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Abstract 

The beneficial size, weight, and power requirements provided by micro-electromechanical (MEMS) and 
nanoelectromechanical (NEMS) memory, logic and sensors for military systems operating in extreme 
radiation environments make it essential that the effects of radiation on MEMS/NEMS devices be 
investigated.  Here, we explore the influence of radiation on critical structures of MEMS memory and logic 
devices to reveal the extent to which radiation influences the MEMS properties and to determine the 
mechanisms behind the radiation induced changes. Radiation induced modifications to electrical and 
mechanical performance is probed via the frequency response of MEMS/NEMS cantilevers having micron 
to submicron dimensions and containing a variety of materials. MEMS/NEMS structures that display a 
non-linear response to deflecting forces provide an ultra-sensitive probe to both long term and in-situ 
radiation effects. In this way we uncover radiation damage mechanisms whose fundamental 
understanding is essential for future MEMS/NEMS applications. 

 

I) Introduction 

 

A) 

 

            

B)  

 
 

C) 

 

 

 
Figure 1.  Design, simulation and testing of preliminary MEMS structure A) Horizontal cantilever driven by ac gate 
voltage results in strain profile on base that produces piezoresistive change in base resistance B) Multiple cantilevers 
on SOI wafer prior to dicing C) Cantilever output versus driving frequency for different sense biases. 

Much of the existing work studying the influence of radiation on MEMS consists of tests on commercially 
available MEMS devices with radiation levels similar to those existing in space applications. 
Micromechanical memory, logic, and sensing devices rely on the bi-stable deflection of micro-scale 
mechanical resonators or diaphragms for operation. Such devices can be sensitive to part-per-million 
changes in Young’s modulus but experiments able to detect such small changes have not been done. Given 
the lack of available systematic studies, an understanding of the fundamental physics of radiation effects 
in MEMS memory and logic elements requires a step-by-step approach, consisting of the following 
elements:  



(1) Fundamental Model Systems and Calculations: Microscale resonators (as shown in Fig. 1 above) and
diaphragms are simple enough that the influence of radiation can be determined independent of
extraneous complications (e.g. material interactions, built-in potentials, dielectric charging, and
measurement electronics). Nevertheless, their operating principle is essential to almost all MEMS memory
and logic components.

(2) Exposure Source, Time and Energy Dependencies: Exposure to radiation sources that can either induce
trapped charge effects only (e.g., x-rays or gamma rays) or trapped charge and displacement damage
effects (e.g., protons) will assist in determining the failure mechanisms. Radiation exposure has an
immediate impact on MEMS device function. In-situ monitoring of MEMS operation during exposure is
essential for predicting function during WMD attack, or nuclear catastrophe, particularly for memory
storage and logic devices. Time and temperature healing experiments will determine the energy
distribution of trapped charge.

A) 

B) 

C) 

Figure 2.  Vacuum chamber used to test MEMS devices during X-ray exposure A) Open chamber containing MEMS 
device B)  Chamber sealed with Be window C) Chamber as used in X-ray exposure tests. 

(3) Bi-stable Memory and Logic Elements The knowledge gained in previous sections provides the basis
for a study of memory and logic elements relying on bi-stable mechanical structures. These are particularly
sensitive to radiation induced changes in their switching voltage and transition to chaotic motion. The
non-linear forces allow for a more sensitive determination of structural changes than is possible using a
simple resonator.

(4) Device Geometry and Materials Dependencies: As the dimensions of the resonators are reduced—
transitioning from micro to nano electromechanical systems—new damage mechanisms and increased
sensitivity to existing mechanisms arise. Resonators coated with a variety of dielectrics, disordered
semiconductors, piezoelectrics, and ferromagnetics are used to determine the influence of radiation on
under-characterized material systems of interest for MEMS application

II) Total-Ionizing-Dose Effects in Piezoresistive Micromachined Cantilever

In this section, the radiation response of a T-shaped, asymmetric silicon piezoresistive 
micromachined cantilever fabricated from an SOI starting wafer is evaluated. The devices are 



irradiated up to a total dose of 2.1 Mrad(SiO2) with 10-keV X-rays. The resonance frequency 
decreases as the total dose increases, with a change of about 25 ppm at the maximum dose. A 
physical explanation is proposed, based on radiation-induced acceptor depassivation and 
changes in the elastic modulus due to carrier concentration changes. Finite element simulations 
show that a decreasing Young’s modulus in the surface region due to radiation-induced increase 
in carrier density is consistent with the measured decrease in resonance frequency. 

The device structure is shown in Fig. 3. The cantilever is fabricated from an SOI starting wafer. The 
fabrication process starts with a (100) p-type (boron doped) SOI wafer. The doping concentrations of the 
device and substrate layers are the same, around 2×1018 cm-3. The resistivity of both silicon layers is 0.036 
Ω-cm. The dimensions of the devices are shown in Fig. 3d and Table 1. 

 
 
Figure 3. Device structure: (a) 3-D overview of the asymmetric cantilever, (b) top view of the cantilever; the inset 
shows the asymmetric beam anchors, (c) SEM image of the cantilever, (d) device dimensions. 
 
