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In the present work, post-annealing is adopted to investigate the formation and the correlation of Sb complexes

and Zn interstitials in Sb-ion implanted ZnO films, by using Raman scattering technique and electrical characterizations.

The damage of Zn sublattice, produced by ion bombardment process is discerned from the unrecovered E2 (L) peak

in annealed high Sb+ dose implanted samples. It is suggested that the Zn sublattice may be strongly affected by the

introduction of Sb dopant because of the formation of SbZn–2VZn complex acceptor. The appearance of a new peak at

510 cm−1 in the annealed high dose Sb+ implanted samples is speculated to result from (Zn interstitials-O interstitials)

Zni–Oi complex, which is in a good accordance with the electrical measurement. The p-type ZnO is difficult to obtain

from the Sb+ implantation, however, which can be realized by in-situ Sb doping with proper growth conditions instead.
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1. Introduction

As an important wide bandgap semiconductor
(Eg = 3.37 eV) with large exciton binding en-
ergy (60 meV), ZnO has been studied extensively
due to its potential applications in next-generation
short-wavelength optoelectronic devices, such as light
emitting diodes (LEDs) and laser diodes (LDs).[1−3]

However, a formidable challenging issue, namely the
growth of reliable and repeatable p-type ZnO mate-
rials, severely has hampered the progress in its opto-
electronic device applications. Many groups have pre-
sented their work on p-ZnO fabrication with different
dopants, Li or N for example, substituting Zn or O
matrix atoms and generating extrinsic holes.[4,5] On
the other hand, there has been no effective method
of preparing stable and reproducible p-ZnO materi-
als until now. It is received that either some dopant-
induced defects such as Li interstitial, or native de-
fects such as Zn interstitial (Zni) and oxygen vacancy
(VO), will result in a strong self-compensation effect
and make it difficult to realize p-type conductivity in

ZnO.[6,7] In the case of doping with group-V elements,
like As and Sb to replace O, theoretical studies indi-
cate that their energy levels are located deeply in the
band gap of ZnO and are unlikely to be ionized at
room temperature.[8]

Some groups have reported their results about the
realization of p-ZnO by Sb doping as well as the fabri-
cation of homo-junction diodes.[9,10] However, the is-
sue of possible compensation effects associated with
Sb induced defects has not been well understood yet.
An interesting microscopic configuration for Sb and As
sites in ZnO was proposed by Limpijumnong et al.[11]

based on the density functional calculations, where As
or Sb atoms occupy Zn site (AsZn and SbZn) instead
of O site, and form complex acceptors with two Zn va-
cancies (VZn) (AsZn–2VZn or SbZn–2VZn). The above-
mentioned hypothesis has not been experimentally
confirmed yet, though it is very important for the un-
derstanding of the compensation effect in p-ZnO dop-
ing. Ion implantation would be a convincing method
to investigate the mechanism of Sb doping in ZnO, for
the ion implanting process introduces large lattice dis-
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order and various defects, which may be recovered by
annealing at high temperature. The ion-implantation
doping is also a possible approach to achieving the p-
type conductivity in ZnO at present.[12−14] To address
these issues, Raman scattering technique, a nonde-
structive but strain-sensitive research method, is ap-
plied with a combination of post annealing to study
the occupation sites of the dopant, the evolution of
dopant induced defects and the lattice disorder in our
work. Here, undoped ZnO thin films are synthesized
by radio-frequency plasma assisted molecular beam
epitaxy (rf-MBE) and then implanted with different
dose Sb+ ions. It should be noted that the influence
of some unintentional-doped impurities, such as Li,
Na, K, etc. in bulk ZnO single crystal grown by hy-
drothermal method, can be absolutely excluded in our
case.

2. Experiment

Single crystal ZnO (0001) thin films were grown
on sapphire substrates under oxygen rich condition
by rf-MBE with MgO buffer as reported in our pre-
vious study.[15] Elemental Zn (7N) was evapourated
by Knudsen cells (Veeco), and radical oxygen (5N5)
generated by rf-plasma system (SVTA) was used as
radical source for the growth. The thickness of the
thin film is about 850 nm, and the electrical measure-
ments confirm that the as-grown ZnO thin film has
an n-type conductivity, and the carrier concentration,
the mobility and the resistivity are ∼ 2× 1016 cm−3,
∼ 20 cm2/V · s, and ∼ 15 Ω · cm, respectively. Then
the ZnO film was cut into several pieces, and 550-
keV Sb+ ions were homogeneously implanted in a dose
range from 1 × 1012 ions/cm2 to 1×1015 ions/cm2 at
room temperature. In order to discriminate the influ-
ence of radiation defects from that of Sb-induced de-
fects, a controlled experiment of implanting similarly
heavy Xe+ ions with the same dose was performed on
the same undoped ZnO films. After that, all the as-
implanted samples were cut into two parts, and one
of them was annealed at 800 ◦C for 20 min in MBE
chamber under oxygen plasma protection. The X-ray
diffraction (XRD) spectra revealed that all the ZnO
thin films were single crystal, and no new peak was
detected in the annealed samples (not shown here).
These observations indicated that there was no new
phase formed in the implanted ZnO samples both be-
fore and after anneal. The Raman measurements were
carried out using an LabRam HR-800 system with an

