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Annealing process of ion-implantation-induced defects in ZnO:
Chemical effect of the ion species
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ZnO single crystals implanted with O+ and B+ ions were studied by positron annihilation and Raman
scattering measurements. Positron annihilation results show that vacancy clusters are generated by
implantation. For the B+-implanted sample, the vacancy clusters have a sufficient increase in size
and evolve into microvoids after annealing up to 500 °C. These microvoids need a high temperature
of 900–1000 °C to be annealed out. However, for the O+-implanted sample, the size of the vacancy
clusters shows only a slight increase during annealing process, and they are removed at much lower
temperature of 700–800 °C. The different annealing process is supposed to be due to the chemical
effect of boron impurities. Raman measurements reveal the production of oxygen vacancies by
implantation. In the B+-implanted sample they have high thermal stability up to 700 °C, while in the
O+-implanted sample they are annealed out early at 400 °C. It is thus suggested that the boron
impurities might form complexes with oxygen interstitials and stabilize oxygen vacancies, which
favors the vacancy agglomeration process. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2194113�
I. INTRODUCTION

Ion implantation for the purpose of doping and isolation
has become an indispensable processing tool for the produc-
tion of semiconductor devices. It is a convenient method to
incorporate dopants into semiconductor materials with pre-
cisely controllable amounts in a much shorter time. The other
advantages lie in that the dopants can be incorporated inde-
pendent of the solubility, and the doping area can also be
selected. However, one main disadvantage of this method is
the severe radiation damage, which strongly affects the elec-
trical and optical properties and cause unexpected degrada-
tion effects of the devices. Therefore, a postimplantation an-
nealing to remove the implantation-induced defects is
necessary for the doping process.

Zinc oxide �ZnO� is a technologically very important
semiconductor for the potential application in short wave-
length light emitting devices.1 This is due to its wide band
gap �3.4 eV� and large exciton binding energy �60 meV�.
However, difficulties have been encountered in the control of
the conduction type in this material. Up to now, the repro-
ducible high quality p-type ZnO is still a challenge. It is
expected that ion implantation might be an effective way to
obtain the p-type ZnO. Efforts have been made to implant
p-type dopants such as nitrogen and phosphorus into ZnO.2–7

However, the implanted layer did not convert to p-type con-
ductivity. The most probable origin is the implantation-
induced defects, which may interfere with the activation of
dopants or compensate the free carriers. The defects may
also form stable complexes with the dopants and convert
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them into an electronically inactive state.6 Therefore, de-
tailed and systematic study of the thermal recovery of these
defects is a very urgent task.

Positron annihilation spectroscopy8 is a unique tool to
study defects in semiconductors. The positron is particularly
sensitive to vacancy-type defects, and shows clearly different
annihilation behavior at vacancy sites as compared with the
defect-free bulk state. Because of the missing atom, the elec-
tron density at the vacancy site is lowered, which leads to a
longer positron lifetime. The possibility of positron annihila-
tion with high momentum core electrons also decreases at
the defect site, and then the Doppler broadening of positron
annihilation radiation becomes narrower. In ZnO, Zn vacan-
cies �VZn� have been identified by positrons in the as-grown
bulk crystals and thin films9–11 as well as electron irradiated
samples.12,13 Ion implantation produces more complicated
defects because of the high density collision cascades, and
vacancy clusters were then observed.6,7,14

It has been revealed that ZnO has high resistance to ra-
diation damage.15,16 This is due to the efficient dynamic an-
nealing of the defects occurred during irradiation. For ex-
ample, the vacancies produced by electron irradiation may
easily recombine with the interstitials. Only those vacancy-
interstitial pairs that are separated long distance can remain
after irradiation.15 However, recently an unusual behavior re-
lated to the implantation damage in ZnO was also observed.
That is the chemical effect of the damage accumulation.16

The implantation-induced defects can be stabilized by the
implanted impurities and enhance damage buildup or even
cause amorphization effects.16

In this work, we investigated the defects produced by B+

+
and O implantation by positron annihilation measurements
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using a slow positron beam. Raman scattering measurements
were also conducted to acquire more information about the
implantation-induced defects and their annealing process.
Our results show clear difference in the defect recovery pro-
cess for these two implanted specimens, which might be due
to the chemical effects of the impurities. The possible
mechanism for such chemical effects was tentatively dis-
cussed.

