ray exposure.



S.3 Tabulated Results
Table S1 presents the measured pre- and post- irradiation resonator parameter values f,., Q,

R,,, and kgff. Table S1 presents the change in device parameters after a 15-minute room

temperature timed anneal.



Table S1. Measured pre- and post-irradiation resonator parameters.

fr (MHz) Q Ry () korr (%)
s | Wit
I};r;(i Il){):(ti_ A Pre-Rad | Post-Rad A Pre-Rad | Post-Rad A Pre-Rad Post-Rad A
1 No 78.7379 | 78.7298 | -0.0081 | 1944.52 1951.91 7.39 1740.12 1729.67 | -10.45 0.101402 0.100687 | -0.000715
2 No 78.9056 | 78.9011 | -0.0045 | 1914.01 1897.93 | -16.08 1816.1 1823.05 6.95 0.105627 0.105677 5E-05
3 No 78.6895 | 78.6866 | -0.0029 | 2231.03 | 2257.85 | 26.82 1483.52 1463.9 -19.62 0.087854 0.0873779 | -0.000476
1 Yes 71.5831 | 71.5792 | -0.0039 | 4895.89 4928 32.11 4327.98 | 429531 | -32.67 | 0.0404843 | 0.0401373 | -0.000347
2 Yes 71.8467 | 71.8437 | -0.003 4513.25 | 4467.26 | -45.99 | 4725.51 4766.71 41.2 0.0443568 | 0.0439127 | -0.000444
3 Yes 71.7349 | 71.7327 | -0.0022 7059.6 7017.24 | 4236 | 2872.11 2888.55 16.44 0.028093 0.028187 9.4E-05




Table S2. Measured resonator parameters pre- and post- 15-minute room temperature anneal.

2
Ir Q R Kerr
Run With SiO2
# Layer?
Reboun

Ao min A5 min Rebound Ao min A15 min d Ao min A15 min Rebound Ao min A5 min Rebound
1 No -0.0081 -0.0088 -0.0007 7.39 2.88 -4.51 -10.45 -9.9 0.55 -0.000715 0.0905754 0.0912904
2 No -0.0045 -0.0088 -0.0043 -16.08 -34.51 -18.43 6.95 16.63 9.68 5E-05 0.001471 0.001421
3 No -0.0029 -0.0021 0.0008 26.82 50.62 23.8 -19.62 -38.1 -18.48 -0.000476 | -0.0015687 | -0.0010927
1 Yes -0.0039 -0.0077 -0.0038 32.11 82.29 50.18 -32.67 -68.06 -35.39 -0.000347 | -0.0009171 | -0.0005701
2 Yes -0.003 -0.0068 -0.0038 -45.99 -75.19 -29.2 41.2 73.08 31.88 -0.000444 0.0004561 0.0009001
3 Yes -0.0022 -0.0012 0.001 -42.36 -94.03 -51.67 16.44 19.62 3.18 9.4E-05 6.33E-05 -0.0000307
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