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Abstract—Accurate predictions of device performance in 14
MeV neutron environments relies upon understanding the recoil
cascades that may be produced. Recoils from 14 MeV neutrons
impinging on both gallium nitride (GaN) and gallium arsenide
(GaAs) devices were modeled and compared to the recoil spectra
of devices exposed to 14 MeV neutrons. Recoil spectra were
generated using nuclear reaction modeling programs and
converted into an ionizing energy loss (IEL) spectrum. We
measured the recoil IEL spectra by capturing the photocurrent
pulses produced by single neutron interactions with the device.
Good agreement, with a factor of two, was found between the
model and experiment under strongly-depleted conditions.
However, this range of agreement between model and experiment
decreased significantly when the bias was removed, indicating
partial energy deposition due to cascades that escape the active
volume of the device not captured by the model. Consistent event
rates across multiple detectors confirm the reliability of our
neutron recoil detection method.

Index Terms—Gallium nitride, gallium arsenide, neutrons,
photocurrent, radiation effects

I. INTRODUCTION

Gallium nitride (GaN) and gallium arsenide (GaAs) are of
interest for applications in high radiation environments.
Gallium nitride diodes have electrical properties favorable for
high-power electronics, including their wide band gap, high
critical breakdown field, and high displacement energy [1-3].
GaN power diodes have demonstrated a high resistance to
decreases in breakdown voltage at proton fluences up to
1013 cm' [4]. Gallium arsenide heterojunction bipolar
transistors (HBTs) have also demonstrated superior resilience
to gain degradation from neutron damage as compared to
silicon bipolar junction transistors [5]. Recoil atoms from
neutron interactions can produce displacement cascades and
defects. Even single neutron collisions can result in undesirable
effects such as gain degradation [6] or bit flips [7]. Simulating
the effects of displacement damage in radiation environments
relies on an accurate understanding of these recoil atom energy
distributions. The recoil energy spectrum for a material can then
be used to inform binary collision approximation (such as
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MARLOWE [8]) or molecular dynamics (such as LAMMPS
[9])-based defect evolution models. Ultimately these defect
models can be used to inform models that examine carrier
transport and carrier-defect interactions in irradiated devices
[10-12]

Devices operating in 14 MeV neutron environments will face
different neutron-nuclei reaction channels and associated cross-
sections than those operating in nuclear fission-relevant
environments due to the different neutron energy spectrum.
Consequentially, the neutron recoil energy spectrum will differ
between the two environments, resulting in different defect
profiles in the material. Fig. 1 demonstrates this contrast in
damage cascade maps using MARLOWE [8]. A higher density
of smaller defect clusters is observed for the lower energy
fission neutrons, while the recoils from 14 MeV neutrons are
less dense but single cascades affect a much larger spatial
region. Because displacement damage effects are energy-
dependent, modeling and testing devices operating in 14 MeV
neutron environments require testing environments specific to
these energies. We modeled the expected recoil spectra from 14
MeV neutrons in GaN and GaAs and compared these to
experimental measurements of GaN vertical diodes and GaAs
HBTs taken on the Sandia National Laboratory (SNL) DTn ion
beam end station.
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Fig. 1. Damage cascade maps calculated using MARLOWE for (a) the ACRR
fission reactor [13] and (b) 14 MeV neutrons
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II. MODEL

