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Transmutation of 64Zn to 65Cu has been observed in a ZnO crystal irradiated with neutrons. The

crystal was characterized with electron paramagnetic resonance (EPR) before and after the

irradiation and with gamma spectroscopy after the irradiation. Major features in the gamma

spectrum of the neutron-irradiated crystal included the primary 1115.5 keV gamma ray from the
65Zn decay and the positron annihilation peak at 511 keV. Their presence confirmed the successful

transmutation of 64Zn nuclei to 65Cu. Additional direct evidence for transmutation was obtained

from the EPR of Cu2þ ions (where 63Cu and 65Cu hyperfine lines are easily resolved). A spectrum

from isolated Cu2þ (3d9) ions acquired after the neutron irradiation showed only hyperfine lines

from 65Cu nuclei. The absence of 63Cu lines in this Cu2þ spectrum left no doubt that the observed
65Cu signals were due to transmuted 65Cu nuclei created as a result of the neutron irradiation.

Small concentrations of copper, in the form of Cuþ-H complexes, were inadvertently present in

our as-grown ZnO crystal. These Cuþ-H complexes are not affected by the neutron irradiation, but

they dissociate when a crystal is heated to 900 �C. This behavior allowed EPR to distinguish

between the copper initially in the crystal and the copper subsequently produced by the neutron

irradiation. In addition to transmutation, a second major effect of the neutron irradiation was the

formation of zinc and oxygen vacancies by displacement. These vacancies were observed with

EPR. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4885439]

I. INTRODUCTION

Copper has been widely studied in ZnO for many

years.1–11 These ions are often present at low concentrations

(< 5� 1016 cm�3) as a residual impurity in ZnO bulk crystals,

thin films, and nanoparticles. Much higher concentrations can

be achieved by doping during growth or by post-growth diffu-

sion. Nuclear transmutation is an alternative method of doping

ZnO with copper.12–17 Here, conversion of 64Zn to 65Cu

allows uniform copper doping at precisely controlled levels.

Isolated copper ions on zinc sites are acceptors, but they are

generally believed to be very deep (several reports18,19 have

placed the 0/� acceptor level approximately 160–190 meV

below the conduction band). It may be possible for copper to

form a complex with a nearby acceptor (e.g., a second substi-

tutional copper or a zinc vacancy) or with a nearby donor and

acceptor (i.e., an acceptor-donor-acceptor (ADA) complex)

and thus create a shallow acceptor state that will contribute to

p-type behavior in ZnO.20–22 Also, when present at high

doping levels, copper ions may lead to ferromagnetic behavior

at room temperature and make Cu-doped ZnO suitable for

spintronic applications.23–26 Controlled doping with copper

(as in the transmutation process) could, therefore, be impor-

tant in developing proof-of-concept prototypes of practical

ZnO-based devices.

Copper in ZnO can be present as Cuþ (3d10) or Cu2þ

(3d9) ions substituting for Zn2þ ions. As is customary, ionic

notation is used to describe the different charge states of cop-

per ions. A substitutional Cu2þ ion is a neutral acceptor (A0)

and a Cuþ ion is a singly ionized acceptor (A�). There is no

reliable experimental evidence suggesting that copper occurs

as an isolated interstitial in ZnO. Electron paramagnetic res-

onance (EPR) and near-infrared (NIR) absorption techniques

are two direct high-resolution spectroscopy methods to mon-

itor Cu2þ ions in ZnO crystals (i.e., the incomplete d shell of

these ions gives rise to unique spectroscopic signa-

tures).1–4,7–11 The Cu2þ EPR spectrum, with gjj ¼ 0.729 and

g?¼ 1.520, shows well-resolved hyperfine lines from 63Cu

and 65Cu nuclei. Because of severe broadening at higher

temperature due to a short spin-lattice relaxation time, this

EPR spectrum can only be observed at temperatures below

9 K. Two NIR absorption bands at 5782 and 5820 cm�1 are

internal transitions of the Cu2þ ions and also are best seen at

low temperature. The Cuþ ions have a filled d shell and are

more difficult to monitor at low concentrations with optical

or magnetic resonance techniques. An infrared vibrational

band, observed at 3192 cm�1 at 10 K, provides a direct

method to detect Cuþ ions that have an adjacent hydro-

gen.5–7,9 This Cuþ-OH� absorption band broadens and shifts

at higher temperature.

