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Nitride-Transduced Microelectromechanical Resonators

David D. Lynes,* Joshua Young, Eric Lang, and Hengky Chandrahalim*

Microelectromechanical systems (MEMS) resonators use is widespread, from
electronic filters and oscillators to physical sensors such as accelerometers
and gyroscopes. These devices’ ubiquity, small size, and low power
consumption make them ideal for use in systems such as CubeSats, micro
aerial vehicles, autonomous underwater vehicles, and micro-robots operating
in radiation environments. Radiation’s interaction with materials manifests as
atomic displacement and ionization, resulting in mechanical and electronic
property changes, photocurrents, and charge buildup. This study examines
silicon (Si) ion irradiation’s interaction with piezoelectrically transduced
MEMS resonators. Furthermore, the effect of adding a dielectric silicon oxide
(SiO,) thin film is unveiled. Aluminum nitride on silicon (AIN-on-Si) and
AIN-SiO,-Si bulk acoustic wave (BAW) resonators are designed and
fabricated. The devices are irradiated using 2 MeV Si* ions at various fluxes
up to a total fluence of 5 x 10'* cm~2. A time anneal is conducted to
characterize device recovery. Scattering (S-) parameters are measured in situ.
Specific damage coefficients are derived to describe the radiation effect on
resonant frequency (f;), quality factor (Q), motional resistance (R,,), and
electromechanical coupling factor (k. ). Furthermore, the damage coefficients
for the bulk material properties of elastic modulus (E) and the piezoelectric

1. Introduction

Microelectromechanical systems
(MEMS) acoustic resonators have
many uses, from radio frequency

(RF) resonators, filters, and electronic
oscillators'® to inertial sensing!®*!]
and environmental monitoring.['>13] The
large variety of device designs facilitates
using MEMS resonators in applica-
tions such as energy harvesting, '+l
signal  processing,['’1]  health,[2021]
robotics, 2223 defense,[2224] and
aerospace.”’! In general, MEMS sen-
sors and filters have very low mass,
power consumption, and smaller foot-
print than their bulk circuit component
equivalents.??l  Aluminum nitride
(AIN) is especially attractive as a trans-
duction material for MEMS resonators.
AIN can be integrated into the com-
plementary metal-oxide-semiconductor
(CMOS) fabrication process, maintain-

coefficient (d;,) are found.
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ing the majority of its bulk physical,

thermal, and electrical properties even as

a thin film.[?8] AIN largely retains its bulk

physical, thermal, and electric properties

as a thin film. Furthermore, AIN can

be doped with other elements, such as
scandium, to increase electromechanical coupling or to add ferro-
electric behavior.[23% AIN has been utilized in energy harvesters,
actuators, RF filters, duplexers, and accelerometers as a piezo-
electric transducer.[2#2831321 AIN has also been successfully im-
plemented as part of the gate dielectric in thin film transistors
(TFT).13%

The ubiquity of these devices makes them ideal for use in
systems that operate in space radiation environments, e.g., ac-
celerometers used for inertial navigation and RF filters for com-
munication in spacecraft systems are subject to radiation belts
and cosmic rays.?*3%] Piezoelectric accelerometers and acoustic
sensors in nuclear reactor instrumentation are subject to an el-
evated gamma and neutron environment.[**3’] Aerospace and
power systems’ sensors, signal processors, and energy harvesters
require high sensitivity, high resolution, and low loss. As these
devices are exposed to harsh vibration, thermal, and radiation
environments, their properties can be altered or degraded. Estab-
lishing device resiliency and performance in a radiation environ-
ment is a critical tool for engineers in the system design process.

Heavy-charged particle radiation can be defined as irradiation
with any particle heavier than a proton. In the natural space

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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environment, high energy heavy ions manifest as cosmic rays
or may originate from solar flares.’! Alpha particles and
other heavy secondary particles also result from nuclear reac-
tions caused by astrophysical processes.**! Analogous heavy-
charged particle radiation might be generated in a laboratory
environment. For radiation testing, heavy ion irradiation can
be used to extrapolate the damage caused by protons or neu-
trons found in space or nuclear reactors to high damage levels
(0.1-100 dpa) with a much lower particle fluence.

Heavy ion irradiation deposits its energy into materials via
non-ionizing energy loss (NIEL) and ionization. NIEL is the
transfer of momentum from the radiated particle to the atomic
nuclei of the material, which can result in atoms being moved
from their resting position in the lattice, leaving vacancies and
creating interstitial defects.>*] These defects can modify the
mechanical and electrical properties of the material. Displace-
ment damage has been shown to alter the diffusion lengths and
minority-carrier lifetimes in crystalline silicon.3*! Furthermore,
the amorphization of crystalline silicon decreases its mass den-
sity and elastic modulus.[**#% Ionization results in the gener-
ation of electron-hole pairs (EHP). Depending upon the mate-
rial, this can increase material conductivity or trap charges caus-
ing localized electric fields. Previous work has shown that Alu-
minum Nitride on Silicon (AIN-on-Si) and Aluminum Nitride on
Silicon Dioxide on Silicon (AIN-SiO,-Si)-based BAW resonators
are strongly resistant to the effects of EHP generation compared
to electrostatic or capacitive MEMS, where charge accumulation
effects dominate.["*31 This work focuses on the displacement
damage effects caused by heavy particle radiation.