 

TABLE I DEVICE LAYER DIMENSIONS 
Layer Thickness (µm) 

Electrode (Al) 0.618 
Device (Si) 15 

Oxide (SiO2) 1.5 
Substrate (Si) 500 
Electrode (Al) 0.618 

 
 
In order to actuate the cantilever, an AC voltage is applied to the two electrodes near the free end, as 
shown in Fig. 3b (gate electrodes), and constant DC voltage is applied to the anchor electrodes (drain and 
source electrodes). An electric field forms between the free end of the cantilever and the gate electrode, 
which leads to an external force on the free end of the cantilever. The external force results in 
displacement of the free end. Since the gate is actuated by an AC signal, the base anchor beam can 
oscillate. The amount of bending depends on the displacement of the free end. The bending imposes 
compressive and tensile stress in different regions of the anchor. This changes the overall resistance. This 



resistance change can be calculated by measuring the current change in the beam anchor. For an 
asymmetric cantilever, the widths of the anchors are different, as shown in the insets of Figs. 3b and Fig. 
3d. For a DC voltage, the wider base region (R11 with width of 11 µm) is displaced less than the narrower 
base region (R5 with width of 5 µm), due to higher stiffness. This structure leads to larger net resistance 
change, and thus much higher sensitivity (15 to 200 times), compared with symmetric designs. The largest 
change is obtained at the resonance frequency. 

Figure 4. Electrical measurement setup for MEMS cantilever. 

Fig. 4 shows the electrical measurement setup. A Keithley 2410 source meter is used as the DC source. 
Real time current data are recorded during the measurement. An Agilent 33120 provides the driving AC 
signal, with a frequency of approximately 10 kHz. A constant DC voltage of 50 mV is applied to the beam 
anchor. The resistance change due to the oscillation of the cantilever results in a current change in the 
beam anchor. There is a 265 Ω series resistor (about the same magnitude as the resistance of the beam 
anchor) in the circuit. The current change results in a voltage change across the series resistor. This voltage 
drop serves as the input signal for a lock-in amplifier. The lock-in amplifier uses a 2F external reference 
signal from the driving AC source, because the device resonates at two times the driving frequency. A 
vacuum chamber compatible with the 10-keV X-ray source is set up in the test system. The vacuum 
chamber has a thin beryllium window, which has a very low X-ray absorption coefficient. The system 
allows measurement of pressure, temperature, and device response during radiation. Because cantilever 
devices can be quite sensitive to temperature and pressure, all experiments were done under constant 
temperature (~295 K) and pressure (2 × 10-6 mbar). Small changes in temperature and pressure typical of 
the kinds of variations observed during an irradiation sequence were found to produce shifts in device 
characteristics that were significantly less than the radiation-induced changes reported below. The 
responses of more than 10 cantilever structures were evaluated; representative results are shown 

In situ measurements with DC and AC voltages applied are taken so that the device under test operates 



in dynamic mode during irradiation. Devices are irradiated with 10-keV X-rays at a dose rate of 31.5 
krad(SiO2)/min. The pre-irradiation results are very stable, as shown in Fig. 5(a). Figs. 5(b) and (c) show 
that the resonance frequency decreases as the total dose increases, with a maximum decrease of 
approximately 0.56 Hz (25.48 ppm change).  
 

 
 

Figure 5. Frequency response near the resonance peak (a) before irradiation and (b) as a function of X-ray irradiation. 
Also shown (c) are the position of the resonance peak as a function of dose and as a function of post-irradiation 
annealing.  
 
During post-irradiation annealing, the resonance frequency recovers to nearly the initial value within a 
few hours, as shown in Fig. 3(c). The shift in resonance frequency does not depend significantly on the 
polarity or magnitude of the applied DC bias over the range of typical biases investigated; approximately 
the same magnitude of resonance frequency shift is observed for 50 mV, -50 mV, and 0 V biases. 

 
We have considered a number of physical processes that may affect the observed changes in resonance 
frequency. Calculations indicate that the size and spacing of this MEMS device make it unlikely that 
Coulomb forces from radiation-induced surfaces charges alone can lead to the observed changes in 
resonance frequency. But a contributing role for surface charge cannot be excluded. Changes in mass are 
also known to affect the resonance frequency of similar devices [5]. So adsorbed gases were also 
considered. However, controlled exposures of these devices to residual gases at expected levels showed 



no effect on the resonance frequency, with or without radiation. 
 

The most plausible candidate for the dominant factor that accounts for the observed changes in 
resonance frequency of these devices with radiation exposure appears to be a change in Young’s modulus 
caused by a change in radiation-induced carrier density. According to simple beam theory, the nth mode 
resonance frequency, , of a cantilever is 

 

where Y is Young’s modulus, I is the cross-sectional moment of inertia, L is the length of the cantilever,  

is the beam mass density, and A is the beam cross-section area. is the Eigen value from the equation:

; , , and  correspond to the first three 
resonance modes for a singly attached cantilever. The resonance mode we measured is the first resonance 
mode. Using the actual device dimensions (values taken directly from the calibrated SEM image) in the 
equation, Hz. All devices tested had an observed resonance of ~ 20 kHz, which is consistent 
with this estimate. 
 
Elasticity is the relationship between stress and strain , which is expressed by Hooke’s law: , 
where C is the stiffness. For isotropic materials, C can be represented by a constant value of Young’s 
modulus, Y. For anisotropic materials, a fourth rank tensor with 81 terms represents the stiffness. 
Considering the cubic symmetry of silicon, the tensor is represented by a 6×6 matrix, and Hooke’s law can 
be rewritten as: 
 

 

 

The cantilever orientation is shown in Fig. 6. The electrostatic force is applied along the [110] direction 
and the cantilever bends in the [110] direction. The elastic modulus that affects the resonance frequency 
is described by: 
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Figure 6. Cantilever orientation with respect to wafer orientations. The beam bends at the [110] direction. 
  

We now discuss how carrier concentration changes during X-ray irradiation. Complexes of 
hydrogen with dopants in silicon have been extensively studied both experimentally and 
theoretically. In boron-doped silicon, interstitial hydrogen rests between boron and neighboring 
silicon atoms. When the hydrogen is released into the silicon crystal, the charge state depends 
on the Fermi level. In p-type silicon, the most stable interstitial hydrogen state is H+.  

