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Introduction 

When bipolar junction transistors (BJTs) are exposed to neutrons, the current gain 

degrades due to displacement damage in the semiconductor material [1]. Traditionally a “bag 

test” is used to simulate the neutron environment. In this kind of test, the parts are shipped to 

a neutron facility where they are placed in an unbiased state next to a nuclear reactor and 

irradiated to a specified neutron fluence. This kind of testing can be cumbersome. After 

neutron irradiation, parts can begin annealing immediately, meaning that measurements must 

be taken promptly. However, the parts may be hot after irradiation, causing timely 

measurements to be difficult. Furthermore, there are fewer neutron sources available than 

formerly [2]. One way around these issues is to introduce displacement damage using proton 

irradiation. However, interpreting the results of proton irradiation is more complicated 

because protons are charged particles and cause ionization damage [3]. 

Neutron and proton irradiation of a bipolar junction transistor, or BJT, lowers the 

current gain, and is most pronounced at low emitter-base bias levels due to increased base 

current [4], [5]. Irradiation causes increased bulk recombination due to lattice displacement 

that creates traps in the bulk silicon. As a result, the minority carrier lifetime is decreased, the 

majority carrier density is changed, and the carrier mobility is reduced. When a neutron or 

other particle interacts with the silicon lattice, it knocks a particle from its position in the 

crystal and creates a vacancy. The atom then settles in an interstitial location some distance 

away from the site of impact, creating a Frenkel pair. Often times, there is more than one 

particle that is displaced, showing up as a cluster of defects. Typically, displacement damage 

is measured and simulated through non-ionizing energy loss, or NIEL, which is proportional 

to displacement damage [3], [6], [7].  
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With the use of protons, it is also important to discuss the effects of total ionizing 

dose, or TID, because a proton is a charged particle. The main effect of TID is the creation of 

electron-hole pairs in both silicon and silicon dioxide. Ionizing radiation causes surface 

recombination, resulting in increased base current and reduced current gain [3]. In SiO2, the 

creation of electron-hole pairs results in holes trapped in the oxide. The most probable 

location for charge trapping is near the Si/SiO2 interface. The holes may also liberate 

hydrogen in the oxide that will transport to the interface and react to create interface traps 

[4], [5].  

Both displacement and ionization damage effects are manifested as decreases in 

current gain, or β, where gain is the ratio of collector current to base current, or Ic/Ib. The 

decrease in gain is due primarily to the increase in base current described above. The amount 

of device degradation due to irradiation has also been shown to depend on both device 

geometry and doping [3]–[5], [8]–[12]. Research has shown that 10 keV X-rays can be used 

to simulate the effects of ionization energy of protons. However, to get an accurate measure 

of displacement damage caused by protons, it is necessary to correct for proton charge yield 

compared to 10 keV X-rays [13]. 

The mechanisms for both displacement damage and ionizing damage are discussed 

(Chapter 1) followed by an analysis of proton irradiation and displacement and ionization 

correlation (Chapter 2). This work describes the results of irradiating NPN and PNP BJTs of 

different sizes to examine the effects of protons on current gain. The devices were irradiated 

with 4 MeV protons and 10 keV X-rays. The results show that protons can provide a useful 

first-order screen for sensitivity to displacement damage (Chapter 3). 
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Chapter 1 

 Review of Mechanisms 

1.1 Displacement Damage 

When energetic particles interact with silicon or other semiconductors, they lose their 

energy to both ionizing and non-ionizing processes. Displacement damage is the result of a 

non-ionizing process where an atom is displaced from its lattice position. When this happens, 

it creates a vacancy and an interstitial, or a Frenkel pair. This is caused by a mechanism 

where a large amount of energy is transferred from a neutron or other particle to a single 

silicon atom. This atom is a primary knock-on atom, or PKA. The PKA can then dislodge 

other atoms creating a region with multiple defects [7]. The range of defects is shown in 

Figure 1-1 for simulated protons. For energies under 2 keV, there are only point defects, but 

as the energies get higher there are cascades, or single defect clusters, and then sub cascades, 

or multiple defect clusters [14]. The displacement of atoms introduces new energy levels in 

the band gap that act as recombination centers. This alters the electrical properties of 

semiconductors by reducing carrier lifetime [3], [7]. 

NIEL can be calculated from first principles based on differential cross sections and 

is the energy introduced by elastic nuclear and Coulombic reactions, as well as nuclear 

inelastic reactions. These interactions introduce displacement damage and phonons. NIEL 

can be described for any type of particle using the following expression [7]: 

𝑁𝐼𝐸𝐿 =
𝑁

𝐴
 [𝜎𝑒𝑇𝑒 + 𝜎𝑖𝑇𝑖] 

In this expression, σe and σi are elastic and inelastic cross sections, respectively, and 

Te and Ti are elastic and inelastic effective average recoil energies corrected for ionization 
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loss. N is Avogadro’s number and A is the gram atomic weight of the target material. The 

units of NIEL are MeV-cm2/g. Research performed since the concept of NIEL was developed 

has shown that for multiple device types, to first order, there is a linear relationship between 

device degradation due to particles and NIEL [7]. 