Recoils from neutron collisions will deposit energy in the
material through both displacement damage and IEL. Tthe
experimental observation of recoil events is based only on the
generation of charge carriers and photocurrent pulses by IEL as
the recoil moves through the material. The approach here uses
nuclear reactions calculation to determine a total recoil energy
spectrum. This can be validated by converting this spectrum
into an IEL spectrum, which can be directly compared to
experiment.
First, neutron-induced total recoil energy calculations are
performed using the EMPIRE [14] nuclear reaction modeling
code. Total interaction cross sections at 14 MeV are taken from
the Evaluated Nuclear Data File (ENDF) database [15], while
relative reaction channel probabilities are preserved from the
EMPIRE calculations. Contributions from multiple reaction
channels are then processed together to form a single recoil
spectrum corresponding to a single isotope (e.g. Ga-69).
Average recoil spectra in composite materials, such as GaN or
GaAs, are the average of the individual spectra as weighted by
the computed number of collision events per unit volume per
unit neutron fluence for each constituent isotope. These spectra
are organized as the numerical fraction AN falling within each
logarithmically-spaced bin AE. The recoil spectra for GaN and
GaAs are shown in Fig. 2. The spectrum of each species
indicates two energy peaks, representing the elastic scattering
(lower energy) and non-elastic, primarily (n,n+y) and (n,2n),
(higher energy) channels These recoil spectra only include
energies deposited into the material from the primary recoil,
and do not include energy deposited by any other charged
products, such as protons or alpha particles. In the case of GaN
and GaAs, the sum of the cross sections for elastic scattering,
inelastic scattering, and (n,2n) reactions at 14 MeV is much
larger than the summed cross section of channels producing
light charged particles, such as (n,p) or (n,a), and any additional
energy deposited by these charged particles can be safely
ignored in our model. These calculations also yield the
predicted number of collision events per unit volume per unit
neutron fluence for 14 MeV neutrons with each device:
0.211 (collisions/cm3)/(neutron/cm2) for GaN and
0.145 (collisions/cm3)/(neutron/cm2) for GaAs.

Calculated recoil spectra are then converted into an IEL
spectrum for comparison with experiment. The IEL fraction as
a function of energy can be obtained from either theoretical the
Norgett Robinson Torrens (NRT) model [16] or from the binary
collision code SRIM-2013 [17]. (The NRT formulation directly
yields the non-ionizing energy loss fraction. The IEL is then
simply the remaining fraction.) Average values for the target Z
and masses are used in the NRT formulation of the model.
While this violates the original assumptions of a monatomic
system as discussed within the NRT model, the results of this
averaging are consistent with the SRIM formulation. These two
fractions agree within 10-20% over the energy range of interest
(shown in Fig. 3). Either the SRIM or NRT method is suitable
for this model, as there is little significant difference in the
resulting IEL spectra. For the purposes of this work, the NRT
model was used. Scaling the recoil energies by the IEL fraction
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Fig. 2. Recoil spectra of 14 MeV neutrons on (a) GaN and (b) GaAs. The
vertical scale is the fraction of events offering in each energy bin such that equal
areas under the curve represent equal probabilities of occurrence.

yields the IEL distribution of each material. The result is a
downshift in energy from the recoil spectrum while relative

AN
probabilities —dE remain unchanged, as shown in Fig. 4. This

downshift is more pronounced at lower energies due to the
greatly reduced IEL fraction.

III. EXPERIMENT

The GaN devices used for this work were vertical power pn
diodes approximately 150 gm in diameter with an n-layer 10
gm thick and a doping of —2 x 1016 cm-3. The GaAs devices
were npn HBTs. Specifically, the base-collector junction was
studied in this work as this offered the largest target in the
device for studying isolated recoils in GaAs. The collector
thickness was 1.9 gm thick with an n-doping of —6 x 1015 cm-3.
Of specific interest for these experiments was the photocurrent
response of the GaN or GaAs material to radiation, rather than
the behavior of a vertical diode or HBT device. The devices
selected have rather simple structures, enabling a more
straightforward investigation of these material responses. The
14 MeV neutron irradiations were performed using the new
DTn end station on the SNL Ion Beam Laboratory (IBL) High
Voltage Engineering Europa (HVEE) implanter. A 270 kV D2+
beam (135 keV per deuteron) was accelerated into a thin film
TiT2 target. The beam current was —50 gA as measured by a
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Fig. 3. IEL fractions calculated using the NRT model and SRIM for (a) GaN
and (b) GaAs