 
Ionizing radiation results in electron-hole pair generation. Experimental results shows that the 
activation energy for B-H dissociation is (1.28±0.03) eV. When the cantilever is irradiated, 
acceptor depassivation is facilitated during the hole transport process in Si, since the presence of 
minority carriers reduces the bonding energy of B-H from 0.61 eV to 0.45 eV. We represent this 
process schematically as: 

  

 
This hydrogen release process is more significant near the interface. The depassivation of 
acceptors leads to an increase in carrier (hole) concentration at the surface of the beam. During 
annealing (following termination of irradiation), some of the acceptors are passivated again, via 
the reverse process, leading to a decrease in carrier concentration: 
 

 

 

We now consider how an increase in carrier concentration in the cantilever beam (shown 
schematically in Fig. 7a) due to acceptor depassivation can cause Young’s modulus and the 
resonance frequency to decrease during irradiation, and then increase during annealing as some 
dopants are repassivated, and the carrier concentration decreases. To support this analysis, 
COMSOL simulations were performed. In these simulations, the material coordinate is aligned 
with the [100] direction (dotted axes in Fig. 7), while the device anchor is aligned with the [110] 
direction (solid axes in Fig. 7). 
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Figure 7. (a) Cross section of cantilever for COMSOL simulation. Assume Young’s modulus of surface area (green 
region, 1 μm depth into surface on all sides) changes, (b) resonance peaks for different Young’s modulus in green 
region, (c) resonance frequency change as function of Young’s modulus change in the surface area. 
 
Young’s modulus for intrinsic silicon along the [110] direction is 169 GPa. We simulated an elastic modulus 
change from 170 GPa to 168 GPa in a 1 μm depth at the surface on all sides of the cantilever, shown as 
the green region in Fig. 7a. The elastic modulus in the deep bulk region is assumed to remain constant 
during irradiation and annealing. The density of silicon is 2.33 g/cm3, and Poisson’s ratio is 0.28. Device 
dimensions are those shown in Fig. 3d. The simulation results are shown in Figs. 7b and Fig. 7c. The 
resonance frequency decreases linearly as Young’s modulus in the surface area decreases, as shown in 
Fig. 7c: 



 

 
These simulations suggest that a 25 ppm change of resonance frequency corresponds to a ~ 86 ppm 
change in Young’s modulus. We now consider whether such a change in Young’s modulus is plausible in 
irradiated Si beams. 

 
Keyes demonstrated in 1961 that dopant atoms cause a decrease in the shear elastic modulus c44 in 
semiconductors. For p-type silicon, using the theory of Keyes, we may estimate this change: 
 

 

where  is the change in modulus with respect to the value of intrinsic silicon, d is the deformation 

potential (15.4 eV), h is Planck’s constant, is the light hole effective mass, is the heavy hole 

effective mass, is the concentration of light holes, and is concentration of heavy holes. The 

resistivity of the silicon wafer in this work is 0.036 Ω-cm. Hence, the initial hole concentration is ~ 1.13×
1018 cm-3. From Eqs. (2) and (3), we find: 

.  

 
Recall that, after irradiation, COMSOL simulations suggest that a change in Young’s modulus of 86 ppm 
will produce a resonance frequency shift similar to the one observed in experiments. From Eqs. (2) and 
(3), we find that the correspondence change in carrier concentration near surface is: 

 

 

That such a change in dopant density is plausible with 2 Mrad(SiO2) X-ray irradiation is suggested by work 
performed by Witczak et al., who demonstrated up to a 20% change in density of activated dopants in 
studies of MOS capacitors irradiated to 50 krad(SiO2). The amount of dopant activation or passivation in 
a particular device will of course depend on device structure and processing, so additional work is required 
to understand the nature of these processes in MEMS structures in more detail. 

We also note that the above analysis may overestimate the actual change in the carrier concentration 
because it considers only the change in Young’s modulus in the surface region and only the change in c44. 
If instead we assume the entire silicon layer changes uniformly, from equation (1), we find: 

 

Using Taylor expansion, and discarding the higher order terms: 

 

0 0

0.29r

r

f Y
f Y
D D

=

2 1 12
* *3 3 3

44 1 1 2 22

1 8( ) ( )
5 3 v v

dc m p m p
h

p
D = - +

44cD
*
1vm

*
2vm

1p 2p

110 168.3 Y GPa=

6.5%p pD =

1
2

0 0

(1 ) 1r

r

f Y
f Y
D D

= + -

0 0

0.5r

r

f Y
f Y
D D

=



Thus a 25 ppm change in resonance frequency would require only a 50 ppm change in Young’s modulus 
for the case of uniform dopant depassivation. Further, experimental data show that c11, c12 and c44 all 
decrease for doped silicon [27], which further reduces the amount of dopant passivation required to 
produce the observed response, reinforcing the plausibility of the proposed mechanism. 

 
III) Proton-Induced Total-Ionizing-Dose and NIEL Effects on Silicon Based MEMS Resonators 
 
Next, the proton radiation response is evaluated for the piezoresistive micro-machined silicon resonator. 
The devices were irradiated with a proton beam at energies of 2 MeV and 0.8 MeV. Small, but significant, 
changes in the resonant frequency of the test devices at mechanical response levels that matter for space 
applications are observed during irradiation. Both ionization and nonionizing energy loss (NIEL) affect the 
resonant frequency. Ionization effects cause the resonant frequency to decrease during irradiation; it 
recovers at room temperature after ~ 10 h of annealing. A model based on radiation-induced acceptor 
depassivation and changes in the elastic modulus due to carrier concentration change may explain these 
results. NIEL causes carrier removal, which causes an increase in Young’s modulus and a corresponding 
increase in the resonant frequency. The competing effects between ionization and NIEL are reported for 
protons at different energies. For higher energy protons, ionization effects dominate, while NIEL effects 
dominate for lower energy protons. SRIM simulations are used to explain these competing effects. 
 