Over the past 60 years, considerable research has gone into
the effects of radiation on (metal-oxide-semiconductor) MOS de-
vices; well-established theory and experimental data exist that
describe MOS device behavior in a radiation environment.!*!
However, due to the immaturity of the MEMS field and the vast
range of materials, technologies, and applications, no univer-
sally accepted test procedure or characterization standard exists
for the effects of radiation on MEMS.[?’] Early radiation effects
research efforts on MEMS focused on commercial-off-the-shelf
(COTS) accelerometers.[*!] Some recent work has measured the
performance of piezoelectric sensors in neutron and gamma en-
vironments, the effects of space radiation on MEMS insulators,
gamma radiation effects on piezoresistive pressure sensors, ac-
celerometer performance in nuclear reactors, and changes in the
mechanical characteristics.!?*3#44%] The influence of X-ray ra-
diation on the gauge factors of statically suspended GaN/AIN
beams has also been reported.[*’]

Nearly all existing research!*-l characterizes MEMS behav-
ior pre- and post-irradiation but does not capture how device per-
formance changes throughout the irradiation period. This work
presents a method of determining damage coefficients that may
be used to predict changes to MEMS resonator performance char-
acteristics due to radiation in a similar fashion to what has been
completed for Si bipolar and MOS technology (i.e., threshold
voltage shifts, open circuit current, carrier lifetime).3>%2] In the
study presented here, virgin, in situ, and post-irradiation mea-
surements were performed to better understand piezoelectrically
transduced MEMS resonator response to heavy ion irradiation.

In this study, silicon ions were selected due to their chemical
inertness with the materials utilized in the device, thus mitigat-
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ing the risk of nuclear activation. Ionization, a consequence of
bombardment from any heavy ion, is notably maximized with sil-
icon irradiation in comparison to lighter ions such as carbon. For
the purposes of observing changes in both the effective Young’s
modulus and the piezoelectric coefficient, a majority of vacancies
should be created in the piezoelectric layer, disrupting the crys-
talline structure of AIN. Additionally, for further examination of
the effects of the added silicon dioxide layer, it is beneficial to have
a smaller portion of the silicon ions penetrate more deeply into
the resonator body.

To identify the optimal energy for irradiation, Transport of Ions
in Matter (TRIM) simulations were conducted, which pinpointed
2 MeV as the optimal energy. With this energy, approximately half
of the vacancies would be expected to occur in the AIN layer, while
~10% would occur in the silicon or oxide layer.

Electrical measurements of the scattering (S-) parameters
were collected for the virgin system, in situ during irradia-
tion, post-irradiation, and timed anneal. Material analysis was
performed pre- and post-irradiation by Raman spectroscopy,
electron backscatter diffraction (EBSD), and transmission elec-
tron microscopy (TEM). Specific damage coefficients are de-
rived to describe the radiation effect on resonant frequency
(f.), quality factor (Q), motional resistance (R,), and elec-
tromechanical coupling factor (k). Furthermore, the deriva-
tion of damage coeflicients for the bulk material properties
of elastic modulus (E) and the piezoelectric coefficient (ds;) is
shown.

As depicted in Figure 1, AIN-on-Si and AIN-SiO,-Si bulk acous-
tic wave resonators were irradiated with 2 MeV Si* ions up to a
fluence of 5 X 10 cm~2 at different ion fluxes at the Sandia Na-
tional Laboratories’ (SNL) Ion Beam Laboratory (IBL).

2. Bulk Acoustic Wave Resonators

Bulk Acoustic Wave (BAW) resonators exploit acoustic waves
that propagate throughout the entire solid body, hence the term
“bulk”. The Width Extensional Mode (WEM) is a subset of
BAW. As shown in Figure 2a, the WEM of a rectangular flat
plate resonator is a longitudinal wave that travels the width
of the bar, causing it to expand and contract. The WEM can
be described by the 1D wave equation with Neumann bound-
ary conditions such that its fundamental resonant frequency is
given by:

