-

9
Ho®®O6
http://pubs.acs.org/journal/acsodf

Natural Boron and '°B-Enriched Hexagonal Boron Nitride for High-
Sensitivity Self-Biased Metal—Semiconductor—Metal Neutron
Detectors

Adama Mballo, Ali Ahaitouf, Suresh Sundaram, Ashutosh Srivastava, Vishnu Ottapilakkal, Rajat Gujrati,
Phuong Vuong, Soufiane Karrakchou, Mritunjay Kumar, Xiaohang Li, Yacine Halfaya, Simon Gautier,
Paul L. Voss, Jean Paul Salvestrini, and Abdallah Ougazzaden®

Cite This: ACS Omega 2022, 7, 804-809 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Metal—semiconductor—metal (MSM) detectors based on Ti/Au and Ni/ S N
Au interdigitated structures were fabricated using 2.5 micrometer thick hexagonal boron o
nitride (h-BN) layer with both natural and '°B-enriched boron. Current—voltage (I-V)
and current—time (I—t) curves of the fabricated detectors were recorded with (Iy) and
without (I3) neutron irradiation, allowing the determination of their sensitivity (S = (Iy —
I3)/I; = AI/I;). Natural and '°B-enriched h-BN detectors exhibited high neutron
sensitivities of 233 and 367% at 0 V bias under a flux of 3 X 10* n/cm?/s, respectively. An
imbalance in the distribution of filled traps between the two electric contacts could

explain the self-biased operation of the MSM detectors. Neutron sensitivity is further "By g
enhanced with electrical biasing, reaching 316 and 1192% at 200 V and a flux of 3 X 10* S"'Pllb,-,e%
n/cm?/s for natural and '°B-enriched h-BN detectors, respectively, with dark current as
low as 2.5 pA at 200 V. The increased performance under bias has been attributed to a
gain mechanism based on neutron-induced charge carrier trapping at the semiconductor/
metal interface. The response of the MSM detectors under thermal neutron flux and bias
voltages was linear. These results clearly indicate that the thin-film monocrystal BN MSM neutron detectors can be optimized to
operate sensitively with the absence of external bias and generate stronger signal detection using '°B-enriched boron.

Self-powered MSM h-BN neutron detector

1. INTRODUCTION simplest to realize because no doping is needed, which is
very challenging to achieve for BN materials.">'* MSM designs
also result in ultralow dark current, which is highly desirable
for large relative sensitivity (AI/I;), where Al is defined as the
difference between the measured current under irradiation and
the dark current (I3). Other advantages for MSM structures are
the possibility (i) to achieve self-powered operation similar to
that demonstrated for UV photodetectors either by using two
different metal contacts or the same contacts with specific
metal semiconductor interface engineeringls_17 and (ii) to
benefit from internal gain to increase the neutron response
signal."®" McGregor et al.*® have demonstrated for the first
time the feasibility of pyrolytic BN-based neutron detectors
with an efficiency of up to 7.2% under an electric field of 4 kV/
cm. More recently, neutron detectors have been demonstrated
with epitaxial monocrystalline h-BN using natural and enriched

Hexagonal boron nitride (h-BN) has extraordinary physical
properties such as chemical inertness, high thermal con-
ductivity, strong mechanical strength, and wide band gap"”
making it among the materials of choice for emerging
applications in deep UV (DUV) optoelectronics.”” h-BN is
also a uniquely useful material for neutron detection due to its
high thermal neutron capture cross section (3840 barns for '°B
atoms). In addition, h-BN has weak sensitivity to gamma rays
by virtue of its relatively low density (2.2 g cm™>), which makes
it more attractive for thermal neutron detection than other
semiconductor materials.”~ Natural BN contains 20% '°B and
has an effective absorption length of 277 um for thermal
neutrons, which decreases significantly to 47 um if the B is
enriched to 100%.° Furthermore, in h-BN-based neutron
detectors, neutron capture, carrier generation, and charge
collection, all happen in the same layer, making it a good
candidate for direct thermal neutron conversion. These Received:  October 1, 2021
advantages can result in h-BN detectors that are smaller and Accepted: December 14, 2021
less expensive than no boron-based detectors. Published: December 28, 2021
Different types of design and device structures have been
used to fabricate solid-state neutron detectors.””'* The metal—
semiconductor—metal device (MSM) structures are the
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Figure 1. (a) High-resolution X-ray diffraction (HR-XRD) 26 — @ scan of the natural and '°B-enriched BN films. (b) SEM image of 2.5 yum thick
natural BN films; the inset shows a photograph of the 2.5 um thick natural BN films grown on a 2 inch sapphire wafer.

