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A B S T R A C T

Silicon neutron detectors can operate at low voltage and come with ease of fabrication and the possibility of
integration of readout electronics and thus are attractive from an application point of view. In this paper,
we have studied thermal neutron capture by silicon diodes coated with boron carbide (B4C). One of the
surfaces of the diodes was covered with either natural B4C (𝑛𝑎𝑡B4C) or with enriched B4C (𝑒𝑛B4C). We have
investigated: (a) the effect of increase in the sensitive area of the surface of the diode covered with B4C on
the neutron detection efficiency and (b) the effect of enrichment of 10B in B4C. The difference in 10B in 𝑛𝑎𝑡B4C
(16 at.% in the deposited film) and 𝑒𝑛B4C ( 79 at.% in the deposited film) leads to about three times increase
in detection efficiency of the same detector. For the given experimental conditions, we do not observe a direct
relationship between increase in the surface area and the detection efficiency. Energy spectra obtained by
Geant4 simulations support the experimental observation of finding no direct relation between increase in the
surface area and the detection efficiency.

1. Introduction

In past decades, semiconductor detectors have been regarded as
an interesting alternative to be used for thermal neutron detection.
As compared to the gaseous or scintillation detectors, semiconductor
detectors are compact, lightweight, less expensive to fabricate and able
to operate at lower voltage. They can come with integrated readout
electronics and provide high spatial resolution. In order to capture
a thermal neutron in a solid state detector e.g., a diode, a neutron
converter material needs to be in close contact with the detector. This
is achieved by either fabricating the detector from a neutron converter
semiconductor like BN, LiSe, LiInSe2 [1–3] or depositing a separate
layer of neutron converter material on the surface of the diode [4–
6]. In the former case, the reaction products are created within the
sensitive volume of the diode and generate the signal. In the latter
case, reaction products created upon interaction between the neutrons
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and the neutron converter material, are generated within the layer of
sensitive material and have to cross this layer to enter the sensitive
volume of the diode in order to be detected [7]. The presented approach
for neutron detection uses silicon diodes that are fabricated by well-
known technology. The popular choice for neutron converter material
to be deposited on the diode have been LiF or B4C since both 10B(n,
𝛼) and 6Li(n, 𝛼) reactions have a significant thermal neutron cross-
section (3840 barn and 940 barn respectively [8]) and create reaction
products that have high enough energy to be detected over the gamma
ray background.

The silicon based neutron detectors may find their potential appli-
cations in a variety of fields including neutron imaging [9], nuclear
security applications [10,11] etc. An interesting application of boron-
coated silicon sensors for thermal neutrons is found in transmission
monitors at the European Spallation Source ERIC, (ESS), Lund, Swe-
den [12]. In the light of the next generation of neutron scattering
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instruments, technologically mature silicon sensors could prove appro-
priate as transmission detectors or in applications where high spatial
resolution and high time resolution are necessary. However, a low
detection efficiency (typically < 5%) remains a shortcoming [13]. Ap-
proaches like stacking the two dimensional detectors [14], modifying
the surface area of the detector surface to be coated with neutron
sensitive layer by etching geometrical structures on it [5,15], and
using three dimensional micro-structures filled with neutron sensitive
material [5,16–18] have been used to realize a silicon detector with
significant efficiency.

In this paper, we have followed one of these approaches, i.e. to
modify the surface of the detector by wet-etching structures on it. We
have studied two types of the semiconductor neutron detectors coated
with B4C: (a) a conventional planar detector and (b) a detector with one
of its surfaces patterned with inverse pyramidal structures. We wish to
investigate the effect of the following parameters on neutron capture:
(a) the area covered by B4C and (b) the enrichment of 10B in the
coating on neutron capture. A key part of our study is also to simulate
the neutron interaction with the same detectors with Geant4 [19–
21], compare it with the experimental results and understand the
dependence of properties of the detectors, such as the thickness of the
neutron converter layer and N doped region (explained in Section 2.1)
on the detector response and hence detection efficiency.