II. EXPERIMENT

The samples used in this work are hydrothermally grown
ZnO single crystals from Scientific Production Company
�SPC Goodwill�. They are nominally undoped with n-type
conductivity, and the carrier concentration is about 5.7
�1012 cm−3. Ion implantation was carried out at room tem-
perature using a 400 keV implanter. A multistep implantation
was performed for each ion with seven different energies. A
box-shaped implantation profile with breadth of about
600 nm is then obtained after such implantation with appro-
priate dose for each energy. The energy range was 50–380
and 40–300 keV, and the total doses were 3.9�1015

and 5.2�1015 cm−2 for O+ and B+ implantation, respec-
tively. After implantation, the samples were annealed isoch-
ronally from 200 to 1000 °C for 30 min in flowing nitrogen
ambient.

A slow positron beam with energy variable from
0.2 to 30 keV was used for the positron annihilation study.
Doppler broadening of positron annihilation radiation was
measured as a function of incident positron energy using a
high purity Ge detector. The S and W parameters defined as
the ratio of the counts in the central region �511±0.77 keV�
and wing region �511±3.4 to 511±6.8 keV� to the total area
of the annihilation peak �511±8.5 keV� were used to char-
acterize the measured spectrum. Micro-Raman-scattering
measurements were performed using the Nanofinder spec-
trometer in the wave number range of 200–800 cm−1. The
488.0 nm line of an Ar+-ion laser was used for excitation and
the incident laser power was �1 mW. The spectral resolu-
tion is better than 4 cm−1. The scattered light was detected in
the backscattering geometry.

III. RESULTS AND DISCUSSION

In the as-grown sample, the conventional positron life-
time measurement reveals a single positron lifetime of about
182 ps, which is the bulk positron lifetime in ZnO we mea-
sured before.10 Therefore, we believe that positrons are not
trapped by vacancy defects in the as-grown sample, or the
vacancy concentration is under the detection limit. Then the
S parameters measured in this work were normalized to the
bulk value in the as-grown sample. In this case, S�1 reveals
existence of vacancy defects which trap positrons.

Figure 1 shows the S parameter as a function of incident
positron energy �S-E curve� for the as-grown and implanted
samples by B+ and O+ ions. The higher S parameter at E
�5 keV is due to the positron diffusion and annihilation in
the surface state. At E�7 keV, the S parameter keeps at
constant value in the as-grown sample, indicating positron

annihilation in the bulk region of the sample. After ion im-
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plantation, an increase of the S parameter can be observed,
which shows introduction of vacancy defects. The S param-
eter in the positron energy range of 5–13 keV is nearly con-
stant, which corresponds to the box-shaped implantation
layer, indicating a homogeneous distribution of vacancy de-
fects. The S value of about 1.06 for O+-implanted sample and
1.05 for B+-implanted sample suggests that implantation pro-
duces mostly vacancy clusters, and the higher S parameter in
the O+-implanted sample implies a larger size or a higher
concentration of vacancies. It should be noted that some
small vacancies such as monovacancies may also have been
introduced, which coexist with vacancy clusters.

The most interesting result is the annealing process of
the implantation-induced vacancies. Figure 2 shows some
selected S-E curves measured for the O+- and B+-implanted

FIG. 1. S-E curves measured for ZnO samples before and after implanta-
tion. The solid lines are drawn as a guidance to the eye.

FIG. 2. S-E curves measured for O+- and B+-implanted ZnO samples after

annealing. The solid lines are drawn as a guidance to the eye.
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samples after annealing. For each S-E curve, we summed the
Doppler broadening spectra measured in the energy range of
5–9 keV, and obtained the average S parameter, which con-
tains the defect information in the implanted box layer. The
average S parameter as a function of annealing temperature
is presented in Fig. 3. For the O+-implanted ZnO, the S pa-
rameter first shows increase up to about 1.08 at 400 °C, and
then decreases rapidly with increasing annealing tempera-
ture. Such increase of S parameter suggests mostly increase
of the vacancy cluster size during annealing. This is due to
the migration and agglomeration of vacancies. With increas-
ing annealing temperature, the smaller vacancies such as
monovacancies become mobile, and during their migration,
they may encounter the vacancy clusters or other monova-
cancies to form larger vacancy clusters. This is an energeti-
cally favorable process. After further annealing at high tem-
peratures, these vacancy clusters are no longer stable, and
they gradually recover. At 700–800 °C, the S parameter de-
creases to the bulk value, suggesting full recovery of these
vacancies.