The resonator, which is fabricated on a p-type SOI wafer, is shown in detail in Fig. 3. The experimental 
setup for the resonators is the same as described above in Fig. 4. The behavior of devices in pre-irradiation 
tests is very stable, as shown in Fig. 8a. During 2 MeV proton irradiation, the resonant frequency 
(frequency at which the amplitude is maximum) decreases with fluence, as shown in Fig. 8b. For 0.8 MeV 
proton irradiation, the resonant frequency increases with fluence, as shown in Fig. 8c, consistent with 
previous results. Based on separate measurements and calculations of the temperature sensitivity, 
differences in chip heating due to the difference in flux between the two exposures may account for at 
most 10 ppm (~1 ℃) of this difference; the remainder is attributed primarily to different ratios and effects 
of NIEL and ionization in the two cases. 
 
The relative changes in the resonant frequency as a function of fluence and as a function of annealing 
time are shown in Fig. 9. During post-irradiation annealing, the resonant frequency increases for both 
proton energies. The beam anchor (as shown in Fig. 3b) resistance of the resonators is monitored with a 
HP4156B semiconductor parameter analyzer during proton irradiation. In both cases, the resistance 
increases with proton fluence, with little recovery during post-irradiation room-temperature annealing, 
as shown in Figs. 9a and 9b. 

 
Previous work on X-ray irradiation of silicon oscillators shows that ionization effects cause resonant 
frequency decreases during irradiation that recover in about 10 h during post-irradiation room 
temperature annealing, while the recovery of NIEL effects may take days. The resonant frequency increase 
during annealing is attributed to the recovery of the ionization portion of the radiation-induced change. 
The contributions of ionization and NIEL can be extracted separately from the overall change, as shown in 
Fig. 10. 

 
 
 



  
 
Figure 8. Frequency response near the resonant peak (a) before irradiation, and as a function of fluence for (b) 2 
MeV protons and (c) 0.8 MeV proton irradiation. 
 

 
 
Figure 9. The relative changes in the resonant frequency as a function of fluence and as a function of post-irradiation 
annealing for (a) 2 MeV protons and (b) 0.8 MeV proton. 

 
The extracted ionization portion of the change is shown in Fig. 11a. The amount of change produced by 
ionization for the 2-MeV proton irradiation is similar to previous X-ray results, while the 0.8 MeV protons 
produce less ionization-induced change. This is because the flux of 0.8 MeV protons is about 24 times 
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lower than the flux of 2 MeV protons. Thus, it takes 4.25 h to reach an ionization dose of 6 Mrad(SiO2) for 
0.8 MeV protons, and only minutes for 2 MeV protons. Because of annealing effects during the exposure, 
the effective ionization-induced change for 0.8 MeV protons is much smaller than the change for 2 MeV 
protons. The recovery times shown in Figs. 9a and 9b are both on the order of 10 h, which is consistent 
with previous X-ray results. The extracted NIEL-induced resonant frequency change is shown in Fig. 11b. 
0.8 MeV proton irradiation produces more change compared with 2 MeV protons. Fig. 11c shows the 
anchor resistance change during proton irradiation, which is produced by carrier removal effects.  
 

 
 

Figure 10. The anchor resistance response is also shown for (a) 2 MeV protons and (b) 0.8 MeV protons. 

High energy proton irradiation produces defect complexes in silicon that will reduce the carrier 
concentration due to carrier removal. Defect complexes act as trapping centers in silicon. If the 
trapping centers are below the Fermi level in n-type material or above the Fermi level in p-type 
material, they will be able to trap majority carriers. For heavily doped p-type silicon, the Fermi 
level is near the valence band edge, so most mid-gap traps will capture holes and reduce the 
majority carrier concentration. The change in hole concentration in p-type silicon as a function 
of proton fluence can be expressed by: 

 

where  is the carrier concentration after irradiation,  is introduction rate of the jth majority carrier 

center by radiation,  is the capture rate of majority carriers by the jth majority carrier trap center, 

 is the proton fluence, and  is the carrier removal rate, which depends on the proton energy. The 

absolute values for  in p-type silicon are approximately expressed by: 

 

where  is the proton energy. 
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Figure 11. (a) Ionization-induced resonant frequency changes for proton irradiation and X-ray irradiation; (b) NIEL 
induced resonant frequency changes for proton irradiation. Solid lines: extracted NIEL induced change; dashed lines: 
simulation results based on carrier removal effects; (c) anchor resistance change during proton irradiation. Solid 
lines: experimental results; dashed lines: simulation results based on carrier removal. 

The change in carrier concentration affects the elastic modulus, which will affect the resonance frequency 
of MEMS resonators. Keyes demonstrated in 1961 that dopant atoms cause a decrease in the shear elastic 
modulus c44 in semiconductors. A change in elastic modulus due to a change in carrier concentration has 
also been observed above. The resonant frequency change can be calculated from the change in carrier 
concentration: 

 

 

 

where  is the change in modulus with respect to the value of intrinsic silicon, d is the deformation 

potential (15.4 eV), h is Planck’s constant, is the light hole effective mass, is the heavy hole 

effective mass, is the concentration of light holes, is concentration of heavy holes, and is the 
Young’s modulus along the [110] direction, which most strongly affects the resonant frequency. 
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The dashed lines in Figs. 11b and 11c are calculation results based on carrier removal, which show similar 
trends with the experimental results. The calculation results underestimate the real change for both 
resonant frequency and anchor resistance. This is caused by the underestimation of the carrier removal 
rate Rc , which is based on empirical results obtained from p-type silicon with a resistivity of about 10 Ω-
cm (~1015 cm–3). The MEMS resonators in this work are fabricated from heavily doped p-type silicon with 
a resistivity of 0.036 Ω-cm (~1018 cm–3). The Fermi level for the heavily doped material is much closer to 
the valence band edge than the p-type silicon in, which results in more holes captured by mid-gap traps. 
Eventually, this produces larger degradation in both resonant frequency and anchor resistance. 

