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ABSTRACT 

 In this work, Gallium Nitride Zirconium oxide metal oxide semiconductor 

capacitors were exposed to a 40MeV proton beam and a 15MeV Argon heavy ion beam of 

radiation. Characterization of each device was done using an Agilent B1500A, switch 

matrix, custom-printed circuit board while using a LabVIEW program to analyze the 

Capacitance-Voltage (C-V), Capacitance-Frequency (C-F), and Current-Voltage (I-V) 

measurement prior to and post exposure. Each reticle’s C-V measurement and its hysteresis 

was then compared pre- and post-exposure for effects. Testing concluded with a time-

dependent dielectric breakdown analysis. Results show that radiation exposure shifts the 

capacitance of the device and affects the hysteresis in its C-V measurement. Initial time-

dependent dielectric breakdown data shows that devices exposed to certain fluences of 

radiation will extend the time it takes before oxide breakdown. 
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CHAPTER 1:
Introduction

Gallium Nitride (GaN) based devices have been praised in electronics for their unique
properties and versatility in the market. GaN combines the high breakdown field of Silicon
Carbide (SiC) with the high frequency characteristics of Gallium Arsenide (GaAs), Indium
Phosphide, or Silicon Germanium to give this semiconductor material much more power
and advantage than its other group III-V competitors [1].

With the advantages shown in GaN, the military services and other Department of Defense
(DoD) organizations have taken interest in its potential applications. GaN semiconductors
may provide increased capabilities in every physical domain, including sea, land, air, and
space. These devices have high frequency characteristics that make them ideal for radio
frequency amplifiers on ships and ground units, and the added benefit of a wide bandgap
enables there use on larger buses at higher power levels [2]. Because the space environment
is harsh, and because it is extremely costly to launch systems into space, it is important to test
the reliability and radiation-hardness of GaN against conditions that the space environment
presents.

1.1 Research Objective
GaN ZrO2 Metal Oxide Semiconductor (MOS) Capacitors provided by U.S. Naval Research
Laboratory (NRL) were subjected to radiation damage in order to gain an understanding
of defects and damage that might present themselves both in the GaN substrate and ZrO2

dielectric layer. Devices were characterized to create a baseline for radiation effects testing.
Radiation effects testing was done at the Texas A&M University Cyclotron Institute with the
K150 cyclotron with a 40 MeV proton beam and 15 MeV argon heavy ion beam. The devices
were then re-characterized and the results were compared to the initial testing results. Testing
concluded with time-dependent dielectric breakdown (TDDB) tests on select devices. Pre-
exposure results were then compared against post-exposure results to determine if oxide
breakdowns were influenced by exposure to certain radiation effects.
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1.2 Related Work
The majority of research work related to GaN device hardness and reliability involves
comparing different gate dielectrics on the substrate to maximize mobility and capacitance
in GaN Semiconductor Devices [3].

ZrO2 and HfO2 are the latest oxides to be used with GaN MOS Capacitors. Early research
comparing these two dielectrics shows promising features for both, as they are high-k di-
electrics with improved mobility characteristics. Between the two, ZrO2 has shown superior
results in trap concentration reduction found in the oxide layer. These dielectrics also have
the potential to be used for high-frequency applications [3].

Research relating to radiation effects are limited to other GaN devices or MOS capacitors
with similar dielectric layers such as HfO2. In one study, results showed that HfO2 can be
applied to space applications because of its good irradiation resistance [4]. Other research
on MOS capacitors include SiO2 as the dielectric layer and subjected the devices to proton
radiation effects. A numerical model of a MOS capacitor was developed to investigate the
effects of ionizing radiation and evaluate its post-irradiated condition [5].

Research conducted within the Naval Postgraduate School (NPS) has focused on GaN high
electron mobility transistors (HEMTs) and the study of radiation effects with these devices.
Wade observed the damage of GaN HEMTs from proton radiation and observed that damage
not previously present had occurred under the gates in the device [6]. Research has also been
done in conjunction with NRL designed devices. Augustine recently developed SILVACO
models on GaN HEMTs based on data and devices designed at NRL and from previous
NPS work [7].