_ 1 [Ex
2w Peft

f; 1)

where W is the width, E.; is the effective Young’s modulus
(also called the elastic modulus), and p 4 is the effective den-
sity of the stack forming the bar.>3! For the case of the two-port
piezoelectric-on-Si resonator, the bulk component RLC circuit
equivalents of motional resistance (R,,), capacitance (C,), and
inductance (L) are given by:
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Figure 1. lllustration of the experimental setup. The High Voltage Engineering (HVE) Tandem Accelerator system generates and steers the 2 MeV Si*
jons toward the target. The resonators, mounted on the custom printed circuit board (PCB) are placed inside the vacuum chamber. Feedthroughs with
RF connections inside the chamber allow for in situ measurement of S-parameters via a network analyzer outside the chamber.
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Figure 2. a) lllustration of a rectangular flat plate resonator and the motion of the 1st or fundamental width extensional mode (WEM) vibration. Key
dimensions of length (L), width (W), and thickness (T) are shown. b) A schematic of the Modified Butterworth Van Dyke (MBVD) electrical equivalent
circuit model that represents the AIN-transduced WEM resonator.
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where E;.,, is the Young’s modulus of the piezoelectric film, Q
is the quality factor, and ds; is the piezoelectric coefficient that
actuates the WEM vibration.>*! Finally, from the series electrical

resonant circuit, we have the relationships:

L 1 _
m (thfr)z

The Modified Butterworth Van Dyke (MBVD) electrical
equivalent circuit model that is commonly used to repre-
sent the behavior of a piezoelectric resonator is shown in
Figure 2b.

It has been shown that the elastic modulus of amorphous
Si is roughly 50% of that of crystalline Si.*®31 Other work has
shown that the difference in mass density between amorphous
and crystalline Si is only #2%. Furthermore, the maximum ion
fluence of this experiment only increases the bulk atomic density
by ~10 ppm (0.001%). Therefore, the change in material mass
density and resonator dimensions are assumed to be negligible
compared to the change to the bulk material properties of elastic
moduli and piezoelectric constants. This conclusion aligns con-
sistently with prior studies examining the effects of ion radiation
on MEMS resonators.[*>>!l Thus, by Equations (1)—(3), the rela-
tionship between the product E,,ds;, and L, and C,, can be
expressed as:

By _ [E R0 _ [t _f [Ca “
Epiezo(, d}lc f;c Rm Q Lm f;o Cm(J
where the subscript , indicates the pre-irradiation value. This pa-
per uses the subscript , to indicate the pre-irradiation value.

A first-order differential equation approximates the defect con-
centration within a material undergoing irradiation. The time
rate of change in defect concentration (D) is given as the num-
ber of defects caused per incident radiation particle in a pure
material (x) minus the defect ratio (D(t)/Dy,,). This value is mul-
tiplied by the flux of the radiation particles (¢). D, represents
the number of defects when the material is saturated. In other
words, D, is the maximum number of defects possible for a
given radiation and target material. Thus, as defect concentra-
tion increases, the incident particle or its knock-on atoms are
more likely to hit an already displaced atom and not cause a new
defect:

d
—ll)#(t) = K<1—g—(t))(ﬂ (5)

L, Cy G)

sat

which, assuming some initial defect concentration D, has the
solution:

D (t) = (Do - Dsat) e‘@’ + Dsat (6)

Both D, and D, are challenging to measure directly. There-
fore, this relationship is better viewed as the ratio between the

= (l-a)e~ +a 7)
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where « = D,/D,, © = D,,/x represents the decay con-
stant and ® = ¢t is the fluence of the radiation particles. Be-
cause previous work has demonstrated that dislocation dam-
age is the dominant effect of radiation on piezo-on-Si devices,
it is reasonable to extrapolate Equation (7) to describe the
change in any bulk mechanical property as a function of ra-
diation dose or fluence by replacing D with the property such
as E or dy.1¥ Then, a and r become damage coefficients
specific to that property and type of radiation in the target
material.

3. Experimental Section

Two-port AIN transduced rectangular flat plate MEMS res-
onators were used in this experiment because of their straight-
forward analytical descriptions of behavior. Two designs were
used, one that consisted of AIN on top of Si and another
with a SiO, thin film sandwiched between the AIN and
Si layers. From bottom to top, the resonators consisted of
a 10 pm thick phosphorous doped Si (n-Si) layer, the op-
tional 0.2 um SiO, film, a 0.5 um AIN layer, and 0.02 pym
chromium (Cr) and 1.0 pm Al to act as the top conduc-
tor. The layers and materials are illustrated in Figure 3. The
devices were fabricated using the PiezoMUMPs process by
MEMSCAP Inc. Nominal device dimensions are presented in
Table 1. Cross-sectional scanning electron micrographs of the two
resonators are shown in Figure 3¢ f. The devices were mounted to
a custom printed circuit board (PCB) to prepare them for irradi-
ation and allow for simultaneous measurement of S-parameters.
The devices were laser diced and secured to the PCB using con-
ductive silver paste. 99% Au 1-mil boding wires were used for
wirebonding. 50 Q SubMiniature version A (SMA) connectors
were soldered to the PCB to provide an RF cable connection. Im-
ages of the prepared devices are provided in the Supporting In-
formation.

