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ABSTRACT

We report on the susceptibility of structural MEMS materials to proton radiation damage. Radiation tests at space-
relevant doses were conducted on MEMS resonators. The two materials examined were single crystal silicon and SU-8,
which are both in widespread use in microsystems. The resonance frequency was monitored for measuring minute
changes of the Young’s modulus. No radiation-induced changes of the elasticity were observed in the silicon devices up
to fluences of 10™* cm™, corresponding to a total ionizing dose (TID) of over 5.5 MRad for 10 MeV protons. The SU-8
resonators showed a variation of less than +5.5% at doses of up to 1.4 Mrad (TID). Chemical and structural analyses of
the polymer were performed using infrared absorption spectroscopy and x-ray diffraction methods. We discuss possible
mechanisms for the observed changes of the elasticity of SU-8.
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1. INTRODUCTION

Radiation-induced failure is a challenge for reliability of specific importance in avionics, space applications and nuclear
reactors. The radiation tolerance of microelectromechanical systems (MEMS) is a field of increasing interest as
microsystems offer distinctive advantages (low volume, power consumption and mass, batch fabrication and possible
integration with control and sense electronics) and the field of applications is spreading rapidly. Failure modes related to
radiation have been reviewed in [1]. The susceptibility of MEMS to radiation effects depends on the system design, the
operation principle, the packaging, the shielding and the materials used. The most common failure mechanism is charge
trapping in dielectrics, leading to the build-up of electrical fields, deteriorating the device performance or causing fatal
failure. Although complete shielding could be envisaged, this quickly becomes prohibitive in mass and size, outweighing
the advantages of miniaturization.

Designing for radiation tolerance can reduce or eliminate the susceptibility of devices to charge trapping and
significantly improve their reliability [1], [2]. Other degradation mechanisms, however, can only be avoided by
appropriate material selection. The electromechanical properties of materials and their influence on the device operation
are related to the fabrication processes, the microstructure, the dimensions and the functional purpose. These factors
determine the susceptibility to radiation induced ionization- and displacement damage effects. lonizing damage causes
the formation of excitations and electron-hole pairs leading to charge trapping or altering the chemical bonding
structures. If the momentum transfer to the target atoms is sufficiently high, displacement damage occurs, leading to
structural defects in the atomic lattice.

The performance of a material in microsystems may differ significantly from its properties in the bulk form or in
integrated circuits. Consequently, the reliability of a material needs to be evaluated considering the system specificities.
The qualification procedure must be defined accordingly. For instance, single crystal silicon is ubiquitous in integrated
circuits (IC) and its radiation tolerance has been studied in detail; see [3] and references therein. Its stable crystalline
structure rends silicon insensitive to ionizing damage but displacement damage introduces electrically active defects.
However, in MEMS devices in which silicon is used as a structural material for moving parts, the device operation is
very sensitive to the mechanical properties, such as Young’s modulus, stress gradient or dislocation density. These
properties are of particular interest in systems exploiting resonances for pressure-, acceleration- or rate-of-rotation-
sensing, actuation of devices such as micromirrors or resonators for signal processing or conditioning. The stability of
vibrational modes is directly related to the Young’s modulus which therefore must remain constant over time (and hence
radiation dose).
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Surface-micromachined polysilicon resonator beams irradiated by gamma- and electron radiation have been investigated
[4], [5]. A decrease of the resonance frequency and an increase of resistance were observed. The results were attributed
to a combination of displacement damage, injection annealing and thermal spike effects. The effect of fast neutrons on
the electromechanical properties of several materials used in microsystems has been studied and reported recently [6].

The aim of our work is to systematically investigate the effect of proton radiation on the Young’s modulus of structural
MEMS materials, in order to elucidate their applicability under conditions with high radiation levels. We have selected
single crystal silicon and SU-8 for their importance in state-of-the-art MEMS devices. It has been previously reported by
collaborators of our group that the resonance frequency of commercial silicon micromirrors had changed shortly after
proton irradiation of 1 MeV and 4.3 MeV protons at 100 Mrad total ionizing dose (TID) [7]. After three weeks the
devices had recovered the resonance frequency prior to irradiation. This observation was explained by the introduction of
defects which were mobile at room temperature and therefore annealed out after the irradiation.

