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In this paper, the irradiation effect of different atomic number incident ions on
benzocylobutene(BCB) material was investigated by using the Monte Carlo method. The
results indicated that the projected range of theof the ions got decreased and the irradiation
damage region was moved closer to the surface with the increase of ion atomic number.
However, the stopping power was increased with the increase of ion atomic number.
Moreover, with the increase of the atomic number, particle distribution, ionization energy
loss, vacancies and phonons are more in the irradiation damage zone, the radiation damage
mechanism caused by the recoil atoms gradually dominates, and the influence caused by
the incident particles is becoming secondary.
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1. Introduction

With the rapid development of science and technology, semiconductor devices are widely
applied in space science such as defense aerospace, satellite remote sensing and so on[1-5]. It is
well known that the semiconductor devices are the heart of varieties of electronic system, and
when applied in space, they will inevitably be influenced by the irradiation in space[6]. Even if the
dose of irradiation in space is low, when the irradiation lasts long enough, the influence will reach
a certain value and thus render the device degraded or even dysfunctional, which will impair the
stability of the electronic system in space.

In recent years, the research teams at home and abroad have engaged in the study of
irradiation hardening. For bulk Si CMOS devices and ICs, the mature irradiation hardening
methods have been established, such as gate oxide layer hardness[7] and passivation layer
hardness[8]. SOI devices and ICs add the buried oxide layer to improve their irradiation hardness
capabilities[9,10]. However, the irradiation reliability of 111-V HEMTs was mainly focused on the
variation of characteristics and damage mechanism analysis before and after ions radiation. Only
few literatures report the structures of irradiation-hardened devices and methods. The method that
adopted AlGaN material instead of GaN material as buffer layer to increase the displacement
threshold energy and barrier height would suppress the irradiation degeneration degree of GaN
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HEMTSs. But this method would bring the lattice mismatch between material layer, leading to the
decrease of the high frequency characteristics of devices. Therefore, depositing the passivation
protection layer on exposed area especially the active area has become a feasible way to enhance
the irradiation hardening capabilities of HEMTs[11].

Benzocylobutene (BCB) is a kind of organic passivation material with a low k dielectric
and get widely used in HEMT devices[12-14]. It not only can effectively prevent the irradiation
ions, avoid the damage of devices, improve the stability of electrical characteristics of
semiconductor device, but also can prevent the parasitic capacitance in gate recess region induced
by the passviation layer, which can guarantee the high frequency characteristics of devices[14]. In
this paper, we have analyzed the impact of irradiation damage of the different atomic number ions
with energy range of 10 keV-10 MeV on BCB material. The ions projected range, ions
distribution, stopping power and energy loss are investigated in detail using SRIM simulation.

2. Simulations

In numerous particle irradiation simulation software, the SRIM software[15-17] is a
relatively mature and widely used one, which is based on Monte-Carlo method. It simulates a large
number of ions penetrating into the target and tracks its motion process, then stores the various
parameters such as the location of the incident ions, energy loss, secondary ions and so on. SRIM
software adopts continuous slowing-down hypothesis in calculation process, namely the collisions
between the incident ions and the target nuclear using the two body collision method. This part
mainly caused the twists and turns of the incident ions trajectory, the energy loss due to the section
of elastic energy loss and the two two-body collision. It is supposed that the incident ions interact
with the electrons in the material to lose energy continuously and uniformly, and the distance
between the two-body collision and the parameters after collision are obtained by random
sampling.

In this paper, different ions, such as H, He, B, C, Fe, Cu, Au, Ag, Pt, U with the number of
the 10° penetrating into BCB material were studied. The mean projected range of ions H, He, B, C,
Fe, Cu, Au, Ag, Pt, U ranging from 10keV to 10MeV in BCB has been calculated by using the SR
module, as shown in Fig. 1. The Fig.1 shows that the mean projected ranges of different incident
ions increase as the incident energy increases. But for the same incident energy, the smaller the
atomic number for the ion is, the greater the mean projected range will be. It is obvious that if we
draw a straight line perpendicular to the horizontal axis, a straight line parallel to horizontal axis
has been curved similarly. there is no doubt that for the same projected range, the greater the
number of atoms get, the higher the incident energy will be. Therefore, for the degree of
penetration on BCB material, H>B>C>Fe>Cu>Ag>Pt>Au>U.
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Fig.1. The projected range of different atomic number ions in BCB material with incident
energy variation from 10 keV to 10MeV.

