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An optical study of the D–D neutron irradiation-induced defects in
Co- and Cu-doped ZnO wafers∗
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Room-temperature photoluminescence and optical transmittance spectroscopy of Co-doped (1×1014, 5×1016, and
1×1017 cm−2) and Cu-doped (5×1016 cm−2) ZnO wafers irradiated by D–D neutrons (fluence of 2.9×1010 cm−2) have
been investigated. After irradiation, the Co or Cu metal and oxide clusters in doped ZnO wafers are dissolved, and the
würtzite structure of ZnO substrate for each sample remains unchanged and keeps in high c-axis preferential orientation.
The degree of irradiation-induced crystal disorder reflected from the absorption band tail parameter (E0) is far greater
for doped ZnO than the undoped one. Under the same doping concentration, the Cu-doped ZnO wafer has much higher
irradiation-induced disorder than the Co-doped one. Photoluminescence measurements indicate that the introduction rate
of both the zinc vacancy and the zinc interstitial is much higher for the doped ZnO wafer with a high doping level than the
undoped one. In addition, both crystal lattice distortion and defect complexes are suggested to be formed in doped ZnO
wafers. Consequently, the Co- or Cu-doped ZnO wafer (especially with a high doping level) exhibits very low radiation
hardness compared with the undoped one, and the Cu-doped ZnO wafer is much less radiation-hard than the Co-doped one.

Keywords: D–D neutron irradiation, ZnO wafer, Co, Cu

PACS: 61.80.Hg, 61.82.Fk, 61.72.J–, 78.55.Et DOI: 10.1088/1674-1056/22/3/036102

1. Introduction
Diluted magnetic semiconductors (DMSs) produced by

doping a small amount of transition metal (TM) ions into non-
magnetic semiconductors have attracted intense interest as po-
tential spintronic materials, and are expected to play an im-
portant role in opto- and magneto-electronics devices, which
exploit spin in magnetic materials along with the charge of
electrons in semiconductors.[1] After the theoretical prediction
that p-type ZnO doped with Mn would show above-room-
temperature ferromagnetism was made by Dietl et al.,[2] a
great deal of research efforts have been focused on search-
ing for room-temperature ferromagnetism in TM-doped ZnO
systems. The observation of room-temperature ferromag-
netic behavior in Co- or Cu-doped ZnO systems prepared by
various methods (such as ion implantation, magnetron co-
sputtering, and pulsed-laser deposition) have been reported by
many groups.[3–9] In our group, the room-temperature ferro-
magnetic behavior was also observed in Co- and Cu-doped
ZnO wafers prepared by ion implantation technique, and the
microstructure of Co-doped ZnO was investigated in detail by
means of the extended X-ray absorption fine structure (EX-
AFS) and X-ray photoelectron spectroscopy (XPS).[10–12] In
order to understand and characterize the defects in ZnO semi-
conductors which have an important effect on the electronic
and optoelectronic properties of semiconductor materials, a
variety of experiment methods (i.e., positron annihilation life-

time spectroscopy (PALS), electron paramagnetic resonance
(EPR), and cathodoluminescence (CL)) have been used for
the investigation of the nominally pure ZnO semiconductors
irradiated by high-energy electrons, protons, heavy ions, and
fast neutrons from a reactor.[13–19] These investigations have
provided detailed information about ZnO defects from differ-
ent aspects, and proved that ZnO is more resistant to radiation
damage than other common semiconductor materials (such as
Si, GaAs, and GaN),[14,15] and thus potentially useful for ap-
plications in high-irradiation environments. However, the ra-
diation effects of TM-doped ZnO systems have been rarely
reported in literatures. Recently, Kumar et al.[6] reported a
study aimed at shedding some light on the origin of ferro-
magnetism in Co-doped ZnO systems; they found that after
200-MeV Ag+15 ion irradiation, the Co-doped ZnO thin films
exhibited room-temperature ferromagnetic behavior, the Co
clusters in Co-doped ZnO were dissolved, and single-phase
Co-substituted ZnO was formed. Dinia et al.[4] reported that
after 40-keV He ion irradiation, the magnetic moment per Co
in Zn0.75Co0.25O thin film was increased, and the crystalline
quality was improved. These findings are just about the heavy
ions-irradiation influence on the ferromagnetism of Co-doped
ZnO. However, the systematic investigation of high-energy
particle irradiation-induced structural damage in Co- or Cu-
doped ZnO systems is lacking.

