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ABSTRACT

It is known that the behavior of residual Li in ion implanted ZnO depends on the preferential localization of the implants, in par-
ticular, forming characteristic Li depleted or Li pile-up regions for Zn or O sublattice occupation of the implants due to the cor-
responding excess generation of Zn and O interstitials in accordance with the so-called “+1 model.” However, the present study
reveals that conditions for the radiation damage annealing introduce additional complexity into the interpretation of the Li
redistribution trends. Specifically, four implants residing predominantly in the Zn-sublattice, but exhibiting different lattice
recovery routes, were considered. Analyzing Li redistribution trends in these samples, it is clearly shown that Li behavior
depends on the defect annealing kinetics which is a strong function of the implanted fluence and ion species. Thus, Li depleted
and Li pile-up regions (or even combinations of the two) were observed and correlated with the defect evolution in the samples.
It is discussed how the observed Li redistribution trends can be used for better understanding a thermal evolution of point
defects in ZnO and, in particular, energetics and migration properties of Zn interstitials.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5083226

I. INTRODUCTION

ZnO is a direct wide bandgap semiconductor having
numerous outstanding properties and potential applications
in optoelectronics, spintronics, gas sensors, etc.1,2 Non-
toxicity, amenability to wet chemical etching, and availability
of single crystalline material in addition to the large variety of
nanostructure morphologies make ZnO an extremely promis-
ing material, which potentially can replace GaN—another
wide bandgap semiconductor and currently a dominating
material for optoelectronic devices operating in the blue and
UV spectral range.3 However, the doping asymmetry issue
typical for II-VI semiconductors, where only n-type conduc-
tivity is easily achievable, limits the application prospects of
ZnO.4 The origin of this effect is still under debate, and one of
the potential sources for the doping asymmetry is the native
donor-type defects having low formation energy—zinc

interstitials (Zni’s) and oxygen vacancies (VO), as well as their
complexes.4,5 The impact of these defects should be more
pronounced in ion implanted ZnO because of radiation-
induced defects. Furthermore, defects can mediate dopant
diffusion,6 affect magnetic properties,7 and lead to the
appearance of shallow acceptor states in ZnO, not directly
related to the introduced dopant atoms.8 Therefore, despite
that ion implantation is a very attractive technological tool,
which can be used for selective area doping at precise depth
with a dopant concentration that can exceed the solubility, a
better understanding of the formation and evolution of ion-
induced defects is necessary.

Ion implantation-induced phenomena in ZnO have been
intensively studied during the last decade.9–29 In particular, it
has been shown that ZnO exhibits extremely efficient
dynamic annealing even at cryogenic temperatures, leading
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to a high radiation tolerance.9,10 Moreover, implantation
parameters such as collision cascade density and an ion flux
play a minor role in defect accumulation in ZnO.11,27,28

However, defects of various types formed during ion
bombardment11–15 and post-implantation annealing are typi-
cally used to restore the crystalline structure and also to facil-
itate the substitution of the implanted ions at lattice sites.16–24

The studies of ion-implanted ZnO have demonstrated highly
intriguing features, where both the formation and annealing
of ion-induced defects in ZnO strongly depend on the
implanted species.9,11,19,25,26 The specific dopant-defect reac-
tions can lead to very unusual defect evolution upon anneal-
ing. For instance, it has been shown that defects induced by
rare earth elements exhibit enhanced thermal stability as
compared to other heavy ions, while damage in N implanted
samples demonstrates anomalous reverse annealing where
the damage increases during an early stage of the annealing.19

These features considerably complicate the removal of ion-
induced defects as well as the prediction of the final dopant
distribution.

Meanwhile, it was shown that the behavior of residual
group-Ia impurities, such as Li, can be efficiently used for
investigating the preferential sublattice localization of
implanted ions in ZnO.29 In particular, it was concluded that
Li depleted regions and Li pile-up regions form in the course
of anneals of ZnO implanted with Zn and O-substituting ele-
ments, respectively. It was suggested that the formation of Li
depleted regions is attributed to the interaction of Li atoms
with Zni’s injected from the damaged region. Indeed, in
hydrothermally grown n-type ZnO, Li atoms preferentially
occupy Zn sites (LiZn) and the formation of the Li depleted
region is ascribed to fast moving interstitial Li (Lii) formed via
the kick-out reaction (Zni + LiZn→ ZnZn + Lii).