Polymers are generally more sensitive to radiation than metals or semiconductors. Large changes of over 150% in the
Young’s modulus of PMMA have been reported after irradiation with ®®CO gamma-rays and protons [8]. The polymeric
epoxy resin SU-8 is a strong candidate for MEMS in space. It allows the fabrication of high aspect-ratio geometries, 3D
structures and bio-compatible MEMS. First investigations on its tolerance to radiation have been conducted using
neutrons [9]. The hardness, i.e. the resistance to plastic deformation, has been analyzed in SU-8 coatings, and a good
stability of this parameter was observed. These promising results justify more detailed investigations of the radiation
tolerance of SU-8.

We have recently reported on the radiation tolerance of single crystals silicon and SU-8 microresonators in [10]. Here we
present the results of further investigations made and discuss advances on possible models for understanding the
radiation-induced effects. In section 2 we review the radiation environment in space and justify the selected radiation
conditions. This section also contains a description of the experimental methods which were used. The results of the
structural and dynamical investigations after irradiation are presented and discussed in section 3, where we also discuss
possible theoretical concepts for explaining our observations.

2. EXPERIMENTAL
2.1 Radiation in space environments

Environmental testing should reproduce the conditions encountered during operation as closely as possible. To select
appropriate conditions for radiation-hardness tests in view of space missions, the in-orbit radiation environment is briefly
reviewed in the next paragraph, based principally on [11] and [12].

The most abundant species in space are protons, electrons and heavy ions. The composition and intensity of radiation
depend on the orbit, the space weather and the solar activity. Near Earth, charged particles trapped by the Earth’s
magnetic field dominate the radiation spectrum. In a spacecraft with a standard shielding thickness of 2.5-6.3 mm of
aluminum (or, normalized by the material density, 0.7-1.7 g/cm?) the dominating contribution to the absorbed dose
comes from protons in the low-earth orbits (LEO) and electrons (and Bremsstrahlung) in the geostationary orbits (GEO).
Proton energies lie principally in the range between 0.1 MeV and 400 MeV. The maximum energy of electrons is 5 MeV
within distances of about 2.4 earth radii and 7 MeV in the domains of up to 12 times the earth radius. The LEO radius is
at approximately 1.1 earth radii whereas GEO corresponds to 6.7 earth radii. In the interplanetary regions, the particle
spectrum is dominated by the solar activity and galactic cosmic rays. Protons are the main species of solar flares and
account for 90-95% of the particles. The remaining portion of the particle emission falls to heavier ions (mostly alpha-
particles). Similarly, galactic cosmic rays are mostly protons (85%) and alpha-particles (14%). Heavier ions contribute to
less than one percent of the species. The energy of the galactic cosmic rays are significantly higher (GeV/nucleon) than
for particles originating from the sun (MeV/nucleon) [11] [12]. Although heavy ions only account for a fraction of
galactic cosmic rays their contribution to the total energy absorbed can be significant because the stopping power scales
with Z%[12]. This effect is illustrated in Fig. 1. Due to their high stopping power, heavy ions are an important source of
single-event effects in electronic devices. However, in most MEMS components, which do not rely on thin depletion
regions or p-n junctions, single-event effects are not relevant.
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Fig. 1: (Left) Relative abundance of elements in galactic cosmic rays (E = 1GeV/nucleon). (Right) Relative abundance x Z*
which illustrates the effect nuclear mass on the stopping power in materials. The elements are ordered after the nuclear
charge Z. Adapted from [12].

This brief overview illustrates the variety of radiation types, compositions and energies which may be encountered
during space missions. For testing on earth the effect of radiation is usually approximated by a limited number of
radiation types and energies (e.g. conditions summarized in [13]). The total ionizing damage dose (TID) absorbed by a
space system shielded by 4 mm aluminum is on the order of 1 krad/year in LEO and 10 krad/year in GEO [14]. The total
dose level usually requested in the qualification testing of generic EEE parts is 100 krad. For comparison, the expected
ionizing dose of a tracking detector in the Large-Hadron-Collider (LHC) at CERN is 1 MRad, obtained after 1.5 years of
operation, which is much higher than most space doses [15].