In this work, due to both an excellent ability to pene-
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trate materials and a good monochromaticity of D–D neutrons
(2.5 MeV), we attempt to experimentally investigate the D–D
neutron irradiation-induced defects in Co- and Cu-doped ZnO
wafers at room temperature by using X-ray diffraction (XRD),
ultraviolet (UV)–visible absorption spectroscopy, and room-
temperature photoluminescence (PL) measurements. Changes
in the structural and optical properties of Co- and Cu-doped
ZnO wafers induced by D–D neutron irradiation are discussed.
To some extent, this investigation is of significance both for
the understanding of the Co- and Cu-doped ZnO semiconduc-
tors’ resistance to radiation and for the application of Co- or
Cu-doped ZnO in high-irradiation environments, because the
irradiation-induced defects play an important role in the degra-
dation of devices.

2. Experimental procedure
The nominally pure ZnO (001) single-crystal wafers used

in our experiments, with dimensions of 10.0×10.0×0.5 mm3,
were purchased from MaTecK GmbH (Germany) and grown
by using the hydrothermal technique. The Co- and Cu-
doped ZnO wafers were prepared by using the ion implan-
tation technique.[10,11] The pure ZnO single-crystal substrates
were implanted at room temperature with 80-keV Co+ (70-
keV Cu+) ions to the fluences of 1× 1014, 5× 1016, and
1×1017 cm−2 (5×1016 cm−2) into the (001) growth face, re-
spectively. These doped wafers, which were subsequently an-
nealed at 700 ◦C for 30 min in flowing argon gas and naturally
cooled down to room temperature to recover the implantation
damage, showed room-temperature ferromagnetism.

The undoped ZnO, Co-doped ZnO with fluences of 1×
1014, 5× 1016, and 1× 1017 cm−2, and Cu-doped ZnO with
a fluence of 5× 1016 cm−2 were labeled as sample A, B, C,
D, and E, respectively. All samples with different sizes were
stacked together (the order is E, B, C, D, and A) and wrapped
in aluminum foil to prevent them from being contaminated
during irradiation. The wafers were irradiated with D–D neu-
trons (2.5 MeV) to a fluence of 2.9× 1010 cm−2. The irra-
diation was performed on the ZF-300-II neutron generator of
Lanzhou University at room temperature. All wafers were ir-
radiated on the ZnO (001) growth face, and located at the po-
sition of 45◦ exiting angle of D–D neutrons with an average
distance of 3.2 cm from the center of the target chamber in
the neutron generator (sample E was the closest to the target
chamber). It is well known that as a neutral particle, the fast
neutron has an excellent ability to penetrate materials. The
total thickness of all our wafers is only 2.5 mm (0.5 mm for
each). Therefore, the irradiation dose for each wafer can be
considered to be approximately equal to one another. In order
to study the damages caused by elastic or inelastic collisions
of fast neutrons, we expect that the total concentration of the

impurities transmuted in our samples is very low and negligi-
ble. According to information from the National Nuclear Date
Center (NNDC), the 2.5-MeV neutron-activation cross sec-
tions of the eleven primary isotopes (64Zn, 66Zn, 67Zn, 68Zn,
70Zn, 16O, 17O, 18O, 59Co, 63Cu, and 65Cu) existing in our
samples are very low and negligible. Furthermore, after irra-
diation we measured the neutron-irradiated samples at room
temperature using a NaI(Tl) detector as early as possible, and
found no obvious radioactivity.

