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The impact of neutron irradiation, in the energy range of �0.025 eV, on amorphous semiconducting

partially dehydrogenated boron carbide (a-B10C2þxHy) on silicon p-n heterojunction diodes was

investigated. The heterojunction devices were created by synthesizing a-B10C2þxHy via plasma

enhanced chemical vapor deposition on n-type silicon. Unlike many electronic devices, the perfor-

mance of the a-B10C2þxHy heterojunction diode improved with neutron irradiation, in spite of the

large neutron cross section of 10B. There is also increased charge carrier lifetime of more than 200%

with modest neutron irradiation of approximately 2.7� 108 to 1.08� 109 neutrons/cm2. Published by
the AVS. https://doi.org/10.1116/1.5008999

I. INTRODUCTION

Boron rich semiconducting icosahedral based materials

have been investigated for application in solid-state neutron

detection1–12 and as a potential neutron voltaic13,14 for some

time.15 While there have been numerous studies of the struc-

tural changes in boron carbides as a result of irradiation,16–30

most studies involve hot-pressed/sintered or sputtered sam-

ples, rather than plasma enhanced chemical vapor deposition

(PECVD) samples. The distinction being that PECVD syn-

thesized boron carbide films may retain some fraction of

their source molecule hydrogen,31–34 and are not very likely

to be exceedingly crystalline. Of the studies that do focus on

PECVD synthesized boron carbide, very few studies have

focused on the changes in electrical characteristics as a result

of irradiation. Those studies, however, suggest that the icosa-

hedral boron carbide31,35 and boron phosphide28,29 based

devices improve with some Heþ ion irradiation exposure,

and are robust against radiation induced device degradation

and failure. These results indicate but do not conclusively

show that such devices are robust against neutron irradiation

that results in neutron capture by 10B and then fragmentation

into energetic 7Li/4Heþþ ion pairs.

Prior studies indicated that the heterojunction boron car-

bide device failure, under Heþ ion irradiation, is the result of

damage in the crystalline silicon (c-Si) substrate,31 not the

boron carbide. It was suggested31 that the damage to the sili-

con was mostly due to elastic collisions of the incident ion

with the c-Si atoms near the ion end of range where Frenkel

pairs, ion implantation, and extended defects form, although

other mechanisms have also been put forward.23,36,37 Here is

an effort to provide additional insight into the changes of the

device as a result of neutron irradiation induced changes in

the amorphous partially dehydrogenated semiconducting

boron carbide film, as well as to conclusively show that such

devices are robust against neutron irradiation.

II. EXPERIMENT

Device synthesis begins with an n-type silicon (P doped)

substrate (001) of resistivity 65–110 X cm (University

Wafers). The silicon substrates were cleaned in sequential

sonication baths of acetone, methanol, and filtered deionized

water followed by a 5 wt. % hydrofluoric acid bath for oxide

removal and hydrogen termination.38 Prior to deposition, the

substrate was exposed to a 30 min Arþ plasma etch to

remove any residual carbon or other surface impurities. The

amorphous semiconducting partially dehydrogenated borona)Electronic mail: mnastasi2@unl.edu
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carbide thin films were synthesized via PECVD utilizing

orthocarborane (closo-1,2 dicarbadodecaborane, C2B10H12)

(Sigma Aldrich) as the source compound for the hydrogenated

semiconducting boron carbide and argon to raise the back-

ground pressure to make the plasma sustainable. Details of the

deposition process have been previously reported.2–5,8–14,31,39

The reported stoichiometric compositions of semiconducting

amorphous partially dehydrogenated boron carbide films vary

widely.40,41 This is represented as a-B10C2þxHy with 0< x< 3

and 0< y< 12. For this study, as established by elastic recoil

detection measurements,31 x is approximately 0 and y is

approximately 4.