Nd: YAG laser (532 nm) as an excitation source at
room temperature. The laser beam was focused by
a microscope objective yielding a spot size of 1 µm.
The scattered light was detected in backscattering ge-
ometry and recorded with a liquid nitrogen-cooled
charge coupled device detector. The electrical prop-
erties were characterized by van der Pauw method in
a home-made hall measurement system (EMO 600,
IPCAS),[16] which was specially designed to trace the
hall voltage during measurements so as to exclude the
influence of persistent photoconductivity of ZnO film.
Thus, the conductivity type and electrical parameters
such as carrier concentration, mobility, etc., can be
determined reliably.[16]

3. Results and discussion

There are several prominent peaks in the as-grown
samples observed in Fig. 1 and labeled with E2 (L)
at ∼ 101 cm−1, 2E2 (M) at ∼ 337 cm−1 and E2 (H)
at ∼437 cm−1. In addition, peaks related to signal
characteristic for the α-Al2O3 substrate are labeled
as “Sub”. The intensities of all prominent peaks de-
crease with ion implantation dose increasing as clearly
seen in Fig. 1, and inserts (a) and (b) show the details
of E2 (L) and E2 (H). The decrease in the intensity of

Fig. 1. Raman spectra of undoped and implanted ZnO

by different Sb+ doses. The inserts (a) and (b) show the

intensity details of E2 (L) and E2 (H).

these prominent labeled peaks correlates nicely with
the increase of radiation damage. Based on the pre-
vious identification in the literature, we attribute E2

(L) and E2 (H) to the vibrations involving in zinc and
oxygen sublattices, respectively.[17] In contrast, broad
modes around 520 cm−1–580 cm−1 emerge, which is
commonly observed in the Raman spectra of the ion-
implanted ZnO. The same signature of the Raman
modes around 520 cm−1–580 cm−1 was also observed
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in ZnO epitaxial films with Sb+ implantations of dif-
ferent doses,[18] which were attributed to the disorder-
active LO phonons.[19,20]

Figure 2 shows portions related to the E2 (L),
E2 (H), and LO signatures in the Raman spec-
tra of the annealed Sb+ implanted ZnO, which
are shown in panels (a), (b) and (c), respec-
tively. Interestingly, the intensity of the E2 (H)
peak completely returned to the original value af-
ter annealing (see Fig. 2(b)) in all samples. These

Fig. 2. Raman spectra of Sb+ implanted ZnO after an-

nealing and undoped ZnO relevant to E2 (L) (a), E2 (H)

(b), and LO signatures (c).

evolutions confirm that the oxygen sublattice is fully
recovered as a result of annealing in oxygen plasma
environment where oxygen radicals specifically con-
tribute to the modification of damaged oxygen sub-
lattice (such as VO). On the other hand, the Zn sub-
lattice is found not to be fully recovered especially
in high dose implanted samples (see Fig. 2(a)). One
possible explanation for this discrepancy is that Sb
atoms occupy Zn sites and probably form SbZn–2VZn

complex after anneal, which was suggested and pred-
icated to be an acceptor.[9] Formation of the SbZn–
2VZn complex can prevent Zni, generated by ion im-
plantation from diffusing back into the Zn sites during
anneals. If the above mentioned scenario holds and
accounts for the number of VZn needed to form SbZn–
2VZn complex, we may anticipate high concentration

of Zni in the Sb+ implanted samples after annealing.
However, the oxygen interstitial (Oi) can diffuse back
to the oxygen site independent of the presence of Sb
or complex forming at Zn sites. In Fig. 2(c), the dis-
tinct broad modes at 520 cm−1–580 cm−1 disappear
in the annealed samples with implantation doses of
1 × 1012 ions/cm2 and 1 × 1013 ions/cm2. Instead of
the modes at 520 cm−1–580 cm−1, two peaks around
510 cm−1 and 536 cm−1 appear in the samples with
the doses of 1× 1014 ions/cm2 and 1× 1015 ions/cm2,
where the 536 cm−1 mode was also observed in the
annealed lower dose implanted samples and the as-
grown ZnO. Note that the ∼ 536 cm−1 mode also oc-
curs for pure ZnO, Cusco et al.[21] ascribed the mode
at 536 cm−1 to the 2× LA process. Importantly, we
attribute the 510 cm−1 mode to the defects introduced
by Sb+ implantation in accordance with the argument
given below.