The structural characterizations of Co-, Cu-doped, and
undoped ZnO wafers were carried out by X-ray diffraction
(XRD) using a Rigaku D/Max-2400 diffractometer with a
CuKα (λ = 1.54056 Å) radiation source. In order to under-
stand the defects introduced in samples, the optical transmit-
tance spectra were recorded using a PGeneral TU-1901 UV
spectrophotometer in the range of 300–900 nm at room tem-
perature. Room-temperature photoluminescence (PL) mea-
surements were performed under the excitation of a He–Cd
laser (325 nm) using a Shimadzu RF-510 spectrophotometer.

3. Results and discussion
Figure 1 shows the X-ray diffraction θ–2θ scans of Co-

, Cu-doped, and undoped ZnO wafers before and after D–D
neutron irradiation. Samples A, B, C, D, and E are undoped,
Co-doped (1× 1014, 5× 1016, and 1× 1017 cm−2), and Cu-
doped (5× 1016 cm−2) ZnO wafers, respectively. Obviously,
the rocking curve of each unirradiated or neutron-irradiated
samples shows two very strong reflection peaks, which cor-
respond to the characteristic (002) and (004) directions of
the hexagonal würtzite-structure ZnO, respectively. This in-
dicates that after irradiation the ZnO würtzite structure of
each sample is not changed and keeps in high c-axis prefer-
ential orientation. Compared with the undoped ZnO wafer,
the (002) diffraction peak position is located at a higher an-
gle in each unirradiated/neutron-irradiated doped one. This
is consistent with the fact that the effective ionic radius of
Zn2+ (0.60 Å) is slightly larger than that of Co2+ (0.58 Å)
or Cu2+ (0.57 Å) in tetrahedral coordination,[5,8] which im-
plies that the Co2+ or Cu2+ ions substitute for Zn2+ in the
ZnO lattice before and after irradiation. It is also found that
after irradiation the (002) peak position slightly shifts left-
ward in each Co-doped ZnO wafer and rightward in Cu-doped
ZnO wafer (no shift in undoped ZnO), as compared with the
unirradiated one, respectively. This is probably because the
amount of Co2+/Cu2+ ions substituting for Zn2+ in doped
ZnO wafer is decreased/increased due to D–D neutrons bom-
bardment. In addition, after irradiation the full width at half
maximum (FWHM) of the (002) reflection increases slightly
for undoped and Cu-doped ZnO wafers, suggesting a small
decrease of their crystalline quality. However, they all still
have good single-crystal quality because of their low values
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of FWHM equal to 0.32◦ and 0.24◦, respectively. There is no
significant change in the (002) peak FWHM of each Co-doped
ZnO wafer.
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Fig. 1. X-ray diffraction θ −2θ scans for all wafers (a) before and (b)
after irradiation. Samples A, B, C, D, and E stand for undoped ZnO,
Co-doped ZnO with fluences of 1×1014, 5×1016, and 1×1017 cm−2,
and Cu-doped ZnO with a fluence of 5×1016 cm−2, respectively.

In Fig. 1(a), the weak diffraction peaks from precipi-
tate phases identified as crystalline Co, Co3O4, Cu, CuO, and
Cu8O clusters can be clearly observed on the Co- and Cu-
doped ZnO wafers. Note that their intensities are far lower
than those of the (002) and (004) peaks, and increase with
increasing Co concentration in Co-doped ZnO wafers. Fig-
ure 1(b) shows the absence of these peaks, which indicates that
the Co- or Cu-related clusters in unirradiated Co- or Cu-doped
ZnO are dissolved after neutron irradiation. Interestingly, af-
ter irradiation the weak diffraction peaks from the secondary
phase we identify as monoclinic CoZn13 and hexagonal Zn
appear in samples B and D, respectively, while there is no
peak from the secondary phase in samples C and E. The (101)
direction of the hexagonal Zn structure was also reported in
Ref. [18]. This fact suggests that the Zn ions may be knocked
out from the lattice into interstitial sites, and agglomeration

