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ABSTRACT: Isotopically enriched 10B5C neutron absorber layers
were combined with α-Al2O3 crystals to achieve scintillation-based
neutron detection, utilizing the 10B(n,α)7Li nuclear reaction and
ionoluminescence induced by the stopping of secondary charged
particles as reaction products. The thin 10B5C layers were deposited
by DC magnetron sputtering on Si wafers. The modified near-
surface region of α-Al2O3 contained excess oxygen vacancy-related
optical centers to enhance the ionoluminescence yield in the scintil-
lator. Neutron absorption and neutron irradiation-induced scintilla-
tion measurements were performed with cold neutrons of a 3.4 Å
average wavelength. Measured and calculated values agree well for
neutron absorption vs the areal density of deposited 10B atoms.
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The maximum neutron-to-light conversion efficiency was found at
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∼20% neutron absorption for a B5C layer of 2.5 μm thickness. The measured and calculated relative scintillation yields agree well
and show that the maximum neutron detection efficiency is determined by the total amount of ionization energy deposited in Al2O3.
The net scintillation light yield is a result of the interplay between neutron absorption in 10B5C and the degree of penetration of the
nuclear reaction products into Al2O3. The ionization profiles induced in Al2O3 are confined to the

10B5C/Al2O3 interface; therefore, it
is enough to sensitize only a thin surface region of the scintillator to achieve significant enhancement in neutron detection efficiency.
This work assigns 10B5C as an effective neutron absorber material for small-scale compact solid state neutron detectors with a wide
range of possible applications.
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1. INTRODUCTION mountain altitudes.10 Further issues are thunderstorm monitoring
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Neutrons as effective characterization tools are utilized in a wide
range of materials research issues,1–4 but they also appear as bypro-
ducts, e.g., in fusion-based energy production or semiconductor
industry. Recently, multi-blade neutron detectors were developed
at ESS for neutron reflectometry measurements,5 while a neutron-
based recoil spectrometer has been introduced for ITER plasma
diagnostics.6 Moreover, neutron radiation is a safety concern in
semiconductor processing for high energy ion implanters when
certain ion-target collisions during implantation of light species,
e.g. H+ and B+, result in considerable neutron generation.7,8 In this
case, neutron detectors and shielding materials have to be applied
to control radiation exposure in accordance with safety limits.

Beyond fundamental research and industrial aspects, there is a
demand for the environmental monitoring of neutrons. The effect
of hydrogen surroundings on the energy spectra of neutrons orig-
inating from secondary cosmic radiation enables soil moisture
monitoring in agriculture9 or the measure of snow cover at
via neutron burst detection during lightning,11,12 utilization of the
response of thermalized neutrons to geodynamic phenomena like
earthquakes,13 or monitoring the moderation of cosmic-ray gener-
ated neutrons by water deposits on the Moon’s surface.14

New demands in a wide range of such applications call for con-
tinuous development of novel materials and versatile integrable
neutron detector structures on the micron scale. In this progress,
compact solid state detectors may be superior to those containing
liquid or gaseous components.15–17 Recently, the global shortage
https://doi.org/10.1021/acsaelm.6c01505
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of 3He resources15,17 induced the development of 3He-free neu-
tron detectors with a 10B-, 6Li-, or Gd-based absorber; however,
10B offers a promising alternative to the competitors. For instance,
its thermal neutron capture cross section is 4 times higher than
that of 6Li.18 The products of the 10B(n,α)7Li nuclear reaction
have less total energy (2.31 or 2.79 MeV) than those of 6Li
(4.78MeV) and Gd (7.937 or 8.536MeV).18 Accordingly, shorter
stopping ranges of the reaction products in 10B-based detector
materials significantly reduce the required volume for neutron-
to-photon18,19 or neutron-to-charge carrier conversion.20–22

Such characteristic pixel size reduction improves the spatial reso-
lution in 10B-based neutron detectors and enables the downscale
of active layer dimensions. A promising boron-containing material
with unique physical properties is boron carbide, B4C.

