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AFIT-ENP-MS-15-M-099 
 

Abstract 

The radiation response of 14nm h-BN/Si metal insulator semiconductor (MIS) 

devices was investigated using current-voltage and capacitance-voltage measurements 

indicating Frenkel-Poole (FP) and Fowler-Nordheim tunneling (FNT) are the primary 

current mechanisms before and after irradiation.  The data were fit to a composite model 

of FP and FNT currents. 

Irradiations to 33.1, 99.3, and 331 krad(Si) from a cobalt-60 source causes a 

negative voltage shift to the current-voltage measurements of -0.14, -0.45, and -0.46 V 

respectively.  The negative shift indicates radiation induced production of positive space 

charge at the h-BN/Si interface.  No device characteristic changes were observed 

following gamma irradiation.  Fitting the model to data collected after neutron irradiation 

at a fluence of 3.76×1015 n/cm2 indicated no change in the barrier potential for the linear 

FNT model and a 0.013 eV increase in the barrier potential for the FP model. There was a 

decrease of 0.19 eV in the tunneling potential for the non-linear FNT model.  Defects 

generated by the neutron damage increased currents by increasing trap assisted tunneling 

(TAT). 
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IONIZING AND NON-IONIZING RADIATION EFFECTS IN THIN LAYER 
HEXAGONAL BORON NITRIDE 

 
 

I.  Introduction 

 Radiation hardening of electronics is a complex and important challenge. 

Expansion of operations in space have resulted in new standards, demand for innovative 

ideas, more robust technology, and better performance of electronic devices and systems 

that must operate in a radiation harsh environment.  Graphene is an emerging two 

dimensional (2D) material for electronic devices due to its potential for use in high 

performance electronics.  Graphene’s sensitivity to environmental effects requires the use 

insulator and passivation layers to maintain performance, but options are limited.  

Hexagonal boron nitride (h-BN) is one candidate for use with graphene-based electronic 

systems because it has the same lattice structure as graphene, is an insulator, and is 

known to form on graphene surfaces. h-BN also has superior material and electrical 

properties as compared to insulators such as SiO2 or Al2O3.  Understanding the effects of 

radiation on h-BN will allow for a better understanding of the performance of devices 

when incorporating it into novel electronic systems. 

1.1 Background 

h-BN can be grown atomically to ~7-14 monolayers from initial estimates using 

atomic layer deposition (ALD).  It is expected to be radiation tolerant, due in part to it 

being a 2D material presenting a small volume for radiation deposition and also due to its 

low displacement damage cross section as compared to conventional insulating materials. 

A 14 nm thick h-BN layer is achievable for practical electronics with nearly no gamma 
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attenuation or absorption due to the low probability of gamma interactions.  The greatest 

effect of high doses of ionizing radiation will likely be charge formation at the interface 

between the h-BN and substrate.  In this region there is a high probability for charge traps 

due to the lattice mismatch between the h-BN and substrate (e.g. cubic Si). Non-ionizing 

radiation (such as high energy neutrons and protons) typically leads to dislocation 

damage, which will add crystal defects, increasing the potential for charge trapping 

following irradiation.  h-BN has an added sensitivity to neutron radiation damage because 

of the extremely high neutron cross section of boron of 3840 b1, and is a focus of this 

research [1]. 

h-BN is a wide band gap, III-V compound that is both physically and chemically 

stable.  h-BN is formed from alternating boron and nitrogen atoms in a honeycomb 

arrangement consisting of sp2-bonded two-dimensional layers.  Within each layer, boron 

and nitrogen atoms are bound by strong covalent bonds, whereas the individual layers are 

held together by weak van der Waals forces [2]. The typical thickness of a monolayer of 

h-BN is ~2-5 layers of 1.03-2.0 nm (0.40-0.565 nm per monolayer) as a result of 

chemical vapor deposition (CVD) growth [2].  Additionally, there is a strongly disordered 

interface layer 3-5 nm thick when it is in contact with Si.  This layer contains a high 

concentration of dangling bonds from the large lattice mismatch between h-BN and 

Si [3]. 

h-BN has a band gap that ranges from 3.6-7.1 eV, which makes it an insulator. It 

has been proposed as a companion insulating material for graphene devices because it 

                                                 

1 1 b = 10-28 m2 
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shares the same structure as graphene and has only a 1.7% lattice mismatch [4]. This 

makes it an ideal dielectric material for graphene based devices [5].  The permittivity of 

h-BN has a range of values depending on material processing and orientation of the 

crystal structure in relation to the conduction path.  For h-BN at room temperature 

created by an atomic layer deposition (ALD) process, the permittivity ranges from 2.8, 

parallel to the conduction path, and 4.94, perpendicular to the conduction path [6]. 

Boron Nitride Devices Studied In This Research 

  The devices under study in this research were metal insulator semiconductor 

(MIS) based on a Ti/Au/h-BN/Si/Ti/Au heterostructures. The architecture is shown in 

Figure 1.  The h-BN was deposited using ALD on top of a boron doped Si (100) 

substrate [7].   The Ti/Au contacts were deposited using ALD on both the top and bottom 

of the h-BN and Si substrate.  The contact thickness was determined by growth time as 

3200 Å. The Si substrate was 500 µm and the h-BN was 14 nm thick, as determined by 

growth time and confirmed by capacitance measurements in this research.  The BN layer 

is made of h-BN crystals between 2-6 nm.  The thickness of the h-BN crystals was 

measured using x-ray diffraction (XRD) [7]. 
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Figure 1. h-BN/ Si  MIS device physical structure. 

The h-BN/ Si MIS flat band diagram is shown in Figure 2.  The band gap ( Eg ) of 

h-BN is depicted as 5.97 eV but can range from 3.6-7.1 eV depending on the method and 

quality of the BN fabrication [5].  The work function ( MΦ ) of Ti/Au is 4.8 eV and the 

band gap ( Eg ) of Si is 1.12 eV [8].  The calculated flat band ( FBV ) is -0.289 eV and the 

electron affinity of h-BN ( BNΧ ) and Si (Χ ) is 2.971 eV and 4.05 eV respectively. 

 

Figure 2. h-BN/Si p+ MIS flat band diagram. 
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Current-voltage (I-V) and capacitance-voltage (C-V) characteristics provide 

information regarding electrical performance changes of the MIS device following use 

and radiation damage. 

 The focus of this research was to identify how h-BN MIS devices will perform 

after being exposed to ionizing and non-ionizing radiation. Another important aspect was 

also to identify the relevant current modes that dominate current through the devices, and 

use them to quantify the device electrical behavior. 

1.2 Research Justification 

 The radiation performance of h-BN is not well understood because it is a 

relatively new material for use in electrical devices, and the material properties vary with 

quality and fabrication.  Determining the radiation response of h-BN MIS devices will 

enable material scientists to design new generations of graphene based electronics that 

will be radiation resistant and maintain graphene’s electrical properties.  Furthermore, 

determining the radiation response may enable development of a technology that can 

operate reliably in harsh radiation environments such as space and in nuclear reactors. 

Problem Statement 

 The primary focus of this research was the radiation response of h-BN due to 

incident ionizing and non-ionizing radiation.  It required analyses to determine the 

current, capacitance and voltage dependent response of the device, and applying theory to 

determine the cause of the changes in the electrical performance after ionizing and 

non-ionizing radiation. 
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Hypotheses 

It can be demonstrated using I-V and C-V measurements that the h-BN MIS will 

exhibit changes in electrical performance due to both ionizing and non-ionizing 

irradiation.  The I-V measurements will reveal the contributions of Frenkel-Poole (FP) 

emission, Fowler-Nordheim tunneling (FNT), and Schottky emissions. 

