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Fabrication and performance evaluation of GaN thermal neutron
detectors with °LiF conversion layer*
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A GaN-based pin neutron detector with a °LiF conversion layer was fabricated, and can be used to detect thermal
neutrons. Measurement of the electrical characteristic of the GaN-based pin neutron detector showed that the reverse
leakage current of the neutron detector was reduced significantly after deposition of a °LiF conversion layer on the detector
surface. The thermal neutrons used in this experiment were obtained from an 2*! Am-Be fast neutron source after being
moderated by 100-mm-thick high-density polyethylene. The experimental results show that the detector with 16.9-pum thick
SLiF achieved a maximum neutron detection efficiency of 1.9% at a reverse bias of 0 V, which is less than the theoretical
detection efficiency of 4.1% calculated for our GaN neutron detectors.
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1. Introduction

As a direct wide-band-gap semiconductor material, gal-
lium nitride (GaN) is considered to be the most suitable semi-
conductor material to prepare high-power, high-temperature,
and high-frequency electronic devices because of its high sat-
urated electron-drift velocity, high thermal conductivity, high
breakdown electric field, large band gap, and favorable chemi-
cal stability.!' In recent years, GaN has been studied exten-
sively as a radiation-detection material because of its large
bandgap and high threshold-displacement energy.>* GaN
is a good candidates to application in high-temperature and
high-radiation fields, such as neutron logging and high-energy
physics experiments.!>~"1 The preparation of GaN-based ra-
diation detectors, including x-ray, a-particle, and B-particle
has been achieved using different epitaxial growth and dop-
ing technologies, substrate materials, and device structures. 18]
Device performance measurements for ¢¢-particle detection in-
dicated that the charge collection efficiency (CCE) was close
to 100% under a reverse bias range from —2 V to 20 V.[°! In
order to achieve neutron detection, GaN-coated neutron con-
version materials on its surface, such as °LiF or 1B4C, can

also be modified into a neutron detector. Melton et al.[10]
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grew 10-um thick Si-doped GaN on sapphire substrates, and
fabricated GaN-based neutron scintillator by coating neutron
conversion material °LiF. Their experimental results show that
the pulse height spectrum with 2.05-MeV alpha particle was
observed in thermal neutron scintillation spectra produced by
the *! Am-Be, and moderated to thermal energy by a graphite
pile. Wang et al.!'! reported their results fabricated in a sand-
wich Schottky structure detector using a freestanding n-type
GaN, using a Li,O enriched with 7.5% °Li isotope as a neu-
tron moderating layer and a polytetrafluoroethylene (PTFE) as
a moderator to detect fast neutrons, obtained energy peak of
triton with 2.73 MeV and alpha particles with 2.055 MeV. Al-
though GaN-based neutron detectors have been studied, more
detailed fabrication processes and performance measurements
have not been reported by the °LiF conversion layer for ther-
mal neutron detection.

In this work, a GaN-based pin neutron detector was pre-
pared by coating the neutron conversion layer with °LiF. The
electrical properties of the pre- and post-coated °LiF detectors
were investigated from /-V measurements. The a-particle de-
tection properties with a pre-coating of °LiF were evaluated
by an incident 5.48-MeV 2*! Am source at room temperature.
A thermal neutron detection using a detector with a 100-mm-
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thick polyethylene (PE) moderator and 16.9-um thick °LiF
conversion layer was achieved with an >*! Am-Be fast neu-
tron source. The main purpose of this work is to investigate
the thermal neutron detection characteristics of the GaN-based
pin detector with ®LiF grown on sapphire substrates.

2. Experimental details
2.1. Principle of thermal neutron detection

Fast neutrons are moderated through a high-density
hydrogen-rich PE moderator material to thermal neutrons. The
thermal neutrons react with '°B and SLi conversion material to
produce charged particles, and the charged particles cause ion-
ization in the detector.

By using a nuclear reaction method, the '°B and °Li con-
version materials are coated on the front of the detector to de-
tect charged particles. Although the thermal neutron absorp-
tion cross section for ®Li is lower than that with '°B in the con-
version material, the higher reaction product energies make it
attractive for thermal neutron detection. The neutron conver-
sion mechanism is based on the well-known nuclear reaction
equation for °Li:

SLi+n — a(2.05MeV)+T(2.73 MeV), Q=4.78 MeV.(1)

In equation (1), 2.05-MeV alpha particles and 2.73-MeV
tritons that are produced in the thermal neutron reaction on °Li
are emitted in opposite directions.

