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Group-III nitride semiconductors, such as gallium nitride (GaN), have been proposed as
novel materials for radiation detection owing to their wide bandgap and their ability to operate at
high temperatures. In this study, the radiation detection properties of GaN PIN diode detectors
were evaluated at high temperatures (~573 K). The energy spectrum peak profiles of 2! Am
a-particles were obtained at different temperatures, confirming the operation of GaN PIN diodes
up to 573 K. The peak positions shifted toward the lower-energy side and the full width at half
maximum (FWHM) of the detection energy peak improved with increasing temperature.
Furthermore, the variation in electron carrier mobility—lifetime product (x,z,) between 293 and
573 K was not significant. These results indicate the potential high-temperature operation of
group-111I nitride semiconductors. Additionally, the variation in each detection characteristic was
caused by increasing the atmospheric temperature, which affected the mobility, lattice scattering,
bandgap, and built-in potential differently.

1. Introduction

Gallium nitride (GaN) semiconductors have broad applications in blue LEDs(:2 and power
transistors.>* GaN has numerous attractive properties, such as a wide bandgap and high
thermal stability, which render it suitable for radiation detection at room temperature. Various
materials have been studied as promising radiation detectors, including silicon (Si),*~7) cadmium
telluride (CdTe),810 cadmium zinc telluride (CZT),(!"!2) silicon carbide (SiC),(!*1¥ thallium
bromide (TIBr),3-17) and GaN.(3:19)

BGaN, an alloy crystal containing BN and GaN, has recently been proposed as a neutron
detector semiconductor.?%-23) BGaN neutron detectors are advantageous because the B atom has
a large neutron capture cross-sectional area. Owing to the existence of atomic-level B convertors
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in semiconductors, BGaN can detect the energy of generated-charged particles using the
0B (n, a) "Li neutron capture reaction. Additionally, BGaN exhibits low y-ray sensitivity owing
to its small atomic mass.?*?? These properties indicate that BGaN can be used as a neutron
detector with high neutron—y-ray (n/g) discrimination. Furthermore, neutron detection using a
vertical BGaN PIN diode detector has been reported.?)) Hence, neutron detectors based on
group-III nitride semiconductors have potential applicability.

Owing to their low thermal noise, wide-bandgap semiconductor radiation detectors do not
require a cooling system. Therefore, wide-bandgap semiconductors facilitate high-temperature
operation without a cooling system, enabling the realization of miniaturized detection devices
with reduced size, power consumption, and cost. Wide-bandgap semiconductor detectors using
SiC?% and diamond®) have been developed as y-ray detectors for operation at high
temperatures. However, a BGaN semiconductor, which is used as a neutron detector unlike SiC
and diamond but is similar to wide-bandgap semiconductors such as SiC and diamond, requires
further investigation of its radiation detection characteristics at high temperatures. Reportedly,
GaN high-electron-mobility transistors (HEMTs) are stable at high temperatures (~673 K).(26:27)
For neutron detection in the nuclear instrumentation of nuclear power plants, a neutron detector
that can operate in high-temperature environments is useful.®® Therefore, a BGaN neutron
detector using a wide-bandgap semiconductor material has potential use as a novel nuclear
instrument.

To this end, the thermal tolerance of group-III nitride detectors requires investigation.
Therefore, in this study, we evaluated the radiation detection characteristics of GaN PIN diode
detectors at high temperatures and verified the thermal tolerance of GaN, which is the base
material for BGaN. Furthermore, GaN PIN diode detectors were irradiated with 2*'Am
a-particles at temperatures ranging from 293 to 573 K, and their energy spectra were analyzed.
Finally, the energy spectra peak profiles of 24! Am a-particles were observed at each temperature,
confirming that GaN PIN diode detectors can operate at temperatures up to 573 K.