Neutron irradiation will increase the transverse current due to displacement 

damage.  Analysis of the changes in the current model using FP emission and FNT will 

identify the mechanisms responsible for the increased transverse currents. 

1.3 Research Objectives 

 1. Determine the dominant current mechanism for h-BN/Si MIS devices. 

 2. Design, construct and test experiments that enable gamma and neutron 

irradiations, but will also prevent device degradation due to electrical sensitivities (charge 

buildup, electrostatic effects). 

3. Characterize MIS devices as a function of gamma and neutron irradiation using 

current and capacitance measurements. 

4. Use I-V and C-V measurements and modeling to determine the cause of the 

changes in current and capacitance. 

1.4 Scope 

 This research is limited in the determination of the electrical response (current, 

capacitance and voltage) in the h-BN/Si heterojunction and between -1 to 1 V.  Current 

and capacitance is studied before and after gamma and neutron irradiations.   
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1.5 Methodology 

 Theoretical development, modeling, and experimental measurements were used in 

this effort.  Current models for MIS contacts were used in the development of the current 

model.  FP emission and FNT was modeled using measured data [5, 9].  The contribution 

of each current model was determined using accepted physical constants, nominal values 

for contact dimension, and order-of-magnitude scaling for calculating parameters such as 

doping density.  The current and capacitance before and after gamma and neutron 

irradiation were measured as a function of applied voltage.  The model parameters were 

then varied to find the best fit to the I-V data and suggest causes to the changes in current 

after irradiation. 

1.6 Assumptions/Limitations 

 The FP and FNT currents will dominate the current in high electric field regions, 

and the primary model will account for changes in the model parameters from irradiation. 

It is also assumed that the gamma irradiation that occurs during neutron irradiation in the 

reactor will not contribute significantly to the creation of defects because of the low non-

ionizing energy loss (NIEL) of gamma rays in h-BN and Si.  

1.7 Sequence of Presentation 

 This thesis is separated into five chapters.  The first chapter has provided an 

introduction to the device design and background information.  Chapter two presents the 

results of literature search and details in the current models.  Chapter three presents the 

experimental setup and procedure for both gamma and neutron irradiations.  Chapter four 
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describes the results of the experiments.  Chapter five contains the conclusion and 

recommendations for future work.



 

9 

 II. Research Review and Model Development 

2.1 Chapter Overview 

 A review of recent h-BN MIS research identified three leakage models that could 

account for current flow within the MIS devices.  The current models for MIS devices 

include Schottky emission, Frenkel-Poole emission (FP), and Fowler-Nordheim tunneling 

(FNT).  The most likely models that account for the current would be the FP and FNT.  

The Schottky emission is eliminated from consideration because the h-BN does not form 

an ohmic contact with Ti/Au [7] and the local electric field strength is high enough to 

allow FNT to dominate in the positive voltage region [8].  

2.2 Model Development 

In this section the device structure is presented and possible current paths are 

proposed.  The available current paths in this structure are shown in Figure 3; 1) along 

the surface of the h-BN until it finds a preferential path through the Si ; 2) through the 

h-BN and then along the interface of the h-BN/Si interface; 3) through both h-BN and the 

h-BN/Si interface in a direct manner. 
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Figure 3. Current path diagram. 

Each current path can be modeled as an equivalent circuit as shown in Figure 4.  

Current path 3 corresponds to the FNT and FP emissions for positive and negative 

voltage regions respectively.  Paths 1 and 2 include parasitic resistances as the applied 

potential increases and allows for additional current paths [9]. 

 
Figure 4. Equivalent circuits for proposed current paths in h-BN MIS devices. 

Frenkel-Poole 
Emission

Fowler-
Nordheim
Tunneling

R_Series

V_g

(1-4) Parasitic 
Resistances

Rp
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The circuit diagram for capacitance is depicted in Figure 5.  The capacitance of 

the h-BN, labeled C_BN,  is in series with the capacitance of the silicon, C_Si, with 

corresponding resistivity in parallel with each capacitance, R_BN and R_Si, which 

correspond to leakage paths. 

 
Figure 5. Equivalent circuit for capacitance in the h-BN MIS device. 

 

 Schottky emission, represented by path 1 in Figure 6, is a thermal induced flow of 

charge over a potential barrier. Frenkel-Poole emission is a method by which an insulator 

can conduct current.  Since the electrons are in loosely bound states, thermal fluctuations 

can give them enough energy to move them into the conduction band.  When an electric 

field is applied, the electrons do not require as much thermal energy to move into the 

conduction band. Path 2 in Figure 6 shows the FP emission under an electric field.  FNT 

is a direct tunneling method where the electron under a strong enough electric field has 

enough energy to tunnel to the conduction band.  It is represented by path 3 in Figure 6. 

V_g

R_Series

C_BN

C_Si

R_BN

R_Si
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Figure 6. Energy band model of 1) Schottky emission, 2) Frenkel–Poole emission 
and 3) Fowler–Nordheim tunneling. Reproduced from [10]. 

  
2.3 Frenkel-Poole Emission (FP) Model  

The current-voltage relationship for Frenkel-Poole emission is ln(I/V) ∝ 1/V2.  

The current-voltage relationship including FP emission for the h-BN MIS structure is 

shown in Equation 2.1 [9]. 

 ( )
FP

o r

q qV
kT d

o
VI V A e
d

πε εσ
  −

Φ −      =  (2.1)  

In (2.1), A is the area of the contact, oσ  is the conductivity of h-BN, V is the applied 

potential, d is the thickness of the h-BN, T is the temperature, FPΦ is the barrier potential 

for the conduction band, and rε is the permittivity of h-BN. 
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2.4 Fowler-Nordheim Tunneling (FNT) Model 

The current-voltage relationship for FNT is ln(I/V2) ∝ 1/V.  The current-voltage 

relationship for the h-BN MIS including FNT is shown in Equation 2.2 [5]. 

 

3* 28
3 2

3

2 *( )
8

Bm d
hqVeff

B

A q mV
I V e

h d m

π φ

π φ

 − 
 
  =  (2.2) 

In (2.2), effA is the area of the contact, m is the electron mass, *m is the effective mass of 

an electron in h-BN,  Bφ is the barrier potential for tunneling, and d is the h-BN thickness. 

Under a weak electric field, (2.2) can be simplified to a linear relationship as in 

(2.3) [5].   

 
42

2( )
Bm d

heff BA m q V
I V e

h d

π φ
φ

 −
 
  =  (2.3) 

 Modeling and Fitting Current Equations 

The expected ranges of the values of the fitting parameters for the FP and FNT 

models for h-BN MIS are given in Table 1, and the independent variable values are given 

in Table 2. 

Table 1. Expected range of values of model fitting parameters. 

Parameter Range of Values Units 
 Bφ  1.1-1.6 eV 

*m [5] 0.26 m kg  

PR  [11] ~1-50 GΩ 
ϕFP 0.1-0.2 eV 
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Table 2.Values of independent variables. 

Independent 
Variable Values  Units 

A 785.4×10-9 m2 

N  1018  cm-3 

0σ  1.21×10-13 Ω-1 m-1 
T 300 K 
D 14×10-9 m 

rε  2.97  
 

The flat band potential for the h-BN MIS is calculated using (2.4) and (2.5) [12]. 

 
4

2 s F
FB T F

ox

qN
V V

C
ε φ

φ= − −  (2.4) 

16

5 1/3 18

1.5 10( ) 11.7
105.3 4.9469 10 3.283 10s

NN
N N

ε
−

− −

×
= +

− × − ×
 (2.5) 

In (2.4) and (2.5), N is the doping density of the Si substrate in cm–3.  Equation (2.5) is an 

empirical equation that calculates the permittivity of Si under different doping densities 

[12].  Combining (2.4) and (2.5), and solving for N, one gets a doping density of 

1018 cm-3. 