2. Experiment

2.1. Detector fabrication

All the detectors have been fabricated as PIN diodes on an n-type Si
substrate with a thickness of 300 μm, orientation ⟨100⟩ and resistivity of
10 kΩ cm. Fig. 1(a) and (b) show respectively the schematic diagram of
the cross-sectional view of both, conventional planar detector and the
detectors with inverse pyramidal structures that have been wet-etched
on one of the diode surfaces. After the wet-etching step, two opposite
surfaces of the detectors are doped to create a N doped region on the
surface with inverse pyramids and P doped region on the opposite face.
Both layers have an approximate thickness/depth between 1–2 μm.
No metal was deposited on the pyramid side to allow the incoming
radiation to reach the conversion region passing through a minimal
amount of layers. The patterned metal on the opposite side of the
detectors offers electrical contact to the bulk silicon (N-type Si) and
to main diode junction (P doped region). These contacts can be used
for wire bonding to the PCBs used in testing. More information on the
fabrication process and the wet-etching step can be found in [15]. The
photograph of one of the detectors mounted on a PCB is shown in
Fig. 1(c). The face corresponding to the P doped Si of the detector is
visible in the photograph.

In order to increase the area of one of the faces of the diode, one
of the two types of inverse pyramid structures were etched on it: (a)
pyramids with a rectangular base and (b) with a square base. In case
of the pyramids with a rectangular base, the longest dimension of
pyramid base is approximately 4.78 mm (the length of the active region
is 4.8 mm) and hence the pyramidal structures are wet-etched along
a line in only one direction. In this paper we will refer to this type
of patterning as one dimensional (1D). On the other hand, in case of
patterning with inverse pyramids with square base, an array of inverse
pyramids with equal number of structures in X and Y direction has been
etched. This type of patterning is referred to as two dimensional (2D)
array of pyramids. In this paper, we have studied three detectors: (1)
Test Pad: conventional planar detector, (2) Test T35: patterned detector
with 1D array of pyramids, with pyramid base 35 μm × 4780 μm and
20 μm gap between the pyramids, 87 pyramids in total, and (3) Test
100: patterned detector with 2D array of pyramids, with pyramid base
85 μm × 85 μm and 15 μm gap between the pyramids, 47 × 47 = 2209
pyramids in total. Table 1 summarizes all the information about the
detectors under investigation.

Fig. 1. Schematic diagram of cross-sectional view of the: (a) planar detector, (b)
patterned detector, (c) actual photograph of the detector mounted on a PCB.

After wet-etching, the patterned face of the diode was doped with
phosphorous by gas phase doping to create an N doped region and the
opposite face was doped with boron via ion implantation to create a
P doped region. After doping, the side of the detectors corresponding
to N doped region was coated with a 400 nm thick layer of either
natural B4C or enriched B4C by direct current magnetron sputtering
(DCMS) from either two natural B4C (containing approximately 20 at.%
of 10B) or two enriched 10B4C (containing approximately 97 at.% of
10B) targets respectively. The deposited films of natural B4C contain
approximately 16 at.% of 10B and those of enriched B4C contain
approximately 79 at.% of 10B. An industrial coating unit (CC800/9,
CemeCon AG) located in the ESS Linköping coating workshop was used
for the coating process. The machine was evacuated to a base pressure
less than 0.5 mPa, then filled up with Ar to 200 mPa prior to the
deposition. During the deposition, the substrates were kept at about
190 𝑜C. More details about the coating process can be found in [22–24].

2.2. Detector characterization

I–V (current vs. voltage) and C–V (capacitance vs. voltage) measure-
ments, were carried out after the deposition of the B4C layer for all the
detectors, in order to investigate the leakage current, depletion voltage
and capacitance of the PIN diodes. These measurements corresponding
to the detector Test 100 coated with enriched B4C is shown in Fig. 2(a).
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Table 1
Information about the topology of the detectors mentioned in this paper; the column surface area denotes the area of that surface of
the detector which is coated with B4C.
Name Surface structure Surface area

(mm2)
Neutron converter
layerType Dimension (μm) Total

Test pad Planar None 0 23 Enriched B4C
400 nm

Test T35 Inverse pyramid 35 × 4780 87 28.67 Enriched B4C
1D array Gap: 20 400 nm

Test 100 Inverse pyramid 87 × 87 47 × 47 28.67 One : enriched B4C
2D array Gap: 15 =2209 400 nm

Another : standard B4C
400 nm

Fig. 2. (a) I–V (current vs. voltage) and C–V (capacitance vs. voltage) measurements
corresponding to the detector Test 100 coated with enriched B4C, (b) photograph of
the experimental set-up used at R2D2, IFE, Kjeller, Norway.