29 An excess of
Zni’s needed for this reaction to occur is formed due to the
preferential incorporation of implanted atoms on Zn sites, i.e.,
following the so-called “+1 model.”30 For clarity, this scenario
is illustrated by the schematics in Fig. 1 where two possible
mechanisms of Zni injection during the post-implant anneal-
ing are shown and labeled as (a) and (b). In particular, Fig. 1(a)
corresponds to the case where the dopant atom wins a
vacancy position over Zni, while Fig. 1(b) corresponds to the
direct kick-out reaction of implanted species with the Zn
atom situated in the lattice position. Both mechanisms should
lead to the Zni excess in the implanted region. It should be
noted that a third mechanism of Li depleted region formation
could be considered for impurities which have a high diffusiv-
ity and can directly interact with Li. For example, it was dem-
onstrated that Na starts to diffuse in ZnO already at the
temperatures as low as 600 °C and the dominant trap for fast
diffusing Na atoms is LiZn.

31 As a result, Na diffusion tail
accompanied by a Li depleted region can form. However, this
case is out of scope of the present work, where we study the
evolution of ion-induced structural disorder concurrent with
the redistribution of Li impurity in ZnO samples implanted
with typical Zn-substituting elements, such as Er, Cd, and Si.
We show that the kinetics of defect annealing plays a sub-
stantial role in Li redistribution and that the Li behavior can

be used for the investigation of Zn/O type defect balance as
well as defect evolution in ZnO during post-implant
annealing.

II. EXPERIMENTAL

Hydrothermally grown wurtzite (0001) ZnO single crystal
wafers were implanted at room temperature with 166Er+,
112Cd+, and 28Si+ ions to different fluences and energies, as
indicated in Table I summarizing the implantation parameters
used in the present study. Note that Er and Cd implants were
carried out at 7° off the [0001] direction in order to reduce
channeling, while Si implantation was deliberately performed
along the [0001] direction. After implantation, the samples

TABLE I. Implantation parameters used in this study. The projected ranges (Rp) of
implanted ions and the depth of maximum of the nuclear energy loss profiles (Rpd)
were calculated with SRIM code46 (notably, for Si, Rp was measured by SIMS as
labeled with *). The Li residual content was found to be homogeneous through the
as-implanted samples and also indicated in the table for reference.

Ion
Energy
(keV)

Fluence
(1015 cm−2) Rp (nm)

Rpd
(nm)

Tilt angle
(deg)

Li
(1017 cm−3)

166Er 50 1.5 15 10 7 2
166Er 200 0.8 40 27 7 2
112Cd 250 5 60 40 7 2
28Si 375 10 360/460* 260 0 0.2

FIG. 1. Scenario of Zni’s injection from the damaged region with subsequent
kick-out reaction with substitutional Li in ZnO implanted with Zn substituting
element (schematics of a single collision cascade and a typical depth profile of
atomic displacements averaged over many cascades are shown for clarity).
When annealed, the implanted species substitute for the Zn atom in its sublat-
tice and two possible mechanisms of Zni injection, labeled (a) and (b), are
shown. The inset also shows a Li depleted region formed due to a kick-out
reaction of injected Zni with LiZn where Li atoms, transferred to the interstitial
form, diffuse deeper into the bulk of the sample.
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were annealed in the temperature range of 500-1000 °C for
30min in air. It should be noted that alternatively annealing
can be performed in vacuum32,33 or by electron beam irradia-
tion.34 However, vacuum annealing (including electron beam
annealing, which typically requires high vacuum as well) can
lead to a significant surface degradation.33 Therefore, in order
to avoid additional complications related to changing the
defect balance at the surface and surface decomposition, all
the anneals were performed in air, which was found to be suf-
ficient in terms of avoiding surface alteration at the tempera-
tures used in the present study.33,35

The ion-induced structural disorder was analyzed by
Rutherford backscattering spectrometry in channeling mode
(RBS/C) with 2.0 or 1.6MeV 4He+ ions backscattered into
detectors placed at 100° and 165° relative to the incident
beam direction. The so-called glancing-angle detector geom-
etry (100°) was used to provide enhanced depth resolution
specifically in the near-surface region, while the 165° back-
scattering angle was used to provide enhanced mass resolu-
tion to examine the behavior of the implanted ions. The RBS/
C spectra were analyzed using a conventional algorithm,36

allowing the determination of an effective number of intersti-
tial defects (scattering centers). The fraction of implanted
atoms occupying substitutional sites (non-scattering along
the [0001] direction) was deduced by comparing the spectra
obtained under channeling and random conditions, taking
into account the shadowing effect. Therefore, the fraction of
X atoms occupying Zn-sites has been calculated as
fXS ¼ (1� χXmin)=(1� χZnmin), where χXmin and χZnmin are integrated
yields of the channeling spectra relative to the random ones
in the region corresponding to the implanted area for X and
Zn, respectively.