To fabricate functional devices, Cr contact metallization,

with an Au capping layer, was deposited through a dc mag-

netron sputter source (AJA International, Inc.) at a base pres-

sure below 1� 10�7 Torr. Both metals were sputtered with

an Arþ plasma at a pressure of 5 mTorr to a thickness of

approximately 300 nm.

A deuterium-tritium (D-T) neutron source (Thermo

Scientific MP 320 neutron generator) was utilized for neu-

tron irradiation. This D-T source produces 14 MeV neutrons,

and was combined with a 10 cm beryllium (Be) cube neutron

multiplier. These neutrons were moderated by 1 in. of paraf-

fin, providing approximately 7500 neutrons/cm2 s with a

slightly anisotropic 4p neutron environment for the irradi-

ated samples (opposed to a directional irradiation beam ema-

nating from the generator). Flux calibration, neutron

moderation, and generator to sample geometry is outlined

elsewhere.39

Capacitance versus voltage measurements were obtained

using an HP model 4192A impedance analyzer with an oscil-

lation voltage set to 0.010 v in a four-point parallel circuit,

detailed previously.35

III. RESULTS

Creation of 7Li (0.84 MeV) and a (4Heþþ) (1.47 MeV),

the fragments (ions), following neutron capture by a 10B

atom, leads to the production of an excess of 106 electron–

hole pairs. From Monte Carlo stopping and range of ions in

matter (SRIM) code simulations,42 the 7Li ion has a range of

approximately 2.5 lm, and the a has a range of approxi-

mately 5.2 lm in Si. Upon fragmentation and translation

away from the capture site, the direction of translation is

completely random with equal chances of translating into

the Si substrate, out of the top of the film, parallel to the

interface plane, and all angles in between (with the 7Li and a
translating in opposite directions), as shown in Fig. 1.

There are two types of energy deposition from an irradiat-

ing ion: electronic stopping (ionization energy) and elastic

collisions (recoil energy).43 Ionization energy deposition

represents a sudden perturbation to the system by the transfer

of energy from the irradiating ion to the electrons of the tar-

get atoms. This results in the breaking of bonds, if the energy

deposition rate per atom is larger than the bonding energy.

Recoil energy deposition is due to collisions between the

irradiating ion and the target atom nuclei, causing cascades

of displacement damage in the form of Frenkel pairs and

extended defects. The transmission electron microscopy and

SRIM analysis, as reported elsewhere,31 showed that initial

energy deposition by an incident ion (200 keV Heþ) will be

dominated by ionization energy. Only with sufficient kinetic

energy loss (in penetration range or depth where ion implan-

tation occurs) will the a energy loss occur predominantly

through recoil energy deposition. The unirradiated (virgin)

film thickness is approximately 192 nm (as indicated by

ellipsometric measurement: J.A. Woollam Company M-

2000VI). As stated earlier, the daughter fragments after neu-

tron capture by a 10B atom, 7Li and 4Heþ ions, have an effec-

tive range of 2.5 and 5.2 lm in Si, respectively. The rate of

ionization energy deposition is very similar in both the Si

substrate and a-B10C2þxHy film, meaning that the ion range

or path length in the a-B10C2þxHy film will be of a similar

magnitude (i.e., larger than 1 lm). This means that only if

the translational direction is parallel to the interface plane

will the 7Li or a particles terminate inside of the

a-B10C2þxHy film, and allows for the assumption that the

vast majority of energy deposition within the a-B10C2þxHy

film is ionization energy—bond breaking as opposed to dis-

placement damage due to elastic collisions.

From the diode I(V) curves of Fig. 2, for an a-B10C2þxHy/
Si heterojunction diode after 0, 2.7� 108, 5.4� 108, and

10.8� 108 neutrons/cm2 exposure (0, 10, 20, and 40 h of

exposure to neutron irradiation, under our experimental con-

ditions), it is evident that the I(V) curve shows that the

device performance improves with small amounts of neutron

irradiation, notably to 2.7� 108 neutrons/cm2 exposure.