For our tests, we selected protons due to their importance in space environments, and their ability to penetrate shielded
devices. In addition to this, protons are well suited for material screening and testing as they simultaneously cause
displacement damage and ionizing damage.

2.2 MEMS resonators for investigation of radiation-induced changes of Young’s modulus

For the purpose of isolating radiation-induced effects on the material itself we used devices which consist of only a
single material. Clamped-free single crystal resonators with lengths of 1-2 mm, width 80 um, and thickness 50 pm were
fabricated on silicon-on-insulator (SOI) wafers by lithography and anisotropic etching. The chips were placed on PCB
plates for testing and were electrostatically actuated. Polymer resonators were fabricated using a two-layer process for
the chip body and the device layer respectively. The chips contained both clamped-free (0.8 mm and 1 mm length) and
clamped-clamped resonators (1 mm and 1.5 mm length) which were 120 pm wide and 100 um thick. The SU-8
resonators were actuated using a piezoelectric element. The characterization of the resonances was conducted using
Laser-Doppler vibrometry (LDV) under vacuum conditions. For a detailed report on the experimental setup we refer to
[7]. Proton energies and doses were selected with the aim of simulating the energies and particle fluences in orbit. The
total doses were calculated from the particle fluences by SRIM 2008 simulations [16]. Details on the fabrication process
and the irradiation conditions were reported elsewhere [10].

The resonance frequency f of the first out of plane mode of a cantilever is directly dependent on the material stiffness:

2
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t and | are the thickness and length of the resonator respectively, p is the material density and E is the Young’s modulus.
By monitoring variations in the resonance frequency we calculated changes in the materials elasticity using the total
derivative of (1). To investigate the chemical structure of the SU-8 we used infrared spectroscopy. IR-spectroscopy
exploits the fact that light with specific wavelength excites characteristic vibrational and rotational modes of chemical
bonds and functional groups. The absorption spectrum of a material therefore allows identifying the chemical bonds and
functional groups which are present in the system. Attenuated-Total-Reflection FTIR (ATR-FTIR) vibrational
spectroscopy measurements were performed using a Bruker Hyperion 3000 instrument. The infrared absorption was
measured in the spectral range between 600 cm™ and 4000 cm™. X-ray diffraction measurements were made on a
Panalytical X Pert Pro MRD instrument.

f
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3. RESULTS AND DISCUSSION

3.1 Single crystal silicon

The characterization of the silicon resonators was carried out after the activity of the samples had abated to safe levels,
three months after the irradiation. On each tested silicon chip at least four resonators were measured. Fig. 2 shows the
combined results of the change in Young’s modulus of silicon. The proton energies and fluences corresponded to total
doses between 10 krad and 5.9 Mrad.

No statistically significant change in the resonance frequency and Young’s modulus were observed due to the irradiation.
In some chips the standard deviation between the resonators was in the percent-range but the deviations averaged out and
were not statistically significant. We note that the doses used in this study were up to 100 times higher than typical space
qualification levels and that possible degradation effects would be expected to be amplified accordingly. The effect of
proton irradiation on the crystal structure was also investigated by high-resolution x-ray diffraction (HRXRD) methods.
We investigated the 004-Bragg peak and neither elevated diffuse scattering, peak broadening nor crystal straining were
detected (see [10]). This indicates that the proton irradiation did not introduce significant amounts of stable lattice
defects. The results also show that the Young’s modulus of single crystal silicon was highly stable under proton
irradiation.
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Fig. 2: Relative change in elasticity in the silicon resonators after 10 MeV and 60 MeV proton irradiation. Each data point
represents the average and standard deviation of the results from several resonators on one chip (at least 4), irradiated under
the same conditions.