For the B+-implanted sample, the annealing behavior of
the vacancies is similar. However, the S parameter increases
to a high value of nearly 1.16 after annealing at 500 °C. This
means that much larger vacancy clusters or microvoids are
formed through annealing. After annealing at 600 °C, the S
parameter begins to decrease. However, it shows a small
increase again at 700 °C, and after that, it decreases gradu-
ally to the bulk value at 900–1000 °C, which indicates an-
nealing out of the vacancy defects introduced by implanta-
tion. The increase of S parameter at 700 °C is repeatable by
performing the same annealing process on another
B+-implanted ZnO film sample grown by pulsed laser depo-
sition. Nevertheless, the underlying mechanism for such ab-
normal increase is not fully understood at present.

The TRIM �Ref. 17� simulation shows that the average
vacancy concentration produced by O+ implantation in the
box layer is about 7�1022 cm−3, while it is 4�1022 cm−3

for B+ implantation. Therefore, it is expected that a little
larger size or higher concentration of vacancy clusters will
be formed in the O+-implanted sample. This has been re-
flected by a higher S parameter in the O+ as-implanted ZnO.

FIG. 3. Average S parameter in the implanted layer as a function of anneal-
ing temperature for the O+- and B+-implanted samples.
Nevertheless, after annealing, the S parameter shows very
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slight increase in this sample, suggesting that further ag-
glomeration of the vacancy clusters is very weak. On the
contrary, for the B+-implanted sample, the vacancy clusters
grow into very large size through agglomeration during an-
nealing process. This suggests that boron might have a spe-
cial chemical effect that favors the agglomeration of vacancy
clusters. We have observed the similar chemical effect in the
Al+-implanted ZnO. From the comparison of the Al+ and P+

implantation with the same implantation condition, we found
different annealing behaviors for the implantation-induced
defects. The vacancies in the Al+-implanted sample agglom-
erated into microvoids after annealing, which was indicated
by a much higher S parameter of 1.25 at 600 °C. While for
P+-implanted sample, the S parameter increased only to a
maximum value of 1.15 after annealing at 600 °C.7

Figure 4 shows the Raman spectra measured for the O+-
and B+-implanted samples before and after annealing. In the
as-grown ZnO, there are three phonon modes: E2 at
437 cm−1, A1 �LO� at 575 cm−1, and a multiphonon mode at
331 cm−1. These modes have been commonly observed and
discussed in detail by others.18,19 The other Raman active
phonon modes such as E1 �LO�, E1 �TO�, and A1 �TO� ex-
pected from the group theory are not seen in our measure-
ment because of the backscattering geometry. The dominant
peak E2 is characteristic of the ZnO wurtzite structure and
the peak at 575 cm−1 might be induced by defects. After
implantation, the peak at 575 cm−1 becomes strong and
broad. This is apparently due to the implantation-induced
damage, which has been observed in other ion-implanted
ZnO.3,7,20 The high density of defects introduced by implan-
tation cut the long range lattice ordering, therefore the Ra-
man selection rules are relaxed, and many other phonon
modes which are forbidden in the perfect lattice participate
in the Raman spectrum, thus contribute to the broad peak at
575 cm−1. This broad peak has been attributed to the oxygen
vacancy �VO� since it also appears in the ZnO grown under

21,22

FIG. 4. Raman spectra measured for the O+- and B+-implanted ZnO
samples after annealing.
oxygen deficient condition. In the electron irradiated
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ZnO, we also observed the same Raman peak at around
575 cm−1,23 and the thermal recovery of this broad peak
agreed well with that of oxygen vacancies.24

From Fig. 4, we can see that the broad peak in the
O+-implanted sample is much smaller than that in the
B+-implanted one, which implies a much lower concentra-
tion of oxygen vacancies produced by O+ implantation. This
result also supports the assignment of the broad peak at
575 cm−1 to VO induced phonon mode. Much of the VO will
be killed by the implanted O+, which results in a relatively
lower concentration of VO. As the VO is invisible to
positrons,10,13 Raman scattering measurements give us com-
plimentary information about defect evolution during anneal-
ing process.

With increasing annealing temperature, the broad peak in
both O+- and B+-implanted samples decreases gradually.
However, their annealing processes show some differences.
We integrated the intensity of the broad defect peak
�500–640 cm−1� and calculate its ratio to the sum of the 575
and 437 cm−1 peak �380–640 cm−1�. This ratio is plotted in
Fig. 5 as a function of the annealing temperature. In the
O+-implanted sample, the 575 cm−1 peak decreases rapidly
and reaches the same level as the unimplanted sample after
annealing at 400 °C. This means that VO disappears early at
400 °C. While for the B+-implanted sample, the broad peak
remains high intensity until annealing at 700 °C, indicating
that VO has much higher thermal stability in the
B+-implanted ZnO.