9B with different thicknesses up to 50 wm.”'~** These
promising results by the group at Texas Tech University
(TTU) suggest that more research would be needed to further
explore the benefit of h-BN MSM detectors. For instance, the
possibility of implementing self-biasing detectors with a gain
mechanism has not yet been reported with h-BN. Moreover,
since the materials quality of h-BN depends on the layer
thickness”>*® and growth conditions,™ the comparison of the
performance of neutron detectors with either a natural or
enriched '’B h-BN active layer would require devices fabricated
using the same growth conditions, layer thicknesses, and
electric contact fabrication conditions. In this work, we report
metal—semiconductor—metal (MSM) neutron detectors based
on both Ti/Au and Ni/Au interdigitated h-BN structures (with
natural and '°B-enriched boron) using the same design, and all
the devices are fabricated in the same conditions. This study
represents a first attempt to evaluate the potential of self-biased
operation and gain mechanisms of MSM devices. We have
measured the neutron response at zero volts and under strong
bias voltage under different thermal neutron fluxes. Even with a
relatively thin BN layer, the MSM detectors based on '°B-
enriched h-BN showed four times higher sensitivity when
compared to natural h-BN-based detectors.

2. RESULTS AND DISCUSSION

Figure la shows the 20 — @ scan of the natural and '°B-
enriched BN films, in which a peak located at 25.8° is related
to the (0002) planes of the sp2-BN.

The surface morphology of the 2.5 ym thick h-BN layers is
shown in Figure 1b. The SEM image reveals a grainy
morphology with the absence of wrinkles on the surface.
The sample was optically transparent (inset of Figure 1b), and
the cross-sectional high-resolution transmission electron
microscopy (HRTEM) not shown here revealed the same
structural quality as the samples presented in our previous
work,” where a thin-layered h-BN structure up to 10 nm was
obtained, with gradual turbostratic stacking appearing
gradually as thickness increased. AFM images were used to
measure the thickness of the h-BN epi layer. For this, the h-BN
layer was partially lifted off from its sapphire substrate (see the
Supporting Information). The thickness of the h-BN layer is
estimated to be 2.50 + 0.07 um.

The structural and morphological characteristics of the '°B-
enriched h-BN layers are quasi-identical to those of natural h-
BN layers. In addition, we were able to lift the '°B-enriched h-
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BN layers off from their sapphire substrates, confirming the
presence of a layered h-BN as with natural boron, which is a
characteristic of 2D materials. Based on these results, we can
state that the isotope of boron has an impact on neutron
capture and not on the structural quality of the h-BN material.

A set of grown 2.5 ym natural and '°B-enriched h-BN film
samples were then used for fabrication of MSM detectors and
were tested under thermal neutron flux.

Figure 2 shows the I-V characteristics of the two MSM
(Ni/Au—Ni/Au) and (Ti/Au—Ti/Au) devices for applied
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Figure 2. Dark current of the 2.5 ym thick natural h-BN MSM
detectors with two different Schottky contacts (Ni/Au—Ni/Au and
Ti/Au—Ti/Au). Inset shows the corresponding I—IV1 curves to
highlight the asymmetric behavior.

voltage in the —200 to 200 V range recorded in dark condition.
Since the work function of Ti is lower than the work function
of Ni, the Schottky barrier height (SBH) formed at the Ti/h-
BN interface is higher than the one formed using Ni. Thus, as
expected, the current flowing in the MSM with Ti contact is
lower than the one flowing in the MSM with Ni contact.
Indeed, the current measured at +/— 200 V in the MSM with
Ni contact is around 12 pA, which is five times greater than the
current measured in the same condition in the MSM with Ti
contact. Even more interestingly, despite the same metal
nature of the two contacts, both I-V curves exhibit a slightly
nonsymmetric behavior versus the applied voltage as shown in
the inset of Figure 2. This asymmetric behavior most likely
originates from a different filled carrier trap density at the
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Figure 3. (a) Neutron-induced current of natural h-BN MSM with Ti/Au—Ti/Au and Ni/Au—Ni/Au contacts when submitted to a neutron flux of
3 X 10* n/em?/s (flux 2). (b) Corresponding recording of the current variation at zero bias for both devices.

interface of the h-BN with the two contacts,”’ leading to
different SBH at the two contacts.

The two types of detectors were then exposed to irradiation
with a neutron flow of 3 X 10* n/cm?/s. A significant increase
of current difference AI versus applied voltage has been
observed as shown in Figure 3a.