23 The sta-
bility of isotopically enriched 10B4C thin films under neutron radi-
ation was demonstrated.24 The high melting point (∼2450 °C)
and thermal stability enable its use as a refractory material. It is
also applied as an abrasive powder and coating and can be utilized
in ballistic and space performance due to its low density and high
hardness. Boron carbide is chemically inert, and its crystalline
form is a high-temperature semiconductor, a potential candidate
for novel electronic applications.25

Recently, various 10B thin layer-based thermal neutron detector
structures were tested, which utilize gas containing charged parti-
cle energy converters, like multiwire proportional chambers and
gas electron multipliers,5,15,26 or apply solid state charge collection
devices, e.g., GaAs diodes.20,21 Also, several calculations were per-
formed to optimize the thickness of the 10B or 10B4C film and the
connected charge collection layer in α-voltaic thermal neutron
detectors for best efficiency and γ-background rejection capabil-
ity.20,21,27,28 However, less attention was paid to systematic
experimental testing of scintillation-based solid state coplanar
detectors,18,19,29,30 especially for a 10B-enriched 10B4C absorber,
to optimize neutron-to-photon conversion efficiency while com-
paring experimental results with calculations. In such devices,
the scintillator converts the kinetic energy of charged particles
(primarily 1.47 MeV He and 0.84 MeV Li ions) to photons to
be detected. Al2O3 is a promising scintillator material with favor-
able technological and structural properties, like scratch resistance,
mechanical rigidity, chemical inertness, and radiation resistance,
which makes it a potential candidate for long-term operation in
harsh environments. In addition, appropriate defect engineering
or doping can significantly enhance ionoluminescence-induced
light emission, i.e., the scintillation yield of sapphire crystals.31–34

In this work, we prepare compact, versatile 10B4C/Al2O3
absorber/scintillator structures for neutron detection and perform
systematical experiments to determine the optimal device thick-
ness and scintillator properties for maximal light yield, i.e., ionolu-
minescence intensity. Measured light yields are compared to the
results of model calculations for the neutron-to-light conversion
efficiency. This procedure is based on the known energy spectrum
of the incoming neutron beam, the detailed characterization of the
10B4C/Al2O3 structure, and the well-established description of the
neutron-to-photon conversion and optical detection processes in
this system. It is found that sensitization of only a few microns-
thick surface region of the scintillator is enough to enhance the
neutron-induced light yield significantly.

2. EXPERIMENTAL SECTION

Boron carbide layer deposition was performed in a DC magnetron sput-
tering system (VAKSIS, MiDAS). Four inch ⟨100⟩ p-doped Si wafers with
B

a thickness of 525 μm have been used as substrates. They were ultrasoni-
cally cleaned step-wise in acetone, ethanol, and deionized water for 5 min
and purged in a nitrogen atmosphere. Then, the wafer was loaded into the
sputtering chamber where the base pressure was in the range of 1 × 10–5

to 1.6 × 10–5 Pa. The substrate was further cleaned by RF plasma for
5 min using a 50 W input power under 5 mTorr high-purity argon
(5 N) gas pressure. First, a thin Ti layer of ca. 9 nm thickness was depos-
ited to enhance the adhesion of the boron carbide layer to the substrate.
The boron carbide films were deposited by 250WDCmagnetron sputter-
ing at room temperature. The working pressure was 7 mTorr to keep the
mechanical strain in the layer at a low level. The Ar gas flow was 120 sccm.
The sputtering cathode was a 3″diameter × 3 mm thickness size, pure, iso-
topically enriched 10B4C disc target (from RHP-Technology GmbH),
which was continuously water-cooled. A throttle valve between the vac-
uum pump and the main chamber was used to automatically keep the
set gas pressure. During deposition, the substrate was rotated at 10 rpm
to ensure film uniformity. The deposited boron carbide layer thickness
varied in the range from ∼0.5 to ∼5 μm and was controlled by sputtering
time. The atomic composition of the sputtered layers was found to be
≈B5C. Using a shadowmask during successive deposition steps, B5C films
with different thicknesses can be produced on a single Si wafer. The sam-
ples prepared by this procedure have a Si/Ti/(B5C/Ti)n, n≥ 1 stack struc-
ture, where the thin Ti top layer prevents oxidation of the topmost B5C
layer. Another set of samples has a simple layer structure of Si/Ti/B5C,
without a Ti top layer, allowing the optical characterization of the boron
carbide film. After the sputtering process, about 1 cm× 1.5 cm pieces were
sliced from the full wafers by an automatic dicing saw.

Samples of about 1 cm × 1.5 cm size were cut from 4 inch c-plane α-
Al2O3 wafers (thickness 650 μm, double-side polished, purity 99.998%,
from Siegert Wafer GmbH). The Al2O3 scintillator layers were pro-
duced by the modification of their near-surface optical properties, i.e.,
generation of optically active defect centers in the topmost 2 μm region
with MeV energy N+ ion irradiation. Two single-energy implants were
performed with 2.8 MeV energy N+ ions to fluences of 5 × 1013 and
5 × 1014 cm–2, and two triple-energy implants were carried out with
energies of 0.8/1.8/2.8 MeV to fluences of 5 × 1013/5 × 1013/6.2 ×
1013 and 5 × 1014/5 × 1014/6.2 × 1014 cm–2. Applying 1.5 MeV
He+ ion beam-induced luminescence (IL), we previously identified
two prominent emission bands in the IL spectra of N+ irradiated sam-
ples, the well-known F and F+ centers.32–34 They are related to oxygen
vacancy defects with different charge states, and their emission peaks
appear in the UV-visible wavelength range at λ = 415 nm (F) and
λ = 329 nm (F+). More details on Al2O3 sample preparation and
the IL method can be found in the Supporting Information and in
our previous works.32,35