We may find the correlation between the Raman data and
the positron annihilation results. Agglomeration of vacancy
clusters involves combining small vacancies such as mono-
vacancies �VZn and VO�, so that the size of vacancy cluster
increases. This means that VO has a contribution to the va-
cancy cluster agglomeration. In the O+-implanted sample,
the number of VO is much smaller as compared with that in
the B+-implanted sample, and they disappear rapidly after
annealing, therefore their contribution to the vacancy cluster
growth is also small. In other words, the agglomeration of
vacancy clusters is limited due to the low concentration and
weak thermal stability of VO. This might be the reason for
the slight increase of S parameter after annealing. When VO

FIG. 5. Relative ratio of the integrated 575 cm−1 peak intensity to the sum
of the 437 and 575 cm−1 peaks as a function of annealing temperature for
the O+- and B+-implanted ZnO.
disappears at 400 °C, the agglomeration of vacancy clusters
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also comes to a stop. For the B+-implanted sample, it intro-
duces much higher concentration of VO, and they are stable
up to 700 °C, thus the vacancy cluster can grow into a suf-
ficiently large size. This may well explain the positron anni-
hilation results.

The chemical effect of boron is thus due to the stabili-
zation of VO. During annealing, the oxygen vacancies may
recover mainly in two ways: one is the recombination with
oxygen interstitials �Oi�, another way is the migration to
sinks. The boron impurity might trap Oi produced by implan-
tation and form oxide complexes such as B2O3. Since the
B2O3 compound has a much lower enthalpy of formation
�−1273.5 kJ/mol� than ZnO �−350.5 kJ/mol�,25 the forma-
tion of such complex is very likely. Due to this complex
formation, the recombination of VO with Oi is suppressed, so
the oxygen vacancies are stabilized. When these mobile oxy-
gen vacancies cannot find sinks to anneal, they are likely to
contribute to the formation of large vacancy clusters or mi-
crovoids through agglomeration. While for O+ implantation,
as it is a self-atom in ZnO, there is no complex formation
with Oi. On the contrary, the O+ implantation produces large
amounts of oxygen interstitials, which will expedite the re-
combination of VO with them. Therefore, we can observe a
fast recovery process of the oxygen vacancies. The agglom-
eration of the vacancy clusters is therefore suppressed.

The analysis of the S-W plot from the Doppler broaden-
ing measurements shown above can give some information
about the defect complexes involving the implanted impuri-
ties. However, the S-W plot for the O+- and B+-implanted
samples shows nothing special. This means that the im-
planted O+ and B+ do not form complexes with the vacancy
defects. The implanted oxygen atoms are probably activated
from interstitial site to the ZnO lattice location after anneal-
ing, while most of the B impurities are combined with the Oi

as suggested by the Raman measurements.
In our previously Al+-implanted sample, the Al2O3 com-

plexes may also have been formed, which has been sug-
gested by many other researchers,26,27 as it has even lower
enthalpy of formation �−1675.7 kJ/mol� than that of B2O3.
Therefore a very high Doppler broadening S parameter was
observed after annealing at 600 °C, which suggests forma-
tion of large amounts of microvoids.14 Similar chemical ef-
fect of the damage accumulation has also been observed in
other materials, for example, the C+-implanted Si �Refs. 28
and 29� and GaN.30 The SiC complex formation was pro-
posed to explain the chemical effects in C+-implanted Si.28

IV. CONCLUSION

Positron annihilation and Raman measurements for the
B+- and O+-implanted ZnO show that the annealing process
of the implantation-induced vacancy defects depends on the
ion species. The boron impurities might trap oxygen intersti-
tials and form complexes, which stabilize the oxygen vacan-
cies up to 700 °C. These oxygen vacancies are coalesced
with vacancy clusters and evolve into microvoids. A high
annealing temperature of 900–1000 °C is needed to fully
remove these microvoids. On the contrary, the oxygen vacan-

+
cies in the O -implanted sample are easily removed at low
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annealing temperature of 400 °C. As a result, the vacancy
agglomeration process is limited and no microvoid is ob-
served. A lower temperature of 700–800 °C is enough to
anneal out all the vacancy defects in this sample.
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