Since the two MSM devices have asymmetric SBH, a
nonzero Al is observed when the devices are unbiased. These
zero-bias Al values are probably overestimated because of the
noisy signals and low currents. To confirm and refine the value
of the unbiased AI, we have recorded, as shown in Figure 3b,
the current variation at zero bias for both devices submitted to
a periodic neutron flux of 3 X 10* n/cm?/s. A clear current
variation with a AI of 0.7 pA and sensitivity of 233%, which is
similar for both detectors, is obtained.

When the applied voltage is increased, both Als increase and
saturate for voltages above S0 V. At a bias of 200 V (Figure
3a), the AI of the MSM detector with Ni contact is about
twice the one of the MSM detector with Ti contact. Neutron
capture by '°B atoms leads to the generation of daughter
particles according to the following equations.

9B + on — 3Li + ;o (2.78 MeV)(6%), excited state (1)

9B + on — JLi" + Ja(2.3 MeV)(94%), ground state
2)
The average energy of the daughter particles is 2.34 MeV.
These charged particles penetrate the BN layers and lose their
kinetic energy to create a cloud of electron—hole pairs. The
theoretical expected AI corresponding to the collected charge
carriers generated by the daughter particles in the case of our
detectors is about 7 pA (see the Supporting Information) and
is reported on Figure 3a as the red dotted line. Above 25V, the
AT of the MSM detectors with Ni is higher than the theoretical
value (gain > 1). For MSM detector with Ti, the AI is very
close to this value at 200 V (gain < 1). This could be explained
by a gain mechanism originating from a trapping of the
neutron-generated carriers at the metal—semiconductor
interfaces,”®*” which decreases the SBH, allowing more
current to flow. This increase of the current flow can be
expressed as

A
AIC = Idexp(—¢) -1
kT ©)
where I is the dark current, A¢ is the Schottky decrease due
to generated carrier trapping, k is the Boltzmann constant, and
T is the absolute temperature.
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According to eq 3, with the increase of the dark current (I,)
and decrease of the SBH (A¢), the internal gain will increase.
If we assume a similar A¢ for both MSM detectors, then
devices having the larger dark current should have the largest
AI which is the case. Nevertheless, a high gain comes with a
large I3, which decreases the sensitivity (AI/I;) of the detector.
In our case, the MSM detector with Ni contact exhibits a larger
dark current and, thus, AI as well as a weaker sensitivity than
the MSM detector with Ti contact. For the rest of the study,
we have then considered only the high-sensitivity Ti-contact
MSM detector.

For the comparison of 9B _enriched and natural detectors,
we have used MSM devices with Ti/Au metal contacts. Figure
4a,b show the zero-voltage neutron-induced current variation

[y
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Figure 4. Real-time neutron response of the natural h-BN and '°B-
enriched h-BN MSMs with Ti/Au—Ti/Au contacts at zero volts with
flux 1 (a) and flux 2 (b), respectively.

versus time for devices submitted to 1.5 X 10* n/cm?/s (flux 1)
and 3 X 10* n/cm?/s (flux 2). We observed a clear response for
both natural and '°B-enriched h-BN MSM devices at zero bias
voltage. Higher neutron current of the '°B-enriched MSM
device is obtained for both thermal neutron fluxes.

The sensitivities of the natural and '°B-enriched h-BN
detectors at 0 V bias are 233 and 367%, respectively. These
sensitivities cannot be directly compared with the literature
since there is no value reported at zero volts with h-BN, and
the sensitivity at applied voltage reported in this material was
obtained with other thicknesses. For instance, Li et al.>' have
reported a current variation of 0.087 pA for a 1 ym thick h-BN
neutron detector operating under an electric field above 4 X
10* V/cm, which corresponds to a sensitivity of 170%.

The neutron-induced current at zero volts in the MSM
based on natural and '°B-enriched h-BN has been compared.
The neutron-induced current of '°B-enriched h-BN MSM is
about 1.4 times higher compared to the one with natural h-BN
MSM at zero voltage (Figure 4). This difference is attributed
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Figure 5. Real-time neutron response of the natural h-BN and 19B.enriched h-BN MSM with Ti/Au—Ti/Au contacts at 100 and 200 V (a, c) under

flux 1 and (b, d) under flux 2.

to the increased '°B atoms in the enriched h-BN material,
resulting in a higher global thermal neutron capture cross
section. In that case, more neutrons are absorbed, leading to
larger excess free carrier density and, consequently, higher
current.