3.2 SU-8

Proton irradiation of SU-8 was made at energies between 10 MeV and 200 MeV and fluences between 10" cm™ and 3 x
10" cm?[10]. The total doses ranged from 0.7 krad to 1350 krad TID. As shown in Fig. 3 the optical appearance of the
polymer remained unchanged after irradiation and no discoloration was observed.
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Fig. 3: Comparison between irradiated SU-8 chip and a reference sample. The left chip has been irradiated by 30 MeV
protons and a total fluence of 10*° cm™. The size of the chips is 9 mm x 9 mm.
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X-ray diffraction and IR-spectroscopy

SU-8 was investigated by x-ray diffraction and by ATR-FTIR spectroscopy. The amorphous structure of the polymer
was confirmed by x-ray diffraction, as shown in Fig. 4. A halo (near-order) peak was observed at 2-Theta angles in the
range of 18-20°. No difference in the diffractograms was observed after irradiation. This indicates that no crystallization
occurred and that the near-order structure of the polymer remained unchanged by the radiation.
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Fig. 4: X-ray diffraction pattern of SU-8. The figure shows an un-irradiated sample (blue) and a sample irradiated at 3 x 10*2
cm at 19 MeV proton energy. No change in the diffraction pattern was observed after irradiation. The faint peaks at 32°
and 34° are artifacts from the sample holder.

It has already been reported by various authors that FTIR spectroscopy was used to support the optimization of SU-8
fabrication parameters, such as temperature, ramp rates and duration of soft bake and post-exposure bake as well as the
exposure dose [17]-[19]. Also it has been shown that FTIR can support the functionalization of SU-8 surfaces with
various molecules for bio-MEMS [20], [21]. Fig. 5 shows the ATR-FTIR absorption spectrum of an un-irradiated SU-8
control sample. Its peak positions and intensities were in qualitative agreement with works reported in literature and were
assigned to the chemical groups according to Table 1, based on [17], [18].
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Fig. 5: Infrared absorption spectrum of an un-irradiated SU-8 sample.

The peak at 918 cm™ which was attributed to the epoxy rings was found in the polymerized SU-8, indicating that the
cured SU-8 still contained epoxy groups which had not reacted during the post-exposure bake. The other two epoxy
modes were near other IR bands and were therefore not clearly discernible. The presence of epoxy groups in the cured
resin is in agreement with the findings reported in [20] where it was found that the epoxy peaks did only completely
disappear after an extended hard bake of 16 hours at 200 °C. In [20] residual epoxy groups at the surface of the cured
SU-8 were used as attachment points for functional layers. The concentration of residual epoxy groups was enough to
allow the formation of coatings which enabled cell adhesion and growth. In the irradiated SU-8 specimen no additional
peaks or significant changes of the IR absorption spectrum were observed. The peak at 918 cm™ which was attributed to
the epoxy rings was also present in irradiated samples and its intensity had not significantly changed. This suggests that
the irradiation did not lead to heavy disintegration or modification of the polymer structure.
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Table 1: Infrared spectroscopy peak assignment for SU-8. The peaks were assigned following [17] and [18].

Peak wavenumber [cm™]  Assignment

3100-3600 O-H stretch (water)

2860-2980 Aliphatic C-H stretches

1610, 1500 Aromatic ring C-C stretch modes
1470 CH, bend (scissoring)

1390, 1365 Aliphatic CH3 doublet bends
1295, 1180 Aliphatic C-O stretches

1250, 915, 860 Epoxy ring modes

1245 Phenol C-O stretch

1110 Aliphatic C-O stretch (ether bond)
1035 Aromatic C-H in-plane bend

830 Aromatic C-H out-of-plane bend
660 Aromatic C-C out-of-plane bend

200 MeV; 1E12 cm™2

10 MeV; 1E12 cm

Absorbance

Un-irradiated reference

1660 1400 1260 1600 800
Wavenumber [cm™]
Fig. 6: Comparison of the IR spectra of an un-irradiated SU-8 chip and two irradiated specimen. The spectra are offset
vertically for clarity. The red arrow shows the position of the peak at 918 cm™ which was attributed to the epoxy rings.

