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Potential for Neutron and Proton Transmutation Dop-
ing of GaN and Ga,0; "

Julie V. Logan,*“ Elias B. Frantz, Lilian K. Casias,” Michael P. Short,* Christian P.
Morath,? and Preston T. Webster?

As the potential applications of GaN and Ga, O3 are limited by the inadequacy of conventional dop-
ing techniques, specifically when uniform selective area p-type doping is required, the potential for
transmutation doping of these materials is analyzed. All transmuted element concentrations are
reported as a function of time for several common proton and neutron radiation sources, showing
that previously published results considered a small subset of the dopants produced. A 40 MeV
proton accelerator is identified as the most effective transmutation doping source considered, with
a 2.25 x 10!7 protons/cm? fluence yielding net concentrations of uncompensated p-type dopants
of 7.7 x 10" and 8.1 x 10" cm~3 for GaN and Ga,0Os, respectively. Furthermore, it is shown
that high energy proton accelerator spectra are capable of producing dopants required for mag-
netic and neutron detection applications, although not of the concentrations required for current

applications using available irradiation methods.

1 Introduction

Waurtzite GaN and monoclinic -Ga, 03 are direct wide and ultra-
wide bandgap semiconductors with bandgaps of approximately
3.4 and 4.8 €V, respectively. While interest in these two semicon-
ductor systems is growing, the development of some electronic
devices using these materials is stalemated by the present inability
to achieve selective area p-type doping. Conventional techniques;
including selective area etch and regrowth, activation-enhanced
laterally pattered ion implantation, and selective area diffusion;
have been unable to produce junctions of the required quality for
production of high performance vertical GaN transistors.” This
work investigates the potential of transmutation doping as an al-
ternative to circumvent this limitation impeding the use of GaN
and Ga,0; for some applications.

GaN has applications in optoelectronic, high-power, and high-
frequency devices due to its large breakdown field, high electron
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mobility, and high converter power density in conjunction with
its large heat capacity and thermal conductivity.? Particular ap-
plications include laser diodes, microwave RF power amplifiers,
high voltage switching devices, UV photodetectors, Schottky recti-
fiers, and solar cells.23 Interest in Ga, O3 stems from its predicted
critical field of 6-8 MV/cm®, which is more than double that of
GaN and SiC, allowing for high current and voltage (up to 10 kV)
power transistor operation. Furthermore, low cost, high quality,
scalable melt-grown substrates make Ga, O3 one of the few ultra-
wide bandgap materials that is predicted to compete with wide
bandgap materials like GaN and SiC for power and RF device ap-
plications. %5

Both GaN and Ga,;0; are also being investigated for use as di-
lute magnetic semiconductors (DMS) due to these materials’ ca-
pacity to achieve room temperature ferromagnetism when doped
with transition and rare-earth metals. If adequately doped to
a few atomic percent, these materials have applications such as
spin-based transistors, spin valves, magnetic memories, and spin-
polarized light-emitting diodes®. Examples of applicable transi-
tion metal dopants potentially produced from transmutation in-
clude Co, Ni, and Cu.%® Additionally, proper doping permits use
of these materials in more cost-effective and robust thermal neu-
tron detectors. Doping of either of these radiation-tolerant ma-
terial systems with 6-Li or 10-B permits fabrication of neutron
scintillators and semiconductor thermal neutron detectors.2

All electronic device architectures and applications mentioned
above require selective semiconductor doping to permit control
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of carrier concentrations, but in contrast to Si and GaAs, there
are not yet well-established, technologically advanced doping
methods for wide-bandgap semiconductors.™?2 The high bond
strength and rigid lattice structure of wide bandgap materials
make it difficult to achieve incorporation of substitutional impu-
rities. This makes common doping methods which seek to insert
atoms into the lattice through diffusion, implantation, or other-
wise, practically demanding. Specifically for GaN, the primary
acceptor dopant is Mg and effective p-type doping is difficult be-
cause Mg incorporation is complicated, Mg has a large ionization
energy of 170-220 eV, and Mg is readily passivated by hydrogen
incorporation and nitrogen vacancies.1%13 For Ga,03, there are
no known shallow acceptors and the general consensus in the
community is that conventional doping means will not be effec-
tive in producing p-type samples.# Furthermore, producing uni-
form heavily doped wafers of these materials is limited by the
involved nature of the conventional doping methods. However,
one feasible method for doping, which is well-suited to permit
uniform and selective area doping, has not yet been conclusively
explored for these wide bandgap semiconductors: transmutation
doping.!