Evidence of diode improvement is taken from both the

increase in magnitude of forward bias current as well as a

FIG. 1. (Color online) Depiction of neutron capture by a 10B isotope result-

ing in fragmentation into a 7Li and a particle pair with kinetic energy result-

ing in translation away from the capture site (not to scale). Unless ion

translation is parallel to the interface, one ion will exit the a-B10C2þxHy

film, and one will implant within the Si substrate, as represented by the “x.”
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decrease in the turn-on voltage. For the following discussion,

the turn-on voltage was determined by extrapolating a linear

fit of the data in the large forward bias region [i.e., 2 to 1 V

for the 10.8� 108 neutrons/cm2 (40 h) irradiated sample] to

a diode current of zero. In comparing the diode current in

Fig. 2, the value at 1.55 V was chosen because that applied

bias is slightly greater than the highest turn-on voltage. In

the forward bias region, it is immediately evident that after

10 h of irradiation (�) corresponding to roughly 2.7� 108

neutrons/cm2, the diode current increases by 325.9%, and

the device turn-on voltage decreases from 1.52 to 1.25 V.

After 20 h of irradiation (�), the diode current is more than

seven times (roughly 686%) greater than the unirradiated

(þ) device, and the turn-on voltage is 1.16 V, a decrease of

23.7% from the unirradiated device. After 40 h of irradiation

(�), corresponding to roughly 10.8� 108 neutrons/cm2, the

diode current is still more than seven times (roughly 618%)

greater than the unirradiated device, and the turn on voltage

remains 1.16 V.

In the reverse bias region of the I(V) curves, after 10 h of

irradiation, there is a decrease in the reverse bias current

(i.e., increased current rectification) of 13.2% at an applied

bias of �10 V. After 20 h of irradiation, this trend reverses,

and the reverse bias current has increased more than four

times (roughly 388%) at an applied bias of �5 V over the

virgin reverse bias current. After 40 h of irradiation, the

reverse bias current has increased by more than seven times

(roughly 605%) over the virgin reverse bias current at an

applied bias of �5 V. Of key importance is the increase in

forward bias current and the decrease in reverse bias current

that occurs with these boron carbide heterojunction at

2.7� 108 neutrons/cm2 exposure (10 h of exposure to neu-

tron irradiation, under our experimental conditions). The

devices improve, not degrade, with this 2.7� 108 neutrons/

cm2 exposure to epithermal neutrons, by this I(V) curve mea-

surement. There are other indicators that these boron carbide

heterojunction devices improve, rather than degrade, with

exposure to epithermal neutrons.

As established in our previous works,32,44 to examine

charge carrier lifetime we also require capacitance vs voltage

measurements as shown in Fig. 3. The capacitance associated

with oscillations in the depletion width due to small sinusoidal

perturbations is referred to as the junction capacitance (CJ). In

the case of a heterojunction, CJ is described by45

CJ ¼
qN1N2e1e2e0

2 e1N1 þ e2N2ð Þ ubi � VAð Þ

� �1
2

; (1)

where q is the elemental charge, e0 is the permittivity of free

space, N1 is the number of donor atoms/m3 in the n-type

material, N2 is the number of acceptor atoms/m3 in the p-

type material, e1 is the dielectric constant of the n-type mate-

rial, e2 is the dielectric constant of the p-type material, ubi is

the device built-in voltage, and VA is the applied voltage. If

there are no other charge oscillations, the device capacitance,

independent of frequency, is equal to CJ in reverse bias

(depletion conditions).46 Figure 3 plots the capacitance

versus voltage C(V) curves, taken at 100 kHz. for a

a-B10C2þxHy/Si p-n heterojunction device after 0, 2.7� 108,

5.4� 108, and 10.8� 108 neutrons/cm2 exposure (0, 10, 20,

and 40 h of exposure to neutron irradiation, under our experi-

mental conditions). Although not shown here, the reverse

bias capacitance for all irradiation exposure times and fre-

quencies of 10, 100, and 1000 kHz all remain between 0.17

and 0.38 nF [i.e., the C(V) is very frequency independent].