Resonance characteristics

The analysis of the SU-8 resonators after irradiation showed that the Young’s modulus had varied by less than £5.5%.
No clear dependency on the total dose and on the ion fluence was observed but the change in elasticity was correlated
with the proton energy. At proton energies of 30 MeV, 60 MeV, and 200 MeV the Young’s modulus of the SU-8 was
reduced, while at 10 MeV and 19 MeV a trend to stiffening was observed. The significance was tested by a linear
regression of AE/E versus the electronic stopping power and the p-value of both slope and intercept was below 0.01 in
the measurements 2 weeks and 3 months after irradiation; therefore the null hypothesis (i.e. no correlation and no
crossover between hardening and softening) was rejected.
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Fig. 7: Change in Young’s modulus (average and standard deviation of all measured resonators on one chip) of SU-8
resonators after proton irradiation, () 2 weeks after irradiation and (A ) 3 months after irradiation. The graph shows the
changes versus the electronic stopping power, which is inversely proportional to the proton energy. The solid black line is a
guide for the eye. Points with equal proton energy are devices irradiated at different total fluences.

Reaction model for proton-induced effects on SU-8

The particle energy is related to the stopping power dE/dx by an inverse power law and thus the change in Young’s
modulus was also correlated to this parameter. The ion stopping power denotes the energy absorbed per unit path length
in the particle track. It is closely related to the linear energy transfer (LET) which describes the energy loss from the
perspective of the particle and the two terms are often used synonymously. In polymers radiation leads to ionizations,
bond breaking, chain scissioning but also to the formation of new chemical bonds and polymer chain interconnects [22].
LET-dependent effects have been reported by various publications [22]-[24]. We hypothesize that the change in Young’s
modulus in our SU-8 resonators was caused by an LET-effect and that the stopping power caused the dominance of
either cross-linking or chain scissioning. Following this line of thought, chain scissioning dominated at low LET (high
proton energy) due to isolated radical formation- and displacement damage events. At high LET (lower proton energy)
the energy density in the ion tracks was high enough to allow further crosslinking mediated by an elevated radical
concentration. This resulted in a net hardening of the SU-8. The threshold proton energy for the crossover between
softening and hardening was in the range of 20-25 MeV which corresponds to a stopping power of approximately 3
eV/nm. This value is comparable to the findings of a previous study of poly(di-n-hexylsilane) where a threshold value of
10eV/nm and a critical energy density of p(r.)=0.13eV/nm?* was reported [23].

Although the LET is a valuable concept for quantifying the energy deposited in ion tracks, it ignores the density
distribution of the absorbed energy, which determines the distribution and concentration of active species in the material
[25]. A theory which allows estimating the track radii of ions has been reported in [26]. In this approach the energy
distribution around the track is considered to be separated into the ‘core’ and the ‘penumbra’ regions. The radius of the
core region delimits the area in which the initial electronic excitations occur. Creation of secondary electrons (J-rays)
leads to a transport of energy into the penumbra region. The total average energy density p(r) deposited within a specific

radius r around the ion track is [23]:
P LET{l—[ G p} @

The core and penumbra radii are denoted by r and r, respectively and e is an exponential factor. The variables rg, r, and
e depend on the particle velocity only [26]. Fig. 8 shows p(r) for the proton irradiation at the energies used in our
irradiation campaign. Assuming a single-track model the threshold proton energy of 20-25 MeV corresponds to a p(r.) of
0.09-0.12 eV/nm®. In case track overlapping had played a significant role, the actual energy density threshold could be
higher because of the accumulation of energy and active species by several ions passing the same volume.
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Fig. 8: Average density of energy deposition around particle track of different proton energies. The track core radius r is
shown as a filled circle. Inside the track core radius the energy density is homogeneous. At higher radii the energy density is
determined by secondary electrons and decreases monotonically.