1.3 Thesis Organization
This thesis is laid out in the following order. The basics of structure and device properties
are covered in Chapter 2 as well as an introduction of radiation effects to electronic devices.
Chapter 3 encompasses the entirety of testing and experimentation on the devices. The first
section of the chapter goes over device characterization prior to radiation testing. This is
followed by the overview of radiation effects testing conducted at the Texas A&M University
Cyclotron Institute. The final portion includes post-irradiation testing characterization and

2



time dependent dielectric breakdown testing. All testing described in this chapter was done
utilizing LabVIEW programs and the Agilent B1500A Semiconductor Device Parameter
Analyzer. Chapter 4 covers results from each set of testing covered in Chapter 3 and
provides comparisons of results from each level. Conclusion and future opportunities for
further studies and research are covered in Chapter 5.

3
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CHAPTER 2:
Background

2.1 Fundamentals of MOS Capacitors
The MOS capacitor is a very important part in some integrated circuits because its ability to
store charge allows it to be used as a building block for charged coupled devices. The MOS
Capacitor consists of three layers, as shown in Figure 2.1. The top plate of the capacitor
is made of metal, the bottom plate of the capacitor is made from p-doped silicon, and the
dielectric is made from an oxide of thickness n. An ohmic contact is used to electrically
connect to the p-doped silicon [8].

Figure 2.1. Perspective and cross-section view of a MOS capacitor. Source:
[8].

The capacitance for a MOS capacitor can be calculated by the following equation:

𝐶 =
𝐴𝜖

𝑑
, (2.1)

where 𝜖 is the permittivity of the insulator, d is the distance between the two plates, and A
is the unit area of the structure [9].
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The flat-band condition in a MOS capacitor occurs when the metal and semiconductor
work-functions are equal, no charges exist in the oxide, and no conduction current (DC)
occurs through the oxide [8]. This can be expressed using equation 2.2:

𝑞𝜙𝑚𝑠 = (𝑞𝜙𝑚 − 𝑞𝜙𝑠) = 𝑞𝜙𝑚 − (𝑞𝜒 +
𝐸𝑔

2
+ 𝑞𝜓𝐵) = 0, (2.2)

where 𝑞𝜒 is the electron affinity, 𝐸𝑔 is the bandgap energy of the semiconductor, and 𝑞𝜓𝐵 is
the difference in energy between the fermi level and intrinsic fermi level. If positive charges
accumulate in the oxide, the C-V curve will shift to the left as shown in Figure 2.2a. This
shift is more pronounced when the positive charges near the oxide semiconductor interface.
Figure 2.2c shows positive charge accumulated and Figure 2.2d shows the negative bias
required for flat-band condition [10].
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Figure 2.2. (a) High-frequency C-V curve (on p-semiconductor), shifted along
the voltage axis due to positive oxide charges; (b) Band diagram at �at
band, original; (c) With positive oxide charges; and (d) new �at-band bias.
Source: [10].

2.2 Properties of GaN MOS Capacitors
For a large portion of the history of semiconductors, Silicon has dominated the industry.
Since the 1990s, universities and industry have made significant advancements in GaN
technology, including the development of different color LEDs. GaN semiconductors have
been steadily rising in popularity for military applications because of their ability to handle
high power at high frequencies [1]. This is especially so in the case for advanced integrated
circuit devices to be used in space or other high radiation environments where these de-
vices could provide more efficient and powerful electronics with more reliability [2]. One
advancement has been moving from the widely used Si and SiC microelectronics to GaN
and GaN/oxide combinations. One GaN oxide combination of recent significance has been

7



using ZrO2 as the oxide layer in a MOS Capacitor. GaN is a group III-V semiconductor ma-
terial notably used for high frequency and high power electronics. GaN properties include
a high saturation velocity of 3𝑥1017 cm/s, high critical electric field of 4.2 MV/cm, and a
large band gap of 3.4 eV [11]. The use of this semiconductor improves breakdown voltages
and the efficiency of switching transistors.