of interstitial Zn and Co ions probably leads to the formation
of CoZn13 or Zn clusters. The formation of stable Zn-related
clusters may be related to the dopant concentration in ZnO ma-
trixes because their formation appears only in Co-doped ZnO
wafers at 1×1014 and 1×1017 cm−2, but not in Co- and Cu-
doped ZnO wafers at 5× 1016 cm−2. Two very weak peaks
observed on the neutron-irradiated undoped ZnO are possi-
bly from the hexagonal zinc clusters, but their positions are
slightly different from the corresponding peaks of the hexago-
nal zinc crystal reported in Ref. [18]. The above results imply
that after D–D neutron irradiation the Co/Cu metallic and ox-
ide clusters present in doped ZnO wafers are dissolved, and
a small amount of CoZn13 and Zn clusters are formed in Co-
doped ZnO wafers 1×1014 and 1×1017 cm−2, resepectively.

Figure 2 shows the room-temperature optical transmit-
tance spectra of all wafers before and after neutron irradia-
tion. It is evident that before irradiation, a weak absorption
edge centering around 658 nm (1.88 eV) exists in samples C
and D, respectively, and an absorption edge at around 600 nm
(2.07 eV) in sample E. The 658-nm characteristic absorption
edge is due to the d–d transitions in tetrahedrally coordinated
high-spin Co2+ (3d7) ions substituting Zn2+, and attributed to
the 4A2(F)→ 2E(G).[3] Generally, three characteristic absorp-
tion bands that are separately derived from 4A2(F)→ 2E(G),
4A2(F)→ 2T1(P), and 4A2(F)→ 2A1(G) transitions of tetra-
hedrally coordinated Co2+ can be observed on the Co-doped
ZnO thin films.[3,7] However, only one absorption band can be
observed in our Co-doped ZnO wafers. One possible reason
is that two other absorption bands may be not strong enough
in our samples. Since the thickness of each wafer (0.5 mm)
is much greater than that of thin film, the transmittance of
visible light in ZnO wafers is very low compared with thin
films, which probably makes them unable to obviously display
on transmittance spectra. The absence of 658-nm absorption
edges in sample B may imply that the amount of Co2+ ions
in tetrahedral sites is too low to be detected on the transmit-
tance spectrum. After irradiation, the 658-nm absorption edge
disappears in samples C and D, respectively, which suggests
that the Co2+ ions substituting Zn2+ are probably displaced
from their lattice sites due to D–D neutron bombardment. The
600-nm characteristic absorption edge on the unirradiated Cu-
doped ZnO has been mainly thought to be due to the Cu sur-
face plasmon resonance from copper metallic clusters.[21] The
absence of 600-nm absorption in neutron-irradiated Cu-doped
ZnO suggests that the copper clusters are dissolved after irra-
diation. The above results are consistent with the results of
XRD. In addition, the transmittance of each doped ZnO wafer
reduces sharply in the short-wavelength region (< 500 nm) af-
ter irradiation, which is due to the irradiation-induced defects.
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Fig. 2. Optical transmittance spectra at room temperature for the irra-
diated undoped, Co-, and Cu-doped ZnO wafers. The results for unir-
radiated ones are shown for comparison. The fluence of D–D neutron
irradiation is 2.9×1010 cm−2.

The optical band gap (Eg) of our samples can be estimated
according to the following well-known expression for direct
transition:[22]

αE = A(E−Eg)
1/2, (1)