3. Results and discussion

The range of the incident particles (Rp)in the incident direction and the end position in the
target object intuitively reflect its irradiation damage to the material. In this paper, the distributions
of different particles at 1MeV in BCB are investigated, as shown in Fig. 2. Obviously, with the
increase of atomic number, the aggregation area of particles moves gradually from the interior to
the surface, and peaks exist in the distributions. The number of particles around the peak region is
very small, which satisfies the Bragg peak distribution. The peak width gradually increases,
indicating that the range of the standard deviation (ARp) gradually increases. At the same time, it
is noticed that the peak value increases with the increase of atomic number except for Fe, Cu and
Ag, which is not only related to the incident energy, but also to the stopping power of the target
material to the particles. The stopping power can be described by the energy loss (-dE/dX) of the
incident particle in the unit path and it is divided into the electronic stopping power and the
nuclear stopping power[15]. The electron stopping power reflects the energy loss induced by the
excitation and ionization when the proton collides with the outside of the nucleus of the lattice.
The nuclear stopping power reflects the energy loss caused by the proton colliding with the target
nucleus. Figure 3 is the stopping power calculated by particles mentioned above. When the energy
is below 1MeV, the electronic stopping power of Fe, Ag and Cu gradually decrease and the
nuclear stopping power increase first and then decrease; Furthermore, for the same incident
energy, the greater the mass of incident particle is , the smaller the speed will be. Therefore, the
range of light particles are longer than heavy particles.
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Fig. 2. The different atomic number ions distribution in BCB material with incident energy 1MeV.



1092

N
[$2)

N
o

=
(5]

=
o

o

o

Nuclear Stopping Power (MeV/(mg/cf))

Electronic Stopping Power (MeV/(mg/cm?))

1 1 1 1
10 100 1000 10000 100 1000 10000
Incident lons Energy (keV) Incident lons Energy (keV)

a) b)
Fig. 3. (a) nuclear stopping power and (b) electronic stopping power of different atomic number ions
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in BCB material with incident energy variation from 10 keV to 10MeV.

The cumulative energy loss of the incident particles include the ionization energy loss
(IEL) and non-ionizing energy loss (NIEL). Relative research has showed that there exists a good
linear relationship between non-ionizing energy deposition of devices and non-ionizing radiation
damage of devices in most cases while it is quite different for different particles[18]. The particles
transfer energy to the electron in the target, in which a number of target atoms are inspired or
ionized and the energy loss of this process is called electron energy loss and corresponding
irradiation effect is named as the ionization effect. Vacancy is an empty lattice position induced by
replacement collision and the number of vacancies determines the degree of the degradation of
materials. The phonon is the lattice vibration’s normal mode of energy quantum, used to describe
harmonic vibration of crystal lattice. The ionization energy loss, vacancies distribution, phonons
distribution, and their percentage of energy occupied by the incident particles in BCB are shown in
Fig. 4-6. They are composed of two parts, the one is caused by incident particles, the other one is
caused by recoil atoms. For the ionization energy loss, the numerical value drops sharply at the
end of the particle path. With the increase of atomic number, the energy loss of ionization
gradually shifts from the interior to the surface, and the influence of the incident particles
increased gradually, instead, the influence of recoil atoms decreased gradually. However, for the
atom with a smaller atomic number such as H, He, B, C, Fe and Cu, the trend of change is more
rapid and for the larger atomic number such as Ag, Pt, Au and U, the trend is relatively gentle. For
the distribution of vacancies and phonons, both slowly increase after the rapid decline with
increasing incident depth. The bigger the atomic number is, the more widely the vacancies and
phonons will be distributed on the surface of BCB. While the energy loss caused by the incident
particles and recoil atoms first increases rapidly and then tends to be gentle, but the influence of
recoil atoms was dominant and the that of the incident particles is secondary. In summary, the
irradiation damage region caused by different particles at 1MeV on BCB gradually moves toward
the material surface as the atomic number increases, and the impact of recoil atoms is becoming
dominant.
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Fig. 4. The ionization energy loss (a) and energy loss percentage due to ionization

(b) for 1 MeV different atomic number ions.

100

1000

10000
Depth (Angstrom)

a)

100000

1000000

lons(%)
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(b) for 1 MeV different atomic number ions.
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Fig. 6. The phonons distribution (a) and energy loss percentage due to phonons

(b) for 1 MeV different atomic number ions.
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4. Conclusions

In this paper, the projected range, particle distributions, ionization energy loss, vacancies
and phonons distribution of different ions such as H, He, B, C, Fe, Cu, Ag, Pt, Au, U with the
number of 10° radiating on BCB material were calculated. The calculation results indicate that the
permeability of BCB is stronger for the smaller atomic number particle such as H, He, B, C, Fe
and Cu, and the irradiation damage region is mainly concentrated in the interior of the material and
the irradiation damage zone moves closer to the surface part of the material with a larger atomic
number, Ag, Pt, Au, U. With the increase of the atomic number, particle distribution, ionization
energy loss , vacancies and phonons are more in the irradiation damage zone, the radiation damage
mechanism caused by the recoil atoms gradually dominates, and the influence caused by the
incident particles is becoming secondary.
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