Figure 12. SRIM simulation results for protons in silicon: (a) ionization and (b) NIEL in silicon due to 0.8 MeV protons 
and 2 MeV protons; (c) ionization vs NIEL in silicon for protons with various energies; (d) ionization vs NIEL in silicon 
for 0.8 MeV protons and 2 MeV protons. 

Stopping power and Range of Ions in Matter (SRIM) simulation results of protons in silicon are shown in 
Fig. 12. For both 2 MeV and 0.8 MeV protons, much more energy goes into ionization than NIEL, as shown 
in Figs. 12a and 12b. The energy loss distribution is quite different. For 2.0 MeV proton irradiation, energy 
loss is distributed nearly uniformly inside the silicon, causing a uniform carrier concentration change. For 
0.8 MeV protons, the energy loss peaks inside the silicon, consistent with the projected range of 11.74 
μm. The generated defect density will be much larger at this location than in the rest of the device. This 
non-uniform defect distribution produces an internal strain gradient inside the silicon and affects the 
elastic properties. 

The ratio of energy lost to ionization to that lost to NIEL decreases as proton energy decreases, as shown 
in Fig. 12c. This suggests that NIEL effects are more important for low energy proton irradiation. Fig. 12d 
shows changes in energy lost to ionization and NIEL as protons transport through 15 μm of silicon, which 
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is the thickness of the MEMS resonator. Ionization contributes relatively larger effects for 2 MeV protons 
than for 0.8 MeV protons, which is consistent with the experimental results presented above. 

IV) Dose-Rate Effects on the Total-Ionizing-Dose Response of Piezoresistive Micromachined
Cantilevers

In this part of the work, the dose-rate dependence of the total-ionizing-dose (TID) response is evaluated 
for T-shaped asymmetric piezoresistive micromachined cantilevers. The work described above shows 
sensitivity to X-ray and ultraviolet radiation but does not evaluate dose-rate dependence. Understanding 
dose-rate effects in MEMS is crucial, as these types of devices are considered for space applications where 
ionizing dose rates are much lower than those typically used for ground testing. 

Negative resonance frequency shifts are induced by 10-keV X-rays and are found to depend significantly 
on the dose-rate, with greater negative shifts at lower dose rates. Further tests with hydrogenated devices 
show no measurable differences between hydrogenated and untreated devices for nominal operation, 
but larger shifts were observed at low dose rate for hydrogenated devices in radiation testing. These 
differences in response are attributed to differences in rates of surface charging at high and low dose 
rates, as well as to the complex interplay among transport and reactions of hydrogen in silicon, leading to 
dopant deactivation and/or passivation. Each of these effects is a potential source of increased carrier 
densities in the cantilevers. These mechanisms are more significant at low dose rates than at higher dose 
rates because higher densities of hydrogen in Si favor bimolecular recombination reactions over the 
transport and reactions with dopants that lead to the enhanced low-dose-rate response, and space charge 
effects are more significant at high dose rates than low dose rates. Excess carriers affect Young’s modulus 
and therefore the resonance frequency.  

Figure 13. Frequency response of the cantilever near the resonance peak (a) for 9 repeated sweeps before 
irradiation, showing the device stability, and (b) as a function of increasing dose. 

The fabrication and measurement of the cantilevers is the same as described above. All cantilevers were  
irradiated using a 10-keV X-ray source in a vacuum chamber with a 25.4-µm thick beryllium window that 
reduces X-ray intensity by ~0.3%. Devices were operating dynamically before, during, and after irradiation. 
Each device was swept over a 2 Hz range containing its resonance peak. Experiments were performed at 
a temperature of ~295 K and pressure of ~1x10-4 mbar. Each cantilever was in vacuum for a minimum of 
12 h before irradiation to allow the cantilevers to outgas and ensure pressure stability. Control devices 



were irradiated to doses from 200 krad(SiO2) to 1 Mrad(SiO2) at rates from 5.4 to 30.3 krad(SiO2)/min, and 
devices subjected to a steam bath for an hour immediately before irradiation were irradiated to 
1 Mrad(SiO2) at rates from 5.4 to 30 krad(SiO2)/min. Fig. 13 shows (a) the stability of the resonance 
frequency before irradiation, and (b) a sample of the resonance peak frequency shifting lower during a 
5.4 krad(SiO2)/min test. At least two devices were irradiated under each set of irradiation conditions. 
Devices were monitored for post-irradiation behavior at room temperature for 20 h or until the resonance 
frequency had recovered or exceeded its pre-irradiation value.  

Figure 14. Resonance peak as a function of total dose for devices irradiated at 5.4, 10.9, and 30.3 krad(SiO2)/min, 
and for hydrogenated devices irradiated at 5.4 and 30.3 krad(SiO2)/min. Error bars are standard deviations. 

Figure 15. Resonance peak as a function of dose rate (a) for devices irradiated at 5.4, 10.9, and 30.3 krad(SiO2)/min, 
and (b) for hydrogenated devices irradiated at 5.4 and 30.3 krad(SiO2)/min. Error bars are standard deviations.   

Each resonance sweep is fit with a combination of linear and Lorentzian function to determine the 
resonance frequency of each sweep. Fig. 14 shows the fractional change in resonance frequency 
as a function of dose for devices irradiated at 30.3, 10.9, and 5.4 krad(SiO2)/min, and for hydrogenated 
devices irradiated at 30.3 and 5.4 krad(SiO2)/min. The error bars shown are standard deviations. 
Both normal and hydrogenated devices irradiated at 30.3 krad(SiO2)/min show shifts of ~ -10 ppm 
after 1 Mrad(SiO2). Devices irradiated at 10.9 krad(SiO2) show frequency 



shifts of ~ -15 ppm after 1 Mrad(SiO2). Hydrogenated devices irradiated at 5.4 krad(SiO2)/min show a 
similar shape but a 57% increase in magnitude of shift compared to the non-hydrogenated counterparts. 
Figure 15 shows the shifts in resonance frequency as a function of dose rate for both non-
hydrogenated (a) and hydrogenated devices (b).  

