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7  Abstract:

8 This article will briefly review the progress of h-BN based solid-state metal semiconductor

9 metal (MSM) neutron detectors. In the last decade, several groups have been working on
10  hexagonal boron nitride (h-BN) based solid-state neutron detectors. Recently, the detection
11 efficiency of 59% has been reported. Efficient, low-cost neutron detectors made from readily
12 available materials are essential for various applications. Neutron detectors are widely used to
13 detect fissile materials and nuclear power plants for security applications. The most common and
14 widely used neutron detectors are *He based, which are sometimes bulky, difficult to transport,
15  have high absorption length, need relatively high bias voltage (>1000 V), and have low Q-value
16  (0.764 MeV). Also, 3He is not readily available material. Thus, there is a strong need to find an
17  alternative detection material. 1°B isotope has a high neutron absorption cross-section, and it has
18  been tested as a coating on the semiconducting materials. Due to the two-step process, neutron
19  capture through 1°B, and then electron-hole pair generation in a typical semiconducting material,
20 the efficiency of these devices is not up to the mark. The progress in h-BN based detectors requires
21 areview to envision the further improvement in this technology.

22 Keywords: h-BN, neutron detector, Solid State detector, Metal Semiconductor Metal
23
24 1. Introduction:

25 Neutrons are electrically neutral and indirect ionizing radiation [1]. They are mainly
26  generated from nuclear fission reactions but can also be the signature of the presence of particular
27  types of radioactive materials. The penetration depth of neutrons is large due to their charge
28  neutrality and low mass compared to other nuclear particles. When a neutron interacts with matter,
29 three types of events can happen [1]: elastic scattering, inelastic scattering, and radiative
30 absorption. Both high energy (~1-2 MeV) fast neutron (elastic scattering event) and low energy
31 (~0.025eV) thermal neutron radiative absorption event) interactions are current research topics for
32 developing neutron detectors [2]. Highly efficient neutron detectors are essential for various
33  applications such as oil borehole logging, neutron forensics, fissile material sensing, etc. [3,4]. The
34 thermal neutrons are usually detected indirectly using a conversion medium [5]. Neutrons
35  absorbing isotopes with a high microscopic neutron absorption cross-section act as the conversion
36 medium. These isotopes release ionizing radiation such as gamma rays or charged particles upon
37  the absorption of neutrons [6]. Different isotopes are used as neutron-absorbing media like 3He,
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SLi, 9B, 13Cd, #%U, 1Xe, °°Hg, where their neutron absorbing cross-sections are diverse, as
shown below [7].

Table 1. Neutron absorption cross section for different isotopes [7]

Isotope Cross section in barn
(1 barn = 10% cm?)

3He 5333
5Lj 941
108 3838
L3¢ 20600
235 681
135%e 2720000
199 2150

There is a tradeoff between the feasibility of using neutron-absorbing isotope and
absorption cross-section. Feasible materials can be used as a coating material in the direct
semiconducting material [8,9]. The isotopes having a high neutron absorption cross-section and
low atomic mass to absorb thermal neutrons are preferable [10]. Currently, *He is the most widely
used material, but it has limitations like high bias voltage, high cost, and scarcity [11-17]. We
observe in Table 1, the neutron absorption cross-section of 3He is ~5333 barns, which is higher
than 1°B (3838 barns) [8]. But the atomic density of 1°B in hexagonal boron nitride (h-BN) is higher
than He; thus, the thermal neutron absorption cross-section is much higher [18]. It has been shown
in the previous works that 1°B can be a prospective replacement of *He [19]. The reaction during
thermal neutron detection in °B can be written as shown in equations (1) and (2) [20]:

108+1n = 7Lj (1.015 MeV) + “0. (1.77MeV) (1)
08+1n = 7Li* (0.84MeV) + *a* (1.47 MeV)  (2)

198 isotope enriched coating layer work as a neutron to alpha particle conversion medium
on semiconductors (Si/GaAs) but has very low efficiency (2%-5%) due to a two-step process [21-
27]. The coating material needs to be thick so that enough neutrons can be absorbed. But the
problem is byproducts of the reaction mentioned above, Li and alpha ions, can travel only 2-5 um.
Thus, this process cannot generate enough corresponding electron-hole pairs in the
semiconducting materials due to the incident neutrons’ energy loss at the interface and the low
diffusion length of Li atoms and alpha ions [28,29]. Other candidates like B4C and pyrolytic boron
nitride-based detectors are still suffering design issues and low detection efficiency [30]. Other
challenges include material quality, collection of charges before recombination, etc. [31]. h-BN
has been researched and developed for the last 10-15 years as prospective semiconductor neutron
detector material despite all these shortcomings. In semiconductor-based neutron detectors, the
absorbing event creates electron-hole pair. An external bias pushes the created electron-hole pairs
in the semiconductor material towards the anode and cathode, generating an electrical signal [32].
This signal passed through external circuit elements, which are characterized by a multichannel
analyzer (MCA) [32]. Thus, a semiconductor material acts as a neutron detector. Generally,
semiconductor materials need to have certain properties to act as radiation detectors like large
bandgap, high resistivity, small electron-hole pair energy, high material quality, low dielectric
constant, high radiation hardness, and high thermal conductivity [33]. Based on the criteria
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1 mentioned above, Table 2 compares existing semiconductor-based radiation detector materials
2 with h-BN.