2.2. Sample preparation

GaN epilayers were grown on c-plane Al,O3 substrates
using a metal—organic chemical-vapor—deposition (MOCVD)
system with a 3 X 2-in (1 in=2.54 cm) aixtron close-coupled
showerhead growth chamber, which is used extensively in
the materials growth of the most III-nitride-based commer-
cial high-power LEDs. The GaN-based pin device structure is
composed of Si-doped n-GaN, unintentionally doped i-GaN,
and Mg-doped p-GaN with thicknesses of 2, 5, and 0.3 pum,
respectively. The carrier concentrations of n-GaN, i-GaN,
and p-GaN that were obtained from Hall measurements at
room temperature were 8 X 108, 1.2 x 107, and 1.6 x
10'7 cm™3, respectively. According to the semi-empirical for-
mula, the dislocation density of the GaN pin film is calcu-
lated from the x-ray rocking curve to be ~ 4 x 108 cm~2.[12]
The mesa-structure GaN-based pin detector with a 1-mm di-
ameter was fabricated by inductively-coupled plasma with
Clo/BClI3/Ar etching down to the n-GaN layer. Ti/Al/Ni/Au
(20/50/20/300 nm) ohmic contact metallizations on n-GaN
were prepared by an electron-beam evaporator and alloyed at
550 °C for 900 s in nitrogen by rapid thermal annealing, fol-
lowed by deposition Ni/Au (20 nm/300 nm) ohmic contact on
p-GaN and annealing at 500 °C for 900 s in air by rapid ther-

[13

mal annealing.!'3! After the ohmic contact had been prepared,

the device was bound to an Au-plated printed circuit board
using an ultrasonic wire bonding with a 25-pm-diameter Au
wire. The GaN-based pin neutron detector was prepared by
evaporating °LiF powder enriched with 16.9-um-thick 95%
®Li isotope on the entire device surface by thermal evapora-
tion in vacuum. The device structure with evaporated °LiF is
shown in Fig. 1(a). Finally, nine neutron detectors mounted in
the PCB with Au-plated contact by 25-pum-thick gold wires,
as shown in Fig. 1(b).

(a)

i/Au 50/300 n
p-GaN 200 nm

20/50/50/300 nm
Ti/Al/Ni/Au
[ ]

nt-GaN 2 pm

sapphire substrate

Fig. 1. (a) Device structure evaporated °LiF; (b) photograph of nine neutron
detectors mounted in the PCB with Au-plated contact by 25-pum gold wires.
External ring contact (Ti/Al/Ni/Au) and internal circular contact (Ni/Au)
were connected to the VCC and GND of the applied voltage, respectively.
The dimensions in the picture are not drawn to scale.

2.3. Experimental assembly

The thermal neutrons used in this experiment were ob-
tained from an 2*!Am-Be fast neutron source (4.08-MeV
mean neutron energy) after being moderated by 100-mm-thick
high-density polyethylene, which is a metal cylinder with a
bottom diameter of 15 mm and a height of 20 mm, and the fast
neutron flux was close to 2.2 x 10* cm~2-s~!. The neutron ac-
tivity of the 2*! Am—Be neutron source used in our experiment
is provided by the company producing the isotope element,
which is about 2 x 10° Bq and belongs to the category V ex-
empt source. Figure 2 shows the neutron detection system di-
agram using an ORTEC modular pulse-processing electronic
analyzer. We simulated the moderating efficiency of fast neu-
trons as a function of PE thickness. The simulation results
show that the highest fast neutron slowdown efficiency can be
achieved when the PE thickness is 100 mm. The PE with a
150-mm diameter and a thickness of 30 mm was excavated
along the center of the 25-mm-diameter circle with a depth of
20 mm, and the 2*! Am—Be fast neutron source was embedded
in the PE groove. A second PE with a 150-mm diameter and a
thickness of 100 mm was used to moderate fast neutrons into
thermal neutrons. The distance L1 between the detector and
the moderator PE was less than 5 mm, and the distance L2 of
the moderator PE from the neutron source was less than 1 mm.
To reduce the influence of external light sources, electromag-
netic waves, and background noise on the measuring results,
the detector, moderator PE, and neutron source were placed
in a stainless-steel container and sealed. The GaN-based neu-
tron detection experiment was carried out at room temperature.
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The electrical characteristics of the devices before and after
®LiF evaporation were analyzed from the /-V characteristics.
The thermal neutron detection apparatus were connected to
a standard ORTEC modular pulse-processing electronic an-
alyzer, as shown in Fig. 2, which is consisted of a charge-
sensitive pre-amplifier 142PC, an ORTEC model 428 detector

bias, a shaper amplifier 572A with a shaping time of 1 us, and
a pulse-counting board. The pulse-counting board was devel-
oped in-house and consisted of a voltage comparator with ad-
justable threshold voltages, square waveform shaper, counter,
and display module. Moderated thermal neutrons were irradi-
ated towards the detector surface with a °LiF converter.