Heavy ion irradiation was accomplished using 2 MeV Si* ions.
Si was chemically inert with the device materials and does not
result in activation (i.e., making them radioactive). Heavy ion
irradiation results in ionization that decreases with depth, and
vacancy production, which increases with depth, with a max-
imum at the Bragg peak or ion end of range (EOR).
Frenkel Pairs and defect clusters were produced, particularly
at the EOR. This atomic displacement damage creates elec-
trical traps in electronic materials and modifies the material
properties.

Transport of Ions in Matter (TRIM) simulations were per-
formed to estimate the vacancy production in the device. TRIM
uses specific values of displacement energy for each element
to determine if sufficient energy was transferred to the atom
to displace it by more than one lattice site. Displacement ener-
gies used for constituent elements were tabulated in the Sup-
porting Information. The simulation was optimized to produce
maximum vacancy in the AIN layer while causing significant
displacements in the lower SiO, or Si layers. The Ion Distribu-
tion and Quick Calculation of Damage parameters were used
to estimate the damage based on the Kinchin-Pease method.!
For 2 MeV Si* ions, simulation results showed ~50% of dis-
locations in the AIN layer and 10% in the lower Si or SiO,
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Figure 3. The two AIN transduced rectangular flat plate resonator designs. (a) The AIN-on-Si design. (d) The AIN-SiO,-Si design. Layer thicknesses
were: 1.02 um — Al/Cr, 0.5 um — AIN, 0.2 um — SiO, (optional), and 10 um — n-Si. (b) and (e) Colorized scanning electron microscope (SEM) images of
AlIN-on-Si and AIN-SiO,-Si resonators. (c) and (f) Cross-sectional SEM images of AIN-on-Si and AIN-SiO,-Si resonators.

layer. The results from the TRIM simulations are presented in
Figure 4.

The devices were irradiated at the SNL IBL using the HVE
6 MV tandem accelerator. The devices were irradiated one
at a time. Irradiation was performed at room temperature
at an average pressure of 1 pTorr. Connections in the vac-
uum chamber allowed for RF cables to be connected so that
S-parameters could be recorded in situ. S-parameters were
recorded by a network analyzer outside the chamber, as shown
in Figure 1. Short-open-load-through (SOLT) calibration of
the network analyzer was performed before placing the sam-
ples in the chamber to remove cable and connector losses.
Virgin characteristics for both devices were taken followed
by irradiation up to a fluence of 5 x 10 cm™? at a flux of

1.9 x 10" cm? s7. A 30 min time anneal in vacuum was
recorded for one of each device design after irradiation. To
observe the effects of different fluxes, additional devices of the
same design were irradiated with identical parameters at a
higher flux of 4.7 x 10" cm=2 s71.

Following data collection, resonator properties were extracted
from the S-parameters. Resonant frequency, f;, and anti-resonant
frequency, f,, are measured directly from the input admittance,
Y11. The single electrode one port electromechanical coupling
coefficient (k?.) is defined as:

kz f;Z _f;Z

off — fz
a

Table 1. Layer dimensions for AIN-on-Si and AIN-SiO,-Si rectangular flat plate resonators.

Parameter Al/Cr AIN Sio, n-Si
No SiO, Layer DimensionsL X W X T in um 97 x 37 x 1.02 206 x 46 x 0.5 Not Applicable 216 X 56 x 10
With SiO, Layer DimensionsL X W X Tin um 97 x 37 x 1.02 206 x 46 x 0.5 216 x 56 x 0.2 222 x62% 10
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Figure 4. Results of TRIM simulations of 2 MeV Sit ions into the devices. Vacancy density versus ion depth is shown for a) the AIN-on-Si resonator and

b) the AIN-SiO,-Si resonator.

The motional resistance, R, of the two-port resonator is mea-
sured using:

R, = 27, (10% - 1) )

where IL is the insertion loss in dB at resonance of the for-
ward transmission parameter, S21 and Z; is the termination
impedance of the measurement setup.[>>*®! Finally, the unloaded
quality factor, Q, is extracted using:

Q= _ % (10)

(1-10%)
where Q, = f,/BW_; is the loaded quality factor where BW_, is
the —3 dB bandwidth of the resonance peak.>%!

4, Results

The frequency response of the six resonators at the fundamen-
tal WEM mode was recorded during ion irradiation. Figure 5
presents graphs of the S21 transmission response for both res-
onators as a function of fluence, plotted from an initial zero flu-
ence state. The dashed lines in the figure are projections of f,

: =5 A 78.8
5 . 78.6
78.4

Freq. (MHz)

Ton Fluence x 10"
) 0 782
(ecm™)

and IL. From this example, the decaying exponential behavior of
the resonator characteristics starts to become apparent. The mea-
sured values of f;, R,,,, Q, and one port k’.. for the resonators after
irradiation to a fluence of 5 x 10" cm=2 at a flux of 1.9 x 10!!
cm~2 s7! are presented in the Supporting Information. The ex-
pected decaying exponential characteristic of R, Q, and k’; can
be seen clearly in these data; however, to compare the different
device designs it is more beneficial to examine the fractional shift
of the parameters (Figure 6).