As protons and neutrons move through a semiconductor, they
lose energy primarily through elastic or inelastic scattering events
with the host nuclei in the case of neutrons and with host nu-
clei and electrons in the case of protons. Alternatively, these
baryons may interact with lattice atoms through nuclear reac-
tions, resulting in the production of excited lattice atom nuclei
of a different composition. The decay of these nuclei to lower
energy states over time may be associated with the emission of
particles (proton(s), neutron(s), electron(s), positron(s)) or high
energy gamma rays. This process can result in the production
of an atom of a different element within the lattice, doping the
semiconductor. The efficiencies of different nuclear reactions and
the probabilities of different decays are influenced by the original
lattice atom nucleus as well as the energy and identity of the in-
cident particle initiating the reaction.’® Transmutation doping is
fundamentally different from implantation doping in that implan-
tation doping relies on injecting a foreign nucleus into the lattice
while transmutation doping is the transformation of one native
lattice atom into another, the dopant. Transmutation doping is
particularly effective for doping as effective dopants typically lie
adjacent to the host lattice atom on the periodic table and these
are the nuclei which are more likely formed through the decay of
excited lattice nuclei.

Neutron and proton transmutation doping are methods capa-
ble of producing a high-quality doped semiconductor in terms
of doping precision and homogeneity.’>1¢ Neutron transmuta-
tion doped Si has the best quality among all doping methods.™?
Dopant concentration precision is achieved because the impu-
rity concentration produced is linearly proportional to the neu-
tron or proton fluence. Precision doping with errors of < 1%
are readily achievable for neutron transmutation of Si, a well-
established process.1%17 Doping precision is important for ap-
plications in which highly resistive materials are required, such
as avalanche detectors as well as more generally when highly
controlled junctions are required as in CMOS fabrication.16:18:19
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Both neutron and proton transmutation doping produce more
uniform dopant profiles than does ion implantation doping be-
cause neutrons and protons both produce dopants along their en-
tire track, in comparison to ion implantation in which dopants
are only produced at the end of the incident particle track. Neu-
tron transmutation doping is the most uniform doping mecha-
nism available due to the small probability of a transmutation re-
action, the highly penetrating nature of neutrons, the uniformity
of neutron flux achievable, and the random isotopic distribution
of host nuclei in the sample. Doping uniformity across an entire
ingot is achievable.” Neutron transmutation doped semiconduc-
tors do not exhibit the microresistivity structure commonly ex-
hibited by conventionally doped materials. Furthermore, for ap-
plications requiring large-scale uniformity, neutron transmutation
does not exhibit the doping gradients across the wafer produced
by traditional doping methods. For example, float zone doped Si
yields slices with four to ten times higher radial resistivity gradi-
ent than does neutron transmutation doping.® This uniformity
of doping is important for a variety of devices, but finds its most
prominent advantage in high power devices such as thyristors
(such as integrated gate-commutated thyristors and gate turn-off
thyristors) and insulated-gate bipolar transistors due to the func-
tionality requirements of low on-resistance and high breakdown
voltage. 1720 Additionally, the defects generated through neutron
transmutation doping can generally be annealed and the dopants
activated through relatively low temperature annealing (particu-
larly when compared to ion implantation doping).16:21

Table 1 Summary of neutron spectra considered in the transmutation
analysis in terms of the number of bins that the original spectrum was
composed of and a short description of the source.

Spectrum Name Bins Spectrum Description

EBR-2 29 Experimental Breeder Reactor spectrum
252-Cf 70 252-Cf spontaneous fission source
BWR-MOX-Gd-40GWd 1102 BWR MOX fuel with Gd, 40 GWd/THM
PWR-MOX-40GWd 1102 PWR MOX fuel with Gd, 40 GWd/THM
PWR-UO2-40GWd 1102 PWR UO; fuel, 40 GWd/THM

Phenix 172 Fast breeder reactor, Phénix

ITER-DD 175 Magnetic confinement fusion, ITER D-D
ITER-DT 175 Magnetic confinement fusion, ITER D-T
JAEA-FNS 175 JAEA Fusion Neutron Source D-T
HFIR-highres 238 Mat. test reactor, ORNL HFIR midplane
All-Fast 3 1 MeV neutrons source