142PC
charge sensitive
pre-amplifier

572A pulse counting

I

428
bias
supply

— detector

—— neutron source

—— stainless steel

shape amplifier board

—— PE: diameter 150 mm and height 70 mm

—ediameter 150 mm and height 30 mm

Fig. 2. Neutron detection-system diagram using ORTEC modular pulse-processing electronic analyzer.

2.4. Simulation

We simulate the thermal neutron capture yield produced
by fast neutrons captured with PE as a function of the thick-
nesses using GENT4, as shown in Fig. 3. According to an
GENT4 simulation for PE, the optimum PE thickness is about
10 cm.
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Fig. 3. The thermal neutron capture yield produced by fast neutrons cap-
tured with PE as a function of the thicknesses using GENT4.
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Fig. 4. Thermal neutron detection efficiency as a function of the °LiF con-
verter thickness.

We also used GENT4 to simulate the relationship be-
tween the neutron detection efficiency of our detector and the
converter thickness, as shown in Fig. 4. The plot shows that the
detection efficiency starts to saturate with a converter thick-
ness around 26 pm. The inner graph is an indication of the
detection efficiency of °LiF with a thickness of 16.9 pm.

3. Results and discussion
3.1. Current-voltage characteristics measurements

Figure 5 shows the reverse bias /-V characteristic curves
of the pin detectors before and after deposition of the °LiF
conversion layer. The leakage currents of the neutron detec-
tor before and after °LiF deposition that were obtained from
the I-V curves for a reverse bias of 60 V were 151 nA and
41 nA, respectively. The reverse leakage current of the detec-
tor after ®LiF deposition was reduced significantly. For planar
devices, silicon dioxide is often used as a surface-passivation
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Fig. 5. The I-V characteristics of neutron detectors before and after deposi-
tion of SLiF under various reverse bias voltages.
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layer to prevent sodium and potassium ions from migrating
through the oxide, which reduces the leakage current of the
device. ®LiF is an insulator medium for a neutron conversion
material, and is similar to silicon-dioxide passivation, which
reduces the leakage current on the device surface after depo-
sition. Similar features have been found for GaAs neutron de-
tectors with a °LiF conversion layer.[!'¥]

3.2. Alpha detection

The neutron detection based on the nuclear reaction
method is still the detection of charged particles. Prior to the
detection of neutrons, we measured the alpha-particle spec-
trum of the device. Figure 6 shows the pulse height spectrum
of 2*! Am under different reverse bias voltages. The total count
of the energy spectrum is the highest under a reverse bias of
0V, and the total count decreases as the reverse bias voltage
increases. This result shows that the device has good char-
acteristics for detecting charged particles before °LiF vapor
deposition.

160
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Fig. 6. Pulse-height spectrum of neutron detector irradiated by 5.48-MeV
241 Am alpha particles as a function of reverse bias voltages at room temper-
ature.

3.3. Neutron detection

When 2*! Am-Be emits neutrons, it also emits gamma
rays. In order to shield the effects of gamma rays on the detec-
tor, 2*! Am—Be was placed in a lead-shielded can with a thick-

ness of 50 mm. Before test detector was exposed to 2! Am—
Be, the ?*! Am-Be was first placed in a closed lead can with
a thickness of 50 mm to shield the gamma rays emitted by
241 Am-Be. Secondly, the neutron detector measures the effect
of the background on the detector count at 2 h, and the display
count of the pulse-counting board is 0 at a threshold voltage of
50 mV. Six groups of pulse counts of neutron detector under
different reverse bias voltages and different threshold voltages
are listed in Table 1.