Elastic backscattering spectrometry experiments with protons
(p-EBS) of 1.6 MeV energy were performed at the 5 MV Van de
Graaff accelerator of the HUN-REN Wigner Research Centre for
Physics in Budapest. The pressure in the scattering chamber and the
measurement beam current were 1.8 × 10–4 Pa and ∼10 nA (measured
by a transmission Faraday cup36), while the beam spot size and diver-
gence were 0.5 mm × 0.5 mm and 0.06°, respectively. Backscattered
protons were detected by an ORTEC surface barrier detector mounted
in Cornell geometry at a scattering angle of θ = 165°. The p-EBS spec-
tra were recorded at two different sample tilt angles of 7° and 60°
(measured between the sample normal and beam direction) to increase
the accuracy of atomic compositional and thickness analysis for the
boron carbide layers. Spectrum evaluation was performed with
the RBX code.37 Note that considerably enhanced non-Rutherford
elastic backscattering cross sections appear for the 12C(p,p)12C,
13C(p,p)13C, and 10B(p,p)10B reactions for proton energies around
1.6 MeV.38–40 Such sensitivity enables to determine the 10B/C ratio
in the boron carbide layers with good accuracy. Previously, our group
demonstrated the strength of ion beam techniques in compositional
and structural analysis of various thin layer structures.41–47

The thickness and morphology of the boron carbide layers were
determined by field emission scanning electron microscopy (SEM)
using a Zeiss LEO 1540 XB microscope.
https://doi.org/10.1021/acsaelm.6c01505
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The layer thickness and dielectric function for boron carbide were
measured by a Woollam M-2000DI spectroscopic ellipsometer in the
wavelength range of 250–1700 nm at angles of incidence of 65°, 70°,
and 75°. The sample was described by an optical model that consists
of a Si substrate covered by an adhesion Ti layer and a boron carbide
layer on top (Si/Ti/B5C structure) with surface roughness.

Neutron absorption and scintillation light yield measurements were
carried out at the NORMA (Neutron Optics and Radiography for
Material Analysis) Cold Neutron Beam Imaging Station48,49 operating
at the Budapest Neutron Centre (BNC). At the facility, the average
wavelength of incoming neutrons is 3.4 Å, and the maximum thermal
equivalent neutron flux at the center of the beam is 2.7 ×
107 cm–2s–1.48 Further details on the measurement station and the neu-
tron spectrum can be found elsewhere.48,49 In neutron absorption mea-
surements, neutrons transmitted through the boron carbide layers were
detected by a 100 μm-thick green light-emitting 6LiF/ZnS:Cu (mixture
1:2) scintillation screen. The emitted photons were transmitted by a
45° mirror that reflects the light onto an imaging digital CCD camera
module (Andor iKon-M 934) through a lens oriented perpendicular to
the neutron beam. In this way, the 6LiF/ZnS:Cu scintillation screen
converts the neutron transmission image of the sample into a visible
light intensity map. In absorption measurements, the sample to screen
distance was set to 11 cm, and the sample was attached by thin Teflon
strings to a standing ∼10 cm × 10 cm size rectangular aluminum frame
rotatable around its vertical axis. The acquisition of an image was per-
formed with 12 s neutron exposure time, and such measurement cycle
was repeated 10 times for each sample.

The 10B(n,α)7Li nuclear reaction-induced scintillation light yield
measurements were performed on the Si/Ti/10B5C/Al2O3- and Si/
Ti/(B5C/Ti)n/Al2O3-type substrate/absorber/scintillator structures.
In this case, the light source was the sample itself and the emitted pho-
tons were detected with the CCD camera, which enables a 32 × 32 bin-
ning of the pixels to achieve good light yield statistics from the area of
the scintillation screen seen by an effective pixel (832 μm × 832 μm
calculated with a native pixel size of 13 μm and an optical magnification
of 0.5). In light yield measurements, the sample was fixed to a standing
25 mm × 25 mm × 1 mm size aluminum plate sample holder by
Teflon tape and was put close to the focusing optics, which collects
the incoming light in front of the 45° mirror. The sample and the opti-
cal detection path were prevented from undesired external light
sources by appropriate shielding. Light yield experiments were per-
formed with 30 s neutron exposition time, and such a measurement
cycle was repeated three times for each sample.