ZrO2 is one possible high-k dielectric that can be used on GaN. ZrO2 has a permittivity of
25 and a band gap of 5.6 eV [12]. High-k dielectrics provide increased gain in a Metal Oxide
Semiconductor Field Effect Transistor (MOSFET). G. Zhang et al. mentioned “ZrO2 has a
reasonably high conductance band offset when aligned to GaN. ZrO2 also has temperature
stability and low permeation rates of ambient gases for potentially improving device reli-
ability” [12]. One such study concluded that ZrO2 displayed high capacitance densities of
7.2𝜇𝐹/𝑐𝑚2, high mobility of 210𝑐𝑚2/𝑉𝑠, and that samples showed low gate oxide leakage
with little dependence on temperature [11].

GaN has shown to be able to outperform in the Figure 2.4 where comparisons of theo-
retical figure of merit limitations over breakdown voltages show GaN ahead of its silicon
competitors by being closer to the optimal application area [13].
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Figure 2.3. Shown is the comparision of the theoretical limiting Figure of
Merit of PMAD technology vs. breakdown voltage. Source: [13].

2.3 Radiation Effects
Radiation can cause certain effects to electronics and systems in space. Long-term exposure
from the Van Allen Belt, Solar Proton Events, and Galactic Cosmic Rays all cause different
effects to systems. Long-term exposure to proton fluxes can induce changes in semiconductor
properties. Another serious problem could be the accumulation of charge on insulating
material, which can lead to electric field breakdown or shifts in fermi levels. Solar Proton
Events are caused by major eruptions on the solar surface of intense high-energy protons
and trapped protons in the Van Allen Belts. This can cause larger than normal fluxes, and
energies can potentially cause major issues for equipment.

To study displacement and ionization traps in MOS devices, the work investigated proton and
heavy ion radiation. We will concentrate on charged particles to include protons and heavy
ions. These particles can ionize electrons or cause displacement of lattice atoms. Ionizing
radiation is also referred to as total dose effects [14]. These total dose effects or displacement
damage can be initiated by Galactic Cosmic Rays, Solar Flares, and interaction with Van

9



Allen Radiation Belt particles. Charges can accumulate in the oxide or semiconductor layer
of MOS devices induced by displacement damage or ionization of electrons or holes can be
trapped in defect states [15].
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CHAPTER 3:
Experiment

3.1 Composition of Devices and Testing Layout
The GaN ZrO2 MOS Capacitors used in this study were grown by the Naval Research Lab-
oratory (NRL). These devices were made by depositing the ZrO2 dielectric layer by Atomic
Layer Deposition (ALD). The cross-section of the device is shown in Figure 3.1. The top
layer consists of a nickel/gold plate. The dielectric oxide layer is a 40 nm thick layer of ZrO2

deposited via ALD using zirconium tert-butoxide and tetrakis(dimethylamino)zirconium
precursors [16]. The substrate layer is made up of a 2 𝜇m N+ GaN, 250𝜇m N+ GaN, a GaN
ohmic layer, and a titanium/gold overlay on the bottom. All biasing and characterization
testing was applied using the top nickel/gold plate.

Figure 3.1. Cross-section of GaN MOSCAPs used for radiation exposure
testing.

Devices were fabricated in an area of two to four reticles with corresponding numerical
identifiers imprinted on each die. Each reticle contained approximately 80 devices that
could be connected and tested. Each reticle was then appropriately diced and placed in a
QP-QFN7X7-48-500 package. Due to space constraints within the package, only 36 bonds
were made to each reticle per package. This work required a Printed Circuit Board (PCB) to

11



be designed in EAGLE as shown in Figure 3.2 [17]. The test board was interconnected with
the Agilent B1500A and a Keithley Switch Matrix. Additionally, a Temperature Controller
was fitted underneath the PCB to allow the device to be temperature controlled. A total of
25 reticles with approximately 36 MOS capacitors were bonded and packaged.

Figure 3.2. Top view of PCB utilized for this work.

Additional drawings and outlines are found in Appendix, Section A1.