Figure 16. Resonance peak as a function of time during and after irradiation for representative devices irradiated at 
5.4, 10.9, and 30.3 krad(SiO2)/min and hydrogenated devices irradiated at 5.4 and 30.3 krad(SiO2)/min, and subse-
quent annealing. The marker on each data set indicated the time at which irradiation ended and annealing began. 

Figure 16 shows the change in resonance frequency as a function of time with a marker denoting where 
irradiation ends and annealing begins. Each of the devices recovers to or beyond its pre-irradiation 
resonance frequency value approximately 10 hours after the beginning of irradiation. The resonance 
frequency of some devices continues to increase post-irradiation most likely due to the slow decrease in 
pressure of the vacuum and resulting outgassing from the cantilever over 40 h. Also observed are the 
shifts in resonance frequency as a function of dose rate for non-hydrogenated and hydrogenated devices. 
The resonance frequency decreases more with TID for devices irradiated at the lowest rate, with the 
largest changes occurring for hydrogenated devices irradiated at low dose rates. Regardless of dose rate 
or hydrogen content, devices all recover to similar values after irradiation, independent of test condition. 

Figure 17.  Resonance peak as a function of time for devices that were either unirradiated or irradiated at 5.4 
krad(SiO2)/min, showing that the primary effect of irradiation is to decrease the resonance frequency significantly 
from the level to which it otherwise would have increased as a result of the continuing pump-down process. 



Fig. 17 compares the evolution of the resonance frequency with time for unirradiated and irradiated 
devices that were not exposed to hydrogen over the same time periods. This emphasizes that the primary 
effect of irradiation is to decrease the resonance frequency significantly from the level to which it 
otherwise would have increased as a result of the continuing pump-down process. The degree to which 
the resonance frequency decreases from this level is influenced strongly by the dose and dose rate of the 
irradiation, as well as (for lower-rate irradiation, whether the device has been hydrogenated. Hence, the 
differences observed in Figs. 14-16 are due to true dose-rate effects and not time-dependent effects. 

Resonance frequency shifts due to irradiation are related to how Young’s modulus depends on carrier 
concentration, how hydrogen in silicon interacts with silicon, boron, and other hydrogen atoms [11], and 
time-dependent surface charging of the native oxide. We now consider how the interplay of these factors 
may lead to the effects observed in Figs. 13-17. 

For an isotropic, homogenous material, the relationship between stress (σ) and strain (ε) is defined by 
Hooke’s Law,  

𝜎 = 𝐶𝜀	(2) 

where C can be represented by a constant value of Young’s modulus (Y). In single crystal silicon, elasticity 
is orientation dependent, necessitating the use of tensors to fully describe the direction of applied stress 
and force. This requires a fourth-rank tensor to describe the stiffness by relating the second-rank tensors 
of stress and strain. Silicon’s cubic symmetry, however, allows this to be condensed to a 6 × 6 matrix with 
only three independent components. The cantilevers used in these experiments have force applied in the 
[110] direction, allowing Young’s modulus to be simplified to:

𝑌!!" =
4(𝑐!! + 𝑐!#)(𝑐!! − 𝑐!#)𝑐$$

2𝑐!!𝑐$$ + (𝑐!! + 2𝑐!#)(𝑐!! − 𝑐!#)
	

where c11, c12, and c44 are stiffness constants. 

Young’s modulus is affected by carrier concentration with the effect originating from a change in the Fermi 
level due to strain removing band degeneracy. In general, free carrier concentrations relating to the elastic 
constant are used to calculate the free energy of the crystal with and without strain. For p-type materials, 
the energies and momenta for holes can be calculated where a portion of the energy comes from strain, 
as shown by Csavinszky and Einspruch. Keyes has shown that only the shear elastic constant, c44, is 
affected by the presence of dopant atoms. From this, the change in shear elastic constant from holes can 
be calculated: 
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1
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where c44 is the elastic constant, mp* is the hole effective mass, Ξ is the shear deformation potential, p is 
the hole concentration, and h is Planck’s constant.  

Atomic hydrogen is introduced into silicon throughout the wafer and device fabrication processes and has 
complex behavior that depends on the doping, including passivation of shallow impurities. In p-type 



material, boron is passivated by direct compensation of the electron from H annihilating a free hole and 
forming H+ . The hydrogen also causes relaxation of the Si crystal, adding new energy levels. Ionizing 
radiation creates electron-hole pairs in Si and the native oxide. The transporting carriers can lead to 
surface charging of the native oxide as well as the release of hydrogen in the Si and native oxide. Once H+ 
has been formed, it has high mobility in Si because its energy barrier for transport in ~ 0.2 eV. Transporting 
hydrogen in the Si can react with a hydrogen-passivated B dopant, activating the dopant and forming H2, 
which diffuses out of the system. Transporting hydrogen can also passivate activated dopant atoms. 

Whether the passivation or activation reaction dominates the response depends on the relative densities 
of activated and hydrogen-passivated dopant atoms, the concentration of hydrogen, temperature, bias, 
etc. Surface charging effects will influence the local electric fields and carrier densities as well. Hence, it is 
difficult to quantify the relative effects of surface charge and hydrogen on the changes in resonance 
frequency. However, because similar factors are at play in linear bipolar transistors that exhibit enhanced 
low-dose-rate sensitivity (ELDRS) it is perhaps not surprising that somewhat similar dose rate effects are 
observed in these devices under these irradiation and measurement conditions, as we now discuss. 