where E = hν is the photon energy, with h and ν being the
Planck constant and the photon frequency, respectively, A is
a constant, and α is the absorption coefficient. The α can be
approximately calculated as:[7,23] α = −(1/D) ln(T ), where
D and T are the thickness and transmittance of each wafer,
respectively. Standard extrapolation of the linear portions of
the curves to (αhν)2 = 0 (E = Eg) is plotted for the selected
samples in Fig. 3. The estimated Eg values of all samples
are listed in Table 1. It can be clearly seen that the Eg value
of each unirradiated/neutron-irradiated Co- or Cu-doped ZnO
wafer is lower (red-shift) than that of undoped ZnO which
is not changed after irradiation. The red shift of the band
gap has been ascribed to the sp–d exchange interactions be-
tween the band electrons and the localized d electrons of the
Co2+/Cu2+ ions in lattice sites.[9,24] The exchange interactions
give rise to a negative and a positive correction to the energy
of the conduction and valence bands, respectively, and lead to
band-gap narrowing. From Table 1, it is also noticeable that
for the Co-doped ZnO wafers the band gap slightly increases
with increasing Co concentration, in contrast to that reported
in Refs. [7] and [22]. This seems to mean that the amount
of Co2+ ions substituting Zn+2 in Co-doped ZnO wafer at
1× 1014 cm−2 is probably higher than that in Co-doped ZnO
wafer at 5×1016 or 1×1017 cm−2. Nevertheless, the analysis
from Fig. 2 suggests that the amount of Co2+ should be higher
in Co-doped ZnO wafers at 5×1016 and 1×1017 cm−2. Ad-
ditionally, the XRD results indicate that Co and Co3O4 clus-
ters obviously exist in the Co-doped ZnO wafer at 5×1016 or
1× 1017 cm−2, and the diffraction peak from Co3O4 clusters
in the Co-doped ZnO wafer at 1×1014 cm−2 is too weak and
negligible. Based on these results, we conclude that the Co

and/or Co3O4 clusters in Co-doped ZnO wafers probably have
some influence on the absorption coefficient near the band
edge, and cause the measured value of Eg to be larger than
the actual value. After irradiation, the band gap increases in
sample B, but decreased in samples C, D, and E. The increase
of the band gap of Co-doped ZnO wafer at 1×1014 cm−2 may
be due to the weakening of sp–d exchange interaction, indi-
cating that the amount of Co2+ ions in ZnO lattice is reduced,
which is in good agreement with the XRD result. The de-
crease of the band gap in Co-doped ZnO wafers at 5× 1016

and 1×1017 cm−2 can be attributed to the dissolution of Co or
Co3O4 clusters on the basis of the result shown in Fig. 1. As
for the Cu-doped ZnO wafer, the decrease of band gap is also
probably attributed to the dissolution of Cu-related clusters,
whereas the contribution of enhancement of the sp–d exchange
interaction (because after irradiation the number of Cu2+ ions
substituting Zn2+ in Cu-doped ZnO wafer is increased (see
Fig. 1)) is not excluded.
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Fig. 3. Plots of (αhν)2 versus E for the undoped (sample A), Co-doped
(sample C, 5× 1016 cm−2), and Cu-doped (sample E) ZnO wafers (a)
before and (b) after irradiation. The fluence of D–D neutron radiation
is 2.9×1010 cm−2.

Table 1. Values of the band gap (Eg) and band tailing parameter (E0)
for the undoped, Co-, and Cu-doped ZnO wafers before and after D–D
neutron irradiation.

Sample
Eg/eV E0/meV

∆E0/meVBefore After Before After
Sample A 3.135 3.135 119.6 140.1 20.5
Sample B 3.120 3.129 237.2 367.1 129.9
Sample C 3.126 3.095 251.7 511.0 259.3
Sample D 3.131 3.062 225.6 526.8 301.2
Sample E 3.127 3.108 144.0 787.0 643.0
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The effect of disorder caused by various defects (i.e.,
crystal distortion, point defects) in systems is highly pro-
nounced in the lower energy tail of the sharp absorption edge.
All possible defects (point, line, and planar defects) can lead
to local electric fields that affect the band tailing.[25] Thus, to
evaluate the neutron-induced defects in our samples using the
band tailing effect, the relationship between ln(α) and E (pho-
ton energy) for selected samples are shown in Fig. 4. The ab-
sorption coefficient α(E) in the near-band-edge region (band
tailing) exponentially varies with photon energy as follows:[22]

α(E) = α0 exp(E/E0), (2)

where E is just below the band gap energy (E < Eg), α0 is a
constant, and E0 is an empirical parameter with a dimension of
energy describing the width of the localized states within the
band gap. The value of E0 can be determined from the recipro-
cal of the slope by fitting the linear part of the ln(α)–E curves,
as shown in Fig. 4. Any defect or disorder in the crystal lattice
can give rise to localized states within the band gap. Enhance-
ment of E0 indicates the increase of disorder in samples.[22,25]