 

 

Figure 1-1: Spatial distribution of initial defect configuration due to primary knock on atom for 

proton irradiation, after [14].  

 

Work by Messenger and Spratt in 1958 derived a linear relationship to describe the 

relationship between particle fluence and current gain [15]:  

1

β(Φ)
=  

1

𝛽𝑝𝑟𝑒
+ 𝐾(𝐸)Φ 

where K(E) is the particle and energy dependent displacement damage factor and Φ is 

the particle fluence. A linear relationship between parameters such as reciprocal current gain 

or minority carrier lifetime can be seen when transistors are irradiated with incremental 
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fluences [7]. The rate of this linear relationship can change with different particles and 

different particle energies as shown in Figure 1-2 [16]. The damage factor for a specific 

energy particle on a device is then defined as the linear rate of change, or slope [3], [7]. For a 

BJT, it represents changes in the recombination rate in the different regions of the transistor 

[7].  

Furthermore, a damage factor at increasing collector current or emitter-base voltage 

can be calculated to show how bias affects radiation response. It also can be used to compare 

radiation response between different types of ions. Using this analysis, Summers et al. 

showed that even as the damage factor changes with biasing, the ratio of a particle’s damage 

factor to neutron damage factor stays constant as shown in Figure 1-3 [16].  

Knowing the damage factor between a given particle and neutrons allows the use of 

monoenergetic particles to predict device response in radiation environments and relate the 

damage from one particle to another with a different energy. From this, radiation response 

can be predicted using calculations of the amount of energy transferred to the primary knock 

on atoms. A function to describe nonionizing energy loss, or NIEL, was developed to 

describe this relationship [3], [7], [16]. Research by Burke et al. postulated a more thorough 

set of calculations for NIEL that could both predict energy dependence of the device damage 

factor and correlate degradation due to different particles [17]. This research was confirmed 

by experimental data from Summers et al. and Dale et al. [16], [18] Later it was expanded on 

by Messenger et al and Jun et al. to facilitate more accurate results [19], [20]. This will be 

discussed in Chapter 2 with a focus on protons. 
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Figure 1-2: Reciprocal gain vs. fluence for sequential irradiation of the same 2N2222A NPN 

transistor with 16.8 MeV and 40.0 MeV helium ions and 4.3 MeV deuterons, after [16]. The slope, or 

damage factor changes for each type of ion.  

 

 

Figure 1-3: Displacement damage factor as a function of collector current for an NPN and PNP 

transistor with neutrons, 65 MeV helium ions, and 3.7 MeV protons, after [16]. 
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1.1.1 Effects in BJTs 

The main effects of radiation damage on BJT’s are increased recombination of 

electron-hole pairs and compensation of donors or acceptors by radiation-induced centers. In 

electron-hole pair recombination, a free carrier is captured by a defect center, followed by the 

capture of the oppositely charged particle, thus removing carriers. The amount of defect 

centers depends on the amount of radiation damage. As more defect centers are created, the 

minority carrier lifetime decreases, causing gain degradation. As the carrier lifetime 

decreases, the base current increases [3], [7]. Another less prevalent effect is the 

compensation of dopants. Radiation-induced defects that act as donors or acceptors 

compensate some of the minority carriers. For example, in n-type material, radiation-induced 

acceptors will compensate some of the donors. In BJT’s, this is shown as in increase in 

resistance due to the removal of carriers [7].  

In an experiment by H.S. Hajghassem et al., multiple NPN BJT’s were irradiated with 

1 MeV equivalent neutrons with fluences ranging from 1 x 1012 to 1 x 1014 cm-2. Figure 1-4 

shows a Gummel plot with pre and post irradiation results for the 2N2222 BJT exposed to a 

neutron fluence of 1 x 1014 cm-2. The collector currents remains relatively unchanged while 

there is a noticeable increase in the base current. At low voltages, the post-irradiation current 

is more than one order of magnitude higher than the pre-irradiation value. These effects are 

due to radiation-induced surface recombination, emitter-base space charge recombination and 

emitter-base current channels [21]. This shows the recombination rate increases throughout 

the depletion region due to displacement damage rather than just at the Si/SiO2 interface as in 

total ionizing dose [4], [5].  
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Figure 1-4: Gummel plot for a 2N2222 BJT pre and post neutron irradiation, after [21]. 

 

 

Figure 1-5: Cross section of a typical NPN BJT. The dashed line represents the area most sensitive to 

ionizing radiation, after [4]. 
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1.2 Total Ionizing Dose 

Ionizing damage can be caused by many sources including protons, electrons, and 

photons [3], [4]. The most prevalent type of degradation due to ionizing radiation in BJTs is 

the reduction of current gain due to excess base current [3]–[5], [8], [11], [12], [22]–[24]. 