Despite the potential of boron carbide, in this work, it was less pre-
ferred to achieve maximum spatial resolution for neutron detection.
Instead, the 10B5C thickness dependence of neutron absorption and
neutron-induced light emission as well as the effect of the near-
surface optical defect concentration in Al2O3 was analyzed while
Figure 1. Sample 1.6 MeV p-EBS spectra of (a) Si/Ti/(10B5.2C/Ti)n structu
sample with a 10B5.2C thickness of 920 nm together with its RBX simulation
more details, see the text.

C

ensuring low statistical uncertainty for the comparative light yield mea-
surements. For the stationary neutron flux and applied fluence levels,
such reliability enhancement can be achieved by the binning process,
i.e., the choice of a larger effective pixel size and higher neutron-
induced light yield per pixel. Further efforts are required to elucidate
the trade-off between spatial resolution and reliable light yield measure-
ment for a single pixel.
3. RESULTS AND DISCUSSION

Figure 1a shows the 1.6 MeV p-EBS spectra of Si/Ti/
(10B5.2C/Ti)n layered samples (n = 1, 2, and 3) for a 7° tilt
angle. The energy of the backscattered protons depends on
the collision kinematics (increasing proton backscattering
energy with increasing mass of the scatterer target nuclei) and
the energy losses in the sample (increasing proton energy loss
with increasing depth, starting from the sample surface). The
height of the spectrum depends on the amount and nuclear
scattering cross section of the given target element. The whole
spectrum can be composed from the sub-spectra of different
elements in the sample.37,50 For the thinnest (1.2 μm) 10B5.2C
layer, spectrum edges for 10B, C, Si, and Ti (the top layer) are
marked by arrows. All the small narrow peaks between channel
numbers 390 and 500 mark thin Ti layers located on top (at
channel no. ∼500) and below or embedded in the 10B5.2C
layers of different thicknesses. The thicker the 10B5.2C layer
above Ti, the more shifted the Ti peak is to lower channels.
Also, the Si-related edge is shifted, from channel nos. 440 to
320, as the boron carbide layer thickness increases from 1.2 to
4.8 μm. Utilizing non-Rutherford cross sections in the proton
elastic scattering of 10B and C (ca. 6- and 9-fold enhancements
with respect to the Rutherford value), both components of
boron carbide can be detected with sufficiently high intensity
on the Si background. It was found that at a 7° sample tilt,
above a boron carbide thickness of ∼0.9 μm, the 10B and C
spectra start to overlap. Figure 1b shows the p-EBS spectrum
of a Si/Ti/10B5.2C-type sample together with its RBX simula-
tion represented by the solid line. The small peak at the O
marker shows the presence of a thin SiO2 layer on top of the
Si substrate. A 10B5.2C atomic composition was derived from
RBX spectrum simulations for the boron carbide layers.
However, in this work (except for Figure 1 and few cases in this
paragraph), we mark the boron carbide composition as 10B5C
for simplicity. Similarly to that seen in Figure 1, p-EBS analysis
res with different total 10B5.2C thicknesses and (b) Si/Ti/10B5.2C-type
. Spectrum edges for Ti, Si, O, C, and 10B are indicated by arrows. For
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Figure 3. Neutron transmission images of isotopically enriched 10B5C
layers with different thicknesses measured for sample tilt angles of
(a) 0° and (b) 60°. The higher the neutron absorption, the darker
the image of the absorber layer. Thin horizontal darker lines are the
projected images of the Teflon strings.
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shows homogeneous depth distribution of the 10B and C com-
ponents in the boron carbide layers used in this work. The
10B5.2C layer thicknesses in units of atoms cm–2 were also deter-
mined with good accuracy from RBX simulations of the spectra
recorded at 7° and 60° tilt angles. The derived p-EBS thick-
nesses are given in Figure S1 (Supporting Information).