Table 3.Values used for calculation of VFB. 

Variable Values  Units 

Fφ  1.12 eV 

TV  4.8 V  

oxC  1.47×10-12 F 

FBV  0.28 V 
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Using the measured capacitance value of 1.47 nF and the doping density of 

1018 cm-3 , the permittivity of the h-BN can be calculated using (2.6). 

 ox eff
ox

eff

t C
A

ε =   (2.6) 

The permittivity of h-BN is calculated as 2.97, which is close to the reported value of 

polycrystalline BN [1].  
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III. Equipment and Procedures 

3.1 Primary Experimental Equipment Descriptions 

Probe Station 

The Signatone probe station has four stabilized probe arms that are capable of 

connecting to a Keithley 4200 semiconductor characterization system (SCS), which has 

three current/voltage source measurement units (SMUs) and two capacitance SMUs.  The 

probe station uses extremely low resistive probe tips and wires to make contact with 

electronics.  The probe arms are stabilized to a floating platform through a vacuum seal.  

The electronic devices are also secured to the bottom chuck through this vacuum.       

 

 

Figure 7. Signatone probe station with Keithley 4200 semiconductor 
characterization system. 

 
The Keithley 4200 has an operating range of +/-200 V with a built-in voltage 

accuracy of 0.02 % of the measured value.  It has a voltage resolution of 0.1 to 100 µV.  
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The current capabilities range from +/- 100 mA with a built-in current accuracy of 0.04% 

of the measured value.  It has a current resolution of 0.1 to 100 pA [13].  The Keithley 

4200 stores all measurements in a table format and exports the data file to an Excel 

workbook. 

OSURR Cobalt-60 Gamma Irradiator 

 The gamma irradiation experiments took place at the Ohio State University 

Research Reactor (OSURR) cobalt-60 gamma irradiator.  The gamma irradiator is a 

cobalt-60 source surrounded by at 10 ft deep pool of water.  The cobalt-60 source emits 

1173 keV and 1333 keV gamma ray photons.  The pool provides shielding from the 

source.  For all experiments, the devices were irradiated in aluminum foil pouches and 

connected to a grounding wire to prevent charge collection in the devices, which could 

have potentially damaged them.  The devices were lowered into the 6” experiment tube to 

the peak dose-rate location ~9” from the bottom of the tube.  The dose-rate of the cobalt-

60 source on the day of irradiation was 36.9 krad/hr (H2O), which is equivalent to 

33.1 krad/hr (Si). 

The Ohio State University Research Reactor (OSURR) 

The neutron irradiations took place at the OSURR, which is an enriched 235U 

reactor surrounded by a 20 ft deep pool of water.  The pool provides cooling, neutron 

moderation, and radiation shielding.  The auxiliary irradiation facility (AIF) was used for 

the irradiation of the devices, and is shown in Figure 8.  
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Figure 8. Photograph of the OSU research reactor with AIF location [14]. 
 

As with the gamma radiation experiments, devices being irradiated in the AIF 

were placed into aluminum foil pouches and connected to a grounding wire to prevent 

charge buildup. The grounding wire was attached to the AIF experiment vessel as shown 

in Figure 9.   

The AIF experiment vessel is made of 2024 aluminum, which will become 

radioactive via neutron capture in aluminum, but will be less radioactive than other types 

of aluminum with more copper and zinc alloys, and will be substantially less radioactive 

than that of the reactor. Therefore, the aluminum activation was not considered to be a 

significant source of gamma irradiation to the samples.  

AIF 
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Figure 9. Experimental setup illustrating device placement inside of the experiment 
vessel. 

3.2 Irradiation Procedures 

 Devices in this study were characterized prior to and following gamma and 

neutron irradiation using I-V and C-V measurements. The I-V and C-V data were then 

analyzed to identify mechanisms responsible for the observed radiation-induced changes.  

Special care was taken throughout all steps of pre-characterization, device preparation, 

and irradiation to ensure there was no electrostatic discharge (ESD) or physical damage. 

The devices were all handled using tweezers and wearing proper ESD wrist straps. 

Pre-Characterization  

 All pre- and post-irradiation I-V and C-V measurements were made using the 

same equipment, cables, and configurations. Samples were characterized prior to 

AIF Experiment Vessel 

Devices 
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irradiation to ensure the equipment would provide the required precision, as well as to 

establish pre-irradiation I-V and C-V measurements to compare to post-irradiation 

measurements. 

 The current dependence on voltage was measured using the Signatone probe 

station and the Keithley 4200 SCS. The high potential probe was put on the top contact 

and the bottom contact was connected to ground through the chuck holding the device 

and a second probe tip.  The Keithley KITE program was used to record each C-V 

measurement. The applied voltage was swept from -0.5 to 0.5 V using a step function in 

increments of 0.01 V for a total of 101 measurements.  Five to ten independent I-V 

measurements were made for each device. This was accomplished by raising the high 

potential probe tip after each measurement and placing it back on the contact at a 

different location. This procedure was repeated for each device on the chip. The same 

procedures used for the I-V measurements were used for the C-V measurements, but two 

Keithley 590 CV analyzers were connected to both the high potential probe and the low 

potential. Each chip had between 6-16 devices on each, for a total of 30-600 independent 

measurements for each chip. 

Device Irradiation Procedures 

The devices were put in aluminum foil packets connected to the top and bottom 

contacts. Each packet was connected to a grounding wire by an alligator clip at the top 

edge of the packet for the duration of the irradiation. The group of devices was positioned 

in the experiment vessels to correspond to the peak gamma or neutron flux. For the 

gamma irradiation, this procedure was repeated with the same devices three times with 1, 
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3, and 7 hour irradiations that correspond to total accumulated doses of 33.1, 99.3 and 

331 krad(Si), respectively. After each irradiation, the I-V and C-V curves were measured 

for each device following the same procedure outlined in the pre-characterization section.  

Additionally, 24 hours later, the I-V and C-V measurements were repeated to identify any 

annealing at room temperature.  For the neutron irradiations, the devices were prepared 

similarly to the devices used for gamma irradiations in grounded foil packets, but were 

placed in the AIF experiment vessel as shown in Figure 9.  The position of the devices 

corresponds to the peak flux in the AIF irradiation chamber.  The reactor was then 

powered to 50 kW for 1 hour, which corresponds to a total neutron fluence of 

3.76×1015 n/cm2. After irradiation, the devices and experiment vessel remained in place 

for 5 days to allow for the activation products to decay so that the devices could be safely 

extracted and handled for measurements. I-V and C-V curves were measured immediately 

after removal from the experiment vessel and after 24 hours to identify any room 

temperature annealing effects. 

3.3 Dosimetry Methods 

 The flux at the bottom of the cobalt-60 6 inch irradiation tube is shown in 

Figure 10.  The peak dose rate occurs at 8 inches from the bottom of the irradiation tube.  

All of the devices for all the gamma irradiations were placed at this position.   
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Figure 10. OSU Co-60 gamma normalized dose rate related to position [14]. 

 

The energy deposited inside of the device from gamma rays can be determined 

using 

 1 x
Deposited Gamma

o

IE e t
I

ρµ φ− 
= − 
 

, (3.1) 

where I is the intensity, oI  is the initial intensity, ρ  is the density of h-BN or Si, µ  is the 

mass attenuation coefficient of h-BN or Si for the gamma ray energy, x  is the thickness 

of the h-BN or Si region, Gammaφ  is the gamma flux of the cobalt 60 source, and t  is the 

irradiation time. 
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Table 4. Table of Values for Calculated Ionizing Dose 

Parameter Silicon Substrate h-BN 

ρ  2.329 g/cm3 2.28 g/cm3 

x  5.0×10-2 cm (500 µm) 1.4×10-6 cm (14 nm) 

µ (1170 keV) 5.90×10-2 cm2/g 5.047×10-2 cm2/g [15] 

µ (1333 keV) 5.90×10-2 cm2/g   

Gammaφ  33.1 krad (Si) 

T 1, 2, 7 hour irradiations 

 

 The amount of energy deposited into each device during the gamma irradiation 

for durations of 1, 2 and 7 hours was 0.5958, 1.1916, and 4.170 krad(Si), respectively. 