The leakage currents were observed to be around 1 nA and the capaci-
tances to be around 36 pF at full depletion voltage of around 60 V for
all the detectors mentioned henceforth.

2.3. Experimental set-up for thermal neutron detection

The characterization of the detectors’ response to the thermal neu-
trons was carried out at R2D2 beam-line of JEEPII reactor, IFE, Kjeller,
Norway (more information about the beam-line can be found in [12]).
During the test, a 2 Å collimated monochromatic beam was used. It
was selected from a Bragg reflection from a cubic Ge crystal which
acts as a monochromator. It is possible to have the wavelength of the
neutron beam from 0.88 Å to 2 Å. The 2 Å wavelength was selected
since it has 18% higher intensity than the other wavelengths. The beam
size is controlled by a 20 × 20 × 20 × 20 (in mm) slit (JJ X-ray IB-
C80-AIR with borated aluminium blades, as indicated in Fig. 2(b)).

By doing this, the beam is collimated (FWHM about 1 degree for the
2 Å peak) and is perpendicular to the surface of the detector. In
our experimental set-up shown in Fig. 2(b), just next to the slit, a
collimator of size 5 mm × 5 mm was kept inside an aluminium dark
box, followed by two detectors such that the centres of the detectors
were in the path of neutron beam. The thermal neutron flux at the
detector was 2.2 × 105 neutrons/cm2 s. It was measured before the
experiment by replacing the detectors with a 3He tube (Reuter Stokes
— RSP4 0810220) with efficiency of 96.3±0.34% at 2.5 Å.

The bias voltage was kept at 80 V to ensure full depletion of the
detectors. The detector output was connected to a charge sensitive pre-
amplifier (ORTEC 142) and then to a shaping amplifier (TENNELEC
241) with 0.5 μs shaping time. The shaped signal was further fed to
a CAEN ADC (V1729) and VME-PCI Optical Link Bridge (V2718). The
neutron beam data was monitored with a software developed at R2D2
beamline, IFE Kjeller and LabVIEW [25] program is used for data
acquisition from the detectors. All the measurements were carried out
in ambient conditions.

The energy calibration of ADC was done using the 59.54 keV gamma
radiated by 241Am. Fig. 3(a) shows the energy spectrum corresponding
to the gamma radiation obtained with the same pre-amplifier and
amplifier settings as used in all performed experiments. In this spec-
trum, the first increase in counts, peaking around 100 ADC values
was attributed to low energy gammas (26.34 keV and 33.19 keV)
radiated by the source. The peak corresponding to 59.54 keV gamma
was observed at 222.49 ADC values, leading to a calibration factor of
0.27 keV/ADC channel.

3. Results

3.1. Experimental results

As B4C is used as the neutron convert material, the corresponding
10B(n, 𝛼) reaction is given as:
10B + n → 𝛼 (1.48 MeV) + 7Li (0.84 MeV) + 𝛾(0.48 MeV),

excited state (94%)
10B + n → 𝛼 (1.78 MeV) +7Li(1.02 MeV),

ground state (6%)
Upon interaction between 10B and a thermal neutron in the neutron

sensitive layer, the most probable reaction products 7Li (0.84 MeV) and
𝛼 (1.48 MeV) are emitted in opposite direction and depending on the
geometry of the detector, the particle that reaches the sensitive volume
of the detector will subsequently be detected. Three main experiments
were carried out in order to investigate the following things: (1) neu-
tron capture with B4C coated layer, (b) effect of enrichment of 10B in
the B4C coating on neutron capture and (c) effect of the patterning the
surface of the detector, on neutron capture.