In the present paper, we use EPR and gamma spectros-

copy to detect the transmutation of 64Zn to 65Cu in a single

crystal of ZnO. The crystal was irradiated for 20 h in a
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nuclear reactor. The 64Zn nuclei absorb thermal neutrons and

form unstable 65Zn nuclei that then convert to 65Cu. The

half-life of 65Zn is 244 days. There is a 50.23% probability

that a 65Zn nucleus decays to an excited state of 65Cu by

electron capture and then emits a 1115.5 keV characteristic c
ray, there is a 48.35% probability that a 65Zn nucleus decays

directly to the ground state of 65Cu by electron capture, and

there is a 1.42% probability that the 65Zn nucleus decays

directly to the ground state of 65Cu by positron emission

(two 511 keV c rays are produced when the positron is anni-

hilated). Our gamma spectrum shows the emission of 1115.5

and 511 keV c rays. With low-temperature EPR, we observe

substitutional Cu2þ ions in our crystal. Fortunately, relative

concentrations of 63Cu and 65Cu nuclei can be determined

from the well-resolved hyperfine pattern associated with the

Cu2þ EPR spectrum. By monitoring these EPR hyperfine

lines, we show that a significant amount of 65Cu was pro-

duced by nuclear transmutation. Since copper impurities are

ubiquitous in nearly all ZnO, we caution that an investigation

of the transmutation of 64Zn to 65Cu should account for any

copper that is present before neutron irradiation. In our

study, a comparison of the individual strengths of the 63Cu

and 65Cu hyperfine lines in the Cu2þ EPR spectra allowed us

to distinguish between the copper that was present before the

neutron irradiation and the copper that was produced as a

result of the neutron irradiation.

II. EXPERIMENTAL

Material from a bulk single crystal of ZnO grown by the

seeded-vapor-transport method at Eagle-Picher (Miami,

Oklahoma) was used in the present investigation. Two

adjacent samples, each with approximate dimensions of

2.5� 4.0� 0.5 mm3, were cut from a larger 10� 10� 0.5

mm3 c plate supplied by the company. One sample was not

neutron irradiated and instead was used to verify the pres-

ence of residual copper in the as-grown material. The other

sample was irradiated with neutrons at the Ohio State

University Nuclear Reactor Laboratory (Columbus, Ohio).

This is a pool-type reactor operating at a maximum power of

450 kW. The ZnO sample was held in the central irradiation

facility of the reactor for 20 h. The total neutron flux was

�2.1� 1013 neutrons cm�2s�1 and the thermal neutron flux

was �1.3� 1013 cm�2s�1. The temperature of the sample

was not measured during the neutron irradiation, but the

survival of zinc vacancies produced by the high-energy neu-

trons (see Sec. V) suggests that it was less than 150 �C. The

activity of our sample 11 days after the irradiation was

89.2 6 0.4 lCi. In addition to the vapor-transport-grown

crystal, we neutron irradiated a hydrothermally grown ZnO

crystal (from Tokyo Denpa) to verify that the crystal growth

method did not affect the transmutation of 64Zn to 65Cu.

A Canberra high-purity germanium (HPGe) detector

cooled with liquid nitrogen and a multi-channel analyzer

were used to obtain the energy spectrum of the emitted

gamma rays. The gamma spectrometer, located at the reactor

facility, was calibrated using a multi-nuclide source from

Amersham. A Bruker EMX spectrometer operating at

9.397 GHz was used to take the EPR data at the Air Force

Institute of Technology. The temperature was controlled

with a helium-gas-flow system from Oxford Instruments. A

helium-cadmium laser was used to illuminate samples at low

temperature in the EPR cavity (approximately 15 mW of

442 nm light was incident on the sample). Estimates of the

concentrations of defects contributing to the EPR spectra

were obtained by making comparisons to a standard pitch

sample provided by Bruker.