3.2 Initial Characterization of Devices
Testing and characterization were done using the custom designed PCB, Agilent B1500A,
and a Keithley Switch Matrix. The PCB was connected to the B1500A and switch matrix
using DB25 connectors, and the test plan was implemented using LabVIEW for control.
A total of 25 reticles were characterized for further testing. Initial characterization of the
devices was used to form a data baseline of the devices to be irradiated in the effects testing
portion of the research.

12



Figure 3.3. PCB used to characterize devices in actual test bed with printed
holder.

Each device characterization included a series of Capacitance-Frequency (C-F) tests,
Capacitance-Voltage tests (C-V), and Current-Voltage tests (I-V). Table 3.1 shows that
each test was set up with different measurements taken for data collection.

13



Capacitance-Frequency Measurement
Sweep mode Bias Voltage Start Frequency Stop Frequency

Measurement 1 Single 0 Vdc 1 kHz 500 kHz
Measurement 2 Single 2 Vdc 1 kHz 500 kHz
Measurement 3 Single -2 Vdc 1 kHz 500 kHz

Capacitance-Voltage Measurement
Sweep mode Frequency Start Voltage Stop Voltage

Measurement 1 Double 500kHz -6 V 6 V
Measurement 2 Double 500kHz -7 V 7 V
Measurement 3 Double 500kHz -8 V 8 V
Measurement 4 Double 500kHz -9 V 9 V
Measurement 5 Double 500kHz -10 V 10 V

Current-Voltage Measurement
Sweep mode Current Compliance Start Voltage Stop Voltage

Measurement 1 Double 3 mA -8 V 8 V

Table 3.1. Tables showing each measurement used during characterization.

3.3 Radiation Effects Testing
Radiation effects testing was conducted at the Texas A&M University Cyclotron Institute
using the K150 cyclotron. Effects testing was split into three categories: proton dose testing,
proton with positive bias testing, and heavy ion with positive bias testing. All proton testing
used a 40 MeV beam, and heavy ion testing used a 15 MeV Argon beam. Five reticles
were used for dose testing. Four reticles with 12 devices each were selected for proton
with positive bias testing. 10 reticles with 12 devices each were selected for heavy ion with
positive bias testing.

14



Figure 3.4. Test board used for bias testing at Cyclotron Institute at Texas
A&M.

Proton dose exposure was done by placing the five reticles on the in-air station and shorting
them to the test board. Dosimetry for exposure started at a flux of 1𝑥107𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑐𝑚2 and
allowed the beam to get to a nominal fluence of 1𝑥108𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑐𝑚2. After each fluence
was achieved, one reticle was removed, and the flux was increased by a factor of 10. Each
reticle was then subjected to a fluence increase by a factor of 10 until the last reticle was
subjected to a fluence of 1𝑥1012𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑐𝑚2.
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Proton with positive bias testing used the Agilent B1500A and switch matrix to apply a
biased voltage during a radiation exposure of 50 seconds at a flux of 1𝑥108𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑐𝑚2

or 1𝑥109𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑐𝑚2. After each biasing time, all devices were characterized with a C-V
test to monitor any changes. Devices were exposed over three different bias voltages of
10.8𝑉, 11𝑉, 𝑎𝑛𝑑11.2𝑉 over a total exposure time of 1280 seconds.

Heavy ion testing also used the Agilent B1500A and switch matrix to apply the same bias
voltages at the same exposure times as the proton bias testing with an argon heavy ion beam
flux of 1𝑥108𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠/𝑐𝑚2. Total exposure times for the heavy ion beam was limited to
400 seconds.

3.4 Post-Irradiation Characterization and Testing
Post-irradiation characterization utilized the same LabVIEW programs used in Section 1
to analyze the effects on the devices after they were subjected to proton and heavy ion
radiation. Retesting encompassed all four proton-dosed reticles, three reticles from proton-
biased testing, and 10 of the reticles used for heavy ion-biased testing.