Faraday cup. The neutron flux and fluence were calculated by
measuring the rate of 3.5 MeV a particles produced by the
T(d,n)a reaction with a silicon (Si) pin diode. Over time,
D(d,p)T and will also occur as D is implanted into the sample,
resulting in protons with 3.0 MeV. Only detected particles with
energies near 3.5 MeV were counted, to reduce the influence of
D-D reactions. These neutron flux measurements were in good
agreement with the total integrated neutron fluence measured
using Ni, Nb, and Zr foil activation dosimetry [18]. The design
of the end station allows for experiments to be placed as close
as 1 cm from the target to maximize the received neutron flux
(see Fig. 5). The maximum number of neutrons produced by a
single target on this end station is 1.6 x 1015 neutrons, and the
maximum fluence from a single target at 1 cm is 1.0 x 1014
Wan'.
The IEL spectrum was determined by measuring the

photocurrent pulses induced by individual neutron recoil events
in the depletion regions of each material. The height of the pulse
was proportional to the IEL in the depletion region. The GaN
diode was reverse-biased across the p-n junction up to -100 V.
The GaAs HBT was reverse-biased across the base-collector
(B-C) junction up to -10 V while the emitter was left floating.
The devices were encased in an aluminum box to minimize the
pickup of ambient radio-frequency (RF) noise, and the box was
located on the end station as close to the target as possible.
Charge pulses were collected using a set of Ortec 142A
preamplifiers. These pulses were then processed by an Ortec
671 or Ortec 672 spectroscopy amplifier. A Fast ComTec 7072
analog-digital converter in pulse-height analysis mode analyzed
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Fig. 4. IEL spectra due to 14 MeV neutrons on (a) GaN and (b) GaAs. The
spectrum is the same as the recoil spectrum, downshifted in energy by the IEL
fraction.
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the signals and separated them into bins based on the pulse
height (energy). Finally, this information interfaced with the
data acquisition computer through a Fast ComTec MPA3 multi-
parameter analyzer, which collects and saves the energy
spectra. This system was calibrated using an Am-241 a particle
source with an energy of 5.4 MeV and Si pin diode to determine
the energy per channel for each device.
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Fig. 6. Comparison of measured and simulated IEL spectra. (a) GaN reverse-
biased to -100 V while receiving a fluence of 3.1 x 1012 n/cm2. (b) GaAs
reverse-biased to -10 V while receiving a fluence of 6.3 x 1012 n/cm2.

Iv. RESULTS

The measured recoil IEL spectra for the GaN and GaAs
devices biased to -100 and -10 V are shown in Figs. 6a and 6b.
The depths of the depletion regions for these devices are 2.5 gm
and 1.6 pm for the GaN and GaAs devices, respectively. The
GaN spectrum represents a neutron fluence of 3.1 x 1012 iilcm2

collected over 174 hours of run time. The GaAs spectrum
represents a neutron fluence of 6.3 x 1012 cm2 collected over
316 hours of run time. The simulated spectra are normalized to
the number of counts in the measured spectra. Agreement
within a factor of 2 is observed from 0.3 MeV to 5.5 MeV in
GaN and from approximately 100 keV to 800 keV in GaAs.
These represent the upper 29% and 25% of the IEL recoil
cumulative distribution function (CDF) for GaN and GaAs,
respectively.
IEL spectra were also taken with a 0 V bias on both the GaN

and GaAs devices, shown in Figs. 7a and 7b. Both devices have
depletion region depths of 0.6 pm under this bias. The GaN
spectrum represents a fluence of 3.9 x 1012 n/cm2 collected over
176 hours of run time. The GaAs spectrum represents a neutron
fluence of 3.0 x 1012 n/cm2 collected over 40 hours of run time.
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Fig. 7. Comparison of measured and simulated IEL spectra. (a) GaN with no
bias while receiving a fluence of 3.9 x 1012 n/cm2. (b) GaAs with no bias while
receiving a fluence of 3.0 X 1012 nicm2.