 For neutron irradiations, the devices were placed inside the AIF at the peak flux 

location, which is 12 inches above the bottom of the tube, and were exposed to the 

neutron energy spectrum shown in Figure 11. The reactor was operated at 50 kW, while 

the graph depicts the spectrum at 450 kW. The neutron exposure can be scaled down 1/9th 

to the power of the reactor. 
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Figure 11. OSU research reactor AIF neutron fluence spectrum. 

  

The thermal neutrons in the spectrum will interact with the 10B within the h-BN 

and the boron doped silicon substrate to produce 7Li and alpha particles.   Naturally 

occurring boron composition is 19.8% of 10B and 80.2% of 11B [16]. 

10 7
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The energies of the reaction products and the range of the 7Li and alpha particle are 2 and 

5 µm, respectively [16]. The range of the particles in Si is much smaller than the silicon 

substrate thickness.  Ignoring the losses for reactions at the edges of the device, all 

particles from the 10B n+  reaction will deposit all their energy within the device.   
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The number of thermal neutrons interacting with the substrate and the h-BN is 

shown in (3.2). 

 ( )10
, _# of Reactions =  1 Bd N

n th fluxt e σφ −−−  (3.2) 

In (3.2) , _n th fluenceφ is the thermal flux, t is the time of irradiation, d is the thickness of the 

chip, σ is the neutron microscopic cross section for 10B, and 10BN −  is the number density 

of 10B in the material. The total amount of thermal neutron reaction energy deposited in 

the device is calculated by combining the number of reactions with the average energy of 

the reaction products as shown in (3.3).  

 E  = # of Reactions* Average
Th

E
Reaction

 (3.3) 

The contribution to the damage from fast neutrons can be calculated using the 

NIEL [17].  The energy deposited in the device from NIEL is shown in (3.4).  

 ,4* *0.001NIEL Si n FastE NIEL= Φ  (3.4) 

In (3.4) SiNIEL is the NIEL value for Si, which is 11.65 keV/cm [17], ,n FastΦ is the 

average integrated fast neutron flux, and the 0.001 (0.1%) is an estimation for the 

approximate amount of energy that results in displacement damage from NIEL in Si [17].  

 Combining the thermal and fast neutron energy contributions with the average 

energy to create a defect in Si, provides the number density of expected defects, as shown 

in (3.5). 

 E 1Th NIEL
Defects

defect si

E
N

E d
 +

=  
 

 (3.5) 
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In (3.5), DefectsN is the defect density, defectE is the energy to create a defect in Si, 25 eV, 

and sid is the thickness of the substrate.  Table 5 shows the calculated fluences for both 

the cobalt-60 and the reactor for the respective irradiations.    

Table 5. Calculated Dose of the Co-60 and the Reactor Fluence. 

Cobalt-60 Reactor 

Time 
(minutes) 

Dose Rate 
(krad/hr 

H2O) 

Total 
Accumulated 

Dose  
(krad Si) 

Power  
(kW) 

Time  
(minutes) 

Fluence  
(n/cm2)  

60 37.0 33.1 50 60 3.76×1015 

180 37.0 99.3  Thermal 1.80×1015 

600 37.0 331  Fast 1.96×1015 

 

Using the fluences in Table 5, the calculated displacement damage from the 

1 hour irradiation from both the thermal and fast neutrons is ~2.0×1017 3cm− . 
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IV. Analysis and Results 

4.1 Chapter Overview 

 The combined model FP and the FNT models and parasitic resistances are used to 

analyze the effects of irradiation and provide the best fit to the data for both the pre- and 

post-irradiation I-V curves. The C-V curves provide valuable information on the material 

properties for both the h-BN and the silicon substrate.  

4.2 Pre-characterization using I-V and C-V Measurements 

 The I-V measurements show the effective resistance, R, of a device according to 

Ohm’s law, I = V/R. The inverse of the slope of the I-V curve is the effective resistance at 

that voltage. The Keithley 4200 has a built-in internal resistance calibration mechanism 

that compensates when measuring a resistance. These measurements can be used to infer 

the conductive properties of a material through the relationships described above. For a 

conventional resistor, the current increases linearly with voltage, resulting in a linear I-V 

curve, and the slope would be the resistance of the resistor.  However, the h-BN device 

has non-linear I-V characteristics. Therefore, these devices could have time-dependent 

dielectric break down or charge breakdown, tunneling currents, and/or leakage currents. 

All of these measurements help characterize the dielectric quality. 

The Keithley 4200 can be used to measure capacitance through the Keithley 590 

C-V analyzer.  The Keithley 590 C-V analyzer creates a calibrated waveform that is 

compared with the wave that originates from the high frequency response of the device. 

The combined signal is then transferred to the Keithley 4200, where the known waveform 

is separated from the signal and the resultant capacitance is calculated. 
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The high-frequency C-V data allow the following parameters to be extracted: 

oxide thickness, flat band capacitance, flat band voltage, and effective and total bulk 

oxide charge.  Initially, the oxide thickness was used to characterize the quality and 

properties of the devices.  Once the FP, FNT, and leakage currents were quantified, the 

other electrical and material properties were calculated. 

The pre-irradiation C-V measurements of the h-BN device are shown in 

Figure 12.  The measured effective capacitance of the device was 1.47 nF. 

 
Figure 12. Capacitance as a function of voltage for h-BN, prior to irradiation. 

 

The measured capacitance of the h-BN sample annealed at 450 K is 2.1 nF, as 

shown in Figure 13. The higher capacitance of the annealed h-BN device is expected 

because the heating in the annealing process causes the Ti/Au contacts to migrate into 
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both the h-BN structure and the Si substrate.  This reduces the thickness of the insulating 

layer and linearly increases the capacitance.     

 
Figure 13. Capacitance as a function of voltage for h-BN annealed at 450 K, prior to 

irradiation. 
 

The capacitance of the unirradiated silicon is shown in Figure 14. The measured 

capacitance is 237 ± 20 pF. The silicon has a measurable capacitance because the surface 

oxidation due to the environment forms SiO2, resulting in an insulator that is 

approximately 114 nm thick. 
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Figure 14. Capacitance as a function of voltage for p+ Si, prior to irradiation. 

 

Figure 15 shows the I-V characteristics of an h-BN device prior to irradiation.  

The I-V curve has a near linear region from -0.1V to 0.5 V and a non-linear region at 

voltages below -0.1 V. The flat band voltage of -0.28 V shown in Figure 15 corresponds 

to a silicon doping density of 1018 cm-3. 
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(a)

 
(b) 
Figure 15. Current as a function of voltage for h-BN, prior to irradiation, plotted on 

(a) linear-linear and (b) logarithmic-linear scales. 
 

Figure 16 provides the I-V data for the annealed h-BN device, prior to irradiation.  The 

linear region covers a larger voltage range compared to the unannealed device, and has a 

-0.5 -0.25 0 0.25 0.5

-4

-2

0

2

4

6x 10-11

Voltage [V]

C
ur

re
nt

 [A
]

 

 

14nm BN Pre-Irradiation

-0.5 -0.25 0 0.25 0.510-13

10-12

10-11

10-10

Voltage [V]

C
ur

re
nt

 [A
]

 

 

14nm BN Pre-Irradiation

Flat Band Voltage = -0.28 V



 

  32  

current magnitude of nearly one order of magnitude larger than the unannealed device.  

