
Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research B

journal homepage: www.elsevier.com/locate/nimb

Electrical and structural characterization of neutron irradiated amorphous
boron carbide/silicon p-n heterojunctions

Michael Nastasia,b,c,⁎, George Petersona, Qing Sub, Yongqiang Wangd, N.J. Iannoc,e,
Nicole Benkerf, Elena Echeverríaf, Andrew J. Yostf, J.A. Kelberg, Bin Dongg, Peter A. Dowbenc,f

a Department of Mechanical and Materials Engineering, University of Nebraska, Lincoln, NE 68588-0526, United States
bNebraska Center for Energy Sciences Research, University of Nebraska, Lincoln, NE 68583-0857, United States
cNebraska Center for Materials and Nanoscience, University of Nebraska, Lincoln, NE 68588-0298, United States
dMaterials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, NM 87545, United States
e Department of Electrical and Computer Engineering, University of Nebraska, Lincoln, NE 68588-0511, United States
fDepartment of Physics and Astronomy, University of Nebraska, Lincoln, NE 68588-0299, United States
g Department of Chemistry, 1155 Union Circle #305070, University of North Texas, Denton, TX 76203, United States

A R T I C L E I N F O

Keywords:
Semiconducting boron carbides
Hydrogenated boron carbides
Radiation hardness
Neutron irradiation
Neutron detectors
Neutron voltaics

A B S T R A C T

The electrical and structural properties of amorphous hydrogenated semiconducting boron carbide on silicon p-n
heterojunction diodes have been examined following irradiation with thermal neutrons to a maximum dose of
1.08×109 neutrons/cm2. Improvements in the current-voltage response of the heterojunction diode, along with
a decrease in the diode ideality factor, are observed with neutron exposure. Capacitance-voltage data were used
to extract the hydrogenated boron carbide carrier density and diode built-in potential, both of which decrease
with irradiation. Structural and defect characterization, carried out with high resolution TEM and RBS in
channeling mode, show that the hydrogenated boron carbide remains amorphous and no discernible damage
occurs in the Si component of the diode. These data suggest that the observed changes in electrical properties
result from irradiation induced defect passivation in the amorphous boron carbide. For n-type plasma enhanced
chemical vapor deposition hydrogenated semiconducting boron carbide on p-type silicon, the improvements in
the heterojunction diode are quite dramatic.

1. Introduction

Semiconducting boron carbide/silicon diodes have been in-
vestigated for some time for applications as a solid-state neutron de-
tector [1–8] (for a review see [3]) and as a potential energy source as a
neutron voltaic [7,8]. Both applications are derived from the interac-
tion of thermal neutrons with 10B, which has a capture cross section of
3840 ± 0.016 barns [3]. 10B neutron capture leads to the loss of boron
and creation of daughter fragments with significant kinetic energy [9].
The primary reaction products are the production of 0.84MeV 7Li and
1.47MeV 4He ions. Following the capture/fragmentation process, the
7Li and 4He ions deposit energy as they traverse the device in the form
of electronic excitation and ionizing (electronic energy deposition) or
elastic displacement collisions (nuclear energy deposition) [10]. The
deposited ionizing energy creates electron-hole pairs along the ion
tracks, and the electric field created across the diode junction separates
the charges, generating a current pulse. While this phenomena has been

well documented, little previous work has been done to examine the
resulting radiation damage effects on the electrical performance of the
boron carbide/silicon diode.

Our previous study [11] used 200 keV He ions to simulate alpha
particles generated by the neutron capture and fragmentation process
in boron carbide/silicon p-n junctions. These studies [11] showed that
electrical performance initially improved under irradiation and that
higher irradiation doses led to device failure as a result of nuclear da-
mage in the crystalline silicon substrate. It was hypothesized that initial
device improvement resulted from electronic energy deposition in the
amorphous boron carbide, which resulted in bond breaking and re-
formation, thereby removing bond defects (defect passivation) that
resulted during synthesis. In this work, we use thermal neutrons as the
irradiating source, where high energy fragments are produced from
neutron capture by a 10B atom in the boron carbide film, to further our
understanding of irradiation effects on amorphous boron carbide/Si
devices. Our aim is to provide additional insight into the changes of the
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device as a result of neutron irradiation induced changes in the amor-
phous partially dehydrogenated semiconducting boron carbide.