III. Zn ISOTOPES AND NEUTRON ABSORPTION

The five stable isotopes of zinc and their natural

abundances27 are 64Zn (48.268%), 66Zn (27.975%), 67Zn

(4.102%), 68Zn (19.024%), and 70Zn (0.631%). Two of these

isotopes, 66Zn and 67Zn, are not of interest to the present

study because they form a heavier, but stable, Zn isotope

after absorbing a neutron. Also, absorption of neutrons by

oxygen isotopes is not central to our study. Unstable 19O is

formed during the neutron irradiation, and decays to 19F by

beta emission. These 19O nuclei have a short half-life

(�26 s) and are not seen in gamma spectra taken days after

the neutron irradiation. Fluorine at an oxygen site will be a

donor in ZnO. As is the case for the other shallow donors in

this material (e.g., Al and Ga), neutral fluorine donors when

present are expected to have a “generic” effective-mass EPR

signal near g¼ 1.96 with unresolved hyperfine.

Absorption of a neutron by 64Zn leads to the creation of
65Zn and the immediate release of a c ray. The energy-

dependent cross sections for this neutron-absorption reaction

are known28

64Znþ n!65Znþ c: (1)

The newly formed isotope, 65Zn, is unstable with a half-

life of 244 days and decays by one of the following three

paths to 65Cu. The relative probability for each decay path is

indicated29–31

65Znþ e� ! 65 Cuþ cþ � ð50:23%Þ; (2)

65Znþ e� ! 65Cuþ � ð48:35%Þ; (3)

65Zn! 65Cuþ eþ þ � ð1:42%Þ: (4)

These decay paths are illustrated in Fig. 1. Equations (2) and

(3) represent electron capture paths where the 65Zn nucleus

captures an inner orbital electron to convert an excess proton

to a neutron, thereby reducing the Z number of the nucleus

and transmuting the nucleus to 65Cu. A neutrino is always

emitted in these decays. The first of the electron-capture

paths occurs 50.23% of the time and results in an excited

state of 65Cu that then decays to its ground state with the

emission of a 1115.5 keV characteristic c ray. We use this c-

ray to verify that 65Zn is produced in our samples. There is a

small probability (0.0025%), and thus not important to the

present study, for the excited state of 65Cu to decay to an in-

termediate level and then to the ground state by emission of

344 and 770 keV c rays. The second electron capture path,

described by Eq. (3), goes directly to the ground state with

no c-ray emission. The decay path in Eq. (4) is by bþ directly

to the ground state. This conversion of a proton to a neutron

243706-2 Recker et al. J. Appl. Phys. 115, 243706 (2014)



is accompanied by the emission of a positron and a neutrino.

Two 511 keV c rays are then produced when the positron

annihilates with an electron.

Absorption of a neutron by 68Zn produces unstable 69Zn

or 69mZn nuclei which then decay to 69Ga.32 The half-life of
69Zn is 56 min and the half-life of 69mZn is 13.76 h.

Similarly, absorption of a neutron by 70Zn produces unstable
71Zn or 71mZn nuclei which then decay to 71Ga.32 The half-

life of 71Zn is 2.4 min and the half-life of 71mZn is 3.97 h.