In reverse bias, the device capacitance is dominated by

the junction capacitance, even after 40 h of neutron irradia-

tion (estimated fluence 10.8� 108 neutrons/cm2). The fre-

quency independence of the junction capacitance indicates

that simple parallel plate model of capacitance in reverse

bias is reasonable in this frequency range.

Due to the sinusoidal perturbation signal in forward bias,

there is a significant contribution by the minority carriers to

the changes in charge concentration. This contribution to the

device capacitance is referred to as the diode diffusion

capacitance (CDÞ, and is given by the following equation:47

FIG. 2. (Color online) Current vs voltage curves of a a-B10C2þxHy to silicon

heterojunction diode following 0, 2.7� 108, 5.4� 108, and 10.8� 108 neu-

trons/cm2 exposure (0, 10, 20, and 40 h of exposure to neutron irradiation,

under our experimental conditions).

FIG. 3. (Color online) Capacitance vs voltage C(V) curves taken at 100 kHz

of a-B10C2þxHy=Si p-n heterojunction device after 0, 2.7� 108, 5.4� 108,

and 10.8� 108 neutrons/cm2 exposure (0, 10, 20, and 40 h of exposure to

neutron irradiation, under our experimental conditions).
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CD ¼
G0

x
ffiffiffi
2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ x2s2

p
� 1

� �1
2

; (2)

where G0 is the low frequency conductance (forward bias),

x is the angular frequency 2pfð Þ, and s is the effective car-

rier lifetime (as shown in Fig. 4). There are many and vari-

ous contributions to the capacitances, and many types of

defects, but if we restrict our modeling efforts to the diffu-

sion component of transport, Eq. (2) can be used to model

the data relative to the baseline capacitance of Fig. 3.

The technique for calculating the charge carrier lifetime

for boron carbide heterojunction diodes has been discussed

extensively.32,44 This lifetime technique has been performed

for 0 (or no neutrons above background), 2.7� 108,

5.4� 108, and 10.8� 108 neutrons/cm2 exposure (0, 10, 20,

and 40 h of exposure to neutron irradiation, under our experi-

mental conditions). The results are shown in Fig. 4 as the

right hand vertical axis (dashed line). The indicated charge

carrier lifetime for the unirradiated sample is 0.95 ls, after

10 h of irradiation this increases to 1.20 ls, after 20 h of irra-

diation this is further increased to 3.00 ls, and after 40 h of

irradiation this trend reverses and is decreased to 1.30 ls.

A. Discussion

The p-n junction device current versus voltage I(V) curves

shown in Fig. 2 were used to establish one “Figure of Merit”

for device performance. A second figure of merit is shown in

Fig. 4 (left axis). This figure of merit (previously used in the

characterization of device degradation under Heþ ion irradi-

ation31) is the ratio of the differential diode conductance, a

ratio of the low frequency diode conductance (G0 ¼ dI=dV)

under forward bias to the low frequency diode conductance

under reverse bias. G0 for both forward and reverse bias con-

ditions were extracted from the I(V) data in the range 60.75

to 1.00 applied volts. The higher the ratio, the better the het-

erojunction diode performance (figure of merit), as in previ-

ous works.31,32,44,48 This is plotted in Fig. 4 with the error

bars representing the standard deviation for the voltage

range. After 2.7� 108 neutrons/cm2 exposure (10 h of irradi-

ation), the increase in device current and slight increase in

current rectification results in a better performing device

with an increase in the ratio from 0.8 to 26.4. After 5.4� 108

neutrons/cm2 exposure (20 h of irradiation), the significant

increase in forward bias diode current causes the G0 ratio to

increase to 47.4. After 10.8� 108 neutrons/cm2 exposure

(40 h of irradiation), the G0 ratio has decreased to 9.1, repre-

senting the onset of device degradation (i.e., current rectifi-

cation decreases). The differential diode conductance figure

of merit (Fig. 4), G0, shows that the change in device perfor-

mance with neutron irradiation has a very similar response

to that of Heþ ion irradiation reported in a previous work.31

Figure 4 also shows that there may be a correlation between

the charge carrier lifetime, effectively a second figure of

merit, and diode performance.