Before irradiation, base current is dominated by back injection from the base to the emitter 

[25]. After a BJT is exposed to ionizing radiation, the base current is dominated by 

recombination in the emitter-base depletion region [4], [5].  

The increase of base current is mainly caused by a combination of interface traps and 

trapped positive oxide charge near the emitter-base depletion region. Figure 1-5 shows the 

cross section of a typical NPN BJT with the emitter-base region outlined with a dotted line. 

The oxide charge increases surface potential changes the area of the depletion at the surface  

of the device while the interface states increase surface recombination velocity [4], [5], [11], 

[12], [22], [23]. In certain circumstances, it has been shown that gain can also decrease due to 

a reduction in collector current [8], [26]. 

Figure 1-6 shows normalized current gain for increasing values of Total Ionizing 

Dose. The BJT’s in this example were NPN polysilicon emitter bipolar transistors fabricated 

using a BiCMOS process. The transistors were irradiated with 10 keV X-rays at a dose rate 

of 1.7 krad(SiO2). The current gain degradation tends to saturate at larger doses. In this 

irradiation, the collector current remains constant while the base current increases. [12], [27]. 

In Figure 1-7, the ideality factor for all of these currents is close to 2. In a BJT, the 

relationship between current and voltage can be described by the equation:  

𝐼 = 𝐼0 𝑒
𝑞𝑉

𝑁𝑒𝑘𝑇 
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where I0 is a generalized saturation current and Ne is called the ideality factor. When 

this equation is plotted as the log of current vs. voltage, the result is a straight line where n is 

related to the slope. Ideally, the value of Ne is 1. When n = p, the ideality factor is closer to 2 

because this is the location of maximum recombination. Currents that are produced by 

radiation-induced recombination usually have an ideality factor between 1 and 2 [4], [5]. 

Oxide charge far from the emitter-base junction is generally what determines the ideality 

factor. It is interesting to note that the increases in total dose do not affect the excess base 

current in a meaningful way once Ne = 2 [12].  

1.2.1 NPN BJT Mechanisms 

Positive charge increases the surface potential in the intrinsic base causing an increase 

in the surface recombination velocity and the spreading of the emitter-base depletion region 

[4], [12]. This means that the recombination rate increase appears near the Si/SiO2 interface 

because of the interface traps serving as recombination centers [22]. Eventually the number 

of electrons and holes at the surface will become equal meaning that the recombination rate 

is at a maximum. As more oxide charge accumulates, the area for maximum recombination 

will move subsurface. The amount of excess base current will increase super-linearly until 

the recombination becomes subsurface. Then, the amount of excess base current will 

saturate. This saturation was shown to occur independently of dose rate or irradiation bias 

[4], [5], [9], [27]. 

The increase of the SRV is proportional to the density of recombination centers at the 

interface covering the emitter-base junction. The oxide charge is positive, meaning that the 

depletion region will spread into the p side of the junction [4], [5]. Increased recombination  
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Figure 1-6: Normalized current gain versus base-emitter voltage for increasing levels of total ionizing 

dose, after [12]. 

 

 

Figure 1-7: Excess base current versus base-emitter voltage for various levels of total ionizing dose 

with an ideality factor of 2 super imposed for comparison, after [12].  



 

12 

occurs around the edge of the emitter. The amount of excess base current is related to the 

ratio of emitter area to emitter-base interface [11]. 

In research by Nowlin et al. the post radiation current gain of the NPN transistors 

tested was about 40% of the original gain. The oxide charge was shown to have a large effect 

over p-type material, or the base region for an NPN BJT. The lower doping level in this 

region facilitates this effect as the depletion region expands more into the base and increases 

recombination with the minority electrons [22].  

1.2.2 PNP BJT Mechanisms 

Vertical PNP BJTs (VPNP), similar to the devices in this research, are more radiation 

tolerant than other transistor structures. Interface traps at the Si/SiO2 increase the SRV 

causing excess base current. However, positive oxide charge forces the holes in the n-type 

base below the surface causing an imbalance of electrons and holes and reducing the width of 

the emitter-base depletion region, as shown in Figure 1-8. It also depletes the p-type emitter, 

but only has a small effect due to the high p-type doping. This causes a reduction in surface 

recombination. Consequently, these two mechanisms counteract each other. The effect is also 

smaller in a PNP BJT due to the emitter region being more highly doped p-type than the p-

type base of an NPN BJT [4], [5]. Furthermore, the vertical current flow reduces the area of 

depletion region that is adjacent to oxide [9]. By comparison, in a lateral PNP (LPNP) BJT as 

shown in Figure 1-9, the dominant gain degradation mechanism is recombination centers at 

the Si/SiO2 interface resulting in increased SRV. Since the current flow is directly under the 

oxide, this has a large effect [4], [5].  