Because of these relatively short half-lives, emitted c rays in

the decay schemes are not usually observed when gamma

spectra are taken more than a few days after a neutron irradi-

ation. The Ga3þ (3d10) ions that are formed from the Zn2þ

(3d10) ions as a result of the absorption of neutrons by 68Zn

and 70Zn are already singly ionized shallow donors. When

the Fermi level is high or when the crystal is illuminated at

low temperature with near-band-edge light, these singly ion-

ized donors convert to their neutral charge state and contrib-

ute to the effective-mass EPR signal near g¼ 1.96. Since

individual hyperfine lines from the 69Ga and 71Ga nuclei are

not resolved in this shallow-donor spectrum,33 the EPR tech-

nique does not readily distinguish between the Ga ions that

are produced by transmutation and the Ga ions that are intro-

duced during crystal growth.

IV. RESULTS FROM GAMMA SPECTROSCOPY

The gamma spectrum of our neutron-irradiated ZnO

crystal, recorded approximately 10 days after the irradiation,

is shown in Fig. 2. It is presented as a semi-log plot to clearly

illustrate that the less-intense features (i.e., the Compton

edge at 907.6 keV, the Compton continuum, and the back-

scatter peak at 223 keV) are in the proper positions for 65Zn.

The dominant features in the gamma spectrum are the peaks

near 511 and 1115.5 keV.

The gamma spectrometer placed the lower-energy c-ray

peak at 510.728 keV, which is close to but not exactly

511 keV. There is another nucleus that emits a c ray at this

energy (208Tl at 510.77 keV),34 but it is not responsible for

the peak at 511 keV in Fig. 2 because a short half-life

(3.053 min) means that it would have decayed below the

detection limit of the spectrometer long before the spectrum

in Fig. 2 was recorded. Thus, the peak near 511 keV in Fig. 2

must be an annihilation peak, as expected for 65Zn. We attrib-

ute the slight offset in measured energy to small systematic

errors in the energy calibration of the gamma spectrometer.

The observation of a 511 keV peak alone, however, does not

establish the presence of 65Zn in a neutron-irradiated sample

because many isotopes decay by positron emission.

Our gamma spectrometer placed the most intense c-ray

peak in Fig. 2 at 1114.98 keV. This is close to the expected

value of 1115.5 keV for 65Zn, but there are two other possibil-

ities. These are 127Sn (1114.3 keV) and 65Ni (1115.5 keV).

These isotopes can be readily dismissed, however, because

their short half-lives (2.1 and 2.5 h, respectively) mean that

they would have decayed away long before our spectrum in

Fig. 2 was recorded. To verify that the 1115 keV peak is due to
65Zn, the relative intensities of the peaks at 511 and 1115 keV

in Fig. 2 are compared. If they are due to 65Zn, then 50.23% of

the decays will result in a 1115 keV c ray and 1.42% will result

in a positron which creates two 511 keV photons when it anni-

hilates. Thus, the predicted ratio of counts from our detector35

for the two peaks should be 1.42 to 25.115, or simply 0.0565.

After taking into account the energy-dependent absolute effi-

ciency of the detector at the energies where c rays are being

monitored, we find that the experimental ratio of counts for the

two peaks is 0.0559, which closely matches the predicted

value. This establishes that the peaks at 511 and 1115 keV in

Fig. 2 are due to the long-half-life decay of 65Zn.

V. RESULTS FROM ELECTRON PARAMAGNETIC
RESONANCE

The ZnO crystals used in this investigation contained

small amounts of copper introduced during growth. In our

FIG. 1. The 65Zn to 65Cu nuclear decay scheme. Two of the paths (50.23%

and 48.35%) are by electron capture (�) and one path (1.421%) is by posi-

tron emission (bþ). FIG. 2. Gamma spectrum of ZnO taken 10 days after a neutron irradiation.

The Compton edge (C.E.) and backscatter (B.S.) peaks are clearly visible in

this semi-log plot and are located at the expected positions for 65Zn.