Thermal neutron irradiation of the crystalline silicon

(c-Si) has a significant atomic cross-section for scattering

events, but not for capture or displacement events

(mneutron�mSi). As a result, the c-Si lattice structure should

only be perturbed by the energetic 7Li (0.84 MeV) and a
(4Heþþ) (1.47 MeV) pairs created by 10B neutron capture

events, in the boron carbide layer of the heterojunction.

The neutron fluence and capture probability (as outlined in

Sec. II) should be such that the damage within the c-Si sub-

strate is minimal, in this experiment. We anticipate that for

this experiment, any changes in electrical or structural char-

acteristics should be isolated to the amorphous partially

dehydrogenated semiconducting boron carbide film, not

due to the large amounts of damage in the c-Si substrate

observed previously.

In an effort to identify changes in the device as a function

of irradiation, high resolution transmission electron micros-

copy (HRTEM) images and selected area electron diffraction

patterns were obtained both of the a-B10C2þxHy/Si interface,

and in the bulk Si far from the interface (800 nm), but still

within the 7Li and a particle range (not shown here). No

discernable damage could be detected in either the

a-B10C2þxHy or the Si substrate, in either HTREM image or

the SAED pattern; however, point defects in Si are undetect-

able with this technique until they occur in concentrations

high enough that point defect agglomeration begins to

occur.31 This is in agreement with previous findings that

device improvement, as a result of irradiation, is not due to

changes in the interface, changes in the structure of the

amorphous material, or changes in the structure of the crys-

talline material.31 Instead, these findings support our previ-

ous supposition that the device improvement is due to defect

passivation of the amorphous material as a result of the ioni-

zation energy deposition from the 7Li/a particle pairs.

FIG. 4. (Color online) (Left axis) Ratio of the derivative of forward bias cur-

rent with respect to voltage by the derivative of reverse bias current with

respect to voltage derived from I(V) data taken between 0.75 and 1.00

applied volts. The higher the ratio, the better the heterojunction diode per-

formance (figure of merit). (Right axis) The effective carrier lifetime as a

function of neutron irradiation, i.e., 0, 2.7� 108, 5.4� 108, and 10.8� 108

neutrons/cm2 exposure (0, 10, 20, and 40 h of exposure to neutron irradia-

tion, under our experimental conditions), as indicated by CD modeling.
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IV. SUMMARY AND CONCLUSIONS

In conclusion, amorphous partially dehydrogenated semi-

conducting boron carbide was synthesized via PECVD on n-

type single crystal silicon. This research provides evidence

that the electrical properties of amorphous partially dehydro-

genated semiconducting boron carbide on silicon p-n hetero-

junction 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

defect passivation within the a-B10C2þxHy film.

This research indicates that some disorder within the

amorphous semiconductor film (in the form of defects)

allows for healing with initial irradiation. This increases the

operational lifetime of the device. Further, if defect passiv-

ation is the driving force behind device improvement, this

may change the carrier concentration of the a-B10C2þxHy

film (toward a more intrinsic material) if some of the passiv-

ated defects had contributed to the carrier concentration.

Such changes should be evident in the built-in potential of

each constituent semiconducting material comprising the

heterojunction structure. The device built-in potential (ubi)

is the sum of the built-in potential within each constituent

semiconducting material (i.e., the narrow band-gap material

and the wide band-gap material). Future research efforts will

focus on attempting to directly measure, model, or deduce

changes in the built-in potential to provide concrete evidence

explaining the results reported here.
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