2. Experimental Methods

GaN PIN diodes were fabricated on an a-Al,O; substrate by metal-organic vapor phase
epitaxy (MOVPE). The p-GaN/i-GaN/n-GaN structure on the substrate comprised a Mg-doped
p-GaN layer of 0.2 mm thickness, an undoped i-GaN layer of 1 mm thickness, and a Si-doped
n-GaN layer of 1 mm thickness. Furthermore, Au/Ni and Au/Ti/Al/Ti electrodes were used for
p-GaN and n-GaN, respectively. The configurations of the GaN diode and electrode structure
are described in Ref. 21, wherein the undoped i-GaN layer acted as a sensitive layer for a-particle
detection.

To investigate its radiation detection characteristics, the fabricated GaN PIN diode detector
was subjected to a reverse bias voltage of —3 V and irradiated with a-particles from an 2*'Am
radioisotope (RI), which is an RI source sealed with a Au film of about 1 um. The detector was
connected to a charge-sensitive amplifier (ANSeeN Inc., ANS-CSAPA100-01-SN) using a
mineral-insulated (MI) cable, and the amplifier’s output pulse signals were analyzed using a
multichannel analyzer (ANSeeN Inc., ANS-HSDMCA4M4N17) that simultaneously measures
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their detected energy and rise time. The ! Am RI was placed at a distance of 19 mm from the
detector (incident energy to the GaN PIN detector of approximately 2.3 MeV after air attenuation
calculated using the Monte Carlo simulation code PHITS ver.3.08.%%). The temperature was
increased from 293 K (room temperature) to 573 K by heating the shield box containing the
detector by using a hot plate. The maximum setting temperature of the hot plate was 673 K, and
the substrate surface temperature at that time was 573 K.

3. Results and Discussion

The a-particle energy spectrum of the GaN PIN diode detector was measured at each
temperature (293, 323, 373, 423, 473, 523, and 573 K). Figure 1 shows the 2D energy spectrum at
each temperature. A 2D histogram was used to analyze the variations in peak value and rise time
owing to the increase in temperature.
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Fig. 1. (Color online) Two-dimensional histograms of the energy and rise time of a-particle detection at (a) 293,
(b) 323, (c) 373, (d) 423, (e) 473, (f) 523, and (g) 573 K.
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As shown in Fig. 1(a), the noise and a-particle detection signal components at room
temperature correspond to the energy channel signals containing fewer and greater than 70
energy channels, respectively. The a-particle detection signal components were obtained at
temperatures below 573 K. Furthermore, the region of noise components and, consequently, the
thermal noise signals increased with temperature. The a-particle detection signal and noise
components exist near 125 ch at 573 K, as shown in Fig. 1(g). Therefore, a technique is required
to distinguish the detection signal and noise components at high temperatures.

Figure 2(a) shows a rise-time histogram over the energy channel of 125 ch at 573 K,
confirming that this tendency was different at a rise time of approximately 2.5 ms, corresponding
to the boundary between the detection and noise signals. Therefore, a rise time of 2.5 ms was
defined as the threshold, and the a-particle energy spectra were plotted at and below this value,
as shown in Fig. 2(b). The a-particle detection components at 523 and 573 K in Figs. 1(f) and
1(g), respectively, existed in the region above the threshold rise time. However, given the
significantly low count of detection signals observed over a rise time of 2.5 us at 573 K, as
depicted in Fig. 2(b), it is feasible to distinguish noise components using data collected under the
same rise time. Hence, the detection signal and noise components can be distinguished using the
threshold rise time.

Figure 3(a) shows a-particle energy spectra plotted using values under the threshold rise time,
wherein the a-particle peak profiles were detected at each temperature. Furthermore, Fig. 3(b)
shows the peak position and full width at half maximum (FWHM) values obtained using Fig.
3(a). With increasing temperature, the peak position of the detection energy spectra shifts toward
a slightly lower energy channel. This result indicates that the detected signal pulse intensity
decreased with rising temperature, meaning that the number of electron—hole pairs generated by
an a-particle is decreasing. The path length of the 2.3 MeV a-particle in GaN is approximately 5
mm, which is greater than the sensitive layer thickness. Therefore, the shrinkage of the bandgap
and electron—hole pair creation energy with increasing temperature leads to a shift of the
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Fig. 2.  (Color online) (a) Rise-time histogram obtained using the energy channel greater than 125 ch at 573 K. (b)
a-particle energy spectra below (black line) and above (red line) the threshold rise time of 2.5 ps at 573 K.
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Fig. 3. (Color online) (a) Energy spectra obtained using values under threshold rise time. (b) Peak position shift
and FWHM values obtained from the energy spectra.