The obtained values of E0, as well as the changes in E0 (∆E0)
with D–D neutron irradiation for all samples, are listed in Ta-
ble 1. It can be clearly noted that for each sample, the value of
E0 increases after irradiation, and the magnitude of ∆E0 is rel-
atively large for doped ZnO wafers (largest for Cu-doped ZnO
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Fig. 4. Plots of ln(α) versus E for the undoped (sample A), Co-doped
(sample C, 5× 1016 cm−2), and Cu-doped (sample E) ZnO wafers (a)
before and (b) after irradiation. The fluence of D–D neutron radiation
is 2.9×1010 cm−2.

wafer) compared with the undoped one, and increases with the
increasing Co doping concentration. Therefore, the degree of
the irradiation-induced disorder reflected from the estimated
value of ∆E0 is the lowest and highest in the undoped and Cu-
doped ZnO wafers, respectively, and increases with increasing
Co concentration for Co-doped ZnO wafers. However, this
observation is not consistent with the FWHM change of (002)
peak in Fig. 1. A possible reason is that within the sensitivity
of XRD, the effect of neutron irradiation-induced defects on
the FWHM of (002) peak is not significant enough.

The luminescence bands of ZnO usually consist of two
parts, ultraviolet (UV) emission resulting from exciton recom-
bination, and visible light (VL) emission from the structural
defects related to deep-level emissions, such as zinc vacancy,
oxygen vacancy, zinc interstitial, and oxygen interstitial.[20,26]

Figure 5 shows the room-temperature PL spectra obtained
from the undoped and Co-, Cu-doped ZnO wafers before and
after neutron irradiation. It is interesting to note that before
irradiation all samples show a typical luminescence behavior
with the two emissions of narrow UV and broad green bands
(the green emission on Cu-doped ZnO wafer is very weak and
negligible), while after irradiation new emissions (violet emis-
sion) appear. In Fig. 5(a), the strong UV emissions at around
381.1, 382.7, 383.0, and 381.8 nm from the free-exciton re-
combination can be clearly observed on samples B, C, D, and
E, respectively. They are all red-shifted in comparison with
that (380 nm) of the undoped ZnO wafer. However, after ir-
radiation the position of UV emission is shifted to 380 nm
for sample B, 382.4 nm for sample E, and remains unchanged
for sample A (see Fig. 3(b)). The UV emission peaks are all
weakened for samples A, B, and E (very weak), and quenched
for samples C and D. The variation of UV emission intensity
is probably because a large number of nonradiative recom-
bination centers, suppressing UV emission, are produced in
samples.[17] Generally, the red-shift of UV emission can be in-
terpreted as being due to exchange interactions (narrowing the
band gap of ZnO) between band electrons and localized 3d
electrons of Co2+/Cu2+ ions substituting Zn2+.[26] This im-
plies that after irradiation the shift of the UV peak positions
of samples B and C is due to the weakening and enhance-
ment of sp–d exchange interaction, respectively, which sug-
gests that the amount of Co2+/Cu2+ ions substituting Zn2+