243706-3 Recker et al. J. Appl. Phys. 115, 243706 (2014)



as-grown crystals, this copper is present as Cuþ (3d10) ions

on a Zn2þ site, with no unpaired spins and thus no EPR sig-

nal. These Cuþ acceptor ions are charge-compensated (i.e.,

passivated) by an adjacent OH� ion at an oxygen site.36 The

hydrogen can be “driven” from the Cuþ ions by heating a

crystal in air to 900 �C. This leaves isolated substitutional

Cuþ ions that can then be converted to Cu2þ ions with near-

band-edge laser light when the temperature is below approxi-

mately 60 K.8 The resulting substitutional Cu2þ ions have a

characteristic EPR spectrum that is easily monitored at tem-

peratures near 6 K.1,3,4 This production of Cu2þ ions by

removing the hydrogen at high temperature has been

observed by Lavrov et al.9 in near-infrared-absorption

experiments on hydrothermally grown ZnO crystals and has

been computationally modeled by Hu and Pan.37 A similar

thermally induced dissociation behavior has been reported

for nitrogen-hydrogen (N-H) complexes in ZnO

crystals.33,38,39

The Cu2þ EPR spectrum in Fig. 3(a) verifies that copper

was present in our as-grown ZnO crystals. One of the two

similar crystals cut from the original c plate was held at

900 �C in air for 1 h (the other crystal was neutron irradiated

without being heated to 900 �C). This heat treatment of the

unirradiated crystal produced the EPR spectrum from substi-

tutional Cu2þ (3d9) ions shown in Fig. 3(a). These data were

taken at 6 K with the magnetic field perpendicular to the c
axis (at an arbitrary direction in the basal plane) and with

442 nm laser light on the crystal. There were no Cu2þ EPR

lines in the 380–500 mT field region in this as-grown crystal

before heating to 900 �C as the copper was then all present

as Cuþ (3d10) ions with an adjacent hydrogen. Heating the

unirradiated crystal to 900 �C removed the hydrogen and left

isolated Cuþ ions. The Fermi level is high in this vapor-

transport-grown crystal, and laser light was needed in

Fig. 3(a) to convert the Cuþ ions to Cu2þ ions at low temper-

ature (by “moving” electrons to singly ionized donors).

A stick diagram above the Cu2þ EPR spectrum in Fig.

3(a) identifies the individual lines from 63Cu and 65Cu.1,3,4,8

Both isotopes have a nuclear spin I¼ 3/2 and they produce

similar hyperfine patterns consisting of four equally intense

and equally spaced lines (the number of hyperfine lines from

an isotope is equal to 2Iþ 1). The lines from 63Cu nuclei have

a slightly smaller separation than the lines from 65Cu nuclei.

This reflects the different nuclear magnetic moments of the

two Cu isotopes (63l¼þ2.2273bn and 65l¼þ2.3816bn,

where bn is the nuclear magneton).40 Also, the 63Cu hyperfine

lines are more intense than the 65Cu hyperfine lines because

the natural abundances of 63Cu and 65Cu are 69.15% and

30.85%, respectively.27 As seen in Fig. 3(a), the inner two

lines from each isotope nearly coincide, but the outer lines

from the two isotopes are easily distinguished.

The EPR spectrum from our neutron-irradiated ZnO

crystal is shown in Fig. 3(b). This spectrum was taken

approximately 180 days after the 20 h neutron irradiation.

The measurement temperature was 6 K and the magnetic

field was perpendicular to the c axis. In Fig. 3(b), 442 nm

laser light was not on the sample. The only hyperfine lines in

this Cu2þ EPR spectrum are from the 65Cu nuclei created by

the slow decay of 65Zn following the neutron irradiation.

The 63Cu and 65Cu nuclei incorporated in the crystal during

growth are all present as nonparamagnetic Cuþ ions with ad-

jacent hydrogens and thus are not contributing to the spec-

trum in Fig. 3(b). These neutral Cuþ-H complexes have not

dissociated at this stage because the temperature of the

crystal did not exceed �150 �C during the neutron irradia-

tion. The concentration of transmuted Cu2þ ions in the

spectrum in Fig. 3(b) is estimated to be approximately

3.7� 1016 cm�3. Although not shown, a Cu2þ EPR spectrum

very similar to that in Fig. 3(b) was obtained without laser

light from our hydrothermally grown ZnO crystal 180 days

after it was neutron irradiated for 20 h. This spectrum con-

tained only 65Cu hyperfine lines since the hydrothermal crys-

tal had not been thermally annealed at 900 �C. As expected,

the concentrations of transmuted Cu2þ ions were similar in

the crystals grown by different methods (i.e., seeded-vapor-

transport vs. hydrothermal). To ensure a valid comparison,

the two crystals received the same neutron dose and had

the same delay time (i.e., 180 days) before the EPR

measurements.

