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38. CHARGE GENERATION BY PARTICLES  

38.1 Review/Background: 

In the previous two lectures, we learned about the different sources of radiation 

as well as the intensity of radiation in terms of the flux of particles. The sources of 

radiation we discussed were comic ray, solar wind and packaging. Our ultimate goal in 

these series of lectures, however, is to find out how the device could respond to a given 

amount of particle injection into the device. As a result, in this lecture, we will discuss 

the effect of particles. The particles we will discuss are proton, neutron and alpha 

particles. Figure. 38.1 below shows the general process by which the three sources of 

radiation can create a nuclear reaction [3]. 

 

 

 

Figure. 38.1. General process of particle charge and nuclear reaction 
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38.2 The effect of photons: 

When electron-hole pairs are generated by light, most of the dissipated energy is 

generally taken away by phonons. When an atom is excited by a photon strike, there will 

be a big bounce in its energy and it gives its energy away to its neighboring phonons to 

the left and right (See Figure. 38.2). But one thing that we have to note is that those 

neighbors are also giving their energy back to the others. Therefore the original phonon 

keeps bouncing. It takes a relatively long time for every atom to get equal share of 

incident energy (Equipartition theorem). 
 

 

38.3 The effect of protons: 

Let us assume that a proton with high energy is injected into a material, as 

shown in Figure. 38.3. Since a proton is a charged particle, it interacts with both the 

nucleus and the electron cloud. 
 

 

Figure. 38.2. Description of energy dissipation process inside silicon triggered by a 

photon strike (left). Oscillation of energy modes of a phonon (mode k, red) and its two 

neighboring phonons (k+1 in blue, k-1 in green) (right). 
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However, if a proton is far away from the atom, it doesn't see any net charge 

since protons are surrounded by a cloud of electrons. Once it gets into the cloud, then 

there is a charge imbalance: A little bit more of protons, and a little less of electrons. 

Therefore, one can calculate one interaction at a time and sum up all the interactions. One 

thing we also realize is that when the incident proton is interacting with nucleus sitting at 

a given position, it will be an elastic interaction because nucleus is much heavier than 

proton thus moving barely. So when the proton comes in and sees some positive charge, 

it will go and bounce. This process will randomize the proton momentum, and the energy 

transferred in the process will excite electron-hole pairs. 

 

Electrons, however, are inelastic because electrons can move in response. In the 

case of silicon, we need 3.6eV to excite them from the valence to the conduction band. If 

the energy is below 3.6eV, it will bounce locally and get back to its original state, so it 

will not absorb any energy. Then it is elastic. On the other hand, if the energy is more 

than 3.6eV, the electrons will be inelastic. 

 

We need 3.6eV to knock electrons off from the silicon atom because it has a 

bandgap of ~ 1.1eV and generally impact ionization requires ~1.5eV. But those incident 

Figure. 38.3. a) A simple schematic of an incident proton (red triangle) trajectory through the 

silicon nucleus (blue circles) and their electron clouds (green circles). (b) The distance of 

electron cloud adjacent to the proton (r) and the perpendicular distance to its trajectory (b). (c) 

The electron clouds around the proton trajectory are assumed to be homogeneously distributed in 

cylindrical structure. 
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particles are high-energy particles with very specific momentum, which means the 

momentum does not distribute randomly. In that case you cannot do this momentum 

average. You need about 3eV, which is a factor of 2 larger than the silicon bandgap. 

Similarly we need ~20eV for SiO2, which is about twice that of SiO2 bandgap. 
 

If we want to determine the energy transfer as per unit distance, we have to take 

the derivative of the energy transfer with respect to x (distance): 
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 This equation results in a Linear Energy Transfer (LET) and was derived 

by Bethe.  The incident energy (1/Einc) dependency is the most important factor. As one 

can see from Error! Reference source not found., the slope of the curve for proton is 

almost equal to 1. This simple formula can govern the dynamics of energy transfer all the 

time. Based on Figure. 38.4 we can predict that one proton can trigger the generation of 

~4,000 electron-hole pairs per micron distance if the proton incident energy is 1MeV. 

 

 One thing we have to pay attention to is that higher particle energy shows 

less amount of energy transfer. When a particle is coming very fast, it is not going to 

spend enough time to bounce atoms near its trajectory. Thus if an atom is not knocked off 

within the time the injected particle is going through, then the atom will remain safe. But 

the most dangerous things happen when the particle is getting slow down and at the very 

end a mushroom cloud of electron-hole pair will be generated. 
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Now we can obtain a relative amount of LET for different kinds of incident 

particles using the simple power law. Let us assume that we have two particles, A and B. 

If we take the ratio of energy transfer for particle A and B, we get: 
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The ratio of pion to proton is as follows: 
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 Therefore, we can say that proton is more effective, meaning it loses much more 

energy at a given distance. 

 

Figure. 38.4. The relationship of energy transfer to the incident proton energy (solid line) 
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The ratio of proton to alpha particles is however as follows: 
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 The alpha particle can therefore lose more energy than proton at a given 

distance. This makes alpha the most dangerous particle in devices. 
 