2. Experimental details

The plasma enhanced chemical vapor deposition (PECVD) hydro-
genated semiconducting boron carbide, B10C2+xHy, based p-n hetero-
junction were synthesized using an n-type silicon (P doped) substrate
(001) of resistivity − × cm65 110Ω (University Wafers). The substrates
were cleaned in baths of acetone, methanol, and filtered de-ionized
water followed by a 5 wt% hydrofluoric acid (HF) bath for oxide re-
moval and hydrogen termination. Prior to a-B10C2+xHy deposition, the
substrate was exposed to a 30min Ar+ plasma etch to remove any re-
sidual carbon or other surface impurities. Partially dehydrogenated
boron carbide thin films were deposited on the Si via plasma enhanced
chemical vapor deposition (PECVD) utilizing ortho-carborane (closo-
1,2 dicarbadodecaborane, C2B10H12) (Sigma Aldrich) as the source
compound at 350 °C. Details of the deposition process have been pre-
viously reported [1,4,12]. The composition of the deposited a-
B10C2+xHy films was established by elastic recoil detection measure-
ments [11], with x approximately equal to 0 and y approximately equal
to 4. The n-type boron carbide heterojunctions were formed by plasma
enhanced chemical vapor deposition (PECVD), as described in prior
work [2,13], using closo-1,7-dicarbadodecaborane (metacarborane, m-
B10C2H12) in a 20 mTorr Ar inductively coupled plasma (20W), and
deposited on atomically clean p-type Si(100).

In this report, diodes consisting of films derived from PECVD of
orthocarborane on n-type Si are referred to as p-n devices. Conversely,
diodes consisting of PECVD metacarborane films on p-type Si are la-
belled as n-p devices.

Contact metallization consisting of Cr, with a Au capping layer was
deposited on the p-n heterojunction through a d.c. magnetron sputter
source (AJA International Inc.) at a base pressure below 1×10−7 Torr.
Both metals were sputtered in an Ar+ plasma at a pressure of 5 mTorr
to a thickness of approximately 300 nm.

Neutron irradiation of the heterojunction p-n diodes was carried out
using a deuterium-tritium (D-T) neutron source (Thermo Scientific MP
320 neutron generator). The output of the D-T source is 14MeV neu-
trons, which was combined with a 10 cm beryllium (Be) cube neutron
multiplier. The neutrons were moderated by 1 in. of paraffin, providing
approximately 7500 neutrons/cm2/s with a slightly anisotropic 4π
neutron environment for the irradiated samples. Further details

about the neutron source can be obtained elsewhere [5,6]. Neutron
moderation was confirmed by exposing single crystal Si to
10.8×108 neutrons/cm2 followed by ion channeling where no damage
build up was observed. Diode samples were exposed to the neutron flux
for 10, 20, and 40 h resulting in neutron fluences of 2.7× 108,
5.4× 108, and 10.8×108 neutrons/cm2, respectively.

The number of neutron reactions with 10B was calculated following
Hoglund et. al. [14], assuming a film composition of B5C1H2 (de-
termined by elastic recoil detection analysis), a film thickness of
300 nm, a mass density of 1.7 g/cm3 (determined by x-ray reflectivity),
and a reaction cross-section of 3840 barns. The fraction of 10B was
taken as 20% of the boron fraction. This analysis indicates that 0.173%
of the thermal neutrons were absorbed by 10B, resulting in the pro-
duction of 1.86×106 (α+Li)/cm2 for a 10.8×108 neutrons/cm2 ex-
posure.

Structural characterization of the p-n device before and after neu-
tron irradiation was performed using high resolution transmission

Fig. 1. The current versus voltage curves of a p-n diode following neutron ir-
radiation fluences of zero, 2.7× 108, 5.4× 108, and 10.8×108 neutrons/cm2;
i.e. 0 (virgin), 10, 20, and 40 h of exposure, respectively.