3

4  Table 2. Physical parameters comparison for different semiconductor materials [34-36]

Material Si Ge CdTe CdosZnosTe 4H SiC a-Se h-BN

Crystal Cubic  Cubic Cubic Cubic Hexagonal Amorphou Hexag

structure onal
Production PVT-Bulk, HVTE- MOC

Cz Cz THM BM, THM

method CVD-epitaxy  Thin film VD
Atomic number 14 32 48,52 48,30,52 14,6 34 57
Density 2.33 5.33 6.2 5.78 3.21 6.4 2.18
Bandgap 112 0.67 15 1.6 3.27 2.24 ~6.4
Dielectric 1.7 162 10.2 ~11 9.7 -6 4.9
constant
-h pair
e°h Pl 362 296 443 4.6 7.28 ~50 18
creation energy
Resistivity 10* 50 10° >101° >10%? ~10%3 ~10%
5 CZ= Czochralski, THM= Travelling Heater Method, BM= Bridgman Method, PVT= Physical Vapor Transport,
6 CVD= Chemical Vapor Deposition, HVTE= Halide Vapor Transport Epitaxy, MOCVD= Metal-Organic Chemical
7 Vapor Deposition
8 Based on material properties in Table 2, h-BN can be an ideal candidate to compete with
9  existing commercialized thermal neutron detectors. It has a large bandgap compared to other

10  radiation detector materials, so the radiation detectors prepared with h-BN will have low thermal
11  noise. High resistivity compared to other materials make h-BN based detectors have low leakage
12 current [37-39]. h-BN is reported to be grown by metal-organic chemical deposition (MOCVD)
13 systems; thus, the growth process is robust, controllable, and produces less defective material. h-
14 BN has the highest thermal conductivity among all the materials in the table, resulting in the
15  effective cooling of h-BN-based devices. Li et al. showed a comparative chart in 2011 showing
16  the feasibility of h-BN (Table 3) as a neutron detector, and they mentioned defect-free epitaxial
17 growth as a challenge [31].

18  Table 3. Neutron detector type comparison [31]

19
SHe Scintillator B coated BN semiconductor
detector detector detector

Particle generated  ions photons lons, electrons, lons, electrons,

by neutron holes holes

Active thickness ~10cm ~1 mm ~ 100 um ~ 100 um

Key issue Shortage of sensitivity sensitivity Suitable materials
3He gas

Response speed ~1ms ~1ns ~1ns ins
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Intrinsic detection  high Low Low High
efficiency

Cost High Low Low Low
Portability Poor Medium High high

The objective of this paper is to review the recent progress and challenges in the
development of h-BN based metal semiconductor metal (MSM) thermal neutron detectors. In the
first part of the article, we have described the h-BN structure, growth process, and fabrication.
After that, we will review the results of the fabricated devices till now and their shortcomings. Our
discussion will conclude with some perceived future work for commercializing these detectors.

U WN

8 2. Materials and methods:

- nm - Covalent bonds

- v
Nitrogen (N) »
atoms -
Van der Waals -
bonds -
Boron (B) >
mtoms -

10  Figure 1. h-BN stacked structure [The image is reproduced from [40], with permission from
11 SPIE]

12 h-BN is a group I11-V semiconductor with Boron and Nitrogen atoms bonded one after
13 another. Two sp? bonded layered configuration is very similar to hexagonal graphite. Figure 1
14  shows the atomic structure of h-BN, where one nitrogen atom sits next to a boron atom. Atoms in
15  the same plane are strongly sp?bonded as a sheet, and the weak Van der Walls interaction attracts
16  these sheets [40]. h-BN is a wide bandgap material, as mentioned in Table 1. The first principle
17  calculation showed an interesting phenomenon reported by Jin Li et al. [41]. Their density
18  functional theory-based calculations showed that bandgap is a function of symmetrical
19  compressive strain and asymmetrical tensile strain, which can create transitions of direct bandgap
20 toindirect bandgap property.