The fractional shift data are of the form X(®)/X, where
X(®) is the measured value at fluence ® and X is the pre-
irradiation value. The data are presented in Figure 6. The data
are fit to Equation (7), and their corresponding damage coef-
ficients are presented. The decay constant, 7, was reasonably
consistent across parameters. That is, there was little differ-
ence in decay time between device designs, but the magnitude
of the change differed significantly. During the course of ir-
radiation, we observed a reduction in the fundamental reso-
nant frequency, amounting to ~0.3%, across both variants of
the resonator. The resonator lacking an oxide layer exhibited
a doubling of motional resistance, a decline in quality factor
by >42%, and an increase in single-port k’. by >1.6 times.
Conversely, the device equipped with an oxide film demonstrated
a >2.6-fold increment in R, while Q was reduced by more than

4 4 == > 71.9

B : 71.7
Ion Fluence x 10" el 71.6 )
(cm?) 715 Freq. (MHz)

Figure 5. Measured S21 frequency response for the rectangular flat plate resonators as a function of fluence for a) AIN-on-Si and b) AIN-SiO,-Si designs.
f, and IL are projected and shown as the dashed lines. f, and IL both behave as decaying exponentials.
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Figure 6. Measured fractional shifts for a) f,, b) R, ¢) Q, d) and one port kgﬁ for AIN-based rectangular flat plate resonators irradiated by 2 MeV Si*
ions at a flux of 1.9 x 10" cm=2 s~ Also presented are the data fit to Equation (7) and the corresponding damage coefficients for each parameter. For

clarity, only one out of every ten datapoints are plotted.

half. Nonetheless, the k?_ for this device still increased by over
two-fold.

Two additional resonators (one of each design) were irra-
diated at a higher flux. The resonators were irradiated up to
5 x 10" cm™2 at a rate of 4.7 x 10" cm™? s7'. The data are
presented in Figure 7. There is little difference in the behav-
ior of f, at the higher flux. However, the magnitude of the frac-
tional shift is less for all other measured parameters at the higher
flux, as can be seen in Table 2 for R, Q, and k’;. The a val-
ues indicate that the full fractional shift is less than that from
the low flux experiments. Furthermore, the decay constant, z,
is larger for the higher flux for the R,, Q, and k’; parame-
ters. Finally, the device with the oxide layer continued to be
well described by Equation (7). The device without the oxide
layer has a rapid exponential decay up to a fluence of 0.5 x
10™ ¢cm~? followed by a linear decay that is attributable to the
higher flux increasing the thermal energy within the device.
The annealing rate increases as thermal energy is increased,
as well described by the Arrhenius equation.’’! The results ob-
served in this experiment are similar to those conducted for

Adv. Mater. Interfaces 2023, 10, 2300240 2300240 (7 of 12)

polymers under irradiation at different fluxes. The magnitude of
the change to many mechanical properties due to radiation to a
specified dose or fluence was less at higher rates than at lower
rates.[585]

Following irradiation, by 2 MeV Si* ions at 1.9 x 10! cm=2 s~
up to the 5 X 10 cm~2 total fluence, two devices (one of each de-
sign) were kept in the chamber under vacuum at room tempera-
ture to measure recovery. The results are presented in Figure 8.
Presented are the change in parts per million (ppm) or percent
of the parameter value at the end of irradiation. In this case, re-
covery is also well described by the decaying exponential model:
a(l—e 7).

The changes in the performance of resonators (with and with-
out oxide layer), following exposure to various fluxes of silicon
ion irradiation and subsequent room-temperature recovery, were
quantitatively assessed. This evaluation involved measuring the
fractional shifts in the resonant frequency, motional impedance,
quality factor, and electromechanical coupling coefficient of the
resonators. The results of these measurements are summarized
in Table 3.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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5. Discussion

The thermal effects of the irradiation are decoupled from the re-
sults. It has been shown that the thermal effects on these devices
are reversible and have minimal hysteresis.[® AIN is highly resis-
tant to thermal spike damage, and the thermal spikes are insuf-
ficient to melt Si.[°!] The slight post-irradiation recovery shows
that the thermal effects are minimal compared to the effects of
atomic displacement damage.

To explore the physical changes, the fractional changes to the
anti-resonance frequency (f;), L,,, C,,, and the product E,,d5;
during irradiation are extracted. The results are presented in
Figure 9. For both device designs, the shift of f, is slightly slower
and of less magnitude to f;. It can be seen by examining the prod-
uct Ep,0ds in Figure 9b that the magnitudes of the fractional
shift and decay time are remarkably similar, albeit the device
without the oxide layer experiences a more significant variance in
results. This similarity supports the TRIM simulation data pre-
sented in Figure 3. The effects caused by the Si* ions in the AIN

layer may be considered uniform between the two device designs.
The increase in motional inductance, L, is equivalent to an in-
crease in the effective mass of an equivalent spring-mass-damper
system.[®] The decrease to motional capacitance, C,,, is akin to an
increase in the effective spring constant of the equivalent spring-
mass-damper system.[®]

The amorphous silicon dioxide layer experiences less dis-
ruption due to irradiation-induced atomic displacement since
it is intrinsically amorphous. This characteristic bestows upon
it a certain stability, leading to more consistent radiation re-
sponses in resonators that include this oxide film. In contrast,
resonators without the amorphous oxide layer, which originally
comprise crystalline silicon, undergo more pronounced atomic
displacement or amorphization. This condition makes such de-
vices more susceptible to variance in their radiation response.