In addition to the transmutation of 64Zn to 65Cu, the neu-

tron irradiation produced zinc and oxygen vacancies by a

momentum-conserving displacement process initiated by the

high-energy neutrons. Figure 4 shows an EPR spectrum

obtained at 30 K with low microwave power (3.2 lW). The

magnetic field was along the c axis and 442 nm laser light

was on the sample. The line at 336.60 mT has been assigned

to singly ionized oxygen vacancies41 (VþO) and the lines at

333.05 and 335.06 mT have been assigned to singly ionized

nonaxial and axial zinc vacancies (V�Zn), respectively.42,43

FIG. 3. EPR spectra of Cu2þ ions in ZnO illustrating (a) 63Cu and 65Cu pres-

ent in the as-grown crystal and (b) 65Cu produced by transmutation in the

neutron-irradiated crystal. These data were obtained at 6 K with the mag-

netic field perpendicular to the c axis. The sample used for trace (a) was

annealed for 1 h in air at 900 �C, but was not neutron irradiated. The sample

used for trace (b) was neutron irradiated approximately 180 days before tak-

ing the EPR spectrum. This latter sample was not annealed at 900 �C before

the neutron irradiation.

243706-4 Recker et al. J. Appl. Phys. 115, 243706 (2014)



The two additional lines at 332.59 and 332.78 mT have been

previously reported, but not identified.44 Because their posi-

tions are near the nonaxial zinc vacancy line at 333.05 mT,

we suggest that these lines may be from nonaxial singly ion-

ized zinc vacancies that have a nearby perturbing impurity.

Candidates for the perturbing entities are Ga3þ and Al3þ

ions on Zn2þ sites. The linewidths of the EPR signals in

Fig. 4 range from 0.011 mT for the axial zinc vacancy to

0.026 mT for the oxygen vacancy. These very small line-

widths for the zinc vacancies indicate that the neutron irradi-

ation did not introduce significant random strain in the

lattice. The concentration of photoinduced singly ionized ox-

ygen vacancies contributing to the EPR spectrum in Fig. 4 is

approximately 2� 1015 cm�3. The concentration of photoin-

duced singly ionized axial zinc vacancies in Fig. 4 is also

approximately 2� 1015 cm�3. These zinc and oxygen vacan-

cies produced by the fast neutrons were destroyed when the

crystal was held at 430 �C for 10 min.

VI. DISCUSSION

Our results in Figs. 2 and 3(b) show that transmutation

of 64Zn to 65Cu has occurred in a ZnO crystal irradiated with

neutrons. The observation of the 1115.5 and 511 keV c rays

provides direct evidence that 65Zn nuclei have been formed

and are decaying to 65Cu. Furthermore, EPR spectra from

the neutron irradiated crystal show that the newly formed
65Cu nuclei are present as Cu2þ ions. It is significant that

these Cu2þ ions were present without laser light. The Cu2þ

ions in Fig. 3(b) were formed when the 64Zn nucleus of a

Zn2þ (3d10) ion absorbed a neutron and became 65Zn and

then decayed to 65Cu by electron capture. This electron-

capture process removed one electron from the ion and left a

3d9 electron configuration. In other words, a portion of the

Zn2þ (3d10) ions in the regular as-grown lattice directly

become paramagnetic Cu2þ (3d9) ions (i.e., neutral accept-

ors) at the zinc sites as a result of the neutron irradiation.