06661 nm

21

22 The experimental fabrication process for h-BN based neutron detector is illustrated in
23 Figure 2, as mentioned in reference [32].
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2 Figure 2. Schematic of h-BN detector fabrication process.

3 2.1 Growth of h-BN

Synthesis of h-BN can be classified into two different approaches: Top-down and Bottom-
up. Figure 1 shows that h-BN has a 2D graphite-like structure with interlayer Van der Waals
interactions [42,43]. These weak interactions can be easily overcome by shear forces, mechanical
exfoliation, or ball milling procedures [44-48]. The problem with these top-down methods is
limited yield and small flake size. The liquid exfoliation method can be considered another
alternative to breaking the interlayer van der Waals forces[47,49,50]. Compared to graphene,
10  where mechanical exfoliation is much more common, h-BN is less popular for this method as
11  interlayer interaction is much stronger in the case of h-BN [45,47,48,51]. The top-down
12 approaches are easy to handle compared to the bottom-up approaches, but it is hard to control the
13 thickness, size of the flakes, and surface contamination. The bottom-up approaches can be adopted
14  with or without a substrate. h-BN nanosheets can be grown without substrate by direct chemical
15  reactions of precursor in the wet medium [46,52,53]. Deposition techniques like low-pressure
16  chemical vapor deposition (CVD), catalytic CVD, plasma-enhanced CVD, and ion beam
17  deposition are the most common bottom-up approaches [51,54-56]. CVD is a low-cost, easily
18  controlled growth technique for Il1-Nitride material system specially h-BN [57,58]. There are a
19  couple of controllable growth parameters to produce high-quality, large area, single-crystalline
20 layered structures.

21 Recently, Metal-Organic Chemical VVapor Deposition (MOCVD) has been used due to less
22 toxicity and precise control of the precursors [19,59-62]. The most important parameters that have
23 been optimized in the case of MOCVD growth of h-BN are metal-organic precursors flow rate,
24 growth temperature, type of carrier gas, reactor pressure, etc [41,63-69]. h-BN has a high melting
25  temperature (~ 3000 °C), so growth requires a high temperature[70,71]. Typically, for detector
26 applications, h-BN is grown on sapphire. First, a low temperature (~800 °C) buffer layer is grown,
27  then the main thick detector layer is grown. The typical growth temperature for h-BN is in the
28  range of 1300 °C to 1500 °C. Usually, the on-shelf trimthylboron (TMB)/ tryethyleboron (TEB)
29  used as metal-organic precursor containing 20% °B and 80% !B. Ammonia is usually the
30 precursor for nitrogen in the h-BN growth process. The flow rates of the precursors are precisely
31 controlled through mass flow controllers. The growth procedure is usually done with a pulsed
32  epitaxy sequence where the Boron and the nitrogen precursors (Triethylboron, and NHz3), are
33  alternately supplied to the growth chamber to form thick films. In this process, pulse duration and
34  their numbers are varied to get the optimized growth conditions [59], [70], [71]. The chamber
35  pressure throughout the growth remains constant at ~10-40 torr [58], [66], [67]., X-ray diffraction
36 methods are used to determine the crystallinity/quality of the h-BN sample [67], [72], [73]. Figure
37  3shows data for a typical h-BN high-resolution X-ray diffraction scan [18]. The radial (20-®) and
38 angular (o) scan is usually used to match the lattice parameters and calculate the defect levels from

O 0o NO U b
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1 the x-ray diffraction pattern. So far, at (0 0 0 2) reflection, the minimum full-width-at-half-maxima
2 (FWHM) of 380 arcsec has been reported [76].

3
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5 Figure 3. Angular scan to find out FWHM [The image is reproduced from [31] with permission
6 from Elsevier]

7 The summary of MOCVD-based growth methods is presented in table 4.

8  Table 4. Growth methods for h-BN
Precursors Substrate  Carrier Growth Temp. Pressure Film quality Ref.
gas (°C) (torr)
Triethylamine c-plane H2 900(nitridation 20 torr Good epitaxy [61]
borane and ammonia sapphire temperature) achieved
(/111 ratio varied (varying 1100 (growth
between 450 and surface temperature
2700) nitridation)
Pulse mode injection C-plane H> 1350 10 torr Different pulse [77]
of precursors sapphire time was tried,
Triethylamine substrate and optimum
borane and ammonia parameter was
achieved
Triethyl borane and Sapphire Carrier ~ Buffer layer at ~600- Not 380 arcsec [77]-[82]
ammonia substrate gas flow 800. mentioned FWHM with
(V/I1l ratio varied rate was Main epilayer >1400 excellent