Fig. 2. (a) shows the fitting results (red line) of Eq. (1) (insert in (a)) to the p-n
diode current–voltage data to obtain the ideality factor of current due to
thermal recombination of carriers in the depletion region. (b) shows the ideality
factor as a function of neutron exposure. Neutron fluences of zero, 2.7×108,
5.4× 108, and 10.8× 108 neutrons/cm2 correspond to 0, 10, 20, and 40 h of
exposure, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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electron microscopy (HRTEM), selected area electron diffraction
(SAED) and Rutherford backscattering spectrometry (RBS) in chan-
neling mode (RBS/C). Cross-sectional TEM specimens were prepared by
conventional dimple and grinding followed by ion-milling. Low energy
(3.5 keV) and low angle (5°) were selected to reduce the ion milling
damage. A FEI Tecnai G2 F20 TEM was used to investigate the micro-
structure of these films. Ion channeling experiments were carried out at
the Center for Integrated Nanotechnologies (CINT), within Los Alamos
National Laboratory (LANL), using a 3MV tandem accelerator with
2MeV 4He+ ions in the Cornell scattering geometry with the detector
at 167°.

Current versus voltage measurements were obtained using a
Keithley 2411B SourceMeter to deliver a dc voltage, a Keithley 6485
PicoAmmeter to measure the resulting current, and a HP 3478A
Multimeter to measure the voltage across the device under test.
Capacitance versus voltage measurements were obtained using an HP
model 4192A impedance analyzer with an oscillation voltage set to
0.010 V in a 4-point parallel circuit.

3. Results and discussion

The current versus voltage curves of a p-n diode following neutron
irradiation fluences of zero, 2.7× 108, 5.4× 108, and
10.8×108 neutrons/cm2; i.e. 0 (virgin), 10, 20, and 40 h of exposure,
respectively are seen in Fig. 1. What is immediately apparent in Fig. 1 is
that the forward bias region of the I(V) curve in the virgin measurement
(measurements prior to neutron fluence exposure, as in Fig. 1) shows
structure between 0 and 0.5 V that diminishes after 2.7× 108 neutrons/
cm2 (10 h) of irradiation and disappears after 5.4× 108 neutrons/cm2

(20 h) of irradiation. This may be due to a heterogenous mixture of
trapping states in PECVD hydrogenated boron carbide, especially
midgap states [15], as well as a multiplicity of contributions to the
carrier concentration. Also, it is evident that after 10 h of irradiation,
corresponding to roughly 2.7× 108 neutrons/cm2, the forward diode
current increases for all forward voltages, while the reverse bias current
remains approximately constant. In general this would be considered
improved diode performance. Beyond 10 h of exposure, both the for-
ward and reverse currents increase, and at 40 h of exposure
(10.8×108 neutrons/cm2) the reverse current at −2V is only 2 orders
of magnitude lower the forward current at 2 V.

A simple diode current-voltage relationship is given in Eq. (1): [16]

= −( )I I e 10
qV

nkT
(1)

where I is the net current flowing through the diode, I0 is the dark
saturation current, V is the applied voltage, q is the value of electron
charge, k is Boltzmann's constant, T is the absolute temperature, and n
is the ideality factor. This equation results from a combination of the
ideal diode model and recombination-generation in the depletion re-
gion, where the ideality factor is a measure of how closely the diode
follows the ideal diode equation; in an ideal diode, n= 1. Fig. 2 shows
the results of fitting the data in Fig. 1 to Eq. (1) over the voltage range
0–0.25 V (Fig. 2a) to obtain the ideality factor as a function of neutron
exposure (Fig. 2b).

As Fig. 2b shows, the ideality factor is well beyond the upper limit of
2 in all cases, which suggests the simple model of an ideal diode plus R-
G in the depletion region is inadequate to model the device. However,
the effect of the thermal neutron radiation is quite clear. The fit to Eq.
(1) linearly improves with exposure, although it is unknown whether
exposure beyond 10.8×108 neutrons/cm2 will ultimately reduce n to 2
or below. While these results show the effect of thermal neutrons on

Fig. 3. Data shows the linear relationship between 1/C2 and the applied voltage
as a function of neutron exposure for the p-n diode. The data are plotted for
neutron fluences of zero, 2.7×108, 5.4×108, and 10.8×108 neutrons/cm2;
i.e. 0 (vigin), 10, 20, and 40 h of exposure, respectively.