All-Thermal 3 0.025 eV neutron source

Page 2 of 11



Page 3 of 11
& |
CIL) c 1013_ { ’
B A5l Ao
g = l P
(]CJ > 1010' EJU\‘ 1
3 £ ]
TE 1y
o 1074
e 3
S !
o c = PWR-UO2-40GWd JAEA-FNS
Z O 1044 — 252:Cf —— Phenix = HFIR-highres
= BWR-MOX-Gd-40GWd ITER-DD = All_Fast
s PWR-MOX-40GWd = [TER-DT All_Thermal
10-% 1072 10° 102 104 10° 108

Open Access Atrticle. Published on 13 February 2020. Downloaded on 2/27/2020 7:06:56 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Energy [eV]

Fig. 1 Incident neutron spectra, each of which is used as a source for
transmutation quantification. More detail concerning these spectra is in-
cluded in Table [1]. For all neutron spectra shown here, the total fluence of
3.6 x 107 neutrons/cm? is employed (1 hour irradiation in a typical light
water reactor of total 10'* neutrons/cm?s scalar flux).

Neutron transmutation doping is a method which produces uni-
form concentrations of impurity atoms in semiconductors and
is employed commercially for high power silicon device produc-
tion. 22 There have been no published theoretical or experimental
investigations of the potential of transmutation doping of Ga,O3
and, although there have been a few experimental investigations
of the potential for the use of thermal neutron transmutation to
dope GaN, no effort has conducted a complete analysis consid-
ering all impurities introduced due to the irradiation and their
temporal variation. In the earliest experimental investigations
in 2002 and 20042324 Ge production through (n,y) reactions
with the two stable isotopes of gallium was considered in the
interpretation of experimental results. Later, the (n,p) reaction
of neutrons with 14-N was included in the analysis after observ-
ing that high sample resistivity (10% ohms at room temperature)
was maintained after 1000 °C annealing.2> There exists no anal-
ysis including other thermal neutron reactions, fast neutron re-
actions, or the temporal variation in impurities produced.26:27
Additionally, the use of protons for transmutation doping has not
been considered for these wide-bandgap materials. This work ad-
dresses all of these shortcomings.

A comprehensive analysis of the fundamental potential for
transmutation doping of GaN and Ga;03, wide bandgap semicon-
ductors, is conducted. All nuclear reactions that produce impu-
rities, their temporal variation, and the potential of non-thermal
neutron and proton-induced transmutation are considered. All
transmuted elemental concentrations are presented as a function
of time following irradiation using a variety of proton and neu-
tron sources, enabling analysis of the use of these techniques for
doping to control carrier transport, magnetic properties, and neu-
tron detection capabilities of these materials.

2 Methods

The following neutron and proton transmutation irradiation sce-
narios are considered: monoenergetic proton irradiation, typical
of an accelerator source, of 2, 5, 10, 20, 30, and 40 MeV and
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Table 2 Doping character attribution of transmuted elemental impurities
produced in GaN. For donors, energies are given with reference to the
conduction band and for acceptors, energies are given with reference to
the valence band.

Type  Attribution Notes
H - complex form determines nature?®
He -
Li p deep acceptor 2.23 eV2?
Be p predicted 07060 eV3051 but deep acceptor 2.16 eV
observed 22532 reduces p-type Mg depth to 0.170 eV533
B - no sources available
C p deep acceptor 0.9 eV (DFT), 1 eV (experiment) 3436
O n shallow donor on N, acceptor on interstitial or Og, site3”
Fe p deep acceptor 3.17 eV 3841
Co - no sources available
Ni »p activates Mg (p-type) dopants (H desorption) %2
Cu p deep acceptor 2.4 eV, p-type observed #34J
Zn p deep acceptor 0.364 eV (DFT), 0.34 €V (experiment) a6
Ge n shallow donor 0.03 eV28
As 1 deep donor 2.6-2.7 eV#7-50

neutron irradiation from a variety of potential neutron sources,
which are summarized in Table [I. These neutron spectra are vi-
sualized in Fig. [I. For all proton spectra, a total fluence of 2.25 x
10!7 protons/cm? is employed (associated with 1 hour irradiation
with a 10 A accelerator with a 1 em? spot size). For all neutron
spectra, 3.6 x 10'7 neutrons/cm? are considered, a fluence asso-
ciated with 1 hour irradiation in a typical light water reactor of
total 10'* neutrons/cm?s scalar flux.
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Fig. 2 Comparison between experimentally observed2® and computed
Ge concentration resulting from GaN neutron irradiation with thermal and
fast neutron fluence of 1.5 x 10'7 neutrons/cm? for pure thermal and pure
fast neutron spectra and for a similar thermal pool-type light water reac-
tor as was used for experimental irradiation. Concentrations are shown
starting at 3 weeks post-irradiation, as this was when the experiment was
performed.