Figure 2 shows SEM cross-sectional micrographs of Si/Ti/
(10B5C/Ti)n layered structures (n = 1, 2, and 3) deposited on
different segments of the Si wafer by DC sputtering combined
with the shadow mask technique. The bright vertical stripes
are the thin Ti layers located on top, below, or embedded in
the B5C film. They can be clearly identified (due to the Z-
contrast in SEM for Ti and B5C) in good agreement with the
Ti-related narrow peaks detected in the p-EBS spectra of the
same samples (see Figure 1a). For each B5C layer, good thick-
ness homogeneity and a vertical columnar layer structure can be
observed. The layer thicknesses were estimated from SEM anal-
ysis, while the numbers of 10B and C atoms in the layers were
evaluated from p-EBS spectra. Strong linear correlation was
found between the thicknesses provided by the two methods,
see Figure S1. From the slope in Figure S1, the derived atomic
density for the boron carbide layers is 1.22 × 1023 cm–3. This
value is about 10% lower compared to that of natB4C, i.e.,
1.37 × 1023 cm–3, for a density of 2.52 g cm–3 (2.37 g cm–3

for 10B4C).
23 However, our boron carbide layers show an amor-

phous structure and an excess boron content compared to the
B4C structure, as it was discussed in the previous paragraph.

Figure 3 shows transmitted neutron intensity maps for Si/
Ti/10B5C layered samples with three different 10B5C thick-
nesses (determined by SEM)—appearing as light intensity
maps of the 6LiF/ZnS:Cu scintillation screen recorded by the
CCD camera. The response of the screen is determined by
the number and energy distribution of neutrons transmitted
through the Si/Ti/10B5C samples49 and, accordingly, the
absorption efficiency of the screen for the transmitted neutrons.
The experiments were performed at sample tilt angles of 0° and
60°, measured between the sample normal and the direction of
the neutron beam. Lower brightness reveals lower neutron
transmission, i.e., higher neutron absorption in the sample. As
expected, neutron transmission is reduced more for thicker
boron carbide layers and for 60° tilt as the effective 10B5C thick-
ness is doubled for 60° tilting.

Figure 4 shows neutron absorption values as a function of
10B thickness (in units of 10B atoms/cm2) evaluated from light
Figure 2. SEM cross-sectional micrographs of Si/Ti/(10B5C/Ti)n
structures with total 10B5C thickness of (a) 1.2 μm, (b) 2.35 μm, and
(c) 4.8 μm. The thin Ti layers, located on top, below, or embedded
in the B5C films, are also indicated.
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yield maps of the 6LiF/ZnS:Cu screen. Data evaluation was per-
formed after flat-field correction and appropriate background
(i.e., camera dark current) subtraction for the collected light
maps. Considering measurement statistics, the estimated exper-
imental errors are comparable or even smaller than the symbol
size. Dashed lines show calculated absorption values for boron
carbide layers considering the NORMA neutron energy spec-
trum49 (with 10B absorption cross sections according to the
∼1/v rule, where v is the neutron velocity) and effective 10B
thicknesses evaluated from p-EBS spectra. This estimation
results in somewhat lower values than the experimental data.
The agreement is better for the solid lines calculated by taking
into account additional effects, like Si substrate-related neutron
attenuation, and the finite size effect on the neutron absorption,
thus the scintillation response of the 100 μm-thick
6LiF/ZnS:Cu screen. Linear dependence of the ZnS:Cu light
yield on the number of neutrons absorbed by 6Li atoms was
assumed. In all calculations, neutron scattering by 10B and car-
bon atoms was neglected due to the low cross sections51 for
these processes compared to the absorption cross section of
10B (3836 barn for thermal neutrons). Calculations show
∼1.1% and ∼2.2% attenuation for NORMA neutrons due to
absorption and scattering by the Si substrate51 at 0° and 60°
sample tilt angles, respectively. These values are comparable
to the measured ones, that is, ∼0.98% and ∼1.12%. Neutron
transmission images for the bare Si substrate and the bare
Al2O3 scintillator are shown in Figure S2.
As shown in Figure 4, the 10B5C layers are efficient cold neu-

tron absorbers since a thickness of ∼3 μm (∼3 × 1019 cm–2 for
10B) is enough to reach ∼20% absorption of NORMA neu-
trons. Further increasing the amount of 10B results in about
50% absorption for an ∼5 μm-thick layer tilted off by 60°
(i.e., for an effective 10B thickness of ∼1020 cm–2). Note that
the absorption of the 100 μm-thick 6LiF/ZnS:Cu screen for
https://doi.org/10.1021/acsaelm.6c01505
ACS Appl. Electron. Mater. XXXX, XXX, XXX–XXX
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Figure 4. Neutron absorption as a function of effective 10B thickness for isotopically enriched 10B5C layers deposited on the Si substrate, measured at
(a) 0° and (b) 60° sample tilt angles with respect to the neutron beam. Symbols: measurement, dashed line: calculation considering the 10B5C
absorption effect only, solid line: calculation considering 10B5C-related neutron absorption, Si substrate-related neutron attenuation, and neutron
absorption/conversion in the 6LiF/ZnS:Cu scintillation screen. Neutron energy dependence for these processes was also considered.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