The annealing process has likely eliminated some of the defects which enabled tunneling 

to occur at lower positive voltages. 

 

(a)

 

(b)    

Figure 16. Current as a function of voltage for h-BN annealed at 450 K, prior to 
irradiation, plotted on (a) linear-linear and (b) logarithmic-linear scales. 
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The silicon has environmental oxidation which formed a SiO2 layer, resembling a 

MOS capacitor.  The approximate thickness of the Si substrate is 500 µm, with an oxide 

thickness of approximately 114 nm.  This oxide layer results in a nonlinear region in the 

I-V curve for the Si device, as shown in Figure 17. 

(a)

 
(b) 
Figure 17. Current as a function of voltage for p+ Si, prior to irradiation, plotted on 

(a) linear-linear and (b) logarithmic-linear scales. 
 

-0.5 -0.25 0 0.25 0.5-2.5

-2

-1.5

-1

-0.5

0

0.5x 10-4

Voltage [V]

C
ur

re
nt

 [A
]

 

 

Si Pre-Irradiation

-0.5 -0.25 0 0.25 0.510-7

10-6

10-5

10-4

10-3

Voltage [V]

C
ur

re
nt

 [A
]

 

 

Si Pre-Irradiation

Flat Band Voltage = -0.18 V



 

  34  

The combined model FP and FNT models were fitted to the pre-irradiated h-BN 

data, as shown in Figure 18.  Every fifth measured value is shown with a single standard 

deviation error bar.  Figure 18 shows an increasing error in the measured current in the 

non linear regions.  The linear FNT region dominates from 0.5 V to -0.11 V and the FP 

model dominates from 0.11 V to -0.5 V.  The higher order dependence of the FP and 

FNT on the applied electric field causes the FP and FNT to dominate in higher field 

regions. 

(a)  
(a) 

(b)  
Figure 18. (a) Current as a function of voltage for 14 nm h-BN chip E, prior to 
irradiation, and combined FP, linear FNT, and non-linear FNT fitted models.          

(b) Associated residuals plot. 
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The residual plot between the measured and the combined model is also shown in 

Figure 18.  The combined model fits the data within 10% of the measured value.  All of 

the residuals are an order of magnitude smaller than the measured values. The flat band 

voltage is -0.28 V, and when no potential is applied, the current is 2.24×10-11A.   The 

linear FNT portion of the model has a 0.13 eV potential for tunneling. The first FP model 

(FP1) begins at -0.11 V and continues to -0.5 V with a barrier potential of 0.12 eV and a 

parasitic resistance of 2.5×1010 Ω.  The second FP model (FP2) begins at -0.37 V and 

continues in a linear combination with FP1.  FP2 has a potential barrier of 0.12 eV and a 

parasitic resistance of 9.1×109  Ω.  The non-linear FNT model was not used in this fitting 

because the measured positive voltage electric field was not strong enough to cause 

nonlinear FNT in the device.  The fitting parameters for the combined model for 14 nm 

h-BN (chip E) are shown in Table 6. 

Table 6. Fitting parameters for h-BN chip E. 

Model Parameter Value Units 
 VFB -0.28 V 
 Izero 2.24×10-11 A 

FP 1 RpFP1 2.5×1010 Ω 
 RpFP1 Begins -0.11 V 
 ϕBFP1 0.12 eV 

FP 2 RpFP2 9.1×109 Ω 
 RpFP2 Begins -0.37 V 
 ϕBFP2 0.12 eV 

Linear FNT ϕBLFNT 0.13 eV 
Non-linear FNT 1 RpFNT1  Ω 

 RpFNT1 Begins  V 
 ϕBFNT1  eV 

Non-linear FNT 2 RpFNT2  Ω 
 RpFNT2 Begins  V 
 ϕBFNT2  eV 
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The combined FP and FNT model were fitted to the unirradiated h-BN chip D 

shown in Figure 19.  Every fifth measured value is presented with a single standard 

deviation error bar. Figure 19 shows an increasing error in the measured current in the 

nonlinear regions and a decrease around the flat band voltage.  The nonlinear FNT model 

dominates from 0.5 V to 0.36 V, the linear FNT region dominates from 0.36 V to 

-0.09 V, and the FP model dominates from -0.09 V to -0.5 V. 

(a)  

(b)  

Figure 19 (a) Current as a function of voltage for 14 nm h-BN chip D, prior to 
irradiation, and combined FP, linear FNT, and non-linear FNT fitted models.        

(b) Associated residuals plot. 
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The residual plot between the measured and the combined model is shown in 

Figure 19.  The combined model fits the data within 10% of the measured value. All 

residuals are an order of magnitude smaller than the measured values and are within the 

measured error ranges.  The residuals show some structure and not just random 

fluctuations.  This could result from a source of periodic noise, but does not significantly 

contribute to the measured values. The flat band voltage is -0.28 V and the current at 0 V 

is 2.2×10-11A.  The nonlinear FNT portion of the model shows a potential barrier of 

1.31 eV for tunneling, and the linear FNT portion of the model shows a 0.131 eV 

potential for tunneling.  The first FP model (FP1) begins at -0.09 V and continues to the -

0.5 V, with a barrier potential of 0.115 eV and a parasitic resistance of 2.5×1010 Ω.  The 

second FP model (FP2) begins at -0.35 V and continues in a linear combination with FP1.  

FP2 has a potential barrier of 0.11 eV and a parasitic resistance of 9.1×109  Ω.  The fitting 

parameters for the combined model for 14 nm h-BN (chip D) are shown in Table 7.   
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Table 7. Fitting parameters for h-BN chip D. 

Model Parameter Value Units 
 VFB -0.28 V 
 Izero 2.2×10-11 A 

FP 1 RpFP1 2.5×1010 Ω 
 RpFP1 Begins -0.09 V 
 ϕBFP1 0.115 eV 

FP 2 RpFP2 9.1×109 Ω 
 RpFP2 Begins -0.35 V 
 ϕBFP2 0.11 eV 

Linear FNT ϕBLFNT 0.131 eV 
Non-linear FNT 1 RpFNT1 2.8×1010 Ω 

 RpFNT1 Begins 0.36 V 
 ϕBFNT1 1.31 eV 

Non-linear FNT 2 RpFNT2  Ω 
 RpFNT2 Begins  V 
 ϕBFNT2  eV 

 

The combined FP and FNT model were fitted to the unirradiated annealed h-BN 

chip F shown in Figure 20.  Every fifth measured value is displayed with a single 

standard deviation error bar.  Figure 20 shows an increasing error in the measured current 

in the non linear region.  The linear FNT model dominates from 0.5 V to -0.13 V and the 

FP model dominates from -0.13 V to -0.5 V. 
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(a)  

(b)  

Figure 20. (a) Current as a function of voltage for h-BN chip F annealed at 450 K, 
prior to irradiation, and combined FP, linear FNT, and non-linear FNT fitted 

models. (b) Associated residuals plot. 
 

The residual plot between the measured and the combined model is shown in 

Figure 20.  The combined model fits the data within 10% of the measured value.  All 
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structure.  The increasing residuals in the negative voltage region indicate that outside the 

measured range the fitted FP model may not accurately describe the device.  The flat 

band voltage is -0.06 V and the current at 0 V is 3.76×10-11A.  The linear FNT portion of 

the model shows a 0.125 eV potential for tunneling.  The first FP model (FP1) begins at 

-0.13 V and continues to the -0.5 V, with a barrier potential of 0.1 eV and a parasitic 

resistance of 7×109 Ω.  The second FP model (FP2) begins at -0.11 V and continues in a 

linear combination with FP1.  FP2 has a potential barrier of 0.1 eV and a parasitic 

resistance of 1.6×109 Ω.  The fitting parameters for the combined model for the annealed 

14 nm h-BN (chip F) are shown in Table 8.  The decreased flat band voltage is expected 

because the annealing process reduces the defect density of the h-BN/Si interface and 

reduces the trapped positive charge.  The annealing process also reduces the defects 

within the substrate and the h-BN, which results in greater drift current because of the 

increased electron recombination lifetime.  This is evident in the decrease of the FP 

parasitic resistances from the unannealed h-BN chip. 
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Table 8. Fitting parameters for annealed h-BN chip F. 