However, we argue that the critical energy density p(r.) obtained by the single track model explains our results best, as
explained in this paragraph. A model for estimating the probability of track overlapping has been proposed in [27]. The
total fractional area covered by ion tracks [25] and the probability of n-fold track overlapping is calculated based on the
track cross-section and the total fluence. Applying this approach to our data (setting the track radius to r.) indicates that
at the lowest fluences (10*° cm™) track overlapping was negligible at all proton energies. For the 10 MeV protons a
significant hardening was already observed at a fluence of 10** cm™ at which less than 3% of tracks were overlapping. At
a fluence of 10%? cm™ the track overlapping was over 99% for the 200 MeV protons and 25% for the 10 MeV protons,
reflecting the different track sizes. Other publications reported the track overlapping to occur at fluences of 10** cm™ to
10" cm™, depending on the particle LET [28]-[30]. This suggests that at high proton energies and high fluences track
overlapping did occur, however, the accumulated energy density was still below the threshold for the dominance of
cross-linking over scissioning.

It is of value to also compare the critical energy density with the polymerization reaction of SU-8: the activation energy
for the SU-8 polymerization has been reported to be 14.56 kJ/mol [31]. This corresponds to 0.15 eV per monomer. The
density of SU-8 is 1218 kg/m® [32] (of which 10 wt% photoacid [33]) and the average molecular weight of one SU-8
unit is 1.4 ku (assuming an average molecular formula of CggO16H100). The volume taken by a single unit of SU-8
therefore is approximately 2.2 nm® and the threshold energy density deposited on a single SU-8 monomer is
0.15eV/2.2nm>=0.07 eV/nm?>. An underlying assumption is that the solvent content of the final polymer is negligible.
This estimation shows that the activation energy density for polymerization is on the order of the critical energy
deposition density p(r.) which was determined from the change in elasticity in the irradiated SU-8 samples as shown
above. We hypothesize that the proton irradiation could have caused stiffening in the material by inducing further epoxy
crosslinking reactions. Such a mechanism would require the presence of epoxy groups in the hardened resin. This is

supported by the FTIR-spectroscopy measurements (Fig. 5 and Fig. 6) in which the peak assigned to the epoxy groups
was present in the cured resin.

Although this scenario qualitatively fits the experimental observations and is in agreement with concepts reported in
literature, several uncertainties remain. For instance, the change in Young’s modulus was correlated with the proton
energy but at a given energy no clear trend with the proton fluence was found (see [10]). In addition, the observed effects
were small and not much larger than the experimental variance. Therefore more detailed investigations would be
required to clarify the fundamental processes by which proton radiation interacts with SU-8.

4. CONCLUSIONS

The susceptibility to proton-irradiation damage was investigated in two types of microresonators made of single-
crystal silicon and the polymer SU-8 respectively. Whereas silicon is ubiquitous in microsystems, SU-8 is a good
candidate for polymeric MEMS structures due to its excellent mechanical and chemical stability and its biocompatibility.
The crystalline properties and the Young's modulus of single crystal silicon were found to be stable at proton fluences of
up to 10" cm™. For 10 MeV protons this corresponded to 5.9 Mrad TID, a dose which is much higher than typical space
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qualification levels of 20-100 krad. At proton fluences of up to 3 x 10**cm™ the Young's modulus of SU-8 was found to
vary less than +5.5%. A dependency of the sign and degree of change in elasticity with the proton energy was observed
and a possible model for explaining the experimental results was proposed. In this approach the dominance of either
cross-linking or scissioning was related to the energy deposited in the ion tracks. Chain-scissioning dominated above the
threshold energy of 20-25 MeV whereas at lower energies the stopping power was sufficiently high to establish active
species concentrations which allowed further crosslinking. Although the detailed processes by which proton radiation
interacts with the SU-8 are currently not fully understood we note that the resonators remained intact and fully functional
after irradiation, showing that SU-8 is highly tolerant to proton radiation.

The measurement of the dynamical properties of micro-resonators is a powerful method for the investigation of
material properties in structures relevant to microtechnology. Our work shows that single crystal silicon and SU-8 are
tolerant to high doses of proton radiation and are well suited for MEMS in space applications. The selected geometry,
fabrication process and operation mode add to the relevance and allow for transferability of these results to other types of
MEMS devices.
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