A comparison of these two transistor structures and a substrate PNP (SPNP) BJT was 

done by Schmidt et al. In this work, the total ionizing dose required to degrade the LPNP 
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BJT to ½ of its normalized gain was 50 times less than the total dose required to get the same 

degradation in a VPNP BJT. The SPNP BJT required 20 times less total dose than the VPNP 

BJT to reach ½ of its normalized gain. The VPNP BJT shows the least amount of 

degradation. Figure 1-10 shows the normalized current gain for each transistor type as a 

function of total dose and Figure 1-11 shows a pre-radiation gain plotted vs. emitter-base 

voltage against post-radiation results from each of the three transistor types [9].  

 

 

Figure 1-8: A diagram of a generic vertical PNP transistor showing how the depletion region narrows 

in the n-type base due to positive oxide charge, after [4]. 

 

 

Figure 1-9: A diagram of a lateral PNP transistor showing current flow under oxide, after [4]. 
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Figure 1-10: Normalized current gain vs. total dose from lateral (LPNP), substrate (SPNP), and 

vertical (VPNP) BJTs [9]. 

 

Figure 1-11: Normalized current gain vs. emitter-base voltage from lateral (LPNP), substrate (SPNP), 

and vertical (VPNP) BJTs at a dose of 500 krad(SiO2) [9].  
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Chapter 2 

 Effects of Proton Irradiation 

Proton irradiation causes increased bulk recombination due to displacement damage 

and surface recombination due to ionization damage. Initially, studies used separate 

irradiations to simulate the two types of damage from one another, but later studies have 

shown that bipolar technologies actually exhibit a different response to the combination of 

effects [28]–[30]. While displacement damage caused by protons scaled linearly with NIEL, 

ionization induced oxide charge causes a non-linear response [2], [16], [18], [28], [29].  

2.1 Correlating Protons for Displacement Damage 

Summers et al. showed how particle-induced displacement damage could be 

correlated. For these experiments, BJTs were subjected to a total dose of 1500 krad(Si) to 

saturate ionization damage before being exposed to protons for displacement damage studies 

[16]. These results were explained above in Chapter 1.1.1. While giving an excellent 

correlation of protons to neutrons for displacement damage (as shown in Figure 2-1), the 

scope of that research did not include the effects of proton ionization [16]. Similar 

conclusions were made by Pease et al. and Raymond et al. [30], [31]. Further work by 

Summers et al. claimed that there is a direct proportionality between proton damage 

coefficients and NIEL that appears to hold for all parameters on any given device. Therefore, 

all that would be needed for a calculation would be a differential proton flux, measurements 

made at 1 proton energy, and a calculated value of NIEL [32]. Later work by Jun et al. found 

even more accurate NIEL values for protons by taking into account Coulomb scattering for 

protons under 10 MeV [19].  
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Figure 2-1: Linear relationship between measured damage factors for 2N2222A transistors and 

calculated NIEL for protons. Corresponding proton energy is shown at the top [16]. 

 

2.2 NIEL for Protons 

The value of NIEL for protons has been calculated with a variety of methods as 

discussed above. Table 2-1 shows a comparison of values for 4 MeV protons as calculated by 

Summers et al., Jun et al., and by MRED [19], [32]. As can be seen, Summers et al. and Jun 

et al. agree very closely with Jun’s number being lower as it accounts for the Coulomb 

scattering of the protons [19]. 



 

17 

 

Table 2-1: NIEL Values for 4 MeV protons Calculated by Different Methods 

Method NIEL (MeV cm2/g) 

Summers et al. 0.0192 

Jun et al. 0.0189 

MRED 0.0142 

 

2.3 Effects of Simultaneous Displacement and Ionization Damage 

Work by Rax et al. investigated the effects of proton irradiation on bipolar devices. 

Instead of focusing solely on displacement damage caused by protons, it also looked at 

ionization effects. Parts irradiated with both protons and gamma rays showed significantly 

more damage from protons at identical total dose levels due to displacement damage. In 

comparing the effects of ionization, it was found that gamma rays caused more ionizing 

damage the protons. Therefore, subtracting gamma ray damage from proton damage 

underestimated the amount of displacement. It was also found that the relative amount of 

displacement and ionization damage depends on the energy of the protons [33]. Furthermore, 

it was shown that device geometry could also impact its sensitivity [33], [34]. 

Research conducted by Barnaby et al. in 2001 and 2002 compared the effects of 

proton radiation in commercial off the shelf, or COTS, parts with the effects of neutron and 

X-ray radiation. While parts qualifying has traditionally been done assuming that 

displacement damage and total ionizing dose are separate, this research found that by taking 

separate X-ray and neutron irradiation and combining the results to simulate protons over-

estimated the amount of damage [28], [30]. Figure 2-2 shows this relationship [28].  
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Figure 2-2: Change in LM124 bias current versus equivalent fluence for X-ray (ionization), neutron 

(displacement), and proton irradiations, after [28]. 