Model Parameter Value Units 
 VFB -0.06 V 
 Izero 3.76×10-11 A 

FP 1 RpFP1 7×109 Ω 
 RpFP1 Begins -0.13 V 
 ϕBFP1 0.1 eV 

FP 2 RpFP2 1.6×109 Ω 
 RpFP2 Begins -0.11 V 
 ϕBFP2 0.1 eV 

Linear FNT ϕBLFNT 0.125 eV 
Non-linear FNT 1 RpFNT1  Ω 

 RpFNT1 Begins  V 
 ϕBFNT1  eV 

Non-linear FNT 2 RpFNT2  Ω 
 RpFNT2 Begins  V 
 ϕBFNT2  eV 

 

4.3 Gamma Irradiation Data Fitting 

Chip E was irradiated with 33.1, 99.3 and 331 krad(Si) total accumulated doses 

with 3-7 days between each irradiation.  The combined FP and FNT model were fitted to 

the gamma-irradiated 14 nm h-BN chip E shown in Figures 21-23.  Every fifth measured 

value is displayed with a single standard deviation error bar.  Figure 21 shows an 

increasing error in the measured current in the non-linear region.  The linear FNT model 

dominates from 0.5 V to -0.13 V and the FP model dominates from -0.13 V to -0.5 V. 
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(a)  

(b)  
Figure 21. (a) Current as a function of voltage for h-BN chip E, with a total 

accumulated dose of 33.1 krad(Si), and combined FP, linear FNT, and non-linear 
FNT fitted models. (b) Associated residuals plot. 
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(a)  

(b)  

Figure 22. (a) Current as a function of voltage for h-BN chip E, with a total 
accumulated dose of 99.3 krad(Si), and combined FP, linear FNT, and non-linear 

FNT fitted models. (b) Associated residuals plot. 
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(a)  

(b)  

Figure 23. (a) Current as a function of voltage for h-BN chip E, with a total 
accumulated dose of 331 krad(Si), and combined FP, linear FNT, and non-linear 

FNT fitted models. (b) Associated residuals plot. 
 

The residual plot between the measured and the combined model is shown in 
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All of the residuals are an order of magnitude smaller than the measured values, and are 

within the measured error ranges. The residuals do not show much structure and are due 

to random electronic noise, which does not contribute significantly to the measured 

values.  The flat band voltage decreases from -0.28 V to -0.42, -0.73, and -0.74 V for 

33.1, 99.3 and 331 krad (Si) total accumulated doses, respectively.   Additionally, the 

current at 0 V changed from  2.2×10-11 to 2.4×10-11, 3.6×10-11,  3.6×10-11 A, respectively.   

The changes in the start of the FP dominate model corresponds to the negative voltage 

shifts of the flat band voltage.  The barrier potential for the both the FP and FNT remain 

the same throughout the irradiations.  Only the 331 krad(Si) total accumulated dose 

gamma irradiation had a slight decrease in the barrier potential for the FP 1, from 0.12 eV 

to 0.118 eV.  In the FP1 region, the parasitic resistance was 2.5×1010 Ω  pre- and post-

irradiation.  In the FP2 region, the parasitic resistance was 1.3×1010 Ω for the 99.3 and 

331 krad(Si) doses.  The parasitic resistance of the 33.1 krad(Si) dose in the FP2 region 

was 5.0×109 Ω.  The fitting parameters for the combined model for the gamma irradiated 

14 nm h-BN (chip E) are shown in Table 9. 

  



 

  46  

Table 9. Fitting parameters for h-BN chip E. 

Model Parameter 
33.1 krad Si Total 

Accumulated  
Dose 

99.3 krad Si Total 
Accumulated 

Dose 

331 krad Si Total 
Accumulated 

Dose 
Units 

 VFB -0.42 -0.73 -0.74 V 
 Izero 2.4×10-11 3.6×10-11 3.6×10-11 A 

FP 1 RpFP1 2.5×1010 2.5×1010 2.5×1010 Ω 
 RpFP1 Begins -0.23 -0.54 -0.55 V 
 ϕBFP1 0.12 0.12 0.118 eV 

FP 2 RpFP2 5.0×109 1.3×1010 1.3×1010 Ω 
 RpFP2 Begins -0.42 -0.54 -0.74 V 
 ϕBFP2 0.12 0.12 0.12 eV 

Linear FNT ϕBLFNT 0.1343 0.1335 0.1340 eV 
Non-linear 

FNT 1 RpFNT1 2.8×1010 
  

Ω 

 RpFNT1 
B i  

0.36   V 
 ϕBFNT1 1.343   eV 

Non-linear 
FNT 2 RpFNT2  

  
Ω 

 RpFNT2 
B i  

   V 
 ϕBFNT2    eV 

 

4.4 Neutron Irradiation Data Fitting 

The combined FP and FNT model were fitted to the neutron irradiated 14 nm h-

BN chip D shown in Figure 24.  Every 5th measured value is displayed with a single 

standard deviation error bar.  Figure 24 shows an increasing error in the measured current 

in the nonlinear regions with a significant increase in the FP dominated region below 

0.75 V.  The linear FNT model dominates from -0.25 V to 0.38 V, the nonlinear FNT 

model dominates from 0.38 V to 1 V and the FP model dominates from -0.25 V to -1.0 V. 
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(a)  

(b)  
Figure 24. (a) Current as a function of voltage for h-BN chip D, following neutron 

irradiation, and combined FP, linear FNT, and non-linear FNT fitted models.  
(b) Associated residuals plot. 

 

The residual plot between the measured and the combined model is shown in 

Figure 24.  The combined model fits the data within 10% of the measured value. All of 

the residuals are two orders of magnitude smaller than the measured values and are 

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1-4

-3

-2

-1

0

1

2x 10-10

Voltage [V]

C
ur

re
nt

 [A
]

 

 

14nm BN Chip D Fluence of 3.76 x 1015 n cm-2

Combined Model

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1-8

-6

-4

-2

0

2

4

6x 10-12

Voltage [V]

C
ur

re
nt

 [A
]



 

  48  

within the measured error ranges.  The residuals do not show structure and appear to be 

random fluctuations.  The flat band voltage is -0.62 V and the current at 0 V is 

4.2×10-11 A.  The linear FNT portion of the model shows a 0.132 eV potential for 

tunneling.  The first FNT model (FNT1) begins at 0.38 V and continues to 1 V with a 

barrier potential of 1.12 eV and a parasitic resistance of 2.0×1010 Ω.  The second FNT 

model (FNT2) begins at 0.67 V and continues in a linear combination with FNT1.  FNT2 

has a potential barrier of 1.12 eV and a parasitic resistance of 1.0×1010 Ω.  The first FP 

model (FP1) begins at -0.25 V and continues to the -1 V with a barrier potential of 0.128 

eV and a parasitic resistance of 2.5×1010 Ω.  The second FP model (FP2) begins at -0.64 

V and continues in a linear combination with FP1.  FP2 has a potential barrier of 0.128 

eV and a parasitic resistance of 5.0×109 Ω.  The fitting parameters for the combined 

model for the neutron irradiated 14 nm h-BN (chip D) are shown in Table 10. 

Table 10. Fitting parameters for neutron irradiated 14 nm h-BN chip D. 