Fig. 3(b) depicts the result from the neutron capture experiment. For
this experiment and all the experiments mentioned further, the thresh-
old setting in the ADC was kept so that all the pulses corresponding
to energy above 100 keV will be recorded by the ADC. The energy
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Fig. 3. (a) Energy spectrum obtained from a 59.54 keV gamma emitted from an
241Am source for energy calibration purposes. The blue represents a Gaussian fit to
the data, (b) Four energy spectra obtained from planar detector Test Pad: Two from
the uncoated detector and two from in presence and absence of the neutron beam, two
from the detector coated with enriched B4C in presence and absence of the neutron
beam respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

spectra obtained from planar diodes, either uncoated or coated with
enriched B4C, in presence and in absence of the neutron beam are
shown. The energy spectrum obtained from the planar detector Test
Pad coated with enriched B4C without exposure to the neutron beam
gives an idea of the background radiation in absence of the neutron
beam. The energy spectrum obtained from the uncoated planar detector
Test Pad accounts for the radiation background in Silicon in presence
of thermal neutron beam. The clear difference between the energy
spectra from planar detectors with and without exposure to the neutron
beam indicates neutron capture. According to the 10B(n, 𝛼) reaction,
one is expected to observe peaks in the energy spectrum at 0.84 MeV
(corresponding to 7Li) and at 1.47 MeV or 1.78 MeV (corresponding to
𝛼). However, in the energy spectrum shown in Fig. 3(b), the peaks are
observed at around 1.05 MeV and 1.45 MeV, which can only be related
to the contribution from 𝛼. The difference between theoretical and
observed values of the peaks correspond to the energy loss experienced
by 𝛼 particles while crossing the layer of B4C as well as the N doped
layer of the detector. This was confirmed by Geant4 simulations, as
mentioned in later Section 3.2. Similarly, most of the contribution
7Li (0.84 MeV) is expected to appear at energies lower than 500 keV
and it may be rejected by hardware and software threshold settings.
Hence, we focus our attention of the energy contribution from the 𝛼
particles.

Fig. 4. Experimental results: (a) Effect of 10B enrichment: energy spectra from detectors
patterned with a 2D array of inverse pyramids (Test 100) and coated with either natural
or enriched B4C. (b) Effect of patterning: energy spectra obtained from the planar
detector Test Pad, the detector patterned with an 1D array of pyramids (Test T35)
and the detector patterned with a 2D array of pyramids (Test 100), all coated with
enriched B4C.

The effect of increase in the at.% of 10B in B4C coating is investi-
gated further. The energy spectra obtained from two identical patterned
detectors, namely Test 100, one coated with natural B4C (with about
16 at.% of 10B in deposited film) and another coated with enriched
B4C (with about 79 at.% of 10B in the deposited film) are shown in
Fig. 4(a). Both detectors were simultaneously tested under the neutron
beam. As expected, the detector coated with enriched B4C has more
(roughly 3 times) counts corresponding to neutron capture as compared
to the detector coated with standard B4C. The detection efficiency of
the detector coated with standard B4C is 0.08 ± 0.007% while that of
the detector coated with enriched B4C is 0.28 ± 0.06% (the number
of detected neutrons is counted as the integral of the energy spectra
between 300 keV and 2000 keV).

Fig. 4(b) shows the effect of patterning on the surface of the detector
on the neutron capture. The energy spectra coming from three detectors
coated with enriched B4C have been compared here. The area of the
detector surface covered by B4C is 23 mm2 in case of Test Pad while
28.6 mm2 for both Test T35 and Test 100. Although the increase in area
covered by B4C is about 21%, no increase in the detection efficiency is
noticed. The detection efficiency of Test pad, Test 100 and Test T35, all
coated with enriched B4C are 0.32±0.07% 0.28±0.06% and 0.21±0.04%
respectively.

Considering the significant uncertainties, the detection efficiencies
of the planar and pattered detectors, especially Test Pad and Test
100 are similar while the area covered with B4C in the latter case
is increased by 21%. The main contribution to the error bar comes
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Table 2
Experimental detection efficiencies of the detectors tested.