 

Current degradation cannot be modeled as a sum of X-ray and neutron interaction 

because the sum of degradation does not account for the effects of oxide charge on carrier 

recombination in the semiconductor bulk in BJTs [28]. As discussed above, oxide, 

interfacial, and bulk defects introduced by protons increase carrier recombination in the 

emitter base depletion region and the neutral base [23], [35]. The interface traps increase the 

surface recombination (RS) and the bulk traps increase bulk recombination (RB). The 

relationship of excess base current to RS and RB is: 

Δ𝐼𝐵 𝛼 ∫ 𝑅𝑆(𝑟)
𝐴

𝑟𝑑𝑟 + 2 ∫ 𝑅𝐵(𝑟)
𝑉

𝑟2𝑑𝑟 

The oxide charge suppresses RB in PNP BJTs by increasing the major carriers at the base 

surface and enhances it in NPN BJTs by lowering the majority carrier density [29]. Note that 

the surface recombination depends on the size of the emitter-base surface and the bulk 

recombination depends on the size of the emitter-base volume [28]. From this data, Barnaby 
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et al. created a model that can determine what portion of damage is due to a variety of 

combinations of X-rays, neutrons, and protons based on the depth and doping of the base. Of 

interest to this research is the proportion for X-rays to protons as shown in Figure 2-3. 

Research has also been done to compare the ionization effects of 10 keV X-rays and 

1.25 MeV Cobalt 60 with a range of proton energies [13]. The results of this work showed 

the ionization damage caused by protons was similar to the damage caused by 

10 keV X-rays. This is due to the similarities in stopping powers and the similar charge yield 

from secondary electrons of 10 keV X-rays and lower energy protons. However, the range of 

protons previously tested have mass stopping powers that were both higher and lower than 

the secondary electrons from 10 keV X-rays [13], [36]. The difference in mass stopping 

power has an effect on the charge yield of protons and makes a correction factor necessary to 

calculate the exact amount of ionization caused by protons [13]. The application of a charge 

yield correction relating to the 4 MeV protons used in this work is explained in Section 3.3. 

 

Figure 2-3: Analytically calculated ratio of X-ray to proton radiation response based on depth and 

doping of the device base, after [29].  
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Chapter 3 

 Experimental Results 

3.1 Experimental Details 

The devices used in this study were BJTs manufactured using Texas Instruments’ 

BiCOM 1.5 process. They were fabricated on bonded silicon-on-insulator substrates using 

deep trench isolation. Figure 3-1 shows a cross section of both NPN and PNP BJTs from an 

Intersil PR40 process similar to BiCOM 1.5 [37].  

 

Figure 3-1: Cross section of BJTs in Intersil’s BiCMOS process [37].  

 

In this study, the test structures were fabricated with 12 NPN BJTs and 11 PNP BJTs 

of varying sizes. The chips were packaged in 40-pin DIPs with the pins connected to either 
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the NPN BJTs or the PNP BJTs such that each terminal on a transistor had its own pin. Due 

to how the chips were bonded and some test setup issues, 11 NPN BJTs and 9 PNP BJTs 

were used from each chip. To account for part-to-part variability, two NPN BJT and two 

PNP BJT test structures were irradiated with protons and two of each were irradiated with 

X-rays. This accounted for 8 total parts, or 44 NPN BJTs and 36 PNP BJTs.  

While the exact device dimensions are not known, their relative size compared to 

other transistors on the chip could be calculated. An image of the device layout was 

expanded to relatively large size; for each device, a measurement of how many pixels tall and 

wide was taken to get a relative size. NPN and PNP BJT device sizes were compared and are 

shown as a ratio of each other in Table 3-1. As a result, certain other devices were compared 

to show they are also of similar size.  

Table 3-1: PNP BJT to NPN BJT Ratio for Each Device and One Ratio of Note 

Device Ratio (P/N) 

1 1.10 

2 0.93 

3 1.01 

4 0.92 

5 0.92 

6 0.97 

7 1.04 

8 1.28 

9 1.31 

10 N/A 

11 N/A 

12 N/A 

Other Device Ratio of Note 

PNP 8/NPN 9 1.00 

 

It was found that devices 1-4 for both NPN BJTs and PNP BJTs were of similar size. 

Using the average of the area of NPN BJTs 1-4 and PNP BJTs 1-4 respectively as a standard, 
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the relative size of all of the devices were calculated. These numbers are shown in Table 3-2. 

The largest device for this experiment was 9.51 times the size of the smaller devices. 

Table 3-2: NPN and PNP BJT Size Ratio for Each Device Compared an Average Small NPN or PNP 

BJT (1-4). 