Fig. 4. The amorphous-B10C2+xHy carrier density in the p-n diode as a function
of neutron exposure (a), and the built-in potential as a function of neutron
exposure (b). Neutron fluences of zero, 2.7×108, 5.4×108, and
10.8× 108 neutrons/cm2 correspond to 0, 10, 20, and 40 h of exposure, re-
spectively. The solid trace in (b) is a least-squares fit to the data. Note: Error
bars are≤ symbol size.
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diode properties, they do not provide a clear mechanism responsible for
the observed changes.

In view of this the p-n diode capacitance–voltage response was
studied. The junction capacitance per unit area of an ideal, abrupt
heterojunction diode can be described by [17]:

⎜ ⎟= ⎛
⎝

∈ ∈
∈ + ∈

⎞
⎠

− −C
q N N

N N
V V

2( )
( )n p a d

p a n d
i a

1/2
1/2

(2)

where q is the electronic charge, εn and εp are the permittivity for Si and
amorphous-B10C2+xHy, respectively, Na and Nd are the doping densities
of amorphous-B10C2+xHy and Si, respectively, Vi is the built-in poten-
tial, and Va is the applied voltage. By rearranging Eq. (2) in the form of
1/C2, this leads to a relationship that is linear with Va. Fig. 3 shows the
diode obeys the linear relationship between 1/C2 and Va as a function of
neutron exposure, which allows the extraction of meaningful date from
this diode model. The data show that the slope increases with in-
creasing neutron fluences, while the capacitance decreases.

Assuming that the only changes taking place during neutron irra-
diation are occurring in amorphous hydrogenated B10C2+xHy, these
data can be used to determine Na. Fitting these data to the 1/C2 form of
Eq. (2) allows determination of Na from the slope and Vi from the
voltage intercept at 1/C2=0. Using values of 11.9× (8.854×10−12)
F/m and 3.5× (8.854×10−12) F/m [18] for εn and εp, respectively

and Nd= 4.5× 1019 m−3, the carrier density for amorphous-
B10C2+xHy (Na) and the built in potential are obtained and presented in
Fig. 4.

From Fig. 4a we find that for the virgin sample, the carrier con-
centration was 1.36×1014 cm−3. The carrier concentration drops
slightly after 10 h of irradiation (2.7×108 neutrons/cm2) to
7.06×1013 cm−3. There is a further drop in carrier concentration to
1.54×1013 cm−3 after 20 h of irradiation (5.4×108 neutrons/cm2).
This is followed by another slight drop to 1.22×1013 cm−3 after 40 h
of irradiation (10.8×108 neutrons/cm2). Similarly, the built-in po-
tential also decreases with neutron irradiation. The built-in potential for
the un-irradiated diode is 1.49 V, which decreases to 1.31 V after 10 h
of neutron exposure, which further decreases to 0.83 V after 20 h, and
finally decreases to 0.45 V after 40 h. The correlation between Vi and Na

is not surprising given that Vi is proportional to ln(Na) [19]. A reduction
in the charge carrier concentration means a smaller device built-in
potential. A decrease in carrier concentration with neutron irradiation
suggests that the number of defect states in the band gap of amorphous-
B10C2+xHy has decreased.

Justification for assuming that the major changes taking place
during neutron irradiation are occurring in amorphous-B10C2+xHy, and
not in the Si is supported by the HRTEM data and RBS channeling data
presented in Figs. 5 and 6.