Li is one of the main residual impurities in the hydrother-
mally grown ZnO material, and the samples used in the
present study contain Li with a concentration of 2 × 1017 cm−3

(for Er and Cd implants) or 2 × 1016 cm−3 (for Si implantation).
Li concentration versus depth profiles were measured by sec-
ondary ion mass spectrometry (SIMS) using a Cameca IMS 7f
microanalyzer with 10 keV O2 ion as the primary beam for the
analysis. The SIMS intensity to concentration calibration was
performed using as-implanted samples as a reference, while
the time to depth conversion was performed by measuring
the crater depth using a Dektak 8 stylus profilometer and
assuming a constant erosion rate.

III. RESULTS AND DISCUSSION

A. Role of the implanted fluence

Figure 2(a) shows RBS/C spectra of ZnO samples
implanted with 50 keV Er ions to a fluence of 1.5 × 1015 cm−2

before and after annealing, and Fig. 2(b) shows the corre-
sponding Li concentration versus depth profiles. The implan-
tation leads to the formation of a pronounced defect peak
positioned slightly deeper than the projected range, Rp.
Figure 2(a) unveils that defect annealing starts near the
surface already at 600 °C and then gradually proceeds from
both sides of the disorder peak until nearly complete lattice

recovery occurs at 1000 °C. Concurrently, the impact of the
annealing on the substitutional fraction of Er atoms is illus-
trated by the inset in Fig. 2(a), plotting the non-scattering
fraction of Er atoms as a function of annealing temperature. It
is seen that almost all Er atoms are located at substitutional
(non-scattering) positions already in the as-implanted state.
However, Er atoms start to move out of their substitutional
positions already at moderate temperatures (600 °C) and Er
outdiffusion to the surface becomes pronounced at 800 °C.
The 1000 °C anneal leads to a complete Er segregation at the
surface.37

It should be noted that the defect removal occurring at
600, 700, and 800 °C anneals is accompanied by a strong Li
redistribution with the formation of a gradually advancing Li
depleted region, extending up to 13 μm in depth after 800 °C
[see Fig. 2(b)]. At higher temperatures, Li starts to diffuse
back, refilling the depleted region (see the 900 °C Li profile).
Such Li behavior was previously claimed to be typical for ZnO

FIG. 2. (a) RBS/C spectra (acquired with 100° detector geometry and 2 MeV
He+ beam) of ZnO implanted with 50 keV Er ions to 1.5 × 1015 cm−2 before
and after annealing as indicated in the legend and (b) corresponding Li con-
centration versus depth profiles as measured by SIMS. The substitutional
(non-scattering) Er fraction as a function of annealing temperature is shown in
the inset in panel (a).
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implanted with Zn-substituting elements as discussed in
Sec. I (Fig. 1). The only important difference of the process
occurring in Fig. 2 from that shown in the schematics in Fig. 1
is that for Er most of the implanted atoms reside on Zn sides
already in the as-implanted state, but this fraction decreases
during the anneals [the inset in Fig. 2(a)]. Thus, both the
kinetics of defect annealing and the evolution of the substitu-
tional fraction of implanted atoms should be taken into
account for the interpretation of Li redistribution at each spe-
cific annealing temperature.

For this purpose, Fig. 3 shows the amounts of Li atoms
removed from the depleted region (ΔLi) and the number of
displaced Zn atoms as a function of annealing temperature as
deduced from SIMS and RBS/C data, respectively. It can be
seen that a linear decrease of the amount of Zn sublattice
defects in the temperature range of 600-900 °C is accompa-
nied by a gradual increase of ΔLi. Further analysis can be per-
formed normalizing ΔLi to the number of annealed defects
(ΔLidef ) or to the fraction of the Er atoms located in substitu-
tional positions (ΔLiEr), and the values of ΔLidef and ΔLiEr as a
function of annealing temperature are shown in the inset in
Fig. 3. As mentioned in Sec. I, the mechanism of the formation
of the Li depleted region involves the release of Zni’s from the
damaged region. Therefore, ΔLidef and ΔLiEr are dimensionless
parameters indicating the efficiency of injection of Zni’s
relative to the defect annealing and Er incorporation,
respectively.