3.5 Time-Dependent Dielectric Breakdown Testing
For analysis of TDDB testing, two reticles from each section of radiation effects testing was
selected. A Stress-Measure-Stress LabVIEW program was based on a strategy developed by
Warnock and Alamo in which the device underwent a series of C-V measurements that was
used to both apply stress and to measure when the stress had stopped [18]. The LabVIEW
program stressed all devices at three different positive bias voltages of 10.8V, 11V, and
11.2V for 50 seconds followed by a C-V test taken to determine at what time interval the
dielectric broke down. The results were then compared to reticles not irradiated to study
whether effects of radiation on the dielectric will affect overall life cycle due to trapped
charges or displacement damage in the oxide.
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CHAPTER 4:
Results of Analysis

4.1 Analysis of Devices Radiated by Protons
Proton radiation exposure was accomplished with the devices shorted to the back plate
of the test platform. Thus, no electric field was applied to the device. Comparing devices
pre- and post-radiation, it was observed that exposure to proton radiation decreased the
capacitance of the devices tested. Figures 4.1 and 4.2 show C-V measurements from two
reticles exposed during proton radiation. It was observed that the devices decreased in
capacitance between 40− 70𝑝𝐹. Integrating the area of the hysteresis window is associated
with an equivalent charge in the device. This charge could be a combination of trapped
electrons or holes, or defects acting as donors or acceptors. Comparison between pre- and
post-radiation hysteresis showed a decrease of charge by an average of 5%.
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(a) (b)

(c)

Figure 4.1. a) - c) shows reticle 8 devices pre- and post-proton dose with
short radiation C-V measurements with area of hysteresis.
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(a) (b)

Figure 4.2. a) and b) shows reticle 6 devices pre- and post-proton dose with
short radiation C-V measurements with area of hysteresis.

4.2 Analysis of Parts Radiated by Protons with Positive
Bias Voltage

Radiation exposure occurred while devices had three different applied positive bias voltages
of 10.8𝑉 , 11𝑉 , and 11.2𝑉 . Pre- and post-radiation with comparisons are as shown in Figure
4.4 showing that while a shift in capacitance did occur, the shift increased the capacitance
of the devices between 25−30𝑝𝐹. The comparison of the hysteresis pre- and post-radiation
of the C-V measurement increased charge by as much as 20%.
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(a) (b)

(c)

Figure 4.3. a) - c) shows reticle 3 devices pre- and post-proton with positive
bias radiation C-V measurements with area of hysteresis.

4.3 Analysis of Parts Radiated by Argon Heavy Ions with
Positive Bias Voltage

Heavy ion radiation exposure was also accomplished using the same bias voltage as the
proton with bias voltage exposure. Analysis of the C-V measurements are shown in Figures
4.4 and 4.5 for pre and post radiation exposure and show similar results from the proton dose
radiation. The decrease in capacitance was smaller in the range of 5 − 25𝑝𝐹. One device
measured a maximum shift of 70𝑝𝐹. Comparing the pre- and post-radiation hysteresis of
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the C-V measurements showed an increase of charge in the area by an average of 8%.

(a) (b)

Figure 4.4. a) and b) shows reticle 12 devices pre- and post-heavy ion with
positive bias radiation C-V measurements with area of hysteresis.

21



(a) (b)

(c)

Figure 4.5. a) - c) shows reticle 5 devices pre- and post-heavy ion with
positive bias radiation C-V measurements with area of hysteresis.

4.4 Analysis of Time-Dependent Dielectric Breakdown
Testing

Preliminary data from time-dependent dielectric breakdown (TDDB) testing shows that the
devices exposed to radiation did not have oxide breakdown happen sooner than devices
without radiation. There were no major differences between the devices tested in proton
and heavy ion beams and their breakdown times. Figure 4.6 shows the scatter plot for the
reticles tested by averaging their times and grouped by exposure type. Devices exposed to
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radiation showed larger times before oxide breakdown occurred at higher stress voltages.
Lower stress voltages showed no difference between no radiation exposure and any type
of radiation exposure. Lower voltages also showed earlier breakdown across all exposure
types. The longest time before breakdown occurred after exposure to heavy ion radiation
was 1250 seconds at a bias of 11.2V. The longest time before breakdown occurred after
exposure to proton radiation was 850 seconds at a bias of 11V.