The Fermi level in our vapor-transport-grown ZnO crystal

has been lowered by the neutron irradiation and this allows

the transmuted Cu2þ ions to remain in the A0 state, as seen

in Fig. 3(b). If the Fermi level were higher, these Cu2þ ions

would convert to Cuþ ions because of the greater availability

of electrons (i.e., an A0 acceptor would become an A�

acceptor) and laser light would be needed to convert the Cuþ

ions to Cu2þ ions.

To further establish the behavior of copper in neutron-

irradiated ZnO, the sample used in Fig. 3(b) was heated to

430 �C in air for 10 min. The zinc and oxygen vacancies

were destroyed (as previously noted), but an EPR spectrum

taken at 6 K showed that this heating did not change the cop-

per (i.e., the transmuted Cu2þ ions were still seen without

light and only hyperfine lines from 65Cu nuclei were pres-

ent). After this 430 �C anneal, the copper ions that were

introduced into the sample during growth are still in the form

of Cuþ-H complexes and do not contribute to the Cu2þ EPR

spectrum. A final anneal of the neutron-irradiated sample

to 900 �C for 1 h led to the EPR spectrum in Fig. 5. This

spectrum, containing both 63Cu and 65Cu hyperfine lines,

was taken at 6 K with the magnetic field in the basal plane.

The 900 �C anneal dissociated the Cuþ-H complexes in the

neutron-irradiated sample. Laser light was then needed to

convert the isolated Cuþ ions to Cu2þ ions in Fig. 5. This

annealed crystal now exhibited the same photoinduced

behavior for Cu2þ as the non-neutron-irradiated sample in

Fig. 3(a). As expected, a comparison of the spectra in

Figs. 3(a) and 5 shows that the ratio of the two copper iso-

topes in Fig. 5 does not agree with the natural abundance ra-

tio of these isotopes. Approximately equal concentrations of
63Cu and 65Cu nuclei are contributing to the hyperfine pat-

tern in Fig. 5 because the transmuted 65Cu nuclei are adding

to the 63Cu and 65Cu nuclei that were initially introduced

during growth.

FIG. 4. EPR spectrum showing the singly ionized zinc and oxygen vacancy

signals produced by the neutron irradiation. These data were obtained at

30 K. The microwave power was low (3.2 lW), the magnetic field was paral-

lel to the c axis, and the sample was exposed to 442 nm laser light while the

spectrum was recorded.

FIG. 5. EPR spectrum of Cu2þ ions in the neutron-irradiated ZnO crystal af-

ter it was thermally annealed at 900 �C in air for 1 h. These data were

obtained at 6 K with the magnetic field perpendicular to the c axis and with

442 nm light on the sample. Comparisons should be made with the Cu2þ

spectra in Fig. 3.

243706-5 Recker et al. J. Appl. Phys. 115, 243706 (2014)



VII. SUMMARY

Nuclear transmutation of 64Zn to 65Cu has been demon-

strated in ZnO. A gamma spectrum acquired 10 days after a

20 h irradiation with neutrons shows peaks at 1115.5 and

511 keV, thus verifying that 65Zn has been produced and is

decaying to 65Cu. A Cu2þ (3d9) EPR spectrum taken 180

days after the neutron irradiation confirms the production of
65Cu by showing that the only hyperfine lines present are

from 65Cu nuclei (lines from 63Cu are not seen). The concen-

tration of transmuted 65Cu nuclei in this EPR spectrum is

approximately 3.7� 1016 cm�3. Residual copper impurities

inadvertently introduced during growth of the ZnO are

observed and fully accounted for in the EPR characterization

experiments. EPR was also used to monitor the singly ion-

ized charge states of the zinc and oxygen vacancies produced

by the high-energy neutrons. Heating the irradiated crystal to

430 �C destroyed these vacancies. In conclusion, our results

show that transmutation is a viable process to uniformly

dope ZnO with Cu.
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