between 2000 and
4000)

varied
(H2)

stoichiometric
ratio and surface
morphology
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Same precursor was  Sapphire Hz; 27 1000 3.85kPa  Effect of NH3 [78]
used with a varied substrate sim injection rate
NHs injection rate was observed
and optimized
1
2 2.2 h-BN Device fabrication processes:
3 To formulate the MSM detector device structures, freestanding h-BN layers are needed.
4  Freestanding device layers can be obtained by the mechanical exfoliation process [79,80]. After
5 the exfoliation process, films are diced into desired dimensions. Figure 4 shows the schematic of
6  vertical and lateral devices. Metal contacts are formed as anode and cathode using a metallization
7 process using e-beam evaporation. Different bilayer metal contacts have been deployed to measure
8  device performance. Table 5 shows some of the physical parameters of devices. In the traditional
9  room temperature semiconductor-based radiation detector material CdZnTe, a different type of

10  device and electrode geometry has been implemented. In the case of h-BN, most of the works are
11 based on planar MSM geometry.

12
Metal contact Metal contact Metal contact
I
h-BN
h-BN
Lateral device

Vertical device fing sub mount
13 Metal contact
14 Figure 4. Cross-sectional schematic of lateral and vertical MSM neutron detector [74], [82]
15

16  2.2.1 Etching:

17 The etching of h-BN requires external energy as an enabling agent to initiate and sustain
18  the removal of surface atoms. The external energy can be in the form of ion bombardment in
19  reactive ion etching (RIE). The bombardment of surfaces with ions can cause damage.
20  RIE/selective RIE, with an emphasis on low damaged processes, has been investigated. Inductively
21 coupled plasma reactive ion etching (ICP-RIE) using various gas mixtures of BClz/SFe/O> at low
22 plasma-induced voltages (<60 V) has been employed by different groups [18], [77]-[81].

23
24  2.2.2 Ohmic contacts:

25 There are limited works regarding ohmic contact formation on h-BN MSMs [77-81]. The
26 reports start with Ti/Al metallization. Annealing Ti/Al without any overlayer, even in a full
27  nitrogen environment, still produces a lot of surface oxides, which degrades contact resistance and
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makes the probe contacts nearly impossible. This has necessitated studies on Ti/Al-h-BN-Ti/Al,
Ti/Al-h-BN-Ni/Au, Ni/Au-h-BN-Ti/Al, Ni/Au-h-BN-Ni/Au, Ti/Ti-h-BN-Ti/Ti based contacts.
Essential attributes of ohmic contact formation are low contact resistance, high edge acuity, low
surface roughness, minimal lateral diffusion, and thermal stability. Doan et al. reported that Ni/Au-
h-BN-Ni/Au is the best suitable contact material for h-BN based detectors with the highest
efficiency. [18,31,79-83]

a Ul b WN -

In order to reduce the Ohmic contact area and check the efficiency variation, lateral devices
have been deployed. The reported lateral devices use Ni/Au bilayer metal contacts varying the
anode to cathode distance.

O 00

10  Table 5: Device physical parameters

No Material ~ Contact  Device Area of Ref.
thickness  type type the device
1 03um Ti/Al Lateral 4.8 mm? [18]
2 03pum Ti/Al Lateral 12 mm? [83]
3 0.343 Ti/Al vertical Not mentioned [82]
4 43 um Ni/Au vertical 1 mm? [79]
.- : 40mm?
5 25-15um Ti/Ti vertical 14mm? [81]
6 50 um Ni/Au Vertical 9 mm? [80]
Ni/Au . 9
7 50 um and Ti/Al vertical 1 mm [76]
8 90 um Ni/Au Lateral 29 mm? [84]
9 100um  Ni/Au Lateral 1cm? [85]
11
12 2.3 Experimental setup:
13 High-density polyethylene (HDPE) moderator is usually used for the neutron measurement