The one port static capacitance, C,, may be extracted using
the following: C, ~ C,,/k’; such that the fractional change is:
C,/Cy, = (Cn/Cp) (kiﬁro/kﬁﬂ).[”“] The fractional change to
C, is presented in Figure 10. The fractional shift to C, is quite

Table 2. Damage coefficients in accordance with the first order differential approximation for high and low flux experimental data.

Parameter 1 R, (2 port) Q (2 port) K2 (1 port)
Low Flux High Flux Low Flux High Flux Low Flux High Flux Low Flux High Flux
No SiO, Layer a =0.9969 a=0.9968 a=1991 a=1851 a=0.5741 a=0.618 a=1634 a = 1506
T=1243 7=1354 7 =0.4821 7 =0.759 7=0.186 7=0.2234 7 =0.2251 7 =0.2752
With SiO, Layer a=0.9971 a=0.997 a=2.620 a =229 a=0.4377 a =0.5066 a=2327 a=1959
7 =1.846 7 =1.866 7 = 0.4068 7=0.5188 7=0.1636 7 =0.202 7 =0.2889 7 =0.3306
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Figure 8. The measured fractional shifts of the recovery of resonator parameters after being exposed to 5 x 10 cm=2 at 1.9 x 10" cm=2 s~'. Clockwise
are a) f,, b) R, ¢) ©, d) and kzﬂr. For clarity, only one out of every five datapoints are plotted.

significant compared to the other parameters, most closely
resembling the fractional shift to Q. Unlike f,, E,,0d51, Ly,
or C,, the shift is abrupt and then remains stable. Assuming
the change to the device surface area and distance between
electrodes is negligible, the most prominent effect is then on
the permittivity of the material between the electrodes. Creating
Frenkel pairs and defect clusters in the AIN and amorphous
SiO, layers decreases the permittivity constant of the dielectric
layers greater than the case where no oxide layer is present.
Finally, feedthrough capacitance, Cj, represents the system’s
capacitance when the input frequency is far from the resonant
frequency, thereby making the impedance of the series R L, C,,
circuit infinite. During irradiation, there was a detectable change
in feedthrough capacitance for the device without the oxide
layer. However, the device with the oxide layer did not have a
measurable change in feedthrough capacitance.

The structural composition of both resonator types considered
in this study is dominated by a silicon device layer of 10 pm thick-

ness. In accordance with the TRIM simulations and material
characterizations delineated in the Supporting Information, we
anticipate approximately half of the vacancies to manifest in the
AIN layer, while ~10% are expected in the silicon or oxide layer.
These projections result in only minor fluctuations in the acous-
tic velocities of both types of resonators pre- and post-irradiation.
As a result, we have recorded only marginal shifts in the reso-
nant frequency for both types of devices—those with and with-
out oxide layers—as graphically reported in Figures 6 and 7 and
summarized in Table 3.

Material characterizations, including Raman spectroscopy,
Electron Backscatter Diffraction, and Transmission Electron
Microscopy, were performed pre- and post-irradiation. These
analyses are detailed in the Supporting Information section.
These conducted examinations provide quantifiable indica-
tions of the emergence of new atomic defects, triggered by
Si* ion irradiation. These defects contributed to the dete-
rioration of the resonators’ quality factors as a function of

Table 3. Tabulated performance variations in resonators exposed to silicon ion irradiation at high and low fluxes, and post room-temperature recovery.

Low Flux [1.9 x 10" cm™2 s71]

High Flux [4.7 X 10" cm=2 s71]

30 min Room Temp Recovery

With Oxide Without Oxide With Oxide Without Oxide With Oxide Without Oxide

?—f -0.27% -0.31% —-0.28% —-0.32% 0.324 ppm 0.434 ppm

o
2o 261.90% 199.10% 233.10% 199.10% ~15.74% ~9.95%

Mo
g—Q —56.23% —42.59% —47.40% —42.60% 2.84% 1.38%

0,
Ak

zeﬂ 232.70% 163.40% 199.90% 173.70% —0.18% —0.10%
keffo
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to L, and C,,,, respectively. For clarity, only one out of every ten datapoints are plotted.

ion fluence, as shown in Figures 6 and 7 and summa-
rized in Table 3. Consequently, the reduction in quality fac-
tor leads to an increase in the motional resistances of the res-
onators. This relationship is mathematically substantiated by
Equation (2).