According to the inset in Fig. 3, ΔLiEr rapidly increases
with temperature reaching ∼1.3 after 800 °C. This result cor-
roborates well with “+1 model”30 where the total fluence of Er
atoms incorporated in Zn sublattice equals to the number of

Zni’s injected into the bulk and reacted with Li atoms. It
should be noted that the formation of stable vacancy related
complexes can affect an excess of Zni’s, so the magnitude of
ΔLiEr in excess of unity may indicate a stabilization of VZn via
the formation of Er-related defect complexes. At lower tem-
peratures (600 and 700 °C), ΔLiEr is far below unity indicating
that there is another factor limiting the number of Zni’s
released from the damaged region. In fact, the balance
between the processes of defect annihilation and release of
Zni’s determines ΔLidef, and the inset in Fig. 3 shows that
ΔLidef does not exceed 1%. Such a low value of ΔLidef indicates
that the efficiency of Zni injection into the crystal bulk is rela-
tively low, and the major part of defects annihilate within the
damaged region.

It should be noted that exact mechanism of Zni injection
for Er implants is not well understood and it could be differ-
ent from that for other ion species. For example, it was dem-
onstrated that Zn precipitation formation and Li depletion are
well correlated in Zn implanted ZnO single crystals.38

Specifically for Er, a formation/dissociation of optically active
defect centers in the course of annealing can play a role.21

Furthermore, a large strain can be accumulated in heavily
damaged crystals and it was shown that this strain may act as
a driving force for defect transformation with increasing
ion fluence.15 Evidently, release of the strain due to defect
thermal evolution may also affect Zni behavior. However,
more work is needed to reveal and generalize the mecha-
nisms of Zni injection from the damaged area into the bulk.

The defects in the samples implanted with about half the
Er fluence used in Fig. 2 and higher energy exhibit a very dif-
ferent behavior with temperature as compared to the high
fluence case shown in Fig. 2. Indeed, the disorder profiles in
the samples implanted with 200 keV Er ions to 8 × 1014 cm−2

[Fig. 4(a)] exhibit an intriguing multipeak defect distribution
with a well-defined intermediate peak (shown by the arrow
and labeled as IP) in between the conventionally expected
surface and bulk damage peaks labeled as SP and BP, respec-
tively. Annealing at ≤800 °C does not affect the defect distri-
bution but results in some “sharpening” of the IP. Heat
treatment at 900 °C leads to removal of the IP and further
increase of the annealing temperature results in almost com-
plete lattice recovery as well as Er outdiffusion, resembling
the behavior of the high fluence sample [Fig. 2(a)].

Importantly, irrespective of the implanted fluence, the
substitutional Er fraction shows a similar trend as a function
of temperature [insets in Figs. 2(a) and 4(b)]. However, the
corresponding Li behavior is different, as seen from the com-
parison of Figs. 2(b) and 4(b). Indeed, already upon the 700 °C
anneal, Li pile-up is observed at the depth around Rpd [shown
by the dashed line in Fig. 4(b)] and a relatively weak Li
depleted region forms right behind the Rpd. After 800 °C, the
Li pile-up around Rpd becomes more pronounced, while the Li
depleted region practically vanishes. The absence of the Li
depletion is consistent with minor defect annealing at the
temperatures up to 800 °C and, therefore, negligible Zni injec-
tion as may be expected from the RBS/C results [Fig. 4(a)].
At this end, it may be concluded that the mechanism labeled

FIG. 3. Amount of Li removed from the depletion region (ΔLi) as deduced from
SIMS data (stars, right-hand scale) and total number of displaced Zn atoms
(scattering centers) as deduced from RBS/C data (squares, left-hand scale) as
a function of annealing temperature. The inset shows the ΔLi normalized to the
substitutional Er fraction (ΔLiEr) and to the number of defects annealed (ΔLidef )
as a function of temperature.
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as (a) in Fig. 1 plays a dominant role on Zni injection from the
damaged region for Er.