Name Neutron converter Detection efficiency

Test pad Enriched B4C 0.32 ± 0.07%
Test T35 Enriched B4C 0.21 ± 0.04%
Test 100 Enriched B4C 0.28 ± 0.06%
Test 100 Standard B4C 0.08 ± 0.007%

Fig. 5. Geant4 simulations of the neutron interactions inside the planar detector Test
Pad coated with enriched B4C: (a) Effect of the thickness of the N doped layer of the
detector on the energy spectrum, (b) The simulated energy deposition spectrum with
the thickness of the N doped layer set at 1.1 μm, as well as contributions from different
reaction products to the total energy deposited in the detector.

from the uncertainty in the area of the detector exposed to the neutron
beam. The size of the collimator (5 mm × 5 mm) and the area of
the detector face (4.8 mm × 4.8 mm) are very close. Despite our best
efforts of keeping the detectors at exactly the same position for every
experiment, slight misalignment in the position of the detector may
have led to part of the detector being unexposed to the neutron beam
and hence reduction in detection efficiency. The experimental detection
efficiencies for all the detectors are given in Table 2

3.2. Geant4 simulations

Geant4 simulations of the neutron interactions with all the detec-
tors studied experimentally were carried out with the ESS simulation
framework [26,27] developed by the ESS Detector Group. The Geant4
version used is 10.00.p03 and the physics list is QGSP_BIC_HP.

Each energy spectrum that has been labelled as simulated data has
been obtained from simulating 750 million neutrons of wavelength
2 Å falling on to the detector from a rectangular-profile source of

dimension 5 mm × 5 mm. The detector was placed in front of the
neutron source in such a way that the side with B4C coating was facing
the source. The statistical uncertainty on the simulation results are
negligible.

Firstly, in order to understand the energy loss experienced by 𝛼
particles while crossing the neutron converter and the N doped layer of
the detector, Geant4 simulations of the interaction between 1.47 MeV
𝛼 particles and the detector were carried out. It is observed that the
energy deposited by a 1.47 MeV 𝛼 particle in the sensitive volume of
the detector after crossing the B4C layer of 400 nm thickness and the
N doped layer of 1.1 μm thickness is around 1.01 MeV (plot not shown
here as the distribution is very narrow), which is in close agreement
with the experimental data (see Fig. 3(b)). The difference between the
peak energy loss values in the experimental data and the simulations is
attributed to the fact that the 𝛼 particles in the simulation are generated
outside the converter and can cross its entirety, while in the experiment
the 𝛼 particles are generated at various locations across the converter
depending on the neutron interaction depth [7]. This effect creates
different energy deposition profiles.

Since the N doped layer is in between the B4C layer and the active
volume of the diode, the reaction products generated in the 10B(n,
𝛼) reaction will have to cross the layer (and lose energy while doing
so) in order to be detected. Hence, knowing the thickness of this
layer is important in order to simulate the detector neutron interaction
correctly.

Although all the dimensions of the different layers in the detectors
have been specified by the manufacturer, the thickness/depth of the
N doped layer (1 μm–2 μm) is not very precise. The uncertainty in the
measurement of the thickness stems from the fact that this layer has
been doped by gas phase doping and the boundary between doped and
un-doped region is not sharp. Hence, the simulations were performed
for various thickness of the N doped layer between 0 and 4 μm and
the best qualitative match between the simulated and the experimental
data was sought. Fig. 5(a) shows the simulated energy spectra for
the planar detector Test Pad coated with enriched B4C with different
thickness of the N doped region. As expected, in the absence of this
N doped layer (thickness = 0 μm), the peaks corresponding to the 𝛼
particles are observed at their theoretical values. As the thickness of
the layer increases, the peaks are shifted towards lower energies, as
expected.

The contributions from different reaction products to the total en-
ergy deposited in the active volume of the detector Test Pad coated
with enriched B4C is shown in Fig. 5(b). Here the thickness of the N
doped layer is kept at 1.1 μm. It is seen that the two peaks appearing
around 1.05 MeV and 1.45 MeV are the result of the energy deposited
by the 𝛼 particles while the 7Li contribution is mainly visible in the
low-energy part of the spectrum (below 500 keV).