14  experimental setup purpose with a Californium-252 (?*2Cf) neutron source. The moderator is used
15  to contain radioactive material as well as to convert fast neutrons to thermal neutrons. There are
16  two holes, A and B, where hole A housed the source when in use and hole B housed the source
17 when the measurement was completed. Hole B is much closer to the detector to increase the
18  thermal neutron flux. The fabricated h-BN detector is usually placed at a certain distance away
19  from the neutron source and covered with Al foil to reduce electronic noise. Readout electronics
20 are used to quantify the signal from the detector [18,79]. A schematic of the experimental setup is
21 shown in Figure 5.
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A ,:,, B_ ) / Detector
f /.
—
HDPE Moderator
4
4
4
y
1
2 Figure 5: Experimental setup schematic for neutron absorption measurement. [18,79]
3 There are several ways of building readout electronics [86,87]. The basic circuitry consists
4  of abody of h-BN with two electrodes connected, described as anode and cathode. The electrodes
5 need to be perpendicular to the crystallographic axis of the h-BN. A high electric field needs to be
6 applied parallel to the crystallographic axis of h-BN. The neutron flux is exposed to the device
7  from a certain distance, and produced current pulse is measured. To measure the signal, a charge
8 sensitive amplifier, a pulse shaping amplifier is being connected to a multichannel analyzer
9 (MCA), as shown in the schematic in Figure 6.
Neutron incident |
Charge sensitive | Pulse shaping
preamplifier ‘ amplifier
Bias Voltage & » - —L— -
— l A/D converter I
= — '
- ¢h pair generation | l MCA I
L Oulgui device
10
11 Figure 6: Schematic for the readout electronics [83,87]
12

13 3. Results and Discussions:

14 3.1 Point defect issues:


https://doi.org/10.20944/preprints202204.0297.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2022 d0i:10.20944/preprints202204.0297.v1

1 h-BN growth temperature is very high. So, oxygen and carbon impurities can occupy
2 nitrogen sites denoted as On and Cn respectively (subscript N means nitrogen atom). As shown in
3 Figure 1, h-BN has a weak van der Waals force between its’ layers. So, it tends to peel off
4  automatically or due to mechanical force from its substrate. It has been reported that On and Cn
5 impurities are more common near the interface of h-BN and sapphire substrate (bottom surface)
6 compared to the top surface of h-BN. It is important to choose which side of the grown device
7 needs to be exposed to neutron absorption. Figure 7 shows a schematic of two different cases in
8 vertical detectors. In case (a), a neutron is incoming through the top surface. After the incidence,
9 itdecays based on the exponential decay formula (1 =1,e#). In case 2, the device is made such
10  that neutron is coming through the bottom surface. It shows that the choice of incidence orientation
11 has an impact on neutron absorption. The top surface as a neutron incident interface is favorable
12 as it has less On . Biasing voltage polarity is another important parameter to consider. In vertical
13 devices, positive on the top surface or vice versa is implemented and tested. Du et al. showed that
14  changing carrier gas to more passive nitrogen gas can decrease oxygen and carbon occupancy in
15  nitrogen sites [88,89].
l'op Bottom
lop Bottom \“,',;M. ) surface
surface surface (b) I,
‘ 1Oy
neutrons
——
0351,
[O 0351,
o X (e8]
50 pm - > 30 »
16 S0 um

17  Figure 7: Schematic of oxygen occupancy in nitrogen sites with neutron incidence direction [The
18  figure is reproduced from [76] with permission from AIP Publishing]

19
20 3.2 Ohmic contacts:

21 Ohmic contact formation is another essential aspect to consider. The performance of the
22 device largely depends on charge collection efficiency. The derived signal is amplified, integrated,
23 and finally digitized to characterize using MCA. The presence of any kind of noise reduces the
24  chance of detecting the original signal. The most common type of noise is ‘shot noise’, which
25 largely depends on the leakage current of the device [90]. Different type of ohmic contacts has
26  been researched, as mentioned in Table 5. In the case of vertical devices, Ni/Au has been tested as
27  the best one with the highest efficiency and low leakage current. Most of the other works also
28  follow the same Ni/Au based ohmic contacts.

29
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1 3.3 Epilayer thickness and absorption length

2 Diffusion lengths for Li and alpha particles are between 2 um to 5 um. So, if the material
3 thickness is good enough, the Li and alpha particles are confined inside the detector material.
4 Neutron absorption follows the below formula,
> Ny = O AQL—e™ )t (3)
6 where t is total counting time, d is the thickness of h-BN epilayer, A is the cross-sectional
7 area, Naps is neutron count, @, is the neutron flux, and x is the thermal neutron absorption length.
8  Thus, the thickness of the material is a critical parameter. The material thickness needs to be higher
9 than the neutron absorption length. Thickness dependent data is shown in Figure 8 [18].