The FISPACT-II enhanced multiphysics inventory and nuclear
observables system, a code validated and maintained by the UK
Atomic Energy Authority, is utilized to quantify the total elemen-
tal transmutation®!. This code computes charged-particle and
neutron transmutation and activation using published natural

Journal Name, [year], [vol.], 110 | 3
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abundances, cross-sections, and decay data, and has previously
been validated for semiconductor transmutation applications by
comparison to experiments and GEANT4 simulations®2, FIS-
PACT employs the most up-to-date published nuclear data from
the TENDL-2017, HEIR-0.1, ENDF/B.VIII.O, JEFF-3.3, JENDL-4.0,
and CENDL-3.1 international libraries.>? Specifically for this ap-
plication, the FISPACT 2017 TENDL database is used for proton
(gxs-162) and neutron (gxs-709) nuclear reaction cross-sections,
the UKAEDD-12 decay library is used for decay data, and the
UKFY-4.1 library (as obtained from JEFF-3.1.1 decay data) is
used for fission yields. The use of these nuclear reaction cross-
sectional databases implies that input proton and neutron spectra
are binned into 162 and 709 equal lethargy bins, respectively.>!
It should be noted that, as the published proton cross-section
databases do not contain uncertainty quantification for proton re-
actions, no uncertainties can be derived from this deterministic
code. The validity of the results is determined by the accuracy of
the cross-section libraries employed.

The nuclear libraries are condensed by FISPACT-II, given the
incident radiation spectrum being analyzed. A deterministic, stiff
set of coupled ordinary differential rate equations are then solved,
the solutions of which provide the time-dependent transmutation
of the initial set of nuclides in the sample caused by the input
radiation and by spontaneous radioactive decay. The equation
governing the concentration, N;(¢) of nuclide i is given in Eq.
where the summation is conducted over all nuclides.

dN; (1)
dt

=L {&/ +jem 0}, M

J

In in Eq. , Gij [ecm?] is the condensed cross-section for pro-
duction of isotope i from isotope ;j (a negative value representing
destruction equal to the total cross-section for isotope j if i = j),
9™ [em~2s~!] is the energy-integrated projectile flux (required
due to the use of condensed cross-sections), and Aij [s~1] is the
decay constant of isotope j to isotope i (a negative value repre-
senting destruction equal to the total decay constant for isotope j
if i = j).51

3 Results and Discussion

3.1 Validation with Experiment

To experimentally validate transmuted concentration results in
these semiconductors, comparison is made to previous experi-
ment where an unintentionally doped GaN sample was irradi-
ated with thermal and fast neutron fluences each of 1.5 x 10!7
neutrons/cm? from a thermal neutron pool-type light water mod-
erated and cooled WWR-c reactor, yielding a dopant concentra-
tion of 2.2 x 10'® Ge atoms/cm?.26 As the precise WWR-c neu-
tron spectrum used in the experiment was unavailable, a pure
thermal spectrum (0.025 €V) and pure fast spectrum (1 MeV) of
the stated fluences and a spectrum from another thermal pool-
type light water reactor (LWR) of equivalent total fluence are as-
sumed. Given that both are thermal IWRs and the moderation
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mechanism is the same for this reactor and that utilized in ex-
periment, one would anticipate that the neutron spectra are sim-
ilar. The comparison of the computed Ge concentration (from
each neutron spectrum) with the experimental 2.2 x 10'® Ge
atoms/cm? is shown in Fig. 2. As the experimental characteri-
zation occurred greater than 3 weeks following irradiation, the
concentration is plotted starting at 3 weeks post-irradiation. It
is observed that the experimental concentrations fall within the
concentrations predicted by this work, which have approximately
stabilized during this time interval.

Table 3 Doping character attribution of transmuted elemental impurities
produced in Ga,0s. For donors, energies are given with reference to the
conduction band and for acceptors, energies are given with reference to
the valence band.