is decreased/increased, in good agreement with the results of
XRD. Consequently, the Co interstitial ions and Zn vacancies
(Frenkel pairs) may be generated because the Co2+ ions are
knocked out from lattice to interstitial sites. In addition, before
irradiation the shoulder emission centered at around 390 nm
on the UV emitting band can be observed only on samples C
and D. However, after irradiation this emission appears in each
Co-doped ZnO wafer and increases in samples C and D, re-
spectively, and no peak close to 390 nm appears in the undoped
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ZnO wafer. This fact reveals that the emission at 390 nm may
be attributed to the defects related to Co interstitial ions in Co-
doped ZnO wafers. Liu et al.[27] reported that the emission
at 393.8 nm on the UV emitting band was ascribed to bound
exciton transition in Zn1−xCoxO nanorod arrays, and the exci-
tons were bound tightly by the defects including crystal lattice
distortion, donors or acceptors introduced by Co dopant. We
also note that an emission at 389 nm appears in the neutron-
irradiated sample E (Cu-doped ZnO wafer at 5×1016 cm−2),
but no similar emission in the unirradiated one. Moreover, the
degree of irradiation-induced disorder is very high in doped
ZnO (highest in Cu-doped ZnO) compared with the undoped
one (see Fig. 4). Accordingly, the crystal lattice distortion
is possibly responsible for the 389- and 390-nm emissions
in doped ZnO wafers because the probability of the forma-
tion of crystal distortion should be increased with the increase
in the degree of irradiation-induced disorder. Based on the
above results, we deduce that the 390-nm emission existing in
Co-doped ZnO wafers is probably due to both the Co-related
defects and crystal lattice distortion introduced by D–D neu-
tron irradiation, and the 389-nm emission in Cu-doped ZnO is
mainly due to the irradiation-induced crystal lattice distortion.
Nevertheless, further investigation into this issue is needed.

It is also interesting to note that after irradiation the inten-
sity of green emission is enhanced for sample A, but slightly
reduced for sample B and strongly quenched for sample C
and D. No significant or a very weak green emission can
be observed in sample E before and after irradiation. It is
generally accepted that the green emission is ascribed to the
oxygen vacancy (VO).[28,29] Therefore, the oxygen vacancies
are introduced in undoped ZnO wafer due to D–D neutron
bombardment. The irradiation-induced oxygen vacancies in
nominally pure ZnO by high-energy electrons or fast neutrons
have been abundantly reported.[13,16,18] The weakening or sup-
pression of green emission is probably related to the nonra-
diative recombination centers introduced in neutron-irradiated
Co-doped ZnO wafers.[17] Probably, both oxygen vacancies
present in unirradiated Co-doped ZnO and irradiation-induced
defects agglomerate to form defect complexes (i.e., VZn–ZnO

and VZn–ZnO–OZn–Zni)[14,16,17] or vacancy clusters.[19] One
should note that the degree of irradiation-induced disorder
(∆E0) in each Co-doped ZnO wafer is much higher than that
in the undoped one (see Table 1). Therefore, the probability
of formation of defect complexes or vacancy clusters in Co-
doped ZnO should be much larger than that in the undoped
one (the Cu-doped ZnO wafer should have very large probabil-
ity of introduction of defect complexes because of its highest
value of ∆E0 in all doped ZnO wafers).
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Fig. 5. Room-temperature PL spectra for the undoped, Co-, and Cu-
doped ZnO wafers (a) before and (b) after irradiation. The fluence of
D–D neutron radiation is 2.9×1010 cm−2.