D
ow

nloaded from
 pubs.​acs.​org/​aaem

bp/​article-pdf/​doi/​10.​1021/​acsaelm
.​6c01505/​68585615/​el-2026-01505k.​pdf by C

EN
TER

 FO
R

 EN
ER

G
Y R

E

NORMA neutrons is ∼24%. These experiments show that thin
10B containing layers, like 10B5C, are suitable for effective
shielding against low energy neutrons. Indeed, a recent study
confirms the superior attenuation properties of B4C modified
concrete allowing for use in nuclear, medical, and other facilities
requiring radiation shielding.52

In Figure 5a, neutron irradiation-induced normalized light
yields of Si/Ti/(10B5C/Ti)n/Al2O3-type substrate/absorber/
scintillator structures are shown as a function of the total
10B5C layer thickness. Red and blue symbols represent mea-
sured data for two α-Al2O3 scintillators with lower and higher
amounts of oxygen vacancy-related F and F+ optical centers
in their 2 μm-thick near-surface region (the “modified Al2O3”
zone in Figure 6), respectively. The estimated experimental
errors are comparable to the symbol size. In Figure 5a, the cal-
culated (dashed lines) and measured data agree well, thus show-
ing a maximum light yield at a 10B5C thickness of ∼2.5 μm.
Below this value, the neutron absorption decrease (Figure 4)
dominates, while for thicker 10B5C layers, the determining fac-
tor is the probability of α- and Li-particle escape from B5C that
reduces the same as the fraction of ionization energy deposited
in Al2O3 and the neutron-to-light conversion efficiency. Note
that the thickness dependence is dominated by the prevalent
94% branch of the nuclear reaction, i.e., the 10B(n,αγ)7Li*
Figure 5. Normalized neutron irradiation-induced light yield of Si/Ti/(10B
function of (a) total 10B5C layer thickness; (b) areal density of oxygen vacan
show measured values while dashed lines indicate calculations. Red and bl
In panel (b), the dashed line is only to guide the eye while the red and blu
panel (a).
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process, with Q = 2.31 MeV (1.47 MeV α-products and
0.84 MeV Li-products, 470 keV γ-photon emission). The effect
of the weak 6% reaction branch with Q = 2.79 MeV (1.78 MeV
α-products and 1.01 MeV Li-products, no γ-photon emission)
is small on the thickness dependence of the light yield. In both
B5C and Al2O3, the stopping ranges and electronic stopping
profiles are quite different for the Li- and α-particles, see
Figure S3a in the Supporting Information. Accordingly, the
optimal B5C thicknesses for the maximum IL yield in Al2O3 dif-
fer too, as they appear at ∼1.5 μm for Li and ∼2.5 μm for α, see
Figure S3c. Since α-particles deposit about 4 times higher ioni-
zation energy in Al2O3 than Li-projectiles, see Figure S3b,c, the
B5C thickness dependence of the IL yield may be dominated by
α-stopping. Indeed, this expectation is confirmed by the exper-
imental results in Figure 5a.
For the two Al2O3 scintillators (red and blue colors) in

Figure 5a, similar 10B5C thickness dependence can be observed,
but their relative light yields differ by about 25%. This effect is
more accentuated in Figure 5b, where neutron-induced light
yields of Si/Ti/(10B5C/Ti)n/Al2O3 (n = 2) structures with a
fixed 10B5C thickness of 3.6 μm are represented. Here, the nor-
malized light yield is shown as a function of areal density of
excess oxygen vacancies (estimated from SRIM53 simulations)
formed in the modified Al2O3 region. The decreasing IL yield
5C/Ti)n/Al2O3 layered substrate/absorber/scintillator structures as a
cies in Al2O3, for a fixed

10B5C thickness of 3.6 μm. In panel (a), dots
ue colors represent two different oxygen vacancy contents in Al2O3.
e dots mark the Al2O3 scintillators used in the experiments shown in
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Figure 6. Schematic representation of neutron irradiation-induced
ionoluminescence and γ-ray emission from a Si/10B5C/Al2O3
structure.
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for increasing amount of defects is understood from Figure S4
that shows 1.5 MeV He+ ion beam-induced IL yields for the
same set of Al2O3 samples shown in Figure 5b. In the IL mea-
surements shown in Figure S4, the MeV energy α-particles were
not received from the 10B(n,αγ)7Li* nuclear reaction but were
produced by a high voltage ion beam accelerator.32 In this case,
the IL peak intensities were determined separately for the F and
F+ centers from the measured spectra. As a result, different IL
yield changes, i.e., a maximum-like behavior and a monotonous
decrease, can be observed for the F and F+ centers, respectively.
Considering that in NORMA measurements, the integrated
light yield is recorded by the CCD without wavelength separa-
tion, the neutron irradiation-induced IL emission in Figure 5b
seems to be dominated by the F center. This effect can primar-
ily be attributed to the fact that the quantum efficiencies (QEs)
of the CCD camera at the NORMA station are ca. 10% and
65% at the emission wavelengths of the F+ and F centers,
respectively. Note that the QE of this camera is optimized for
standard neutron radiography measurements performed with
the green-light-emitting 6LiF/ZnS:Cu screen. We intend to per-
form further experiments at NORMA with an optical detector
of high sensitivity for both the F and F+ centers.