The impact of Si* ion irradiation extended beyond altering
the motional impedances of the resonators; it also affected the
inherent static electrical capacitances of these resonators, as
demonstrated in Figure 10. The static capacitance, C,, is in-
versely proportional to the resonator’s electromechanical cou-
pling coefficient.[®?] Consequently, a decrease in the static capac-
itances of the resonators leads to an increase in their electrome-
chanical coupling coefficients.

\ With Oxide Layer
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6. Conclusion

This work examines the impact of heavy ion irradiation on piezo-
electrically actuated MEMS resonators. These resonators, used
in applications such as navigation accelerometers, RF filters, en-
ergy harvesters, and vibration detectors, boast a small footprint,
low power consumption, and minimal weight, making them
suitable for compact applications including CubeSats, drones,
micro UAVs, and microrobots, which often operate in hostile
conditions like varying pressure, temperature, vibration, and
radiation environments. Given the diversity of MEMS materials,
designs, operating principles, and applications, characterizing
the effects of radiation on MEMS poses significant challenges.
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Figure 10. Fractional shift in (a) measured static capacitance and b) measured feedthrough capacitance. For clarity, only one out of every ten datapoints

are plotted.
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Though previous studies have empirically investigated various
radiation effects on MEMS, this work introduces a theoretical
method to characterize the behavior of RF MEMS resonator
parameters under heavy ion irradiation using specific damage
coefficients akin to those employed in describing radiation
effects on CMOS transistors and other semiconductor devices.

AlN-transduced resonators were irradiated by 2 MeV Sit* ions
up to a fluence of 5 x 10'* cm~2 at different fluxes to demonstrate
this characterization method. Different designs were irradiated
and studied; in addition to the AIN-on-Si design, an AIN-SiO,-
Si design was irradiated. S-parameters were measured in situ to
capture the changes to device parameters during irradiation. Key
performance parameters, f,, f,, R, Cy, Ly, Gy, Q, and k2., were
extracted, and their behavior during the irradiation period was
examined. The changes to the piezoelectric parameter, ds;, are
also observed. Damage coefficients were fit to the decaying expo-
nential model for all parameters. The changes to the parameters
caused by the radiation are well characterized by a decaying ex-
ponential. Ion flux did not appear to affect f;, but it did affect R ,
Q, and k?.. Additionally, post-irradiation device recovery effects
were examined and characterized using the same methodology.
Recovery is also well characterized by the decaying exponential
model.

This study introduces a theory-based method for characteriz-
ing the behavior of MEMS in a radiation environment, employ-
ing two damage coefficients: « and . The coefficient & denotes
the fractional change in the parameter at full saturation, in other
words, when the total dose tends toward infinity (® — o). Mean-
while, 7 is a decay constant that represents the fluence at which
the parameter changes by a factor of (1 — e7!), or ~63%. These
damage coefficients can be used to describe the behavior of a vari-
ety of MEMS devices, including piezoelectric, electrostatic, ther-
mal, and electromagnetic types. Presenting a practical method
for comparing different MEMS designs and materials in a radi-
ation environment, these coefficients may stimulate further re-
search, such as in-depth investigation of the first-principle deriva-
tions of the damage coefficients. Additionally, a more detailed as-
sessment of the changes in damage coefficients as a function of
flux could be considered. This characterization method should
also be validated across other MEMS materials and operational
principles. Its potential applicability extends beyond the realm of
MEMS, potentially informing studies of radiation effects in other
domains, including medicine. For instance, the elastic modulus
of specific organic materials exposed to X-rays might be charac-
terized in a similar manner.[%]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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S.1 Sample Preparation
An image of the prepared sample, a resonator mounted to a custom PCB, is presented in

Figure S1.

Figure S1. Example of a diced chip mounted on PCB and prepared for irradiation.

S.2 Atomic displacement energies
The specific displacement energies for the constituent elements used in the TRIM
simulations of the resonators irradiated by 2 MeV Si" ions are presented in Table S1.

Table S1. Displacement Energies of Constituent Elements Used in TRIM Simulations

Al Cr N Si O
25eV | 25eV | 28¢eV | 15eV | 28¢eV

S.3 Measured Data

The measured values of f,., R,,,, Q, and kgf # for the resonators after irradiation to a fluence

of 5 X 10* cm? ata flux of 1.9 x 10! cm™ s™! are presented in Figure S2. The expected decaying
exponential characteristic of R,,,, @, and one port kgff as a function of ion fluence can be seen in

the data.
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Figure S2. Measured values of (a) f;, (b) Rm, (c) Q, (d) and k? £ for the resonators irradiated with
2 MeV Si* ions at a flux of 1.9 x 101! cm™ s'! to a total fluence of 5 x 101* cm™. The decaying
exponential characteristics of R,,,, Q, and kgf ¢ are readily apparent. For clarity, only one out of

every 10 datapoints are plotted.

