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Executive Summary: 
 
 This 3-year research project applied experimental measurements and theoretical 
calculations to quantify mechanisms and manifestations of radiation effects on constituent 
MEM/NEM (M&NEM) materials and structures, including radiation-induced defects and 
resulting modification of mechanical properties of thin-film and 2D materials and devices. 2D 
materials are of particular interest due to the unique properties afforded by low atomic dimension 
in (at least) one direction.  The same low-dimensional property also introduces questions as to 
mechanisms and models for interaction with radiation and how defects impact the mechanical 
properties.  
 
Previous research has shown that the radiation-induced electrical response of un-passivated 2D 
materials is dominated by atmospheric contamination. When integrated into passivated electronic 
device structures (or measured in vacuum), the responses were found to be dominated by the 
expected responses of the adjacent surrounding thicker bulk materials. These are largely 
electrostatic effects, and similar to those seen in conventional devices, for example thin film 
silicon-on-insulator or multi-gate MOS electronic device structures. For M&NEMs, radiation-
induced trapped charge in insulators can induce electrostatic forces that alter the electro-
mechanical operation, in a sense throwing off the calibration; the counterpart of throwing off the 
threshold voltage of a transistor in electrical counterpart terms.  As part of this research we 
applied experimental (10-keV X-rays and 14.3 MeV oxygen ions) and simulation-based analyses 
of bimorph electro-thermal MEMS actuators, using, and measuring corresponding changes in 
mechanical displacement using an optical microscope, to characterize how radiation-induced 
charging in Al/SiO2 bimorph electro-thermal micro scanners results in changes in the vertical 
position and resistance of the structures. 
 
For application of 2D materials for MEM/NEMs, it is more likely to require suspended 
membranes or stacks. Here, the nature of the interaction of radiation, especially particles, with 
the mono-layer suspended material, and the resulting defects and mechanical properties, is of 
particular interest. Underlying the study on how radiation-induced defect modify material 
properties, is the presupposition that one understands the material properties and relationships 
between defects and properties, and in fact has the ability to characterize these. In additional to a 
new theoretical modeling approach for radiation damage in 2D materials, this research project 
supported the advancement of both the capabilities to characterize 2D material properties, and 
the fundamental understanding of defect formation and properties of 2D materials through 
experiments and theoretical calculations. Unique experimental capabilities were developed for 
2D materials characterization and for radiation testing, enhanced by interactions and common 
needs with other DTRA grants. Interactions with other grants also lead to joint publication with 
other groups.  
 
The research results are detailed in the numerous presentations and publications listed in this 
report, as well as in three annual review reports from the program.  
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Goal: 
 
The goal of the research was to advance the understanding of the effects of radiation on material 
properties relevant to micro and nano scale electro-mechanical applications, particularly thin-film 
(ultimately 2D) materials. The research accomplished this goal through a series of materials 
characterization, radiation exposure experiments, and theoretical calculations.  
 
Accomplishments:  
 
1) Major activities:  
 

a) Radiation study of conventional (not 2D materials) MEMs functional devices 
b) Advancement of experimental characterization capability for 2D material properties  
c) Experimental study of radiation-induced defect formation in specific 2D materials 
d) Theoretical modeling of the interactions of particle radiation with 2D materials  

 
 

 
2) Specific Objectives:  
 
The specific objectives were to advance the understanding of: 
 

a) the impact of trapped radiation-induced charge (total-ionizing-dose effects) on operation 
of MEMs devices which contains layers of adjacent thin films 

b) 2D materials structural and mechanical properties 
c) radiation-induced defect formation in 2D materials 
d) changes in mechanical properties of 2D materials due to radiation-induced defects  

 
 
3) Significant Results 
 
The detailed results of this program have been reported in three annual review presentations and 
reports, and detailed in numerous publications as listed as references at the end of this report.  
 
Key scientific findings are summarized as follows: 
 
• Charge trapping at the interfaces of PZT and electrodes used in a Piezoelectric Micro-

machined Ultrasonic Transducer was found to change the resonant frequency as a function of 
x-ray exposure dose and bias (including polarity dependence in the direction of the shift) 
during exposure. The observed effects are due to bias-dependent transport and trapping of 
radiation-induced charge at oxygen-vacancy defects near the electrodes that alters the stress 
and strain of the PZT.  
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• Radiation-induced charging in Al/SiO2 bimorph electrothermal microscanners was shown to 
result in changes in the vertical position and resistance of the structures. The radiation-
induced changes in the vertical position and resistance and post-irradiation recovery or super-
recovery of these quantities are sensitive to DC biases applied during and/or after irradiation. 
Simple electrostatic and computational models are qualitatively consistent with observed 
trends in device response. Despite the observed changes in z-position and resistance caused 
by irradiation or bias-induced charging effects, the microscanners remained functional and 
controllable through the full series of tests performed in this study. This suggests that a 
suitable, feedback and control system could be applied to compensate for radiation or 
dielectric charging induced changes in resistance and z-position; however the radiation 
sensitivity of this control system would also have to be considered.  
 