As shown in Figure S4, an excess oxygen vacancy content of
∼4 × 1016 cm–2 in Al2O3 is enough to enhance the He+-
induced IL yield with respect to the reference sample (without
N+ pre-implantation). Moreover, the ionization profiles in
Figure S3b confirm that it is sufficient to sensitize only a
2 μm-thick near-surface region of the scintillator to achieve a
remarkable increase in neutron-to-light conversion efficiency.
While our results are obtained for a cold neutron source, many
experiments and calculations in the literature are reported for
thermal neutron energy (25.3 meV) as a standard condition.
Considering this, Figure S5 shows a comparison of normalized
light yields and pulses per neutron values, vs 10B5C thickness,
calculated for the NORMA neutron spectrum and for thermal
neutron energy. The light yield is proprotional to the integrated
electronic stopping in Al2O3, while the number of pulses per
neutron gives the probablity for α- and Li-entrance21 into the
scintillator irrespective of the extent of kinetic energy carried
by the entering particle (here, a lower level discriminator set-
ting20,21 is not applied). Despite the different definitions, the
curves in Figure S5a,b are quite similar. The peak positions
F

slightly differ as they appear at ∼2.5 and ∼3 μm 10B5C thick-
ness in panels (a) and (b). The lower the neutron energy, the
stronger the decay of the light yield and pulse number in the
large 10B5C thickness range, that is, well beyond the stopping
range of the Li- and α-projectiles. This exponential-like decay20
is determined by neutron absorption in 10B5C according to the
Beer–Lambert law. Markedly, the decay strength is an indicator
of the neutron energy, especially in the sub-thermal range.
Figure S5b shows maximum efficiencies of 0.08 and 0.045
pulses per neutron, for NORMA and for thermal neutrons,
respectively. These values can be compared to the neutron
detection efficiencies reported in the ∼1–4% range for
10B/Al2O3 structures26 and for 10B4C or 10B-based α-voltaic
thermal neutron detectors.20,22

The schematic view of the neutron irradiation-induced scin-
tillation process is shown in Figure 6. For clarity, the thin Ti
layers are not included since they have no considerable impact
on the system’s functional operation. Figure 6 represents a neu-
tron conversion event for a given depth position of the
neutron-absorbing 10B isotope and a certain trajectory direc-
tion for the emitted reaction products. In a 10B fission event,
the α- and Li-particles depart in opposite directions along a
randomly oriented emission axis. The same as for neutrons,
the trajectories of α- and Li-projectiles can be considered as
straight lines since the lateral-to-longitudinal projected range
ratios are as low as 0.024 for α-particles and 0.058 for Li-
particles in B5C, according to SRIM53 simulations. The
violet-colored fraction of the α-particle trajectory in Figure 6
represents electronic stopping in the modified Al2O3 region
where target excitation is accompanied by photon emission
from the F and F+ centers. In IL yield calculations (dashed
lines in Figure 5a), the electronic energy deposition in Al2O3
was statistically averaged considering the depth-dependent
neutron absorption in 10B5C and random emission direction
of the α- and Li-particles in the 10B fission events. The number
of photons emitted in IL is supposed to be proportional to the
total amount of ionization energy deposited in Al2O3.