Under conditions of no bias on the GaN, limited agreement
within a factor of two was found between 0.25 MeV to
1.0 MeV. For conditions of no bias on the GaAs, agreement
within a factor of two was limited between 100 keV and
500 keV. These ranges correspond to the 79% to 91% range of
the GaN CDF and 75% to 98% of the GaAs CDF. Agreement
within a factor of five extended up to 2.0 MeV for the GaN
spectra and up to 850 keV for the GaAs spectra. The data were
collected using multiple GaN diodes and GaAs HBTs. The
resulting spectra are the sum of the spectra collected by the
individual devices at each bias. The devices were inspected for
potential degradation in performance (and charge collection
efficiency) due to radiation exposure by measuring the current-
voltage (I-V) curves of the devices before and after irradiation.
No significant changes in the measured I-V characteristics were
observed, indicating a minimal impact of displacement damage.
However, device degradation due to fast neutrons has been
observed in both GaN [4, 19-21] and GaAs [5, 22] devices at
fluences higher than those received by the devices in this work,
above 1013 n/cm2.
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Fig. 8. Logarithmically-binned measured and modeled IEL spectra for (a) GaN
reverse-biased to -100 V and (b) GaAs reverse-biased to -10 V.

V. DISCUSSION

Re-binning the measured data from Figs. 6 and 7 into
logarithmically-spaced bins, as in Fig. 4, allows for a more
obvious comparison between the originally calculated IEL
spectra and the measured data. The re-binned data for the biased
devices are shown in Fig. 8, and the re-binned data for the
unbiased devices are shown in Fig. 9. In this manner, a more
detailed look at the individual mechanisms responsible for the
recoils can be probed. Due to the sensitivity of the experiment,
the lower-energy Ga and As elastic recoil peaks cannot be
detected. However, the data corresponding to non-elastic
recoils from Ga and As (in GaN and GaAs) as well as elastic
recoils from N (in GaN) have a strong match to the model. One
feature not apparent in the linear energy scale representation of
this data in Figs. 6 and 7 is a a systematic modeling
underestimate of the experimental data by a factor of 2-3 from
500 keV to 1 MeV in the GaAs spectra. This feature appears
under both biased and non-biased conditions. This may be due
to lower-Z recoils or nuclear reaction products. Alternatively,
this may be an artifact of the relatively low counting statistics
in this energy regime. Higher counting statistics would enable
a more definitive judgement on whether this peak was real.
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Fig. 9. Logarithmically-binned measured and modeled IEL spectra for (a) GaN
with no bias and (b) GaAs with no bias.

The size of the active volume, controlled by the bias of the
device, was found to have a significant effect on the collection
of IEL and the match between model and experiment. The
recoil will generate electron-hole pair over the entirety of its
range, but only those generated in the active volume will be
collected and registered as an energy pulse. The remainder of
carriers generated in the field-free neutral region of the device
recombine quickly and are not detected. When the GaN diode
was biased to -100 V the depletion region was 2.5 gm in depth.
This is comparable to the recoil range of a 5 MeV N recoil or
10 MeV Ga recoil in GaN, meaning that recoils up to these
energies have the potential to deposit all or most of their IEL
into the active volume, depending on the location of the recoil.
(All recoil ranges were calculated using SRIM.) Decreasing the
bias to 0 V shrinks the depletion region to 0.60 gm in depth,
comparable to a 500 keV N recoil or 2 MeV Ga recoil in GaN.
This is consistent with what is observed in Fig. 9a, where the
peak due to non-elastic N recoils is not observed. Ions above
these energies can create recoil cascades partially inside and
partially outside the active volume, depositing only a fraction
of their IEL into the active volume. The model assumes an
infinite medium, such that all IEL is deposited into the material.
The result of this would be that the modeled IEL spectrum
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increasingly over-predicts the measured spectrum as the recoil
energy increases, as seen in Fig. 7a. Similar behavior would be
expected in the GaAs HBT. However, the number of particles
in the spectrum (Fig. 7b) is too low to derive any meaning above
500 keV.
One of the challenges in collecting this data was the limited