• Characterization methods were developed and applied to measure mechanical properties of 
2D materials, finding that intrinsic crumpling of 2D graphene results in an increase in 
stiffness 
 

• Defects induced in graphene by high-energy particle irradiation were found to be self-
passivated in multi-layer graphene 

 
• The structure of defects induced in hexagonal Boron Nitride subject to electron-irradiation at 

elevated temperature was experimentally found to be a function on the temperature  
 
• A new use of 2D material to increase the sensitivity of measurements using MEMS was 

demonstrated and presents some new opportunities for the study of radiation effects 
 

• Monte Carlo modeling, and experimental data, were combined to provide the first estimate of 
the defect levels vs. magnitude of mechanical property changes in 2D graphene. As 
mechanical structures scale from the ~ µm thickness regime to atomic dimensions (2D), the 
distinction of bulk vs. surface (or interface effects) becomes unclear, and can be dominated 
by adjoining materials if present (vs. suspended materials). To advance the understanding of 
the impact of exposure to particles (protons, electrons, ions) on fundamental mechanical 
properties of 2D materials, we developed and applied computational Monte Carlo models, as 
well as experimental techniques.  The common approach to simulate ion interactions with 
bulk materials using TRIM does not work with 2D materials.  
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A summary of the findings on the 2D materials is represented in the figures below.  
Direct experimental 
characterization of the 
impact of radiation on the 
mechanical properties of 2D 
materials and structures 
presents several challenges. 
Integration of 
characterization methods for 
the 2D materials with 
radiation sources of 
practical interest for in-situ 
characterization is not 
straightforward. Use of 
TEM imaging is effective in 
examining the structural 
nature of defects, but even 
with the electrons serving as 
both the radiation source as 
well as the imaging method, 
this does not directly 
measure mechanical 
properties. By linking defect 
creation due to radiation 
exposure, with mechanical 
changes due to defects, we 
can surmise the change in 
mechanical properties due to 
the radiation exposure as 
shown in the series of 
figures.  In the figure shown, 
there is a simple linear 
connection across 2 orders 
of magnitude in defect 
density. At the end of the 3 year period, we had developed an experimental path to help to fill in 
the gap.  Unique sample holders were designed, and materials samples were prepared. Potential 
radiation source options were identified. The idea was to use the new Monte Carlo simulations to 
help identify the radiation dose, based on the source parameters, required to create defect densities 
in the gap region. The plan included a collaboration with Case Western Reserve University for 
non-destructive optical characterization of the material properties pre- and post-radiation exposure 
and defect characterization by U.C. Berkley.  The program was ended without option year awards 
so this experiment remains an opportunity for future work. Figures on the samples, holders, and 
experimental characterization approach are shown below. 
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2D SAMPLE PREP and PICTURES OF SAMPLES (U.C. Berkley) 
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CONCEPTUAL REPRESENTATION FOR IRRADIATION (VU/Sandia) 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
SAMPLE HOLDERS FOR 2D MATERIALS IRRADIATION (VU/Sandia) 
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EXAMPLE RESONANCE CHARACTERIZATION OF 2D SAMPLE BY CWRU (non-
irradiated) 

 
 

 
 
4) Key Outcomes and Other Achievements:  

 
The program resulted in 17 publications and 15 conference presentations as listed below. The 
program supported 3 Ph.D. graduate students. Findings advanced the understanding of the 
effects of radiation on MEMS, and in particular the impact of radiation exposure on the 
defectivity and mechanical properties of 2D materials, including development and 
demonstration of a Monte-Carlo modeling approach for simulation of the interaction of ions 
with 2D materials.  
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Training and Professional Development 

 
Ryan J.T. Nicholl, Wenjun Liao, and Tham Pham completed Ph.D. degrees under this DTRA 
program. 
 
Professor Dan Fleetwood (Vanderbilt) taught: EECE 304. Radiation Effects and Reliability of 
Microelectronics. Prof. Dan Fleetwood, VU 
 
The students, post-docs, and professors on the team attended numerous international conferences, 
which not only supported dissemination of project results, but also served to advance their personal 
profession development.     
 
 
 
Dissemination of Results 
 
The results have been disseminated to communities of interest through the numerous publications 
and presentations as listed previously in this report. These presentations and publications include 
venues beyond the typical radiation effects community.  
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