detection signal to a higher channel. On the other hand, the narrowing of the sensitive layer and
depletion layer region due to the decrease in built-in potential with increasing temperature
causes a shift of the detection signal to a lower channel.

As shown in Fig. 3(b), the FWHM of the a-particle peaks was also improved from 54% at 293
K to 40% at 573 K, indicating improved signal fluctuation. These results indicate that the wafer
warpage due to rising temperature has been relaxed, improving crystallinity, and that in GaN-
based detectors, when sapphire substrates are used, the wafer warpage due to the difference in
thermal expansion coefficient has a significant effect on the detection characteristics.

To evaluate the improvement in carrier collection efficiency, the electron carrier mobility—
lifetime product (u,z,) at 293 and 573 K were derived using Hecht’s equation.®? The y,z, product
was estimated by measuring the dependence of the energy spectrum on the applied voltage
during the irradiation of a-particles. Figures 4(a) and 4(b) show the a-particle spectra of GaN
obtained at various applied reverse bias voltages at 293 and 573 K, respectively. The peak
position of a-particles shifted toward a higher-energy channel with increasing applied voltage at
the two temperatures. Therefore, the carrier collection efficiency improved owing to the
increased applied voltage. Figure 4(c) shows the dependence of the peak position in Fig. 4(a) on
the applied voltage. The u,z, product was derived using Hecht’s equation as follows:

HeTe In(N, /| N,)\V, V,) )

where N, ¥, and D are the measured peak centroid, the applied voltage, and the distance between
the GaN diode electrodes, respectively. For a GaN detector, the n-GaN layer acts as a carrier-
drift region owing to the high GaN resistance. Therefore, the u,r, products were derived
assuming D to be 30 mm. In particular, the preparation and evaluation of samples with different
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Fig. 4. (Color online) Applied voltage dependence of energy spectrum at (a) 293 K and (b) 573 K. Applied voltage
dependence of peak position at (c) 293 and (d) 573 K.

film thicknesses are crucial. From this derivation, the u,z, products of the GaN diode were 2.42
x 107 and 4.17 x 107> cm?/V at 293 and 573 K, respectively. Hence, the carrier collection
efficiency increased with temperature. Furthermore, x,7, increased with temperature owing to
the effect of improved crystallinity being greater than that of increased lattice scattering. The
improved crystallinity is attributed to the recovery of crystal defects and the relaxation of
compression strain on the sapphire substrate with increasing temperature.

These results indicate that the threshold rise time can be used to obtain a clear peak profile
and satisfactorily evaluate the carrier collection efficiency at 573 K. Furthermore, a reduction in
depletion layer thickness and an improvement in u,z, product with increasing temperature were
observed, although further analysis is required. Additionally, the mechanism behind the
temperature dependence of crystal defects should be investigated using other analysis

techniques.
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4. Conclusions

We investigated GaN PIN diode detectors for a-particle detection at high temperatures. An
increase in the region of noise components with increasing temperature was confirmed using a
2D histogram of the energy and rise time. The noise and detection signal components were
distinguished by setting a suitable threshold rise time. Furthermore, the energy spectra plotted
using the threshold confirmed the a-particle detection peak below 573 K. Hence, GaN PIN diode
detectors can potentially detect radiation at high temperatures, indicating the possibility of high-
temperature operation. Furthermore, the variations in peak profiles with increasing temperature
confirmed the reduction in depletion layer thickness and the improvement in u,z, product. Future
research will focus on the in-depth investigation of these physical phenomena.
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