Type  Attribution Notes
H - complex form determines nature2®
He - no sources available
Li p deep acceptor 1.6-1.9 eV>3
Be p deep acceptor™#
B - no sources available
C p deep acceptor >2 eV#55/56)
N »p deep acceptor 1.33 eV>7
F n shallow donor58
Fe p deep acceptor 3.9-4.0 eV 5960
Co - deep acceptor >2 eV#5556)
Ni »p deep acceptor 0.76 eV54
Cu p deep acceptor 0.96 eV 546162
Zn p deep acceptor 0.33 eV (DFT), <0.5 eV (experiment) 3463,64
Ge n shallow donor 0.01-0.03 eV©065
As - no sources available

3.2 Temporal Transmuted Element Concentrations

The concentrations of impurities produced as a function of time
under proton and neutron irradiation respectively are visualized
for GaN in Fig. 3] and Fig. 4 and for Ga,0O; in Fig. [5 and Fig. 6.
It is observed that many additional impurities are produced in
concentrations comparable to the historically considered Ge and
C.23-27 Additionally, some elemental concentrations show sub-
stantial temporal dependence on the order of days to months.
This defines the timescale for future experimental study of the
doping of these systems through transmutation. It should be
noted that these impurities are generally not located on the same
site as the parent atom from which they originate due to the sub-
sequent gamma and beta radioactive decays that occur, the en-
ergy of which is shared between the emitted particle and the nu-
cleus, causing it to recoil.2® The semiconductor activity (rate of
these nuclear decays) as a function of time following irradiation
is presented in the Supplementary Material .

3.3 Suitability of Transmutation Doping for Applications
The suitability of neutron and proton irradiation for causing the
transmutation required for p-type doping, magnetic applications,
and neutron detection applications will now be reviewed.
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Fig. 3 Total concentrations of impurity elements introduced in GaN as a function of time following quasi-monoenergetic 2, 5, 10, 20, 30, and 40 MeV
proton irradiation. Substantial dopants of note include Ge, B, C, and Zn for most proton energies (E,), with the inclusion of Cu, Li, and Ni for E, >
20 MeV and Be for E, > 30 MeV. All results are shown in tabular format in the Supplementary Material 1.

In order to realistically impact semiconductor carrier popula-
tions, the compensation of dopants must be considered. As such,
the difference between the p-type dopant concentration and the
n-type dopant concentration introduced by transmutation is cal-
culated. Many studies used to attribute p-type or n-type character
to an impurity consist of density functional theory (DFT) simu-
lations and, while more accurate hybrid functional simulations
were chosen when available, there are potential sources of error
arising from these simulation sources. Furthermore, the following
assumptions are made: all dopants reside on their parent sublat-
tice site (no interstitial or antisite defects) and the crystal is fully
annealed (no radiation-induced compensating self-interstitials or
vacancies). Deep levels are included in n- or p-type attribution be-
cause their effective depth is Fermi level dependent, their depth
may be overestimated in the DFT results, and because they are
still employed to control semiconductor electrical conductivity
(for example Fe in Ga, O3 producing a semi-insulating material®).
Despite the potential sources of error in this attribution, Fig. 3] -
Fig. |6 can be used to generate net doping introduced as a func-
tion of time for one’s specific application. This attribution may be
irradiation scenario dependent, as different amounts of damage
and annealing can impact the site upon which the transmuted ele-
ments reside, which impacts their energy level and their resulting
doping character. The dominant source of error in this attribu-
tion is likely the assumed position of the impurities within the
lattice. With all of these potential sources of error in mind, the
attributions used in this analysis of GaN and Ga;03; doping are
contained in Table 2 and Table 3 respectively.

Impurities produced in transmutation are binned using Table
and Table 3 to produce the total n- and p-type concentration of
impurities introduced as a function of time, as shown for proton
and neutron irradiation spectra respectively in Table @ and Table
for GaN and in Table |6 and Table [7] for Ga,0O3 at 50 days post
one hour irradiation. It is observed that the samples become bulk

n-type or are approximately compensated for the majority of ir-
radiation scenarios. The full temporal variability is presented in
the Supplementary Material {. Exceptions in which net dominant
p-type doping is observed exist for GaN and Ga,O3; when irra-
diated with JAEA-FNS neutrons (a D-T fusion neutron source),
252-Cf neutrons (spontaneous fission) or protons of 2, 5, 20, 30,
and 40 MeV. This trend of increasing p-type doping with increas-
ing proton energy occurs because the probabilities of proton in-
teractions generally peak at 10x MeV where x is the number of
neutrons emitted from the unstable nucleus through the (p, xn)
reaction.>2 Because of this, higher energy protons will be more
likely to form a nucleus with a proton to neutron ratio that is too
high to be stable. This will result in subsequent §+ decay, which
converts protons to neutrons and produces lower atomic number
elements. These elements will likely contribute to p-type doping
by acting as acceptors relative to the parent nucleus.