Model Parameter Value Units 
 VFB -0.62 V 
 Izero 4.2×10-11 A 

FP 1 RpFP1 2.5×1010 Ω 
 RpFP1 Begins -0.25 V 
 ϕBFP1 0.128 eV 

FP 2 RpFP2 5.0×109 Ω 
 RpFP2 Begins -0.64 V 
 ϕBFP2 0.128 eV 

Linear FNT ϕBLFNT 0.132 eV 
Non-linear FNT 1 RpFNT1 2.0×1010 Ω 

 RpFNT1 Begins 0.38 V 
 ϕBFNT1 1.12 eV 

Non-linear FNT 2 RpFNT2 1.0×1010 Ω 
 RpFNT2 Begins 0.67 V 
 ϕBFNT2 1.12 eV 
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The combined FP and FNT model were fitted to the neutron irradiated annealed 

14 nm h-BN chip F shown in Figure 25.  Every 5th measured value is displayed with a 

single standard deviation error bar.  Figure 25 shows an increasing error in the measured 

current in the nonlinear regions with a significant increase in both the FP and FNT 

dominated region below -0.75 V and above 0.6 V respectively.  The linear FNT model 

dominates from -0.41 V to 0.38 V, the nonlinear FNT model dominates from 0.38 V to 1 

V and the FP model dominates from -0.41 V to -1.0 V. 
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(a)  

(b)  

Figure 25. (a) Current as a function of voltage for annealed h-BN chip F, following 
neutron irradiation, and combined FP, linear FNT, and non-linear FNT fitted 

models and (b) associated residuals plot.  
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The residual plot between the measured and the combined model is shown in 

Figure 25.  The combined model fits the data within 10% of the measured value. All of 

the residuals are two orders of magnitude smaller than the measured values and are 

within the measured error ranges.  The residuals do show the measured values are slightly 

higher in the positive voltage region.  The flat band voltage is -0.56 V and the current at 

0 V is 9.9×10-11 A.  The linear FNT portion of the model shows a 0.124 eV potential for 

tunneling.  The first FNT model (FNT1) begins at 0.38 V and continues to the 1 V with a 

barrier potential of 1.06 eV and a parasitic resistance of 5.0×109 Ω.  The second FNT 

model (FNT2) begins at 0.67 V and continues in a linear combination with FNT1.  FNT2 

has a potential barrier of 0.915 eV and a parasitic resistance of 2.0×109 Ω.  The first FP 

model (FP1) begins at -0.41 V and continues to the -1 V with a barrier potential of 0.1 eV 

and a parasitic resistance of 8.0×109 Ω.  The second FP model (FP2) begins at -0.63 V 

and continues in a linear combination with FP1.  FP2 has a potential barrier of 0.1 eV and 

a parasitic resistance of 1.6×109 Ω.  The fitting parameters for the combined model for 

the neutron irradiated annealed 14 nm h-BN (chip F) are shown in Table 11. 
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Table 11. Fitting parameters for neutron irradiated 14nm annealed h-BN chip F. 

Model Parameter Value Units 
 VFB -0.56 V 
 Izero 9.9×10-11 A 

FP 1 RpFP1 8×109 Ω 
 RpFP1 Begins -0.41 V 
 ϕBFP1 0.1 eV 

FP 2 RpFP2 1.6×109 Ω 
 RpFP2 Begins -0.63 V 
 ϕBFP2 0.1 eV 

Linear FNT ϕBLFNT 0.124 eV 
Non-linear FNT 1 RpFNT1 5.0×109 Ω 

 RpFNT1 Begins 0.38 V 
 ϕBFNT1 1.06 eV 

Non-linear FNT 2 RpFNT2 2.0×109 Ω 
 RpFNT2 Begins 0.67 V 
 ϕBFNT2 0.915 eV 

 

4.5 Changes in Device Characteristics from Irradiations 

Changes in C-V characteristics following irradiation 

 The gamma irradiation of chip E, h-BN, resulted in no significant changes in the 

measured capacitance.  Both the pre- and post-irradiation values for the capacitance were 

within one sigma error from each other. Additionally, neutron irradiation had no 

significant effect on the capacitance of chip D, 14 nm h-BN, and chip F, annealed h-BN.   

The Si chip capacitance decreased from 237 pF to 2.5 pF following neutron 

irradiation, as shown in Figure 26.  Neutron irradiation resulted in displacement damage 

to the Si in the form of defect clusters from the n + 10B reaction.  The resulting Li and 

alpha particles are the primary knock-on atoms (PKA) with sufficient energy to cause 

thousands of point defects within the range of the particle. The large amount of damage 
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to the Si would cause the conductivity of the silicon to decrease, and subsequently, the 

capacitance of the silicon to decrease as well. 

 

Figure 26. Capacitance as a function of voltage for the Si device before and after 
neutron irradiation. 

 

Changes in Flat Band Voltage Following Irradiation 

 The gamma irradiation of the silicon chip and the BN chip E caused a negative 
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radiation causes charge generation within the device and the charge is being trapped at 

interface states between the h-BN/Si interface.  
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(a)

 
(b) 

Figure 27. Current as a function of voltage for the Si device before and following 
gamma irradiation, plotted on (a) linear-linear and (b) logarithmic-linear scales. 
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(a)

 

(b) 
Figure 28. Current as a function of voltage for h-BN chip E before and following 
gamma irradiations, plotted on (a) linear-linear and (b) logarithmic-linear scales. 
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irradiation.  The shift in flat band voltage for the 14 nm h-BN device is larger than that of 

the Si device because it is an insulator, and the structure of the BN allows for more 

charge trapping at the interface because of the lattice mismatch between the BN 

hexagonal structure and silicon. 

 

Figure 29. The change in flat band voltage as a function of total accumulated dose 
for both 14 nm BN chip E and p+ Si. 
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(a)

 
(b) 

Figure 30. Current as a function of voltage for hBN chip D before and following 
neutron irradiation, plotted on (a) linear-linear and (b) logarithmic-linear scales. 
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(a)

 
(b) 

Figure 31. Current as a function of voltage for annealed h-BN chip F before and 
following neutron irradiation, plotted on (a) linear-linear and (b) logarithmic-linear 

scales . 
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silicon device exhibits a positive shift in the flat band voltage of 0.1 V. Additionally, the 

current magnitude in the silicon device decreased by an order of magnitude, and the 

voltage dependence of the current decreased significantly, as well.  These parameters all 

correspond to high levels of defect cluster damage that degrades the conductivity of the 

silicon.  This results in a much higher resistance in the silicon, a smaller slope in the I-V 

curve, and a decrease in current magnitude.  The positive voltage shift in the silicon 

device indicates negative trapped charge buildup at the interface. The neutrons react with 

the 10B in the h-BN and the substrate, causing vacancy formation and unsatisfied bonds in 

h-BN and Si lattice. 
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(a)

 
(b) 

Figure 32. Current as a function of voltage for p+ Si before and following neutron 
irradiation, plotted on (a) linear-linear and (b) logarithmic-linear scales. 
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the interface of the devices, resulting in a negative I-V curve shift. Neutron irradiation 

caused no change in the barrier potential for the linear FNT model, and only a slight 

increase in the barrier potential for the FP model. There was a decrease of 0.19 eV in the 

potential for the nonlinear FNT model for 14 nm h-BN chip D.  The defects created by 

neutron irradiation create intermediate energy states between the valence band and 

conduction band, which lowers the barrier for an electron to tunnel by TAT.  