At different reverse bias voltages, the neutron detector
leakage current is not the same, and the noise level after sys-
tem amplification is also different. Therefore, when the pulse
counts of the neutron detectors under different reverse bias
voltages are measured, the threshold voltage of the pulse-
counting board needs to be adjusted to deduce the effect of
noise level on the neutron pulse count and to distinguish the
pulse voltage signal produced by charged particles in GaN
from the neutron source irradiation after ’LiF conversion. As
listed in Table 1, a GaN neutron detector for thermal neutron
detection has been achieved by coating with a 16.9-pum-thick
®LiF conversion layer. The maximum total counts of the detec-
tor was achieved at a reverse bias of 0 V, and reached 168, and
then the total counts decreased with an increase in bias volt-
age, which may be attributed to the increasing detector noise
under a higher reverse bias voltage.

The detection efficiency is an important parameter of the
neutron detector. The detection efficiency of the neutron de-
tector, 1, is defined as the ratio of neutron number detected
by detectors to the total number of emissions from the neutron
source during the measurement time. 7] is expressed as

o NDXSD
T xS, xt’

@

where Np is the measured number of counts recorded by the
neutron detector from the pulse-counting board, 7 is the neu-
tron flux (neutron/s), ¢ is the measurement time in seconds and
Sp and S, are the effective area of the detector and the area of
the neutron source in unit cm?, respectively.

Table 1. Pulse counts of neutron detector from pulse-counting board under different biases voltages.

Voltage/V Pulse counts ( = 1 h) Threshold
Total
1 2 3 4 5 6 otal counts voltage/mV
24 31 27 31 28 27 168 50
5 20 26 22 32 32 24 156 100
10 19 28 20 33 21 29 150 150

In this neutron detection experiment, the 241 Am-Be neu-
tron source has an emission angle of 27 relative to the de-
tector. By combining Table 1 and Eq. (2), we estimate the
detection efficiency of our detector for thermal neutron. The

detection efficiency with SLiF and a conversion-layer thick-

ness of 16.9 um was 1.90%, 1.76%, and 1.70% for a reverse
bias of 0 V, 5V, and 10 V, respectively, which is lower than
the theoretical detection efficiency of 4.1% calculated for our
GaN neutron detectors. The experimental results indicated
that this is due to the poor quality of the GaN crystals grown by
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MOCVD. The defect density of hetero-epitaxially grown GaN

is higher than 105 cm™3.

It is possible to grow thicker un-
intentionally doped GaN epitaxially to achieve wide SCR for
the detection of alpha-particles, but high background carrier
concentrations for GaN are still a major challenge. In addi-
tion, it may also be due to the fact that no collimator is used in
the measurement. Polyakov et al.!>! prepared a GaN Schot-
tky diode grown on sapphire by the MOCVD epitaxial lateral
overgrowth technique, and 75% enriched '°B isotope was de-
posited on top of the Schottky diodes with a 10-pum thickness
by spraying from alcohol solution, spinning the layer on a cen-
trifuge spinner, and protecting it with epoxy. The estimated
neutron detection efficiency was ~ 0.5% in their experiment.
The thermal detection efficiency of our detector is higher than
their experimental values because of the larger depletion re-
gion width of our detector and the higher purity of ®LiF iso-
topes in the conversion layer.

4. Conclusions

GaN-based pin neutron detectors with °LiF conversion
layers were fabricated to detect thremal neutrons that were
emitted from an 2*! Am-Be fast-neutron source moderated by
a high-density PE moderator. The electrical characteristics
measurement results of the neutron detector shown that the
reverse leakage current of the neutron detector was reduced
significantly because mobile ions on the surface and edges of
the device that deposited a SLiF conversion layer were passi-
vated. The maximum thermal neutron detection efficiency of
the detector with a ®LiF thickness of 16.9 um was estimated to
be approximately 1.9% at a reverse bias voltage of 0 V. When a
bias voltage is applied across the detector, although the electric
field of the device increases, the leakage current of the device
increases. After the neutron is irradiated on the detector, it is
affected by factors such as structures, material thickness, and

conversion efficiency. The electron hole pairs generated by the
ray in the device and the electrical signals induced at both ends
of the electrode are relatively small, and part of the signal is
submerged in the electron noise, this part of the signal does not
contribute to the efficiency of neutron detection. When no bias
is applied across the device electrodes, because our GaN de-
vice structure has a very strong built-in electric field sufficient
to partially deplete the device, there is no electronic noise in
the detector, and the electrical signal after radiation is greater
than the noise. Therefore, the device has the highest neutron
detection efficiency at zero bias. To improve the detection ef-
ficiency of the GaN neutron detector, more work is required to
optimize the °LiF thickness and the structure of the detector.
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