Device NPN BJT PNP BJT 

1 0.88 0.99 

2 1.04 0.98 

3 0.99 1.01 

4 1.09 1.02 

5 1.33 1.24 

6 1.57 1.55 

7 2.12 2.24 

8 2.42 3.16 

9 3.11 4.13 

10 N/A N/A 

11 6.11 N/A 

12 9.51 N/A 

 

The chips were placed in a 40-pin zero insertion force DIP that was connected via a 

40-conductor ribbon cable with 22 AWG wires for the conductors to a multiplexor on a 

Keithley 3706-S system switch. The output of the mux was connected to a HP 4156B with 

one channel for collector, emitter, and base. The substrate of the device was connected to the 

hard ground. The mux and 4156B were controlled via GPIB from a computer running code to 

sweep one transistor at a time on a device.  

Using this setup 11 NPN BJTs or 9 PNP BJTs were irradiated at one time. 

4 MeV protons from the pelletron at Vanderbilt University were used and 10 keV X-rays 

were used from an ARACOR 4100 also at Vanderbilt University. The parts were irradiated 

according to a total ionizing dose measured in krad(Si). For the protons, an equivalent 

fluence was calculated based on a simulation using the Monte Carlo Radiative Energy 

Deposition (MRED) software based on Geant4. This calculated that each 4 MeV proton 
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particle causes 1.16 x 10-9 krad(Si). Using this value, it is possible to equate total ionizing 

dose to particle fluence. Table 3-3 shows the corresponding total dose and fluence amounts 

used in this experiment. 

Table 3-3: TID to Proton Fluence Conversion 

TID (krad [Si]) Fluence (cm-2) 

50 4.31 x 1010 

100 8.62 x 1010 

300 2.59 x 1011 

500 4.31 x 1011 

700 6.03 x 1011 

1000 8.62 x 1011 

1500 1.29 x 1012 

 

A calculation using an LET value from SRIM using the equation: 

𝑇𝐼𝐷[𝑟𝑎𝑑(𝑆𝑖)] = 𝐿𝐸𝑇[𝑀𝑒𝑉𝑐𝑚2/𝑔] × Φ[𝑐𝑚−2] × 1.6 ∙ 10−8[100𝑒𝑟𝑔𝑠/𝑀𝑒𝑉] 

produced similar values within 5% of the MRED calculations. 

After the parts were irradiated, annealing measurements were taken. These 

measurements were tanneal*0.33, tanneal, 24 hours, and 1 week. For TID, tanneal = 26.5 minutes 

and for protons tanneal = ~10 minutes.  

3.2 Comparison of Proton and X-ray Data 

The data collected for each device were current and voltage values for the emitter, 

base, and collector. Figure 3-2 is a Gummel plot for a single PNP BJT irradiated with 

protons. Only the collector current from the prerad measurement is plotted compared to the 

base currents for prerad through the 1500 krad(Si) equivalent fluence. The increasing base 

current due to proton damage can clearly be seen. Similarly, Figure 3-3 is a Gummel plot for 

a single PNP BJT irradiated with X-rays. Here, there appears to be less of an increase in base  



 

24 

 

Figure 3-2: Gummel plot of a PNP device irradiated with 4 MeV protons. Note the increasing current 

base current as the radiation increases.   

 

 

Figure 3-3: Gummel plot of a PNP device irradiated with 10 keV X-rays. Note the much smaller 

magnitude of excess base current.   



 

25 

current due to the X-rays. On both of these plots there are areas where the current was too 

low for the 4156B to register. The beta plot for PNP 11 Device 8, Figure 3-4, shows an 

infinite gain until the current measurement was high enough to register. From 0.5V to 0.9V 

there is a reliable and clean measurement that clearly shows gain degradation due to proton 

damage.  

Damage Factor (k) is calculated as the slope of reciprocal gain at the proton fluence 

levels. It is a useful way to characterize the change due to radiation in BJTs because gain is 

described as IC/IB. Taking the reciprocal of this number gives the base current as the 

numerator. Since the collector current changed a negligible amount due to radiation, 

reciprocal gain shows the change in base current while being able to ignore temperature 

effects. The damage factor then describes the change in base current due to different particle 

fluences. 

Figure 3-5 is a plot of the reciprocal gain of 4 PNP devices of the same size. The 

X-ray values are plotted according to their equivalent proton fluence, as shown in Table 3-3, 

for easy comparison. The lines plotted show a linear response to both X-ray and proton 

irradiation. From this plot, it appears that PNP 13 (exposed to X-rays) had a much lower gain 

to start with. This lower gain actually appears for all devices on PNP 13 and can probably be 

attributed to process variation. Figure 3-6 shows a corresponding reciprocal gain plot for a 

similarly sized set of NPN BJTs. Again, there is a linear response. The slopes for proton 

irradiation appear to be very similar to the PNP devices while the slope for X-ray irradiation 

appears to be higher than the PNP devices. These slopes are considered to be the damage 

factor for their respective devices at a bias of 0.6 V.  
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Figure 3-7 and Figure 3-8 show k for each of the PNP and NPN BJTs at their 

respective size ratio at an emitter-base voltage of 0.6 V. From this it can be seen that there 

are no definitive effects relating radiation damage to device size. While there are differences 

in the k values, they are probably due to process variation. The biggest indicator of this 

would be that the devices with a size ratio of 1 appear to have just as much variation among 

themselves compared to the rest of the devices. However, more work needs to be done to 

verify this claim. 