10 Boron density in h-BN is 5x10%2 cm™ where 20% is 1°B, and 80% is 1'B. So, the density of

11 1°B is around N=1.1x10%? cm=. Neutron absorption coefficient, onaura = No = 42.24 cm™ and
12 absorption length, ynawral = 1/ onawral = 2.37x102 c¢m where N = 1.1x10%2 cm™ and ¢ = 3.84x10%
13 cm?is the cross-section for 1°B for thermal neutron (25.3meV) [18]. If we can increase the amount
14 of 9B percentage in h-BN, then absorption length will decrease. In the case of 100% °B enriched
15  h-BN, the absorption length reduces to 47.3 um [79]. Li et al. showed interesting experimental
16  data in their paper, which shows the relationship between h-BN layer thickness and relative
17  neutron transmission which is shown in Figure 8. They measured that the neutron absorption length
18  for natural h-BN is around 277 um, close to the theoretical value of 237 um [31]. The electron-
19  hole (e-h) pair generation energy is approximately three times of bandgap [36]. Thus, as per
20 equation 3, the neutron absorption process creates an average of 2.34 MeV energy, which
21 corresponds to 1.3 x10° electron-hole (e-h) pairs generation [31]. As the thickness of the epilayer
22 increases, the radiative neutron transmission rate decreases, which means more neutrons are
23 absorbed inside the material. Thus, the probability of electron-hole pair creation increases.

W Experiment 1
: exponential fit :
1) 4
§
a
5 095 | R
E 4
5
£ 1
8 4
2 o9t |
5 ]
&’ L y=lexpi-ax)
«=0.00361 (um .')
0 85 A A A
0 10 20 30 40
24 BN thickness (um)

25  Figure 8. Neutron transmission dependency on h-BN epilayer thickness [The image is
26 reproduced from [31] with permission from Elsevier]

27


https://doi.org/10.20944/preprints202204.0297.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2022 d0i:10.20944/preprints202204.0297.v1

1 3.4 Mobility lifetime product:

2 The absorbed neutrons create electron-hole (e-h) pairs in the semiconductor materials,
3 which produce a detectable signal. It is essential to collect the e-h pairs generated through nuclear
4  reaction before recombination. For this, carrier transit time (tt) must be smaller than the e-h pair
5  recombination time (t) [18]. The relationship is as below:

6 T, = L L 4

uE W

7 Where V is the applied bias voltage, E is the electric field, and L is the distance between
8 electrodes. Most of the electrons can be collected if the below relation holds considering 1<,

9 T > L _HA (5)

AEVERPY

10 where o is the resistivity of the material, I is the generated current in the external circuit,

11 and A is the cross-sectional area. Mobility lifetime product thus depends on device geometry,
12 material quality, and as well as material resistivity. If the quality of the material is better, so is the
13 resistivity, then the mobility lifetime product becomes much higher. Doan et al. showed some of
14  the measured results for their fabricated device. They showed that under a certain value, neutron
15  detection capability degrades [18]. Figure 9 (a) shows their derived results for certain device
16  geometry.

25 T T T
o Photocurrent: Hole transport
3 . 204 — Fitting
< & Dark current
-5 -
107 - 2 5] h8N 43 m
3 .
] ood for detector s
9 D 4
3 =
3 3
P ] i O 5] ]
L4
s 10 S e T — (a)
o R e Al v - v T T v,
£ 1 - Photocurrent: Electron transport (D)
S T '
e . bad for detector <C 200] 4 Darkcuren
2 10° 4 8 7 hTBN: 43 um
] g 150
3 £ 100
’ 3
o R S (SNCSS——. — 8-
7 9 1 13 0 Janae A an0A0AAMANAARANIAMANNANAAARARANS
Q.cm Volta
17 a) P ( ) ge (V) b)

18  Figure 9: a) mobility-life time product versus resistivity, b) fitting of Many’s equation to get U7

19  product [Figure (a) is reproduced from [18] with permission from Elsevier, and Figure (b) is
20  reproduced from [79] with permission from AIP publishing]

21 Now the question arises, how to measure this mobility lifetime product of the fabricated
22 device. All the published paper in this field follows Many’s equation to calculate this parameter
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from the photocurrent characteristics under illumination curve fitting (as an example in Figure
9(b)) [91]:
)
Io‘i(/’liTiV (1—8 L" n )),l =g, h (6)
L+
Vv