Figure 4.6. Scatter plot showing each exposure type and their average time
of oxide breakdown vs. stress voltage

4.5 Discussion of Results
All results of radiation exposure exhibited a shift in their capacitance and a change in the
equivalent charge of the device shown by the area of the hysteresis. This could be caused
by damage due to high energy particles or ionized charges trapped within the oxide layer.
Figure 4.7 illustrates the three cases where Figure 4.7a is shorted to the backplate for proton
radiation, Figure 4.7b is heavy ion irradiation with positive stress bias, and Figure 4.7c
is proton radiation with positive stress bias. Figure 4.7a has the lowest field in the oxide
to separate charges. Figure 4.7b illustrates as ionized charges are trapped inside the oxide
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layer from heavy ion radiation, the positive charges could move to the right to the oxide-
semiconductor interface. This could also cause a layer of negative charges to be trapped
within the oxide layer, adding a series capacitance within the oxide. This collection of
trapped charges could be the cause for the decrease in capacitance after exposure to heavy
ion radiation. Figure 4.7c shows that due to the proton beam having higher total non-ionizing
energy loss (NIEL) than the heavy ion radiation, this could be the cause for negative charge
defects within the oxide layer increasing the capacitance after exposure.

Figure 4.7. a) shows an example of the band diagram of the devices tested
at zero bias. Figure b) shows what the band diagram of the devices at bias
after heavy ion with positive stress bias radiation exposure. Figure c) shows
what the band diagram of the devices after proton with positive stress bias
radiation exposure.

Higher stress voltages after exposure had improved oxide breakdown. The positive biases
applied during radiation exposure were the same as the stress voltages applied during TDDB
measurements, which could trap more positive charges in the oxide. This buildup of holes
during exposure could have been the reason for increased time before breakdown as they
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could have provided a lower electric field and reduced the capacitance when the stress
voltage was applied.
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CHAPTER 5:
Conclusions

Through this research we successfully gained an understanding of radiation effects on GaN
ZrO2 MOS capacitors.

All devices showed a shift in overall capacitance post-radiation exposure, as shown in
Chapter 4 using C-V measurements. These results varied depending on the effective fluence
on the device and whether the device had a positive bias during exposure. This change of
area for the hysteresis may be due to trapped charges from ionization. The two cases, proton
irradiated with zero bias and heavy ion irradiated with positive bias could be explained by
this ionization effect. Devices that underwent proton beam irradiation with positive bias
showed the opposite result with an increase in capacitance. This effect is more likely caused
by displacement damage. The higher proton fluence provides more NIEL creating negatively
charged defects within the oxide.

TDDB measurements exhibited different behavior than expected. Instead of showing a
decrease in oxide breakdown time, certain irradiated devices showed an increased survival
at high stress of the device, with some lasting two to four times longer than devices with no
exposure. TDDB measurements also showed more sensitivity to lower bias voltages than
higher bias voltages. It appears that this data has no correlation with TDDB under stress
bias.

This avenue of research is proving paramount to the DoD and partners as radiation-hard
devices are being integrated into more high power and high frequency systems that require
more reliability in space and radiation environments. Topics and research that expand this
study allow these devices to be implemented in more applications today.

5.1 Future Work Considerations
Because these devices were created solely for this research work, recommendations for
future work are limited. Due to testing limitations, the thermal electric cooler was not
used for characterization and TDDB testing. Not all devices were subjected to radiation
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effects and TDDB testing. With the addition of a temperature controller in the test board,
characterization and TDDB can be analyzed and compared with different temperature
settings to the data gained from this research. Research could also be conducted to design
and implement a model in SILVACO. This physically-based simulation software allows
users to create 2D and 3D models of semiconductor devices [19]. Research on the model
could be used to determine expected effects for higher fluences and identifying trap levels
for targeted radiation exposure at different energy levels.
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APPENDIX: Additional Figure and Tables