4.6 Summary of results 

The gamma and neutron irradiation of h-BN produced no significant changes to 

the measured capacitance.  Both the pre- and post-irradiation values for the capacitance 

were within one sigma error from each other. The capacitance of the silicon decreased 

from 237 pF to 2.5 pF following neutron irradiation. Neutron irradiation caused severe 

displacement damage to the silicon in the form of defect clusters from the n + 10B 

reaction. The large amount of damage to the Si caused a decrease in both the conductivity 

and capacitance of the silicon. 

Gamma irradiation of the silicon and the h-BN device resulted in a negative shift 

in the flat band voltage, as noted in Table 12.  The silicon flat band voltage shifted from -

0.18 V to -0.29 V, while the h-BN flat band voltage shift was from -0.28 V to -0.74 V.  

Neutron irradiation of the h-BN caused the flat band voltage to shift negatively, but not as 

great as that resulting from gamma irradiation, even though the device received a larger 

gamma radiation dose in the AIF during neutron irradiation.  Gamma radiation shifted the 

flat band voltage by -0.46 V for the BN and -0.11 V for Si, as compared to the neutron 

radiation shifted -0.34 V for h-BN and 0.1 V. 
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Table 12. Table of all fitted parameters and changes from pre-gamma irradiation 
values. 

Model Parameter 

 
Pre-

Irradiation 
Values 

33.1 krad Si 
TA Dose 

Change in 
Values 

99.3 krad Si 
TA Dose 

Change in 
Values 

331 krad Si 
TA Dose 

Change in 
Values 

Units 

 VFB -0.28 -0.14 -0.45 -0.46 V 
 Izero 2.2×10-11 1.9×10-12 1.37×10-11 1.12×10-11 A 

FP 1 RpFP1 2.5×1010 0 0 0 Ω 
 RpFP1 Begins -0.11 -0.12 -0.43 -0.44 V 
 ϕBFP1 0.12 0 0 -0.002 eV 

FP 2 RpFP2 9.1×109 -4.1×109 3.9×109 3.9×109 Ω 
 RpFP2 Begins -0.37 -0.05 -0.36 -0.37 V 
 ϕBFP2 0.12 0.0043 0.0035 0.004 eV 

Linear FNT ϕBLFNT 0.13 0 0 0 eV 
Non-linear 

  
RpFNT1     Ω 

 RpFNT1 Begins     V 
 ϕBFNT1     eV 

Non-linear 
  

RpFNT2     Ω 
 RpFNT2 Begins     V 
 ϕBFNT2     eV 

 

The h-BN and the annealed h-BN exhibit a slight increase in the current 

magnitude following neutron irradiation.  The increase corresponds to an increased 

leakage current through the h-BN layer from neutron damage.  The silicon chip has a 

positive change in the flat band voltage of 0.1 V, which makes the flat band voltage of 

the silicon nearly zero after the irradiation. The current in the silicon decreased by an 

order of magnitude and the I-V curve flattened.  The positive voltage shift in the Si chip 

would indicate negative charge buildup at the interface.  The neutrons react with the 10B 

in the h-BN and the substrate.  The reaction causes a vacancy defect and unsatisfied 

bonds in h-BN and Si lattice. 

The gamma irradiation resulted in no significant changes in the barrier potential 

for either FNT or FP emission.  The gamma radiation did not change the structure of the 
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devices through displacement damage and only increased the trapped positive charge at 

the interfaces of the devices. The neutron irradiation caused no change in the barrier 

potential for the linear FNT model and only a slight increase in the barrier potential for 

the FP model. There was a decrease of 0.19 eV in the potential for the nonlinear FNT 

model for 14 nm h-BN noted in Table 13.  The defects generated by the neutron damage 

could lower the barrier for an electron to tunnel by TAT, allowing intermediate energy 

states between the valence band and the conduction band, where the electron could tunnel 

into to the trap and then the conduction band. 
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Table 13. Table of all fitted parameters and changes from pre-neutron irradiation 
values. 

Model Parameter 

 
Pre-

Irradiation 
Values Chip 

D 

Chip D 
3.76x1015 n 
cm-2 fluence 
Change in 

Values 

 
Pre-

Irradiation 
Values Chip 

F 

Chip F 
3.76x1015 n 
cm-2 fluence 
Change in 

Values 

Units 

 VFB -0.62 -0.34 -0.06 -0.5 V 
 Izero 4.2×10-11 1.9×10-11 3.7×10-11 6.1×10-11 A 

FP 1 RpFP1 2.5×1010 0 7×109 1.0 ×109 Ω 
 RpFP1 Begins -0.25 -0.26 -0.13 -0.54 V 
 ϕBFP1 0.128 0.013 0.1 0 eV 

FP 2 RpFP2 5.0×109 -4.1×109 1.6×109 0 Ω 
 RpFP2 Begins -0.64 -0.29 -0.11 -0.52 V 
 ϕBFP2 0.128 0.018 0.1 0 eV 

Linear FNT ϕBLFNT 0.132 0.001 0.125 -0.001 eV 
Non-linear FNT1 RpFNT1 2.0×1010 -8.0×109   Ω 

 RpFNT1 Begins 0.38 0.02   V 
 ϕBFNT1 1.12 -0.19   eV 

Non-linear FNT2 RpFNT2 1010    Ω 
 RpFNT2 Begins 0.67    V 
 ϕBFNT2     eV 
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V. Conclusions and Recommendations 

5.1 Conclusions of Research 

 Pre-irradiation I-V and C-V data are consistent with FP and FNT tunneling 

models.  The analytical models provide a very good fit to the measured pre- and post-

irradiation currents from -1 to 1 V. It has been demonstrated that the Schottky emission 

did not fit the measured data. Linear FNT fit the data well when the applied potential was 

very small. The nonlinear FNT fit well in the positive voltage region and FP emission fit 

well in the negative voltage region. 

   The potential barrier, φ , is an extremely sensitive parameter when fitting to 

experimental currents.  Varying the potential barrier by 0.01 eV in all models used in this 

research will result in significant current changes.  Its impact on the results makes it an 

important parameter to measure in future research. The linear combination of multiple FP 

or FNT models suggests a higher fidelity model may be necessary to accurately describe 

the behavior of the current characteristics outside of the current data range.  

 Gamma irradiation exposure at the doses received from the cobalt-60 source does 

not result in displacement damage to the device.  Gamma irradiation results in a negative 

flat band voltage shift that saturates based on the dimensions of the MIS device.  Neutron 

irradiation causes permanent damage by creating defects within the substrate and at the 

h-BN/Si interface. 

 When designing a device with graphene on silicon, the radiation response is 

largely due to the interface characteristics. The h-BN is more radiation resistant to 

neutron radiation than silicon. There was not enough independent data generated in this 
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research to conclude that increased defect density was responsible for the increased 

current after neutron irradiation.  Further experimentation, which could be obtained by 

using other techniques such as Raman spectroscopy or photoluminescence spectroscopy 

would be required. 

5.2 Recommendations for Future Research 

 The use of I-V and C-V measurements provides a method to determine the 

radiation response of h-BN/Si MIS devices.  Further characterization and analysis can be 

achieved by including admittance measurements.  Admittance measurements of the 

devices will give an accurate conductivity measurement of the h-BN film.  Additionally 

temperature dependent current measurements will allow the separation of specific defect 

mechanisms by their activation energy. Te effect of neutron spectra and flux should be 

investigated, which will enable the identification of which energy is causing specific 

damage and if there is a threshold. In-situ measurements for both gamma and neutron 

irradiations would allow the time dependent response of the devices to be quantified. 

These additional measurements would enable the further identification of damage 

mechanisms and their effect. 

 The mechanisms proposed for increased current and increased trap density 

following irradiation can be explored further by irradiating MIS devices of varying 

dimensions and measuring trap density using spectroscopic techniques. Studying the 

lattice structure and the h-BN/Si interface with Raman or optical techniques would 

provide further insight into the damage mechanisms and quantify damage parameters. 
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