54 In the
10B(n,αγ)7Li* reaction, the 470 keV γ-photon is emitted in
random directions. Its linear attenuation coefficient is as low
as ∼0.1 cm–1 in both 10B5C and Al2O3;

55–57 therefore, the
few Compton electrons generated may not induce consider-
able cathodoluminescence58 in Al2O3 when compared to the
α- and Li-related ionoluminescence. Recent modeling studies
report excellent γ-rejection capabilities for neutron detectors
based on a boron carbide absorber atop a thin (∼1–10 μm)
semiconductor charge collection layer.27,28 Similarly, low
γ-detection efficiency and related low background can be antic-
ipated for a thin (∼3 μm) Al2O3 scintillator coupled to a
B5C layer.
Note that an advantage to use Al2O3 as a scintillator is related

to its low average atomic number (Z) as it results in short stop-
ping ranges Rp(He) = 3 μm and Rp(Li) = 1.5 μm for the α- and
Li-reaction products (see Figure S3a) compared to those mea-
sured in other scintillators, e.g., Cs3Cu2I5 perovskites54 with
Rp(He) = 5.6 μm and Rp(Li) = 2.7 μm or ZnS with
Rp(He) = 4.2 μm and Rp(Li) = 2.3 μm, according to SRIM
simulations. Therefore, the coupling of an Al2O3 scintillator
with a 10B5C absorber is favorable when enhanced lateral reso-
lution is required for neutron detection. Moreover, the low-Z of
Al2O3 leads to weak γ-ray absorption that is beneficial when
external γ-ray background rejection is important during neutron
detection. Other scintillators, which comprise heavier elements,
https://doi.org/10.1021/acsaelm.6c01505
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like Cs3Cu2I5, BGO, or ZnS, show stronger γ-ray absorption
and weaker γ-background rejection capability.

Regarding radiation resistance, in α-Al2O3, the γ-photons can
generate Compton electrons with a maximum kinetic energy of
∼300 keV while the threshold to generate oxygen atomic dis-
placements is reported in the 240–400 keV range (for a dis-
placement energy range of 41–76 eV).59,60 One may suppose
that the Compton displacement effect does not noticeably
change the optical properties of Al2O3 via the generation of
new F and F+ centers or other defects. Although the energetic
α- and Li-projectiles may create lattice defects in both B5C
and Al2O3, considering the applied neutron fluences of 109 to
1010 cm–2, the developing α- and Li-fluences are much lower
than those used in ion irradiation experiments for optical defect
center production.32,61 As for comparison, in this work, the
modified Al2O3 zones were created by MeV energy N+ irradia-
tion in the fluence range of ∼1013 to 1015 cm–2.

The electronic stopping of α- and Li-projectiles in our B5C
material does not result in light production. This was checked
by photoluminescence experiments (not shown here) revealing
no appreciable light emission from the amorphous B5C layers.
Spectroscopic ellipsometry (SE) measurements were carried
out on Si/Ti/B5C structures to determine the boron carbide
dielectric function. A typical example for pseudo n and k spectra
can be seen in Figure 7 for a ca. 1150 nm-thick B5C layer. The
evaluated optical absorption depth varies between 25 and
210 nm in the wavelength range of 300–800 nm. This means
that besides their weak luminescence capability, the as-
deposited B5C layers are rather opaque. This is expected for
the amorphous phase, while for single crystal or polycrystalline
ceramic boron carbide, the extinction is weaker, thus giving typ-
ical optical penetration depths of several microns.23 In Figure 7,
the refractive index at λ = 633 nm is n = 2.78, being relatively
high similarly to what was found by others for boron carbide
layers prepared by low power magnetron sputtering at room
temperature.62 Although its optical properties do not predesti-
nate amorphous 10B5C as an effective scintillator, the room
temperature deposition of the material requires low thermal
budget and its combination with Al2O3 results in effective
scintillation-based neutron detection.

4. CONCLUSIONS

We presented a detailed structural and functional characteriza-
tion of sputter-deposited amorphous 10B5C layers combined
with oxygen vacancy-enriched α-Al2O3 scintillators using pro-
ton elastic backscattering spectrometry, scanning electron
Figure 7. Pseudo n and k spectra of a sputter-deposited amorphous
10B5C layer evaluated from spectroscopic ellipsometry measurements.

G

microscopy, spectroscopic ellipsometry, neutron absorption,
and neutron beam-induced scintillation measurements sup-
ported by the modeling of ion stopping in the absorber/
scintillator structure and the calculation of detector response
like the intensity of induced light or the number of counts per
neutron. The combination of 10B5C layers with different thick-
nesses and Al2O3 crystals containing different amounts of oxy-
gen vacancy-related luminescence centers in their thin near-
surface region results in a versatile structure with variable neu-
tron conversion efficiency. The presented observations on cold
neutron absorption and neutron-to-light conversion efficiency are
all explicable when tracking in detail the energy production and
conversion processes in the 10B5C/Al2O3 system and considering
the applied neutron energy spectrum, energy-dependent neutron
absorption and scattering effects, and the transfer characteristics
of the optical detection line. Based on this concept, reliable pro-
cess control and optimization of compact, versatile, solid state,
boron carbide thin layer-containing device structures for neutron
detection or neutron shielding can be realized.
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