Fig. 5. All TEM data presented were take following 40 h of neutron exposure (10.8× 108 neutrons/cm2). (a) Low magnification TEM image of the a-B10C2+xHy/Si
(p-n diode) interface with the inset showing the SAED pattern from the a-B10C2+xHy, composed of halos indicative of the amorphous structure. (b) the HRTEM image
shows that the Si substrate remains crystalline near the junction interface and that the junction interface remains abrupt. HRTEM images of (c) 200 nm and (d)
800 nm away from the interface, no indication of defect formation is observed.
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In an effort to identify changes in the device as a function of irra-
diation, HRTEM images and SAED patterns were obtained at the a-
B10C2+xHy/Si, interface and in the bulk Si far from the interface
(200 nm and 800 nm), but still within the 7Li and He+ ion range after

neutron capture/fragmentation in the a B10C2+xHy, Fig. 5. These
images show that the a-B10C2+xHy remains amorphous following 40 h
of neutron irradiation (10.8×108 neutrons/cm2), Fig. 5a, and that the
junction interface remains abrupt, Fig. 5b. Finally, no discernible da-
mage is apparent in the Si HTREM images or the SAED patterns, both
near and far from the interface, Fig. 5c and d. However, point defects in
Si are undetectable with this technique until they occur in concentra-
tions high enough that point defect agglomeration begins to occur [11].

Rutherford backscattering spectrometry in channeling mode (RBS/
C) was performed to examine damage development in the Si component
of the a-B10C2+xHy/Si diode. Previous research has shown that when
the principle interaction between the channeling ion and the lattice
defect is direct scattering (i.e., low densities of point defects and small
defect clusters), RBS/C is more sensitive at detecting these defects re-
lative to TEM [20]. Following exposure to neutrons, the surface layer of
a-B10C2+xHy was fully stripped from the Si by submerging the diode in
chromium etchant (Sigma Aldrich) for 24 h. Removal of a-B10C2+xHy

allows for accurate channeling experiments to be performed on the Si.
Fig. 6 shows the RBS/C spectra after exposure to neutron fluences of
zero, 2.7× 108, 5.4× 108, and 10.8× 108 neutrons/cm2; i.e. zero ex-
posure (virgin), 10, 20, and 40 h of exposure, respectively. These data
show that within the resolution of the RBS/C technique, there is no
discernible dechanneling, suggesting damage build up in the Si was
negligible. These data, together with the TEM data presented in Fig. 5,
show that the electrical property changes observed in Figs. 1–4 are most
probably due to irradiation induced changes in the a-B10C2+xHy. This
conclusion is in agreement with our previous findings that device im-
provement as a result of irradiation is not due to changes in the inter-
face, or changes in structure of the crystalline material. Instead, our
supposition remains that the improvement is due to defect passivation
of the amorphous boron carbide material.

Defect passivation of the a-B10C2+xHy by the passage of energetic
7Li and He+ ions can be argued from an energy deposition standpoint.
Projected range, Rp, and energy loss, dE/dx, values for 0.84MeV 7Li
and 1.27MeV He+ ions in a-B10C2+xHy and Si were calculated by the
Monte Carlo simulation Stopping and Range of Ions in Matter (SRIM)
code [21] and are presented in Table 1. As can be seen from examining
these data, the dominant energy loss mechanism in the boron carbide,
from the 0.84MeV 7Li and 1.27MeV He+ ions, is electronic energy loss,
dE dx|e. A comparison of the energy deposition density along an ion
track to the bond breaking energy can be made on the basis of estimates
for the electronic stopping and the heat of formation for boron carbide.
Domalski and Armstrong [22] experimentally determined the heat of
formation, ΔHf, of B4.222C to be −17.1 kcal/mol. Taking the atomic
density of a-B10C2+xHy to be 12.0× 1022 atoms/cm3 the heat of for-
mation can be recast as 0.089 eV/Å3. This is essentially the energy
density needed to break bonds in the boron carbide. We can equate this
to the energy density deposited in an energetic ion track. Following
Watson and Tombrello [23], we can calculate the energy deposition
radial distribution for the 7Li and He+ ions, Fig. 7.

Fig. 7 shows the energy density of the electronic energy deposition,
ε(r), as a function of track radius, r, for He+ and 7Li ions irradiating a-
B10C2+xHy. Also shown is the boron carbide heat of formation, which
intersect the energy density curves at r equals 4.40 Å and 7.00 Å for the
He+ and 7Li ions, respectively. These cut off values represent the radius
of the ion track, below which sufficient energy is deposited to break
bonds. As can be seen, the deposited energy is initially localized to
approximately the first 2 Å of the ion track, and then falls off ex-
ponentially. These data show that sufficient energy is being deposited in
a-B10C2+xHy to break bonds, which can reform in different configura-
tions during energy dissipation. During bond reformation, repair of
bond defects that originate during the plasma enhanced chemical vapor
deposition process can take place, which can result in defect passivation
and improvement in electrical properties.