It should be noted that the neutron fluence employed in this
computation (3.6 x 10'7 neutrons/cm?) was chosen with reactor
fluxes in mind, which is unrealistic for current accelerator-based
D-T generators, which would require over 100 hours of continu-
ous operation to achieve this fluence. %67 For a 252-Cf source of
10 grams, 55 hours of continuous irradiation at a distance of 1
cm would be required.®® The dopant population becomes more
p-type as a function of time as the dominant n-type dopant Ge
decays. Originally, the Ge isotopes 68-Ge, 69-Ge, and 70-Ge are
produced in approximately equal amounts and 69-Ge decays to
stable 69-Ga through BT decay with a half-life of 1.63 days, thus
reducing the n-type dopant concentration. Additionally, the p-
type dopant concentration is increased due to production of 67-
Zn through the electron capture decay of 67-Ga with a half-life
of 3.26 days. This temporal variability of electrical properties il-
lustrates the importance of a holistic analysis when considering
transmutation doping.

As mentioned in Sect. [1], transition metal doping of GaN and

Journal Name, [year], [vol.], 1-10 |5



Open Access Atrticle. Published on 13 February 2020. Downloaded on 2/27/2020 7:06:56 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Materials Advances

View Article Online
DOI: 10.1039/DOMAQOO017E

EBR-2 252-Cf PWR-U02-40GWd Phenix ITER-DD
1064
TE B = 'c’ .......................... r Bl = B p— B [
&2 10144-: (c;u 7 J/= Cu ] - gu —cu
.5 e b ze ____________ - | o e o Ge /,’ __________ ﬁ”’, __________
© b I S F He . r " [Tvees He
1= | | cciepat I IS L i s -He e - 1 A SR
g 10 M= '; -= N\ == ;' """""""""""""" —_— T
§ —-= Zn = : — == Zn = g
== Zn X ' -= Zn
(]
1010+
ITER-DT JAEA-FNS HFIR-highres All-Fast b Al=Thermal-
10%6 e
— -
o L B bl (01 (TYITPIYe FIPFPITY ] =
g b C Llemos SR et . I == |— s e
&= - Cu I e — e ) | e —r
1014 4 Ge T f— cu {— cCu G —_—
5 Hc\_ Ge Ge| |sm—rem——— G: """""""""""""" Ge .7
b= He s 5 ’ H
g L sess He =" He H L He
£ 100 - U t==u Zl g pmmmmmm=——— —o
b —= Ni ) ’, == Zn
< ==9 -=0 —= zn == Zu
S il -~ zn o=
1011 | A —- .
102 10t 10~ 10! 102 10t 1072 10t 102 10t

Time Post Irradiation [days] Time Post Irradiation [days]

Time Post Irradiation [days]

Time Post Irradiation [days] Time Post Irradiation [days]

Fig. 4 Total concentrations of impurity elements introduced in GaN as a function of time following neutron irradiation, the spectra of which are
summarized in Fig. 1. Substantial dopants of note include Ge, B, C, and Zn for most neutron spectra, with the inclusion of of Cu and Li in the JAEA-
FNS and ITER-DT spectra. The fission power reactor spectra (PWR-UO2-40GWd, BWR-MOX-Gd-40GWd, and PWR-MOX-40GWd) all produce nearly
indistinguishable impurity concentration trends and, thus, only the PWR-UO2-40GW(d results are visualized. All results are shown in tabular format in

the Supplementary Material {.

Table 4 Concentrations of introduced gross n-type, p-type, and net (com-
pensated) p-type transmuted elemental impurities in existence at 50 days
following quasi-monoenergetic 2, 5, 10, 20, 30, and 40 MeV proton irra-
diation of GaN. Attributions are made according to Table 2. The full tem-
poral variation of n-type and p-type concentrations can be found in the
Supplementary Material .

Table 5 Concentrations of introduced gross n-type, p-type, and net (com-
pensated) p-type transmuted elemental impurities in existence at 50 days
following neutron irradiation of GaN, the spectra of which are summarized
in Fig. 1. Attributions are made according to Table [2. The full temporal
variation of n-type and p-type concentrations can be found in the Supple-
mentary Material t.