L) = Li7e; =

Where nc is the charge collection efficiency, lo is the saturation current, i=e denoted
parameter for electron, i=h denotes parameters for holes S; is the surface recombination velocity,
where Es=Si/u (1 is the mobility and Es is the applied electric field), Vb=V is the bias voltage
applied between electrodes to accelerate charge carriers, which leads to an applied electric field as
Ea=V/L where L is the distance between electrodes. Many’s equation implies that to get better
charge collection efficiency, a) carrier drift length needs to be larger than transit distance, which
is the same as equation 6, b) the external applied field needs to be larger than the surface
recombination field to collect the charges from the detector [92]. From Doan et al., the better the
h-BN quality, the higher the resistivity, the higher the 7 product is, so is the detector efficiency

and sensitivity [18,82,83]. Maity et al. have reported z, 24 product much higher for holes compared

to electrons, which contradicts some other reports [79]. Cao et al. have reported that electron and
hole effective mass in h-BN single sheet is the same as their mobility [93]; thus, , a higher z, 4 for

holes means z, >>z,. This is also one of the proofs that undoped h-BN’s quasi-Fermi level is

below the intrinsic Fermi level, which means the material is naturally p-type [18,83]. Maity et al.
showed in their report that considering the hole transport characteristics and device size, the
resistivity of 43, 50, and 100 um thick h-BN film is ~10' ohm-cm [76,80,84,85].

3.5 Pulse height spectra and energy resolution:

With a certain applied electric field, all the charge carriers are collected via electrodes. This
signal is then pre-amplified, then pass through a gaussian shaped amplifier, and read via MCA.
Doan et al. mentioned that FWHM of Li and alpha particle peaks in MCA in the case of MSM h-
BN detectors is less compared to boron coated semiconductor detectors [12,18,94]. So, the energy
resolution is much better for MSM detectors. The channel number vs. count data from MCA is
resolved by fitting the data against energy product vs. channel number, as shown in Figure 10 [83].
It has been reported that the data becomes more resolved if the material quality is much better with
fewer charge carrier traps, fewer defects, higher 47 products, and obviously, the material
thickness need to be much higher than the absorption length of Li and alpha particles (2-5 um).
The energy resolution of h-BN based detectors has been reported much better compared to °B
perforated Si pillar based indirect conversion detectors as Li and alpha particle absorption lengths
are random due to charge carrier traps [16,95-97]. The charge carrier trap issue is severe in
polycrystalline materials.
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Figure 10. (a) Counts versus channel number, (b) energy peak calibration among all expected
nuclear reaction products, and (c) counts vs. energy (MeV) [The figures are reproduced from [83]
with permission from Elsevier]
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In Figure 10 (a) and (c), the blue column bars are the measured counts in the absence of
2%2C¢source), which is just the background noise. The red column bars are the measured counts in
the presence of the 22Cysource). As mentioned in equations (1) and (2), the peak positions in
Figure 10(c) show the energy corresponding to Li, Li*, a, and o* peaks, as well as the sum peaks
10  Lita and Li*+a*. Figure 10(b) shows the linear relationship between the corresponding energy
11 and MCA channel number.

O 00N O

12
13 3.6 Device efficiency:

14 h-BN detectors in the reports are calibrated against a commercially purchased neutron
15  detector. Maity et al. reported a comparison with a 8LiF neutron detector with 33% efficiency. The
16  neutrons count rate per unit area for h-BN and commercially purchased detectors are 77.2 and 45.1
17 n/s-cm?. Using the detection ratio, the authors calculated the efficiency of the h-BN detector was
18  51.4%. And the Charge Collection Efficiency (CCE) at a bias voltage of 400V was about 86.1 %.
19  The other parameters affecting the efficiency and sensitivity of the detector are the limitation of
20  detector area and radioactive material to detector distance [79]. All the results so far have been
21 derived and are based on natural 1°B in h-BN. It has been proposed to use enriched '°B to increase
22 the amount of neutron absorbing cross-section in the semiconductor material. In the case of vertical
23 devices, the highest device area was achieved by Maity et al. as 90 mm? with 90 um epilayer
24  thickness and 50 percent efficiency [84]. Another detector has been reported by Maity et al. with
25 58 % efficiency with 50 um thickness, but the device area is very small (1 mm?) [76]. Distance
26  from the device to detector material is also a point of consideration. It has an inverse-square
27  relation with neutron flux [18].

28 Charge collection efficiency (CCE) is a very important parameter. It can be defined as
29 CCE=p,, =%=% where Nc is the measured neutron counts, and Nin is the total neutron
X

30 counts, t is the thickness of the sample, ¥ is the thermal neutron absorption length, and P is the
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probability of interaction. It has been previously described that ¥ =237 um. So, such thicker

defect-free single-crystal h-BN has not been reported yet. That is why interaction probability
cannot reach 100%. So far, the maximum thickness has been reported as 100 um; in that case, P
is around 37.8%. The reported maximum charge collection efficiency is 86%. Alpha particle
absorption is directly proportional to the h-BN layer thickness [96]. h-BN is a graphite-like layered
material where the interlayer distance is around 3.33 nm. It has been reported that five e-h pairs
are usually generated in each interlayer [96].