The n-type plasma enhanced chemical vapor deposition (PECVD)
boron carbide on p-type silicon heterojunctions behave much

Fig. 6. Channeling spectra from Si portion of the a-B10C2+xHy/Si (p-n) diode
following neutron irradiation and stripping the a-B10C2+xHy layer following
neutron fluences of zero, 2.7×108, 5.4×108, and 10.8×108 neutrons/cm2;
i.e. 0 (virgin), 10, 20, and 40 h of exposure, respectively.

Table 1
Simulated projected range and energy loss for 0.84MeV 7Li and 1.27MeV He+

ions in a-B10C2+xHy (BC) and Si.

0.84MeV Li Rp (microns) dE dx|n (eV/nm) dE dx|e(eV/nm)

BC 2.40 1.50 580.00
Si 2.46 1.80 487.00

1.47MeV He Rp (microns) dE dx|n(eV/nm) dE dx|e(eV/nm)

BC 4.60 0.26 296.30
Si 5.15 0.31 267.0

Fig. 7. Electronic energy density deposition in a-B10C2+xHy from 0.84MeV Li
and 1.27MeV He ions. Also shown is the boron carbide heat of formation,
which represent the energy threshold for bond breaking.
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differently than the diodes discussed above. This is in part because the
diodes are very dielectric prior to radiation exposure with very little
forward bias current, as seen in Fig. 8, although there is very clear
evidence for rectification. These samples were exposed to the radiation
hard environment of low earth orbit for roughly 2.2×103 h (total solar
exposure), aboard the International Space Station, on the zenith side,
encountering no less than 1500 neutrons and ionizing radiation (in part
due to a high background proton flux) per cm2second. The changes in
the reverse bias current are very small, indicative of a huge improve-
ment in diode performance, if the figure-of-merit is forward bias current
versus reverse bias current, as seen in Fig. 8. This tends to point to a
mechanism for the evolution of the semiconductor in that the carrier
concentration increases with radiation exposure, rather than decreases.
In general though, if radiation results in creation of electron carriers,
then the p-type PECVD boron carbide semiconductor will have the
potential for charge compensation, resulting in an effective decrease in
the combined carrier concentration if the electron – hole pairs either
recombine or trap, possibly as a tightly bound exciton or bi-polaron, as
has been suggested [24].

4. Conclusion

In conclusion, heterojunction diodes of amorphous partially dehy-
drogenated p-type semiconducting boron carbide, synthesized via
PECVD on n-type single crystal silicon were exposed to thermal neu-
trons for up to 40 h (10.8×108 neutrons/cm2). This research provides
evidence that the electrical properties of amorphous partially dehy-
drogenated semiconducting boron carbide on silicon p-n heterojunction
diodes initially improve with neutron irradiation, contrary to nearly all
traditional electronic devices. The cause for the device improvement is
most likely a result of a defect passivation within the a-B10C2+xHy

component of the diode, which interestingly leads to a decrease of
carrier concentration with radiation exposure. Further, there is a direct
correlation between the trends of the carrier concentration, built-in
potential of the diode, and as shown previously, the drift carrier life-
times. In contrast, the dramatic improvement in device performance for
n-type plasma enhanced chemical vapor deposition (PECVD) hydro-
genated semiconducting boron carbide on p-type silicon, suggests an
increased carrier concentration with radiation exposure. We find,
nonetheless, that heterojunction diodes of partially dehydrogenated n-
type semiconducting boron carbide, synthesized via PECVD on p-type
single crystal silicon, shows significant improvements upon exposure to
radiation.

This research indicates that some disorder within the amorphous
semiconductor film (in the form of defects) undergoes healing with
irradiation. This increases the operational lifetime of the device.
Perhaps more importantly, this research provides further evidence that
future devices would benefit from a fully amorphous diode composed of
n and p type a-B10C2+xHy.
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