count rate for recoils in either the GaN or GaAs devices. In the
GaN devices the detection rate was on the order of 10-8 recoils
detected per n/cm2 received. This rate in GaAs devices was on
the order of 10' recoils detected per n/cm2 received. This is
attributed to both the small active volumes (i.e. depletion
region) of the devices and the low reaction cross-sections for
14 MeV recoils with either GaN or GaAs. Despite these low
count rates, we can have confidence in our counting statistics.
Each spectrum contains approximately 5 x 104 counts
(estimated error of —0.4%), except for the 0 V GaAs case, which
contained 5 x 103 counts (estimated error of —1%). This allows
us to place a high confidence in the lower energy portion of each
spectrum where the spectrum remains continuous. While the
upper energy channels contain on the order of 1 to 10 counts
per channel, the total counts in the spectrum implies a correct
order-of-magnitude response, even though the error of each
individual channel is greater. Less confidence is placed in the
shape of the spectrum where single counts appear in isolated

channels, such as above 1250 keV in Fig. 6b.
This also ties in with the motivation behind the upper energy

limits for these experiments. While the calculated recoil spectra
for GaN goes up to 9.5 MeV, the gain settings of the experiment
limited the upper energies to 6.0 MeV, where count rates were
on the order of one or two counts per channel Similarly, the
experimental GaAs spectrum was limited to 1.9 MeV, though
the model goes up to 4.0 MeV. Calculated detection rates for
the maximum calculated energies were on the order of five to
ten times lower than the rates at the maximum detected
energies. Run times on the order of 1000 hours would be
necessary to obtain adequate counting statistics to compare
these portions of the spectrum to the model. Furthermore, good
agreement between the model and experiment has already been
found for the upper portions of each recoil spectrum. These
upper energy limits correspond with the 99.996 percentile of the
CDF for GaN and the 99.6 percentile for GaAs, and further
experiments increasing the detected recoil energies would
contribute little additional information to the findings here.
A known behavior of this experimental setup is the decrease

in the neutron production rate over the lifetime of a single target
due to tritium isotope exchange. The maximum hydrogen (D or
T) concentration is determined by the stoichiometry and
volume of the target. As D is implanted by the beam, it can
diffuse through the target, replacing and ejecting tritium
available for producing neutrons. This results in an exponential
decay in the measured alpha signal, as seen in Fig. 10a.

It follows from this that the detected recoil rate must also
obey the same exponential falloff in time. The raw GaN and
GaAs spectra, integrated over all energies, on the contrary, did
not always exhibit a similar signal decay with time, depending
on the individual experiment setup. After excluding low
amplitude pulses not from neutron recoils, the resulting recoil
count rates were proportional to the neutron flux, as seen in
Fig. 10a and 10b. These low energy cutoff values were
—200 keV for GaN and —50 keV for GaAs. In general, the
background count rate when the beam was blanked was low,
limited to energies up to 60 keV for GaN and 22 keV for GaAs.

VI. CONCLUSION

The energy spectra of recoils due to 14 MeV neutrons in both
GaN and GaAs were modeled and compared to experiments
using photocurrent pulses generated by the neutron recoils. We
found good agreement at energies above 300 keV for GaN
devices and between 100 keV and 750 keV for GaAs devices
under reverse-biased conditions. The range of agreement
dropped significantly when the devices were no longer biased.
That the detection rates of the recoils were able to reproduce the
time dependence of the alpha particles produced during neutron
generation gives us confidence that the signals that we detected
in the devices were neutron-induced recoils. Measurement of
lower recoil energies is limited by the sensitivity of the nuclear
instrumentation electronics as well as spurious low-energy
signals associated with the neutron generation. Future modeling
efforts will include the size of the depletion region and partial
IEL deposition in the depletion region due to recoil cascades
entering or exiting the depletion region.
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