Figure 3 shows the Raman spectra of annealed
Xe+ implanted ZnO, where signatures related to the
E2 (L), E2 (H), and LO are shown in panels (a), (b),
and (c), respectively. Note, the evolution of the promi-
nent peaks as labeled E2 (L), E2 (H), and LO in Fig. 1
demonstrate the same trends in Xe+ implanted sam-
ples (not shown here). It indicates that the implanted
Xe+ can introduce the same defects in ZnO films by
ion bombardment as the implanted Sb+ because of
their similar ion size. However, the annealing pro-
cess results in a full recovery of both Zn and O sub-
lattice as confirmed by the observations in Figs. 3(a)
and 3(b), respectively. Our interpretation of this fact
is straightforward—Xe+, in contrast with Sb+, has no
tendency to be incorporated on either Zn or O sites
correlating with E2 (L) and E2 (H). Moreover, there
is no peak appearing at ∼ 510 cm−1, suggesting that
the 510 cm−1 mode is related only to the Sb+ implan-
tation too. However, we cannot specifically attribute
the 510 cm−1 peak to the local vibration mode of the
Sb on Zn site in ZnO because similar signals have
been also observed in Fe, Al, and Ga doped ZnO films
grown by PLD.[22] The 510-cm−1 peak was attributed
to the silent 2B1 (L) second-order modes in the Raman
spectra.[23] This scattering is induced by the break-
down of the translation symmetry of the lattice caused
by defects or impurities either because of the dopant
nature or because of the growth condition.[23] So, it
is reasonable to observe this mode in our samples be-
cause of the disorder in our ZnO film, introduced by
the implanted large size Sb+ ions. Very recently, the
510-cm−1 mode was attributed to the Zni–Oi complex,
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which was confirmed by different experiments and the-
oretical calculation consistent with our hypothesis of
Zni survival in Sb+ implanted samples.[24] Keeping in
mind that our annealing conditions may leadingly in-
troduce oxygen interstitials (remember that we carried
out the anneals in oxygen plasma, which is a oxygen
rich condition), we may consistently conclude the 510-
cm−1 mode in the high dose Sb+ implanted samples is
related to Zni–Oi. For the Xe+ implanted samples or
the low dose Sb+ implanted samples, however, the ab-
sence of 510-cm−1 peak is because few Zn interstitials
exist in the ZnO films after annealing.

Fig. 3. Raman spectra of Xe+ implanted ZnO after an-

nealing and undoped ZnO relevant to E2 (L) (a), E2 (H)

(b), and LO signatures (c).

Electrical measurement is employed in order to
further investigate the difference in Zni concentration
in Sb+ and Xe+ implanted samples between before
and after annealing. Figure 4 shows the electron car-
rier concentrations measured in the annealed Sb+ ion
implanted samples. All samples are highly resistive
before annealing because a great number of radiation-
induced defects compensate the material (not shown).
The trend observed in Fig. 4 may be interpreted in
terms of increased concentration of Zni associated
with SbZn–2VZn complex formation as discussed in
Fig. 2. Consistently, much smaller variations in car-
rier concentration were observed in the samples im-
planted with Xe+. Note that there is a significant

carrier concentration drop in the annealed as-grown
sample labeled with open symbol, which can be eas-
ily understood as the consequence of the introduction
of Oi caused by the oxygen plasma annealing condi-
tion (compared with a value of ∼ 2 × 1016 cm−3 of
the as-grown sample). In contrast to Xe+ implanted
samples, the SbZn–2VZn complex acts as an acceptor
in Sb+ implanted ZnO as suggested from the theo-
retical calculations. However, there are formed even
more Zni’s associated with the SbZn–2VZn complex,
which will lead to the n-type conduction, for Zni is a
shallow donor in ZnO.[25] In our opinion, even we can
obtain the SbZn–2VZn complex acceptor. It is difficult
to achieve the p-type ZnO by ion implantation with
large size Sb+ because of the introduction of abun-
dant shallow donors into ZnO simultaneously. How-
ever, we can realize the p-type doping in ZnO by in-
situ Sb doping as reported previously,[9,10] where the
shallow donor (Zni) could be eliminated by adjusting
the growth conditions and parameters (such as the
oxygen-rich growth condition).

Fig. 4. Electrical measurements of as-grown undoped, as-

grown after annealing, and implanted ZnO after annealing.

4. Summary

We have investigated the correlation between the
production of Sb–2VZn complexes and Zn interstitials
in ZnO epitaxial films before and after anneal by
a combination of Raman spectroscopy and electrical
measurements. The E2 (H) modes are recovered to-
tally in both Sb+ and Xe+ implanted samples after
annealed in MBE chamber under the oxygen plasma
protection. However, the unrecovered E2 (L) modes
of the high Sb+ dose implanted samples suggest the
damage of the Zn sublattice. The appearance of new
mode at 510 cm−1 only in the annealed high dose Sb+

implanted sample is attributed to the Zni–Oi complex,
which accords with the electrical measurement. The
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SbZn–2VZn complex acceptor is suggested to form in
the Sb+ implanted ZnO films after annealing, but all
the samples are shown to be of n-type conduction,
which may be explained in terms of compensation ef-

fect provided by Zni, a shallow donor in ZnO. How-
ever, p-type doping in ZnO can be realized by in-situ
Sb doping in proper growth condition.
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