It should be noted that the Li pile-up around Rpd is quite
intriguing. Indeed, previously, Li accumulation at the depth of
the implanted damage peak was observed in ZnO implanted
with O39 and O-substituting elements such as N.29 The obser-
vation was attributed to the Li trapping via the formation of
LiZn-Oi complexes that are likely to occur under O-rich con-
ditions.40 Evidently, an excess of Oi’s is needed for the effi-
cient formation of such complexes and the surplus of Oi was
thought to occur because of the preferential incorporation of
the implanted species on the O-sites. However, in Fig. 4 we
do not observe this correlation as the major part of implanted
Er atoms occupies non-substitutional sites after 800 °C
anneals [see the inset in Fig. 4(b)], and therefore, other pro-
cesses should be responsible for the accumulation of Li. One

process could be an enhanced vacancy clustering in the
damaged region, and therefore, the Li pile-up can be attrib-
uted to efficient Li trapping at open-volume defects.41

Surprisingly, our results reveal the potential role of IP defects
in Li trapping. Indeed, the position of the Li pile-up corre-
sponds well to the IP in the defect distribution [Figs. 4(a) and
4(b)], and the Li pile-up dramatically decreases at the temper-
ature when the IP becomes unstable (900 °C). Although the
formation of an IP was previously observed in ZnO samples
implanted by ions generating dense collision cascades, the
mechanisms of the IP formation are not well under-
stood.11,13,20,27 Myers et al.13 have suggested that the IP is
related to an interface between Zn-rich extended defects and
near the surface nano-cavities, which can explain Li trapping
at this range too. The formation of an O deficient region
between the sample surface and Rp implanted ions was also
recently reported for Yb implanted ZnO single crystals by
high resolution SIMS measurements.42 One of the possible
reasons for the formation of open volume defects can be
related to local stoichiometric disturbances in the collision
cascades.43 Therefore, an enhanced concentration of O
vacancies is expected in the near surface region and this
process can affect both Li and dopant redistribution after
annealing, as demonstrated recently in Ref. 44. It is important
to note that our results also indicate a different nature of the
defects in the IP as compared to either SP or BP.

B. Two stage damage annealing

Cd is an almost ideal Zn-substituting element in ZnO,45

and in contrast to Er, the substitutional Cd fraction increases
with temperature and reaches ∼95% after 800 °C anneals [see
the inset in Fig. 5(a)]. Figure 5(a) shows the RBS/C spectra of
the samples implanted with Cd before and after different
anneals. It can be seen that the implantation produces a
strong damage peak around Rp, and the defect annealing for
Cd seems to proceed in two stages. The first stage occurs at
≤500 °C and is associated with a strong annealing of uncorre-
lated defect structures, such as point defects and small defect
clusters, mainly situated around Rp. It can also be noted that
the substitutional fraction of Cd decreases from about 90% in
the as-implanted case (similar to higher fluence Er) to about
40% after 500 °C and then returns to a nearly full substitu-
tional fraction upon further annealing. The high dechanneling
yield without a well defined damage peak after annealing, as
seen in Fig. 5(a) at depths larger than Rp, indicates predomi-
nantly extended defects and the second stage is attributed to
gradual annealing of these defects at higher temperatures as
clearly seen from the decreasing RBS/C yield. It has also been
suggested that extended defects act as strong sinks for mobile
point defects and, therefore, play a substantial role in the
defect evolution at the first stage.14

However, in spite of the high substitutional Cd fraction,
the Li depletion is rather modest reaching ∼3 μm only after
800 °C as illustrated by Fig. 5(b), showing the Li concentration
vs depth profiles in the Cd implanted samples after 600
and 800 °C anneals. The integrated amount of removed Li

FIG. 4. RBS/C spectra (acquired with 100° detector geometry and 2 MeV He+

beam) of ZnO implanted with 200 keV Er ions to 8 × 1014 cm−2 before and
after annealing as indicated in the legend [the random spectrum is similar to
that shown in Fig. 2(a)]. Corresponding Li concentration versus depth profiles
as measured by SIMS are shown in panel (b). The vertical, dashed lines in
panel (b) mark the Rpd of the implanted ions. The substitutional (non-
scattering) Er fraction as a function of annealing temperature is shown in the
inset in panel (b).
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normalized to the amount of substitutional Cd atoms, ΔLiCd,
is about 0.012 for both annealing temperatures. Such a low
value of ΔLiCd indicates that injection of Zni’s from the
damaged region at the second annealing stage is limited.
Furthermore, in strong contrast to Er, Zni injection due to the
direct kick out reaction [see the mechanism Fig. 1(b)] cannot
be excluded.