Source Induced dopant concentration in GaN [cm ] Source Induced dopant concentration in GaN [cm ]
p-type n-type net p-type p-type n-type net p-type
P-2MeV 8.4 x 1012 2.6 x 1012 5.7 x 1012 EBR-2 3.8 x 101 6.7 x 10™ -2.9 x 101
P-5MeV 6.4 x 1013 2.5 x 1013 3.9 x 103 252-Cf 6.5 x 101* 2.4 x 104 4.1 x 10"
P-10MeV 4.6 x 104 1.1 x 105 -6.0 x 10™* BWR-MOX-Gd-40GWd 1.6 x 10" 1.3 x 10!¢ -1.1 x 10'®
P-20MeV 6.7 x 1013 5.2 x 1013 1.5 x 109 PWR-MOX-40GWd 1.4 x 10 1.3 x 10'6 -1.1 x 10'®
P-30MeV 9.0 x 1013 2.0 x 1013 7.0 x 1013 PWR-UO2-40GWd 2.3 x 1019 1.4 x 10'¢ -1.1 x 10'®
P-40MeV 9.4 x 103 1.7 x 109 7.7 x 101 Phenix 1.9 x 10 2.6 x 106 -2.6 x 106
ITER-DD 8.9 x 10" 6.3 x 10 5.4 x 101
ITER-DT 3.6 x 101" 1.2 x 10 -8.1 x 1013
) o JAEA-FNS 1.1 x 10'® 6.1 x 10" 5.1 x 10'3
Ga,03 can lead to room temperature ferromagnetism. Specifi- HFIR-highres 1.2 x 10'6 2.6 x 10'6 1.4 % 1016
cally in Fig. 3] and Fig. [ it is observed that long-lived Fe, Co, Ni, All-Fast 2.9 x 10 2.6 x 10" 2.6 x 103
All-Thermal 2.9 x 10! 4.6 x 106 -1.7 x 1016

and Cu are produced in GaN due to transmutation. For proton
irradiation of 20 MeV and above, concentrations of >10'2 cm—3
and >10'3 cm ™3 of Ni and Cu respectively are produced per hour.
Neutrons are less effective at causing transition metal doping with
the primary irradations of note being the two D-T fusion sources
producing Cu concentrations of >10'2 em—3. Similar results are
observed in Fig. [§ and Fig. @ for Ga,;03, due to the fact that the
transmuted metallic constituents derive from the Ga present in
both semiconductors. Given current applications, this doping effi-
ciency is insufficient to provide the few atomic percent mole frac-
tions required to produce DMS. %8

Many neutron detection applications rely primarily on the large
cross-section of interaction for neutrons with 10-B and 6-Li.%?
It is observed that protons are efficient at producing these two
isotopes in GaN and Ga;03. As both of these isotopes are ra-
dioactively stable, their concentration is invariant with time after

6| Journal Name, [year], [voI.],1

they are produced. It is found that in GaN, protons with energies
>30 MeV are capable of producing concentrations of >10'4 cm—3
of 6-Li and 10-B per hour of irradiation. In Ga,;03, concentrations
only exceed 10'> cm~3 for B-10 from 40 MeV protons. This dif-
ference arises because 10-B and 6-Li are transmuted from the an-
ion, which is not common between the two semiconductors. The
uniform production of neutron-sensitive isotopes through trans-
mutation is desirable because the neutron reaction products must
travel to and deposit energy in the active region of the detector,
a requirement which sets an intrinsic limit to the efficiency of a
6-Li or 10-B coated semiconductor detectors to 4.5%70. Despite
this, the concentrations produced through transmutation are un-
suitable for thermal neutron detection applications as they result

Page 6 of 11
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Fig. 5 Total concentrations of impurity elements introduced in Ga,O3 as a function of time following quasi-monoenergetic 2, 5, 10, 20, 30, and 40 MeV
proton irradiation. Substantial dopants of note include Ge, N, and Zn for most proton energies (E,), with the inclusion of C for £, > 10 MeV, Cu and Ni
for E, > 20 MeV, B for E, > 30 MeV, and Li for E,, > 40 MeV. All results are shown in tabular format in the Supplementary Material }.

Table 6 Concentrations of introduced gross n-type, p-type, and net (com-
pensated) p-type transmuted elemental impurities in existence at 50 days
following quasi-monoenergetic 2, 5, 10, 20, 30, and 40 MeV proton irra-
diation of Ga,0s. Attributions are made according to Table [3. The full
temporal variation of n-type and p-type concentrations can be found in
the Supplementary Material 1.