 

 

Figure 3-4: Beta plot of a PNP device. Note the decreasing gain as the radiation increases.   

 



 

27 

 

Figure 3-5: Reciprocal gain plot of four PNP devices the same size. There is a linear increase for both 

the proton and X-ray irradiated parts. The slope of these lines is the damage factor at this bias.  

 

 

Figure 3-6: Reciprocal gain plot of four NPN devices the same size. Note the slopes are similar to the 

values in Figure 3-5. The last data point for NPN 11 is omitted due to device failure.  
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Figure 3-7: NPN BJT damage factors at 0.6 V VBE bias. 

 

 

Figure 3-8: PNP BJT damage factors at 0.6 V VBE bias.  
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3.3 Correlating Ionization and Displacement Damage 

The calculated slope for each device in Figure 3-5 and Figure 3-6 is the damage 

factor  (K) for that device at a bias of 0.6 V. Damage factor was then calculated for each 

device at each voltage step from 0.4 to 0.9 V as shown in Figure 3-9. While the damage 

factor changes depending on the emitter-base bias, the approximate ratio between the proton 

damage factors and the X-ray damage factors does not. Once damage factors have been 

calculated, they can be used to determine the amount of displacement damage caused by 

protons. 

It has been demonstrated that the effects of 10 keV X-rays are similar to those 

produced by ~20 MeV protons. This is because the mass-stopping power of the secondary 

electrons produced by the X-rays is approximately the same as that of the protons, resulting 

in similar charge yields as shown in Figure 3-10 and Figure 3-11 [13]. Assuming the charge 

yield for ionization produced by 10 keV X-rays and 20 MeV protons is equivalent, a charge 

yield ratio (CYR) can be calculated from Figure 3-11 using the following equation: 

𝐶𝑌𝑅 =
𝐶ℎ𝑎𝑟𝑔𝑒 𝑌𝑖𝑒𝑙𝑑experimental 𝑝𝑟𝑜𝑡𝑜𝑛𝑠

𝐶ℎ𝑎𝑟𝑔𝑒 𝑌𝑖𝑒𝑙𝑑20 𝑀𝑒𝑉 𝑝𝑟𝑜𝑡𝑜𝑛𝑠
 

Using this concept, the 4 MeV protons used in this experiment have a mass stopping 

power that is about 2.5 times greater than that of the secondary electrons produced 

by10 keV X-rays or 20 MeV protons. The charge yield is about 0.35 for 20 MeV protons and 

0.2 for 4 MeV protons, giving a CYR of 1.75. With a CYR, it is possible to show a 

quantifiable amount of displacement damage caused by protons. Since this damage is 

manifested as excess base current in BJTs, it can be described by the following equation: 

∆𝐼𝐵 (𝐷𝐷,𝑝𝑟𝑜𝑡𝑜𝑛𝑠) = ∆𝐼𝐵 (𝑡𝑜𝑡𝑎𝑙,𝑝𝑟𝑜𝑡𝑜𝑛𝑠) − (∆𝐼𝐵 (𝑇𝐼𝐷,𝑋−𝑟𝑎𝑦𝑠) × 𝐶𝑌𝑅) 
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where ∆IB is excess base current. An alternative way to quantify the amount of 

displacement damage due to protons is by using a damage factor ratio.  

A percentage of ionizing damage due to protons can be calculated using a ratio with 

X-ray damage factors (KX) as a numerator and proton damage factors (KP) as a denominator. 

Multiplying this ratio by CYR will give a damage factor ratio (DFR) at each bias: 

𝐷𝑎𝑚𝑎𝑔𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 𝑅𝑎𝑡𝑖𝑜 =
𝐾𝑋,𝑉𝐵𝐸

𝐾𝑃,𝑉𝐵𝐸

× 𝐶𝑌𝑅 

Once a DFR has been calculated, it can be multiplied by ∆IB or ∆β to determine the 

percentage of damage due to ionization. 

 

 

Figure 3-9: Damage factors for four NPN and four PNP devices that are similarly sized. 
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Figure 3-10: Mass-stopping powers versus particle energy for protons, electrons, and secondary 

electrons generated by 10 keV X-rays and 1.25 MeV Co-60 gamma ray photons. Shaded area 

corresponds to proton energies used by Schwank et al. and proton and electron data are from Oldham 

et al [13], [36].  

 

Figure 3-11: Charge yield for protons compared to proton energy. Shaded area corresponds to proton 

energies used by Schwank et al. and original plot from Oldham et al [13], [36]. For the charge yield 

experiments, n-channel transistors were irradiated with the gates grounded.  