C. Thermal stability of extended defects

Previously, it has been shown that the sample orientation
in relation to the incident beam primarily affects the amount
of uncorrelated defect structures, while the formation of
extended defects, such as stacking faults or dislocation
loops, has a weak dependence on ZnO crystal orientation.14

Therefore, the samples were implanted by Si ions along the
[0001] direction in order to create predominantly extended
defects. Figure 6 shows RBS/C spectra of the Si implanted

samples, and the spectrum of the as-implanted sample dem-
onstrates a shape with high dechanneling behind Rpd without
a well-defined damage peak. Such spectrum shape is typical
for the samples where extended defects dominate14,15 and
corroborate with previously reported results on channeling
implantations into ZnO single crystals.14 It is worth to notice
that defect annealing kinetics in the samples implanted with
Si exhibits quite intriguing behavior different from other
cases. Indeed, Fig. 6 shows that Si induced defects are stable
at the temperatures up to 500 °C, while 600 °C annealing
leads to the rapid recovery of the crystalline structure and
RBS/C spectrum of the 800 °C annealed sample almost
resembles the unimplanted one, indicating practically com-
plete defect annealing.

It should be noted that, in contrast to point defects and
small defect clusters, a complete removal of ion-induced
extended defects in ZnO typically requires relatively high
temperatures exceeding 900-1000 °C as reported for other
ion species including Ag (Ref. 14), Au (Ref. 19), and N (Ref. 47).
Furthermore, the implanted atoms themselves can stabilize
radiation defects while pronounced loss or out-diffusion of
implanted atoms may lead to an efficient recovery of the crys-
talline lattice.19 However, this is not the case for Si implanted
samples since our measurements reveal only a minor Si redis-
tribution for the temperatures up to 800 °C (not shown) and
other mechanisms involving implanted Si atoms should be
considered. Despite that Si is a promising donor impurity in
ZnO that could be used for a fabrication of transparent con-
ductive oxides,48 there are only a few reports on defect
behavior in Si implanted ZnO.11,49,50 Importantly, it was dem-
onstrated that, in contrast to many other ion species, dopant-
defect reactions dominate the damage formation for Si
implanted ZnO, which can even lead to amorphization of
ZnO.11 Exact mechanisms of the enhanced defect formation

FIG. 5. (a) RBS/C spectra (acquired with 165° detector geometry and 2 MeV
He+ beam) of ZnO implanted with 250 keV Cd ions to 5 × 1015 cm−2 before
and after annealing as indicated in the legend and (b) corresponding Li con-
centration versus depth profiles as measured by SIMS. The substitutional
(non-scattering) Cd fraction as a function of annealing temperature is shown in
the inset in panel (a).

FIG. 6. RBS/C spectra (acquired with 165° detector geometry and 1.6 MeV
He+ beam) of ZnO implanted along the [0001] direction with 375 keV Si ions
to 1 × 1016 cm−2 before and after annealing, as indicated in the legend.
SRIM-predicted46 Rp and Rpd as well as Rp measured by SIMS of the
implanted ions in correlation with the Zn depth scale are shown by the arrows.
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for Si implantation are not well understood, but it has been
suggested that the formation of SiOx inclusions can play a
role.49 It was suggested that increasing the concentration of
open volume defects during post-implant annealing in Si
implanted samples can be associated with the formation and
growth of such inclusions.49 Using positron annihilation, it
was furthermore demonstrated that the concentration of
open volume defects reaches its maximum at 700 °C and
annealing at higher temperatures leads to the removal of
these defects. It can be speculated that high concentration
of open volume defects affects the thermal evolution of
extended defects, leading to efficient recovery of the crystal
lattice already at moderate temperatures.

Additional information about defect annealing kinetics
can be obtained from Li behavior, and the Li concentration
versus depth profiles for the Si-implanted samples are shown
in Fig. 7. The position of Rp, as measured by SIMS, is depicted
by the dashed line. Surprisingly, Li atoms exhibit a behavior
typical for both Zn and O-substituting elements. Indeed, Li
atoms exhibit a minor redistribution for temperatures up to
600 °C; however, 700 °C anneal leads to the formation of a
pronounced Li depletion extending up to ∼17 μm beyond Rp

and some Li accumulation in the region close to Rpd/Rp.
Annealing at higher temperatures results in further growth of
the Li depletion so that it extends up to ∼100 μm after 800 °C
anneal. In addition, the Li atoms form even more prominent
pile-up around Rpd/Rp with a peak concentration at 5 × 1018

cm−3, exhibiting a shoulder extending up to 15 μm into the
bulk of the sample. In contrast to Er and Cd implants, the
substitutional fraction of Si atoms is not possible to estimate
using RBS/C results alone, because of the relatively low Si
mass. However, formation of a Li depleted region indicates at
least partial incorporation of Si atoms on Zn sublattice.