A.1 Test Layout for QFN chip

Figure A.1. Bonding diagram of reticles in QFN packaging

A.2 Radiation Test Plan
ZrO2 Gan MOSCAPS Dose

BEAM device id flux (ions/cm2) avg flux (ions/cm2) fluence (ions/cm2) effective fluence (ions/cm2) dose (rads) time (min:sec)
39.5 MeV/u RET15 1.00E+06 1.62E+06 1.00E+08 9.96E+07 1.61E+01 1:14
39.5 MeV/u RET7 1.00E+07 1.35E+07 1.00E+09 9.95E+08 1.61E+02 1:22
39.5 MeV/u RET8 1.00E+08 1.88E+08 1.00E+10 1.01E+10 1.63E+03 1:37
39.5 MeV/u RET13 1.00E+09 1.38E+09 1.00E+11 1.00E+11 1.62E+04 1:20
39.5 MeV/u RET6 1.00E+09 1.24E+09 1.00E+12 1.00E+12 1.61E+05 13:27

Table A.1. Table showing each device tested during dose radiation with device
shorted for 40MeV proton beam.
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ZrO2 Gan MOSCAPS Proton Bias
BEAM device id bias1 (10.8V) bias2 (11V) bias3 (11.2V) flux (ions/cm2) avg flux (ions/cm2) fluence (ions/cm2) effective fluence (ions/cm2) dose (rads) time (min:sec)
39.5 MeV/u RET3 DEV1,7,25,5 DEV3,9,26,11 DEV4,10,27,32 1.00E+08 1.72E+08 1.32E+11 2.07845E+11 3.35E+04 21:09
39.5 MeV/u RET9 DEV1,8,25,5 DEV2,9,26,13 DEV4,10,27,29 1.00E+09 1.21E+09 1.32E+12 1.50867E+12 2.43E+05 21:10
39.5 MeV/u RE14 DEV1,8,25,5 DEV2,9,26,11 DEV3,10,28,29 1.00E+09 1.07E+09 1.32E+12 1.47722E+12 2.38E+05 21:09

Table A.2. Table showing each device tested during proton with positive bias
testing for 40MeV proton beam.

ZrO2 Gan MOSCAPS Heavy Ion Bias
BEAM Device bias1 (10.8V) bias2 (11V) bias3 (11.2V) Ion flux (ions/cm2) avg flux (ions/cm2) effective fluence (ions/cm2) dose (rads) time (min:sec)

11.6 MeV/u RET4 dev1,8,25,6 dev4,10,26,14 dev5,11,27,28 Ar 1.00E+07 1.25E+07 2.20E+08 5.53E+05 6:38
11.6 MeV/u RET5 dev1,8,26,5 dev2,9,27,11 dev3,10,27,29 Ar 1.00E+07 1.22E+07 2.15E+08 6.86E+07 6:39
11.6 MeV/u RET12 dev1,8,26,5 dev2,9,27,11 dev3,10,28,29 Ar 1.00E+07 1.18E+07 2.20E+08 5.53E+05 6:40
11.6 MeV/u RET16 dev1,8,25,5 dev2,9,27,11 dev3,10,28,29 Ar 1.00E+07 1.20E+07 2.10E+08 5.27E+05 6:40
11.6 MeV/u RET17 dev1,8,25,5 dev2,9,27,11 dev3,10,28,29 Ar 1.00E+07 1.17E+07 2.07E+08 5.20E+05 6:38
11.6 MeV/u RET18 dev1,7,26,5 dev2,8,27,11 dev3,10,28,29 Ar 1.00E+07 1.20E+07 2.18E+08 5.22E+05 6:38
11.6 MeV/u RET19 dev1,8,25,5 dev2,26,9,11 dev3,10,28,29 Ar 1.00E+05 1.31E+07 5.75E+05 1.56E+03 1:36
11.6 MeV/u RET20 dev1,7,25,5 dev2,26,8,13 dev3,9,28,29 Ar 1.00E+07 1.25E+07 4.20E+07 1.05E+05 1:19
11.6 MeV/u RET22 dev1,7,26,4 dev2,28,8,11 dev3,9,29,30 Ar 1.00E+07 1.27E+07 4.15E+07 1.04E+05 1:20

Table A.3. Table showing each device tested during heavy ion with positive
bias testing for 15MeV argon beam.
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