When the transporting hydrogen concentration is relatively higher, as is the case for the higher-rate 
irradiations in Figs. 14-16, transporting hydrogen atoms in the Si and/or SiO2 can dimerize to form H2 with 
higher probability than when the transporting hydrogen concentration is lower, as is the case for lower-
rate irradiations. The resulting loss of hydrogen in atomic form reduces the amount available to potentially 
depassivate dopant atoms at higher dose rates than at lower dose rates. At higher rates, soaking the 
devices in hydrogen is therefore ineffective in changing resonance frequency shifts in Fig. 16 because the 
extra hydrogen simply recombines through this process and leaves the system without reaction with B 
dopants. At lower dose rates, on the other hand, extra hydrogen is available to react with B, leading to 
higher carrier concentrations and larger resonance frequency shifts. 

The above process is analogous to the sequence of events involving similar hydrogen transport and 
reactions in SiO2 that can lead to ELDRS in linear bipolar transistors. Adding to the effects of the newly 
activated dopant atoms on the decrease in resonance frequency is the buildup of surface charges on the 
native oxide, which is also potentially dose-rate sensitive due to space charge effects that can enhance 
the neutralization of trapped charge at higher dose rates. This may not only reduce the surface-charge 
density, but also reduce the number of transporting holes that would otherwise be available to liberate 
H+, which is a key element that determines whether oxides exhibit ELDRS. 

The ongoing transport of hydrogen within the Si and/or from the native oxide into the Si may also explain 
the continuing decline in frequency immediately after irradiation, before the resonance frequency 
recovers to its initial value, as shown in Fig. 16. During the first phase of this process the depassivation of 
B-H complexes in the system evidently dominates the response, increasing the carrier density further.

Figs. 16 and 17 show the responses of all devices recovering to equilibrium values of resonance frequency 
that the devices would otherwise have shown in the absence of irradiation. This indicates that the surface 
charge has been neutralized, and that passivation reactions have restored the concentrations of active B 
dopants and passivated B-H complexes to values closer to ones observed before irradiation. The variations 
in post-irradiation values in Fig. 16 suggest that this return to near-equilibrium is only approximate, which 
is not surprising, since the final densities of H and B-H likely differs from initial values. 

While the above discussion is qualitative in nature, we emphasize that these devices clearly show true 
dose rates, and a strong sensitivity to hydrogen treatments for lower-rate irradiation. Future work will be 



required to quantify these effects in ways similar to those developed for ELDRS after many years of 
research. Until such understanding is developed, detailed testing of these types of MEMS devices will 
need to consider dose rate and hydrogen effects in device characterization and qualification. 

V) Near-Surface Electronic Contribution to Semiconductor Elasticity

Finally, we explore how ultraviolet (UV) radiation influences the elastic properties of a micro scale silicon 
resonator. UV radiation differs from X-ray radiation in that the penetration depth is much lower (<15 nm), 
so that any observed changes should be due to the impact of the UV radiation on the near surface region. 
UV induced changes in the carrier concentration are detected using four-terminal resistance 
measurements. Simultaneously monitoring the resonant frequency of the resonator shows that the 
Young's modulus decreases as the carrier concentration increases, clearly demonstrating the impact of 
the free carrier concentration on the elasticity, independent of dopant concentration. Theoretical 
modeling shows that the impact of the surface carrier concentration on the elasticity increases 
dramatically as the surface to volume ratio of the resonator increases, implying that nanoscale 
electromechanical systems will be highly susceptible to near surface carrier concentration induced 
changes to the Young's modulus.  

Figure 18. (a) Optical microscope image of the resonator. The resonator beam is 655 microns long, 8 microns wide, 
and 15 microns thick. The voltage contacts on the base are separated by 110 microns. (b) Output versus driving 
frequency for a representative device. Nine different scans are plotted together to demonstrate the device 
reproducibility. (c) Schematic showing the measurement configuration. The asymmetric base is not shown. 

Figure 18 shows the device layout and experimental set-up. The starting material for the resonator is a 
silicon-on-insulator (SOI) wafer with a device layer thickness of 15 microns, a buried oxide layer 
thickness of 2 microns and a handle layer thickness of 500 microns. The device layer is boron doped (p-
type) to a resistivity of approximately 0.013 ohm-cm. T-shaped cantilevers are defined in the device 
layer using DRIE, and then released from the backside by subsequent dry etching. Prior to 
measurement, the sample chamber is evacuated using a turbo-molecular pump. The chamber is 
pumped for 72 hours, until the pressure is constant as measured at the pump inlet. The cantilever 
beam is actuated by an AC voltage on a nearby gate electrode and is continuously driven during the 
course of the measurement.  



The resistance of the base changes with the strain of the moving cantilever due to the piezoresistivity of 
the silicon, so that cantilever motion can be detected by monitoring the ac voltage generated across a 
sense resistor in series with the base. The base has an asymmetric design to maximize the resistance 
change. Figure 18(b) shows the frequency response of a representative device measured in a vacuum 
chamber at a pressure of 2 x 10−6 mbar. A peak is observed at frequency of 21.307 kHz; high speed camera 
imaging confirms that this peak correlates with the cantilever resonance. In subsequent measurements, 
the resonant frequency of the cantilever and the four-terminal resistance of the base are monitored 
while the sample is exposed to light through a quartz window in the vacuum chamber. For reference, a 
second resonator is placed adjacent to the test device but shielded from the light by a metal plate (see 
Fig. 18(c)). Comparison between the exposed and unexposed samples allows for changes due to carrier 
generation to be isolated from those due to temperature.  