It should be noted that, an extremely wide Li depletion
for Si may indicate also that LiZn is a dominant trap for fast

diffusing Zni’s. Previously, it was demonstrated that substan-
tial injection of Zni’s occurs relatively fast and a saturation of
Li depletion was observed already after ∼30 s anneals.39

Therefore, in order to estimate an effective diffusivity of Zni’s
(DZn), we use a characteristic time equal to 30 s and Fig. 8
shows Arrhenius plots of the DZn calculated as a square of the
width of the Li depleted region divided by this characteristic
time scale. This simple approach shown in Fig. 8 revealed acti-
vation energies (Ea) of the effective Zni diffusion (DZn) of 3.1
and 2.1 eV for Si and 50 keV for Er implants, respectively. Note
that the obtained values of Ea are higher than that obtained
from electrical measurements of low fluence He-implanted
samples, where authors reported that Ea of Zn interstitials is
0.75 eV.52 However, this difference is not surprising because
of the different nature of the damage formed under low and
high fluence implantation regimes, as well as different ion
species used. In its turn, a difference in absolute values of DZn

for different implants can be attributed to the different
quality of the samples used for Er and Si implantations and,
therefore, different concentration of trapping centers in
these samples.

Finally, note that pile-up of Li around Rp does not nec-
essary indicate that Si atoms readily substitute O-sites (SiO)
in this region. Instead, as mentioned above, formation of
SiOx inclusions is possible in Si implanted samples. These
inclusions can lead to the stabilization of oxygen vacancies,
which are efficient traps for Li atoms. Moreover, SiZn acts as
a donor, so incorporation of Si atoms on the Zn sublattice
should lift the Fermi level position in the implanted region.
In its turn, the formation energy of VZn decreases as the
Fermi level moves toward the conduction band,6,51 and
therefore, the probability of trapping of Li atoms by VZn’s
increases.

FIG. 7. (a) Li concentration versus depth profiles as measured by SIMS in the
Si implanted samples before and after annealing, as indicated in the legends.
Rp of the implanted ions as measured by SIMS is shown by the vertical
dashed line.

FIG. 8. Arrhenius plots of the effective Zni diffusion as a function of reciprocal
temperature for 50 keV Er (stars) and 375 keV Si (circles) implants (see the text
for details).

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 125, 075703 (2019); doi: 10.1063/1.5083226 125, 075703-7

Published under license by AIP Publishing.

https://aip.scitation.org/journal/jap


IV. CONCLUSIONS

The interaction of point defects and defect complexes
with residual impurities, such as Li, provides a possibility to
better understand the kinetics of defect annealing in ion
implanted ZnO, which depends also on ion species and
implanted fluence. For Er, the heavily damaged samples
exhibit a single stage annealing behavior with gradual recov-
ery of crystal lattice accompanied by the formation of the
pronounced Li depleted region, indicating efficient injection
of Zni’s from the implanted region into the bulk. In contrast,
for lower Er fluence, the implantation damage occurs in the
form of a multipeak distribution. This defect structure is
found to be quite stable at temperatures ≤800 °C and Li
pile-up in the vicinity of the implanted region meaning no, or
very limited Zni injection into the bulk of ZnO. High fluence
Cd implanted samples exhibit a two stage defect annealing
behavior, where the second stage at >500 °C is associated
with gradual recovery of extended defects. This stage is likely
to be accompanied with a low rate Zni injection leading to the
formation of relatively limited Li depletion in spite of a high
Cd substitutional fraction. In its turn, the extended defects
produced by channeled Si implantation show lower thermal
stability as compared to those for Cd and almost complete
crystal recovery occurs already after 800 °C. Annealing of
Si-induced defects is also accompanied by Li redistribution
typical for both O- and Zn-substituting elements, which indi-
cates the formation of open volume defects around the Rpd/Rp

region and simultaneous injection of Zni’s into the bulk during
the anneals.
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