3.7 Lateral vs. Vertical devices:

Scaling up the neutron detector is very important from the commercialized application
point of view. The 58% detection efficiency with a 1 mm? device back in 2017 has very low
neutron flux, which is around 3x10° neutrons/s. The problem with vertical devices is if the device
area is scaled up, then efficiency and CCE decrease, but the leakage current increases. Due to the
increase in the ohmic contact area, capacitance and surface recombination increase, ultimately
lowering the CCE and efficiency [92]. The opposite has been demonstrated in the lateral device
with a 29 mm? device size with 50% efficiency. The interesting point is that the mobility-lifetime
product is higher compared to previously reported data. In-plane mobility has been reported as 100
times more than vertical mobility, which leads to higher CCE [92]. Resistivity is lower in the case
of lateral devices, but due to less contact area, surface recombination is less. So, leakage current
and CCE are higher. As the contact area is significantly reduced in the case of lateral devices, the
capacitance and RC time constant are also reduced. Surface trap states are reduced in the case of
lateral devices due to less contact area. All these effects eventually lead to a high-efficiency
detector with a higher surface area.

The most recent report regarding lateral device geometry mentioned 1 cm? device with
59% detection efficiency. The device thickness is 100 um. The significant improvement of
material thickness and quality has resulted in 6 times increase in mobility lifetime product and 3
times decrease in surface recombination field [85]. It is so far the best device data that has been
demonstrated.
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Table 6. Summary of the results found in different references.

. . . Distance Reference
Material Material bias .
No. thickness HT for T for resistivity ~ Specimen voltage time d dfrom Efficiency
in um electrons holes in mCi in vV measure etector
incm

1 0.3  45x10® 7.1x10° 5.3x10% 2.4 240 26h 3 Not [18]

mentioned
2 03 283107 2.83x107  5.0x10% 16 20 Not 12 Not 83]

mentioned mentioned

0
3  0.3-43 3.3x107 3.3x107  5.0x10% Not Not mentioned Variable 20 min 9 51.40% [82]
mentioned (43 um)
4 43 8.3x107  2.2x10° 1.0x10%3 0.93 400 10 min 30 51.40% [79]
Not 700, 450 Not

_ -7 -8 9 ’ ’ _ 0,
5 2.5-15 3.0x10 5.0x10 3.0x10 mentioned 600, 700 mentioned 8 4.21-21.37% [81]
6 50 2.0x10%  1.0x10° 1.0x10% 0.77 200 15 min 57.5 53% [80]
7 50  10x10° 1.0x10®  NO Not 200 Not 275 58% [76]

mentioned mentioned mentioned
8 90  10x10® 1o0xi04  Not 0.5 400 15min 60 50% [84]
mentioned

9 100 5.0x10° 5.0x10°  1.0x10% 0.45 500 15min  Not mentioned 59% [85]
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Conclusions:

MSM detectors based on h-BN have been mainly being researched for the last ten years,
and still, it is a premature technology. The challenge regarding fewer defects and thicker material
growth has been addressed. Still, the oxygen occupancy issue needs to be solved. In all the previous
works, the MOCVD growth of h-BN is done on sapphire. As h-BN growth is a high-temperature
process, oxygen occupancy near the substrate has not been solved. One solution can be to grow
some other type of template material like AIN. Then grow h-BN on top of the AIN buffer layer. In
that case, the oxygen vacancy issue can be addressed. This hypothesis has not been tested yet. The
neutron absorption length for h-BN is 237 um. So far, material up to 100 um has been grown, and
the detector is being fabricated to get high efficiency. More than 100 um thickness has not been
reported yet. Though vertical and lateral types have been reported, the maximum efficiency has
been reported for lateral devices with 59% and 1cm? device area. Vertical devices have also shown
good neutron detection efficiency (58%) and CCE (86%) but suffer from low device area, leading
to less neutron flux absorption. Vertical devices have shown lower mobility as well as lower
mobility-lifetime product, higher surface recombination field due to higher surface traps, higher
capacitance due to higher contact area, and, as mentioned before, can capture less neutron flux.
All these parameters reduce device sensitivity. It has been shown that the lateral device is a better
option to increase the device area, but there is a tradeoff between efficiency and area. In the case
of the lateral device, mobility lifetime product has been increased, leakage current, capacitance,
and surface recombination effect have been decreased. Not that much work has been done
regarding the metal contacts. More attention is required in this field to reduce the leakage current.
This might have an implication on overall device performance. h-BN based neutron detectors can
be very promising, but the commercial implementation still needs lots of R&D based work in the
coming days to be used in real-life application.
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