Additionally, after irradiation the violet emissions center-
ing about 414 nm (2.99 eV) and 439 nm (2.82 eV) for sample
C, 416 nm (2.98 eV) for sample D, and 410 nm (3.02 eV)
and 430 nm (2.88 eV) for sample E can be clearly observed
on Fig. 5(b). For sample B, a very weak shoulder peak of
∼ 411 nm (3.02 eV) on the green emitting band can be also
observed. Three weak violet emissions at∼ 407 nm (3.05 eV),
423 nm (2.93 eV) and 434 nm (2.86 eV) are on the green emit-
ting band of sample A. Similar emissions have been reported.
Mahamuni et al.[30] and Xu et al.[31] found the violet emission
at 420 nm in ZnO quantum dots and thin films, respectively,
and they all thought that this emission was attributed to the
oxygen interstitial (Oi). However, Jin et al.[32] believed that
the 420 nm emission was related to the interface trap in grain
boundaries of ZnO films. For our samples, the 423 nm emis-
sion appeared only in undoped ZnO wafer and could not orig-
inate from the interface trap in the grain boundaries because
after irradiation the undoped ZnO is still in good single-crystal
quality (see Fig. 1) and its degree of irradiation-induced dis-
order is far lower than that in doped one (see Table 1). This
emission is possibly attributed to the Oi. Here, the oxygen va-
cancies as reflected from the green emission are produced only
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in undoped ZnO wafer after irradiation. This fact suggests that
the oxygen interstitial sites resulting in 423 nm PL emission
may be generated in undoped ZnO wafer due to Frenkel-pair
formation. Jeong et al.[33] and Wu et al.[29] observed a vio-
let emission at 401 nm and 405 nm in ZnO thin films, respec-
tively, and all concluded that the Zn vacancy (VZn) was respon-
sible for this emission. According to the theoretical energy
levels of intrinsic defects in ZnO thin films calculated by full-
potential linear muffin-tin orbital method,[34] the energy inter-
vals both from the bottom of conduction band to VZn level and
from the top of valence band to Zni level are 3.06 and 2.9 eV,
respectively, which approach the energy of violet emissions
appeared in our samples. In addition, it is very interesting to
note that for our neutron-irradiated Co-doped ZnO wafers, the
emission at 439 nm appears only in sample C and no emission
close to 439 nm in the other wafers, while the X-ray diffraction
peaks from Zn-related clusters merely appear in sample B and
D. This means that the emission at 439 nm is probably due to
the Zni. It should be also noted from Fig. 5(b) that the violet
emission peak position approaching 400 nm shifts gradually
from 407 nm to 416 nm when the Co doping concentration in-
creases from 0 to 1×1017 cm−2. This may be due to the fact
that the band gap energies of neutron-irradiated samples are
decreased with the increasing Co concentration, as shown in
Table 1. Accordingly, the violet emission peaks at 407, 410,
411, 414, and 416 nm of our samples are all probably ascribed
to the VZn, and the emission peaks at 430, 434, and 439 nm to
the Zni. Based on these discussions above, we speculate from
the violet emission intensities that by D–D neutron irradiation
the total introduction rate of the defects of both VZn and Zni is
observably high in (5× 1016, 1× 1017 cm−2) Co-doped ZnO
or 5×1016 cm−2 Cu-doped ZnO wafer compared with the un-
doped one, which is consistent with the difference of degree
of irradiation-induced disorder for all samples.

4. Conclusion
We have presented the experimental results obtained with

XRD, PL, and optical transmittance spectroscopy for the D–D
neutron-irradiated Co-, Cu-doped, and undoped ZnO wafers
at room temperature. The cobalt or copper metal and oxide
clusters existing in Co- and Cu-doped ZnO wafers were dis-
solved due to neutron bombardment. However, a small amount
of CoZn13 and Zn clusters were formed in Co-doped ZnO
wafers at 1× 1014 and 1× 1017 cm−2, respectively. The de-
gree of irradiation-induced disorder, estimated from absorp-
tion band tail effect of transmittance spectra, is extremely high
in each doped ZnO wafer (highest in the Cu-doped one) com-
pared with the undoped one, and increases with the increase
in Co concentration. The investigation of room-temperature

PL reveals that the defects of VZn and Zni are introduced in
Co-doped ZnO (5×1016, 1×1017 cm−2) and Cu-doped ZnO
(5×1016 cm−2) at the total introduction rate much higher than
the undoped one. In addition, the VO is introduced only in
the undoped ZnO wafer, whereas those existing in the unir-
radiated Co-doped ZnO wafers probably take part in the for-
mation of the defect complexes or vacancy clusters. We also
believe that neutron irradiation introduces the significant Co-
related defects and/or crystal lattice distortion in doped ZnO
wafers. Based on these analyses, we conclude that both the
type and the total concentration of defects introduced in doped
ZnO wafer (especially with high doping level) are more com-
plex and higher than those in the undoped one due to D–D
neutron irradiation. Therefore, at room temperature the Co-
or Cu-doped ZnO wafer, especially with high doping level, is
much less resistant to D–D neutron irradiation than the un-
doped one, and the radiation hardness of Cu-doped ZnO wafer
is very low when compared with the Co-doped one with the
same doping concentration.
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