 

38.4 The effect of neutrons: 

 

 In this section we discuss the effect of neutrons [2]. First of all, the size of 

nucleus is given by the following formula: 
 

 A = 1.25 ∗ 10E67�6 7⁄ 	��'   38.5 

 Where B is equal to the number of neutron (N) + proton (Z) and the factor 

1/3 comes from the fact that it has a three-dimensional spherical structure. For Si, B = 28, 

the cross section of a silicon atom is: 
 

 F0,G� = 
A2 = 453.4	 ×	10−27            38.6 

 

 Now we are going to put a neutron through a material to break the nucleus 

apart. First of all we need to know what the binding energy is so that we know how much 

energy is required to break it apart. First, the binding energy depends on how big the 
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volume is. The larger the volume, the less of a chance it will remain stable (the first 

term). The surface always tries pushing things in, which is similar to the liquid drop 

model (the second term). There is a proton interaction, since protons tend to repulse with 

each other (the third term). For large atom like Uranium, there is a symmetric energy (the 

fourth term). For stable molecules generally A = 2Z. And finally there is a pairing energy 

that tends to be even (the fifth term). The last two terms (the fourth and fifth) are 

generally small corrections and not very important. 

 
�. � = −15.75� + 17.8�' 7⁄ + 0.71 L4
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The equation above shows a good fit with those experimental results from 

various materials. If one divides it by A, then you obtain the binding energy per particle, 

which is approximately 8MeV. So if one have a neutron coming in with energy less than 

8MeV, it's not enough to break the nucleus apart. If the energy is higher than 8MeV than 

it will keep breaking atoms apart and losing its energy till its energy become less than 

8MeV. 
 

 

 

 

 

Figure. 38.5. The oscillation of a nucleus and subsequent rupture of protons and neutrons 
triggered by an incident neutron strike 

 (solid line) 
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When a particle with some energy gets absorbed in the nucleus, it becomes 

dumbbell-shaped structure which begins to oscillate (See Figure. 38.5). If this oscillation 

energy is above a certain threshold, then it will break into two droplets, which is nothing 

but a nuclear reaction. Here if we make an approximation of an ellipsoidal structure, we 

can see the energy difference between a sphere and an ellipsoid in equation 38.8. Under 

certain condition, if this energy difference term becomes positive, the nucleus is going to 

break apart to minimize its energy. After breaking apart, now we have a bunch of protons 

bursting out of the nucleus. One thing that we have to note is that neutrons themselves 

will not do anything. The protons getting out of the nucleus create electron-hole pairs 

inside a device. 
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 X2 < 	50�   38.9 

Now let us consider the effect of nuclear reactions in silicon. Assume that a neutron is 

coming in and striking silicon of A=28. Since here Z2 is less than 47A, the condition for 

breaking the nucleus in equation 38.9 is met. Thus the silicon nucleus will be broken 

apart and as a result two proton, three neutrons (one of them is an original neutron), three 

alpha particles, a carbon, and a bunch of photons will come out. 
 

 �+'9Z� → 	2� + 3� + 3@\�+6'] + photons  38.10 

 

The energy of protons coming out of the nucleus is ~5MeV per proton and this 

will generate a lot of electron-hole pairs since the minimum energy for electron-hole pair 

generation is ~3.6eV. It is well known that single proton can generation ~4,000 electron-

hole pairs per one micron. In addition, three neutrons come out and their total energy is 

close to 100MeV. This is essentially a chain reaction since one neutron creates 2 

additional ones. Furthermore we also have three alpha particles and they have some 
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charges so they will also generate a huge number of electron-hole pairs, ~25,000 per one 

alpha particle per one micron. Here carbon atoms will not do anything.  

 

Now we can explain why the packaging material is so dangerous because they 

are emitting very slow particles. It is well known that a significant source of ionizing 

radiation in packaged devices is from alpha particles from the naturally occurring 

radioactive impurities in device materials. Alpha particles are one of the many radiations 

that can be emitted when the nucleus of an unstable isotope decays to a lower energy 

state. Since a single neutron strike can generates 2 protons and 3 alpha particles, and the 

total number of electron-hole pairs generated per micron is ~100,000. The rough 

estimation of excessive carrier density generated by a single neutron is ~1027cm-3 

implying that single transistor will be stormed with a huge number of extra carriers 

triggered by one neutron strike. 

 

38.5 Permanent Damage: 

So far we discussed about electron-hole pair generation, which messes the 

electrostatics of transistor up. In addition, there are also permanent damages 

(Figure. 38.6) that occur because the carbon atoms from nucleus rupture will not stay 

within silicon. Those carbon atoms become defect centers in silicon. In addition to 

electron-hole pairs, in other words, those defects are forming inside the midgap of silicon. 

Generally their effects are so strong that after a significant radiation strike, n-type 

material becomes p-type. Of course there are huge numbers of defects generated in 

various places, but the most dangerous thing that can occur is the donor neutralization: 

When the carbon atoms begin to form complexes with donor atom (P) and remove P 

atoms in that process. As a result, the positive doping is going down, but a lot of defects 

are forming, so there will be inversion.  
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38.6 Conclusion: 

In this lecture we learned about three types of particles of interest: alpha 

particles, high-energy neutrons, and low energy neutrons. Others do not make it to the 

surface in significant numbers. Once the neutrons and alpha particles interact with 

nucleus, they may displace the atoms from their usual position, causing permanent 

damage in the process. The protons released in the process interact with the lattice by 

electromagnetic interaction and generate electron-hole pairs– which in turn lead to soft-

errors and single event upsets.  
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