 

32 

Damage factor ratio was calculated for every bias point from 0.4 V to 0.9 V is shown 

in Figure 3-12. In this figure, the space below the plotted line represents the percentage of 

damage caused by ionization due to protons and the space above the plotted lines represents 

the percentage of displacement damage. The PNP BJT data shows a consistent ratio of 

5-10% ionization damage and the NPN BJT data shows a range from 2-15% ionization 

damage with the higher amount of ionization damage between 0.53 V and 0.78 V. Plots for 

other sized devices showed similar results. The difference in NPN BJT ionization is most 

likely due to the spreading of the depletion region over the p-type base due to extra oxide 

charge. This shows that these calculations are highly dependent on device geometry. This is 

consistent with research that has shown the dependence of radiation response on a variety of 

factors including neutral base width, base depth, base doping, emitter doping, and oxide 

thickness [3]. Since the dimensions of the devices used for this experiment are not well 

known, these calculations, if applied to other devices, should only be used as a screen for 

displacement damage. 
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Figure 3-12: Damage factor ratio with charge yield correction factor for similarly sized NPN and PNP 

BJTs. 

 

 

Figure 3-13: Damage factors for the same four NPN and four PNP BJTs as shown in Figure 1-3 using 

collector current as the abscissa for easy comparison to the similar plot from Summers et al.[16].  
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3.4 Comparison with Existing Work  

A comparison to Summers et al. can be made by plotting damage factors versus 

collector current for these data, as shown in Figure 3-13. A similar plot is shown from 

Summers et al. in Figure 1-3 of this thesis. The numbers for proton irradiation here are within 

the same order of magnitude as the numbers given by that plot. Using a current bias where 

maximum gain degradation occurs the different damage factors can be compared. For 

example, the damage factor given at a collector currents bias of 1 μA for this experiment is 

1.95x10-14 cm2 for the NPN BJTs. This is compared to the ~1.5x10-14 cm2 shown for a 

2N2222A NPN BJT at 500 μA irradiated with 3.7 MeV protons [16]. However, the damage 

factor given at a collector currents bias of 1 μA for the PNP BJT is 1.86x10-14 cm2 and the 

damage factor for a 2N2907A at peak gain at 50 mA is ~2 x10-15 [16]. Besides the small 

difference in proton energy from 3.7 MeV to 4 MeV, most likely, these differences are due to 

differences in the processes with which the chips were made. Furthermore, Summers et al. 

claim that PNP technology will always have a higher damage factor than NPN technology 

[16]. A quick look at Figure 3-13 will show that the NPN damage factors are actually higher 

than the PNP damage factors. Numbers are similar here for both NPN and PNP BJTs in the 

TI technology, supporting work done by Barnaby et al. discussing the effects different sizing 

parameters have on radiation response [29].  

In 2001, Barnaby et al. claimed that ionization damage accounted for about 20% of 

damage caused by 200 MeV protons, as shown in Figure 2-2. However, this work assumed 

charge yields from 10 keV X-rays and 200 MeV protons are similar and did not scale the 

percentage with charge yield [28]. Charge yield for 200 MeV protons is about 1.5 greater 

than 20 MeV protons meaning that ionization due to protons is closer to 30%.  



 

35 

Conclusions 

The goal of this work was to determine if protons could be used to determine a 

device’s tolerance to displacement damage as a convenient and inexpensive method to obtain 

a reasonable preliminary estimate. Through experiments done with 4 MeV protons and 

10 keV X-rays, this was accomplished. Due to the proton being a charged particle, relevant 

mechanisms of both displacement damage and ionization damage were discussed to show 

their individual effects. This was followed by a discussion of the effects of protons, their 

mechanisms, and calculations related to their use in irradiating parts. Finally, experimental 

data showed that protons can be used to estimate a rough amount of displacement damage.  

Due to the amount of dependence on process variation to determine the ratio of 

displacement to ionizing damage, it is not a simple task to determine the exact amount of 

displacement damage caused by proton irradiation. However, this thesis has shown that if 

compared with X-ray irradiation of the same device, it is possible to get a rough estimate of 

how much damage caused by protons is due to displacement damage. Finding the damage 

factors due to both protons (KP) and X-rays (KX) and finding a ratio, KX/KP, to describe the 

relationship accomplishes this. Multiplying the ratio by the proton damage will give a rough 

estimate of the amount of displacement damage caused. From this, it is possible to use 

protons to screen for displacement damage; however, if more precise results are needed, it is 

necessary to irradiate a part with neutrons to get a more precise displacement damage 

measurement. Alternatively, if device dimensions are known, it is possible using the model 

created by Barnaby et al. to calculate the amount of displacement damage caused by protons. 

Ultimately, this research shows that protons can be used as a cheap and quick alternative to 

neutrons to screen for displacement damage.  
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