3.3. Comparison between experimental and simulated data

The qualitative comparison between the experimental and simu-
lated spectrum for all the three detectors is depicted in Fig. 6. For
the plots in this figure, the simulated and experimental spectra have
been normalized so that the peaks around 1 MeV, corresponding to
𝛼 particles, have the same intensity. As mentioned in Section 3.2, the
thickness of the N doped region plays a critical role, as far as the peak
positions of the simulated energy spectrum are concerned. We have
observed that for the planar detector Test pad, the spectrum obtained
after simulations with thickness of the N doped region = 1.1 μm matches
with the experimental data, as shown in Fig. 6(a). On the other hand,
in the case of the patterned detectors, the thickness of the N doped
region needs to be kept at 1.5 μm, so as to achieve a qualitative match
between the experimental and simulated spectra, as seen in Fig. 6(b)
for Test 100 and Fig. 6(c) for Test T35.

The detection efficiency of the sensors and the purity of the recorded
signal depend on the energy threshold that is applied. This dependence
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Fig. 6. Comparison between simulated and experimental data:(a) planar detector Test
Pad coated with enriched B4C, simulations are done at thickness of N doped layer
= 1.1 μm. (b) patterned detector Test 100 coated with enriched B4C, simulations are
done at thickness of N doped layer = 1.5 μm. (c) patterned detector Test T35 coated
with enriched B4C, simulations are done at thickness of N doped layer = 1.5 μm. The
uncertainties are too small to discern.

is depicted in Fig. 7. The simulated efficiency of the Test Pad follows
closely the trend of the measured one. In order to fully reject the
contribution of the photons to the energy spectrum, a threshold of
about 300 keV has to be applied. For that value, the simulated neutron
detection efficiency is 0.5% (for 400 nm layer of enriched B4C) with
negligible statistical uncertainty, with respect to the measured one,
which is 0.32%. Systematic effects in addition to the thickness of the
N doped region, like the thickness uniformity of the converter coating
can contribute a 5% effect for an uncertainty of 20 nm, with a larger

Fig. 7. Test Pad detector : Dependency of experimental and simulated detection
efficiency on energy threshold as well as thickness of the neutron converter layer.

effect being present at lower thresholds (see Fig. 7). For the purpose of
this work, the level of the quantitative agreement serves the needs of
our study.

4. Conclusion

Two types of Si detectors (planar and patterned), coated with either
standard or enriched B4C were tested with a thermal neutron beam.
It was observed that planar and patterned detectors coated with just
400 nm thick layer of neutron sensitive material are capable of neutron
capture. Enrichment of 10B in the B4C, for the patterned detector
Test 100, leads to an increase in the detection efficiency as expected.
While comparing the experimental values of the detection efficiencies
of planar and patterned detectors, it is observed that the planar detector
Test Pad and patterned detector Test 100 are similar, while Test T35
is the lowest in efficiency even though patterned detectors have about
21% more area covered by B4C. Although the 10B enrichment leads to
an increase in detection efficiency, for the given physical dimensions
of the detectors and the experimental conditions, no direct relationship
between increase in the area covered by B4C and detection efficiency
was observed. As such it can be concluded that increasing the surface
area is not an effective way to improve the neutron detection efficiency
unlike the gaseous detectors.

The Geant4 simulations reveal that the thickness of the N doped
region plays an important role in determining the shape of the energy
spectrum and the main contributions to the simulated energy spectrum
come from 7Li and 𝛼 particles. The thickness of the N doped region at
which simulated and experimental spectra are in qualitative agreement
for planar and patterned detectors are different, 1.1 μm and 1.5 μm re-
spectively. As far as the simulated detection efficiencies are concerned,
the planar detector has the highest efficiency while Test T35 has the
lowest, following the same trend as the experiment. These results show
that in order to be able to utilize Silicon detectors, making the doped
region very thin is vital.
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