S.4 Pre- and Post- Irradiation Material Analysis

Prior to Raman and EBSD analysis, the samples are cleaned using a 30 second acetone
rinse, 30 second methanol rinse, 30 second isopropanol rinse, and blow-dried with nitrogen. The
surface silicon exposed to the 2 MeV Si" ions is then analyzed by Raman spectroscopy and electron
backscatter diffraction (EBSD). An image of the ion beam superimposed over the target device is
shown in Figure S3 (a). The dark areas, as indicated by the arrows in the figure, are n-Si exposed

to the ion beam. The Raman spectroscopy is done using a 532 nm laser. The average pre- (blue)



and post- (red) irradiation spectra are shown in Figure S3 (b). The non-irradiated n-Si exhibited a
significant peak at 521 cm™ which is typical of highly crystalline Si. As crystalline Si is
amorphized, the 521 cm! peak shrinks and a broad band forms centered at 480 cm™.[l The post-
irradiated n-Si exhibited a peak of significantly smaller intensity at 521 cm™!, but no broad peak at
480 cm™!. Therefore, there is evidence to support the occurrence of some dislocation damage, but
far from enough to consider the material near-amorphous.

1400 ¢

— Pre-irradiation
1200 ¢ Post-irradiation

g

Intensity

0 L L ! i '
350 400 450 500 550 600
(a) Irradiated n-Si (b) Shift (cm™)

Figure S3. (a) Irradiated areas of surface n-Si where Raman and EBSD analysis was performed.
(b) Average Raman spectra of surface n-Si pre- and post-irradiation.

EBSD analysis also provides insight into the defected near-surface of the irradiated silicon.
The samples were prepared in the same manner as they were for the Raman spectroscopy and
EBSD analysis was performed on the exposed surface n-Si away from the resonators, as indicated
by the black arrows in Figure S3 (a). EBSD is collected using an Oxford Instruments Symmetry
S3 detector coupled with AZtecHKL data acquisition software. Electron beam acceleration voltage
is 20 kV, probe current is 2.2 nA, working distance is 13.3 mm, and acquisition rate is

approximately 920 Hz. EBSD analysis is performed using AZtecCrystal. Disorientation/texture



analysis shows the degree of alignment of crystal lattices detected in the sample. The incremental
change plot, presented in Figure S4, presents the average of 6 line scans of the surface of the
samples. The plot shows some evidence of crystallographic changes to the surface silicon post-
irradiation. Incremental pole figures (IPF-Z) obtained from EBSD also provide awareness into the
level of disorientation in the surface silicon. Figure S5 shows the IPFs for (a) unirradiated and (b)
irradiated samples. While some carbon contamination is still present on the post-irradiation sample
after cleaning, EBSD provides some insight into the effects of the Si* ion irradiation to the surface

of the n-Si substrate.
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Figure S4. EBSD average disorientation analysis of surface silicon pre- and post-irradiation.



(a)f 250um ' (b) 250um '

Figure S5. EBSD obtained IPF-Z map of surface silicon (a) pre- and (b) post-irradiation. Surface
silicon is shown in red.

Transmission electron microscopy (TEM) analysis is performed on pre- and post-irradiated
samples. TEM samples are made via focused ion beam (FIB) liftout process with a Scios 2
DualBeam FIB using a Ga ion beam operated at 30 kV with final thinning at 5 kV. An SEM
micrograph of the TEM liftout location is presented in Figure S6. TEM analysis is performed with
a FEI Titan ETEM G2 operated at 300 kV. An example of the analysis is presented in Figure S7.
The left column indicates a pristine (pre-irradiation) sample. In the right column is a post-radiation
sample. The TRIM results are superimposed on the cross-sectional image. These images provide
an indication of a decrease in long-range order of the crystalline Si and AIN during irradiation. It
should be noted, however, that a significant amount of TEM images provided little indication of
change to long-range order. Therefore, the change in defect density caused by the irradiation is

extremely small to be detectable via TEM in a practical sense.



Figure S6. SEM micrograph of the FIB liftout location.
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Figure S7. TEM analysis of a cross-sectional sample of a rectangular flat plate AIN-on-Si
resonator pre- (left) and post- (right) 2 MeV Si* ion irradiation. Total dose was 5 X 101* cm™ at
190 x 10% cm™s!. TRIM simulation results are superimposed over the cross-sectional image.



Overall, the first order differential equation presented in (7) is suitable to describe the

change in device behavior due to irradiation. With the exception of k2 £ the decaying exponential

fit the data exceptionally well with R? values better than 0.9. Furthermore, equation (7) also is
adequate at capturing rebound behavior. Analytical analysis supports the conclusion that the
change to f, is predominantly due to changes in the atomic structure caused by Si" ion irradiation.
The implantation of Si* ions in the dielectric layers alters the effective permittivity of the dielectric

layer. Post-irradiation effects can be detected via Raman spectroscopy, EBSD, and TEM.
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