Figure 19. (a) Change in in the four-terminal resistance of the resonator beam and (b) change in the resonant 
frequency, for samples exposed and shielded from 465 nm blue light. 

As an initial demonstration of the measurement technique, the resonator was exposed to blue light of 
energy below the oxide band edge. The blue light source is an Engin LZ1-10D800 LED with peak 
wavelength of 425 nm and measured output power of 1.44 mW. Figure 19 shows the (a) four terminal 
resistance and (b) resonant frequency plotted as a function of time before, during, and after a 30 minute 
exposure to light from the 465 nm LED. The resistance increases and the resonant frequency decreases 
during exposure, with a similar change being observed in both shielded and unshielded devices. It is 
known that the silicon hole mobility and Young's modulus both decrease with increasing temperature, so 
that the observed changes can be attributed to heating of the sample chamber. Once the light is removed, 
the original signal is recovered in approximately 20 minutes, providing a measure of the thermal recovery 
time for the resonator. By comparison, Fig. 20 shows the impact that UV light from a 255 nm LED has on 
(a) the four-terminal resistance and (b) the resonance frequency. The UV source is a Thorlabs LED255J
Optan UV LED with measured output power of 220 μW. The shielded device is now used to monitor the
heating caused by the UV light; its resistance increases and resonant frequency decreases as before, and
both recover in approximately 20 minutes following exposure. The exposed sample behaves very
differently. Its resistance drops a large amount (rather than rising), while the resonant frequency drops
below the reference value of the shielded device. Neither recover back to their original values over the
300 minute measurement.



Figure 20. (a) Change in in the four-terminal resistance of the resonator beam and (b) change in the resonant 
frequency, for samples exposed and shielded from 255 nm UV light. 

The difference in signal between the shielded and exposed devices gives the change due to the UV light 
that is not due to heating. This is plotted as a function of time in Fig. 21 for the (a) resistance ∆R and for 
the (b) resonance frequency ∆f. Both drop sharply following UV exposure, and then slowly recover back 
to their original values over approximately 60 hours. The similarity between the resistance recovery and 
the resonance frequency recovery suggests that the two are related, even though the total resistance 
change (2500 ppm) is 100 times larger than the total frequency change (25 ppm). Further analysis shows 
that the resistance and resonant frequency recover to their equilibrium values logarithmically with time, 
as is observed for many slow relaxation processes. Measurements were repeated for 5 different sets of 
samples, and in each case, similar results were observed.  

Figure 21. Difference between (a) the four-terminal resistance ∆R and (b) the resonant frequency ∆f for the exposed 
sample and reference sample measured as a function of time following a 30 minute exposure to 255 nm light. 

The effect of UV light on a silicon surface is well known. UV light is absorbed in the near surface region 
(with an absorption depth of 10 nm for 255 nm light). This creates highly excited electron-hole pairs with 
energies above the conduction and valence bands of the overlying native silicon oxide layer. Some amount 
of the excited charge Qox is transferred to the oxide, where it becomes trapped. Photovoltage and second 



harmonic generation experiments have shown that the trapped oxide charge has an extremely long 
lifetime, and slowly decays over a period of 2-3 days following UV exposure. The surface oxide charge is 
balanced by an equal but opposite charge due to the accumulation or depletion of carriers in the 
underlying silicon. In the following it is shown that this change in surface carrier concentration can account 
for our experimentally observed behavior: the resistance of the silicon drops due to carrier concentration 
dependence of the conductivity, and the resonance frequency drops due to the carrier concentration 
dependence of the Young’s modulus.  

Figure 22. Relative change in resonant frequency as a function of oxide charge calculated using model calculations. 
The inset shows the relative change in resonant frequency as a function of beam width plotted on a log-log scale. 
The oxide charge is taken to be Qox = 8.71 × 1013 e/cm2. 

The impact of the surface oxide charge on the resonant frequency, while clearly detected, is relatively 
small for this microscale cantilever beam. As the device dimensions decrease and the surface-to-volume 
ratio increases, the impact of surface charging will also increase. The inset to Fig. 22 shows the 
maximum calculated change in resonant frequency due to an increase in surface oxide charge of 8.7 
x1012 cm−2 as function of cantilever beam width. The resonant frequency change increases rapidly 
with decreasing dimensions and is greater than 3000 ppm for sub 100 nm width beams. This is a 
substantial amount for MEMS oscillator applications where 1-10 ppm stability is desirable in order to 
substitute for quartz crystals in commercial applications. The effects we describe were demonstrated for 
UV light, however, they would also occur for any type of radiation (gamma rays, high energy protons) 
with energy above the silicon / silicon-dioxide energy barrier. UV radiation can be easily blocked with 
a lightweight shield but blocking space radiation requires a large amount of mass, negating the 
advantages of light-weight MEMS technology. The change in resonant frequency eventually saturates 
with constant UV exposure, however, exposure to high energy radiation would generate more 
surface states, making the resonator progressively more susceptible to radiation damage. Radiation 
induced changes in mechanical properties due to carrier concentration changes would be particularly 
important in materials that exhibit persistent photoconductivity. This includes many compound 
semiconductors (including GaN and ZnO) amorphous silicon, and semiconductor nanostructures and 
membranes. It is also noted that the instabilities and electric field induced shifts reported in the 
literature for nanometer scale resonators could in part be attributable to surface carrier concentration 
changes.  



VI) Conclusion 

MEMS resonator studies revealed fundamental mechanisms by which radiation influences MEMS devices 
The carrier concentration is modified by radiation due to dopant de-passivation and surface charging and 
this changes the elastic constants. The effects become substantial as the device dimensions reduced. The 
resulting sensitivities of the resonance frequency shifts to the radiation dose rate and to hydrogen are 
therefore important factors to consider in device characterization and qualification testing for use of these 
devices in space radiation environments. 
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