Table 7 Concentrations of introduced gross n-type, p-type, and net (com-
pensated) p-type transmuted elemental impurities in existence at 50 days
following neutron irradiation of Ga, 03, the spectra of which are summa-
rized in Fig. (1. Attributions are made according to Table [3| The full tem-
poral variation of n-type and p-type concentrations can be found in the
Supplementary Material .

Source Induced dopant concentration in Ga,03 [ecm ] Source Induced dopant concentration in Ga,O3 [cm ]
p-type n-type net p-type p-type n-type net p-type
P-2MeV 6.2 x 1012 2.3 x 1012 3.9 x 10" EBR-2 49 x 108 57 x10™ -5.2 x 10™
P-5MeV 4.2 x 1013 2.1 x 1013 2.1 x 1013 252-Cf 2.9 x 101 2.1 x 10" 8.4 x 1013
P-10MeV 9.3 x 1014 9.0 x 104 3.4 x 1013 BWR-MOX-Gd-40GWd 1.2 x 10'* 1.1 x 10'° -1.1 x 10'®
P-20MeV 7.6 x 1013 4.5 x 1013 3.1 x 1013 PWR-MOX-40GWd 1.2 x 10 1.1 x 10'¢ -1.1 x 10'°
P-30MeV 9.5 x 1013 1.7 x 109 7.8 x 1013 PWR-UO2-40GWd 1.2 x 10 1.2 x 106 -1.1 x 10'®
P-40MeV 9.6 x 1019 1.4 x 109 8.1 x 1013 Phenix 4.4 x 1018 2.2 x 10! -2.2 x 10'0
ITER-DD 9.3 x 10" 5.4 x 109 -5.3 x 1013
ITER-DT 2.7 x 101" 1.0 x 10'¢ -7.4 x 1013
JAEA-FNS 1.4 x 10'® 5.2 x 109 8.6 x 1013
in intrinsic detection efficiencies, given an assumed 1 cm thick EII;IR-highreS 1.2 x 101; 2.2 % 10:2 -2.2 % 1012

-Fast 1.3 x 10 2.3 x 10 -2.2 x 10

absurher Jayer, of < G.001% All-Thermal 1.9 x 10" 3.9 x 10'° -3.9 x 10'®

4 Conclusion

The potential for transmutation doping of GaN and Ga,0Oj is pre-
sented, as unresolved doping difficulties restrict the use of these
materials, specifically when p-type doping is required. All trans-
muted element concentrations are reported as a function of time,
showing the substantial temporal variability of the semiconduc-
tor composition. A range of realistically obtainable proton and
neutron spectra are considered, as originating from accelerators,
fission reactors, fusion reactors and reactions, and radioactive iso-
topes. It is shown that, for the impurity attribution considered in
this analysis, most proton spectra as well as 252-Cf spontaneous
fission and D-T fusion neutron spectra are capable of producing
a net increase in p-type dopants which increases with time as Ge
decays and Zn is produced. At 50 days following a one hour irra-
diation, the net concentration of uncompensated p-type dopants
introduced is 7.7 x 10'% and 8.1 x 10! cm~3 for GaN and Ga, 03
respectively for the most effective irradiation considered (40 MeV

protons). Furthermore, it is shown that high energy proton ac-
celerator spectra are capable of producing Cu, a key dopant for
magnetic applications, in concentrations of >10'3 cm~3 per hour
in both semiconductors, but this efficiency is orders of magnitude
too small to effectively produce dilute magnetic semiconductors.
Finally, concentrations of >10'* cm—3 of key neutron detection
isotopes are produced in GaN per hour through similar high en-
ergy proton irradiation, but these concentrations are again too
small for current neutron detector implementations.

Journal Name, [year], [vol.], 1-1q |7
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Fig. 6 Total concentrations of impurity elements introduced in Ga,O3; as a function of time following neutron irradiation, the spectra of which are
summarized in Fig. [Il. Substantial dopants of note include Ge, C, and Zn for most neutron spectra with additional production of Cu and N in JAEA-FNS,
ITER-DD, and ITER-DT spectra. The fission power reactor spectra (PWR-UO2-40GWd, BWR-MOX-Gd-40GWd, and PWR-MOX-40GW(d) all produce
nearly indistinguishable impurity concentration trends and, thus, only the PWR-UO2-40GWd results are visualized. All results are shown in tabular
format in the Supplementary Material }.
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