The same detectors (natural and '°B-enriched h-BN MSM
with Ti/Au) have been also studied under bias voltages at 100
and 200 V. The obtained results are presented in Figure S,
where the dark current of the two devices is almost the same.
This means that the gain mechanism effect will be the same
under neutron irradiation. One can observe that the response
of the '"B-enriched h-BN MSM is systematically higher than
the one of the natural of h-BN for all applied voltages and at
different thermal neutron fluxes. Comparing the '°B effect
according to Figure S, we notice that the ratio of neutron-
induced current in °B to !'B films is between 3.2 and 4.5,
which is very close to the theoretically expected value of 5.
By calculating the neutron sensitivity from Figure S for flux 2
and under 200 V bias voltage, it has reached 316 and 1192%
for natural and '°B-enriched h-BN detectors, respectively.
Since the gain mechanism is present in both devices, we can
therefore conclude that this difference is due to '’B-enriched h-
BN films. From Figure S, we notice that the current induced by
flux 2 is between 1.78 to 2.38 + 0.5 times the current induced
by flux 1, which shows a good linearity of the detectors. These
values are indicative of a remarkable response of the detectors
to thermal neutrons.

3. CONCLUSIONS

In summary, we used MOVPE to grow 2.5 ym natural and '°B-
enriched h-BN layers. At zero bias voltage, a measurable
neutron-induced current was detected on h-BN MSM
detectors, showing the potential realization of self-powered
thermal neutron detectors. The MSM with natural and '°B-
enriched h-BN neutron detectors showed a sensitivity to
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thermal neutrons as high as 233 and 376% at 0 V, respectively.
Linear neutron response of the detectors under thermal
neutron fluxes and bias voltages was obtained. In addition, the
neutron-induced current of the '°B-enriched h-BN MSM
detector is up to four times larger than the one with natural
boron. This work shows significant progress for low-cost h-BN-
based detection of thermal neutrons.

4. EXPERIMENTAL SECTION

Hexagonal boron nitride (h-BN) layers with 2.5 ym thickness
were grown on 2 inch sapphire substrates by metal—organic
vapor phase epitaxy (MOVPE) in an Aixtron close-coupled
showerhead (CCS) 3” X 2” reactor. Triethylboron (TEB) and
ammonia (NH;) were used as precursors for boron and
nitrogen, respectively. For the enriched BN layers, TEB
enriched at 97% of '°B isotope has been used. Secondary ion
mass spectrometry (SIMS) was used to estimate the '°B/!'B
content ratio of the h-BN layers (see the Supporting
Information). The growth was performed at 1280 °C in
hydrogen ambience at 90 mbar and with a growth rate of 470
nm/h. The layer thickness of 2.5 ym has been chosen because
above this thickness and with our growth rate (470 nm/h), the
surface morphology becomes very rough, which can result in
poor electrical contacts and poor electrical transport. Because
of the very low growth rate, devices that are multiple
micrometers thick are impractical for industrial applications,
so we concentrate on thicknesses with growth time that
remains industrially plausible for MOVPE.

The structural properties were characterized by high-
resolution X-ray diffraction (HR-XRD) using a Panalytical
X’pert Pro MRD system with Cu K, radiation in triple axis
mode. Detailed structural and optical characterization of 2.5
pum h-BN grown under the same conditions have been
performed in our previous work on a UV photodetector.”
Morphological properties were characterized using a scanning
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electron microscope (SEM). Electric contacts consist of
interdigitate fingers of 200 pm width and 200 pm spacing,
They were fabricated using either a Ni/Au—Ni/Au bilayer
(30/100 nm) or a Ti/Au—Ti/Au bilayer (30/100 nm)
deposited by thermal evaporation through a hard mask. To
prevent delamination of the h-BN samples during device
fabrication, liquid cleaning was avoided. The surface area of a
detector is 1 X 1 cm® Figure 6a shows a picture of the
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Figure 6. (a) Photograph of the MSM h-BN detectors and (b)
schematic of the experimental setup for neutron detection. The
HDPE slab is placed in front of the LiF/Cu target, and the distance
from the LiF/Cu target to the MSM h-BN detector is 7 cm.

fabricated MSM devices. Neutron irradiation of the devices
was performed at the Centre Etudes Nucléaires de Bordeaux-
Gradignan (CENBG). The neutron source used for this study
consists of a LiF/Cu target irradiated by a proton beam, which
produced 500 keV neutrons. A S cm thick high-density
polyethylene (HDPE) slab was inserted between the detector
and the target to produce thermal neutrons. As illustrated in
Figure 6b, the HDPE slab was placed 1 cm away from both the
target and the tested devices. The maximum resulting thermal
neutron flux was 3 X 10* n/cm?®/s with a neutron energy below
1 eV. The current—voltage (I-V) of the different devices were
recorded at room temperature before, during, and after
neutron irradiation using a Keithley 2636B source measure
unit (SMU).
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