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A B S T R A C T

In this paper, we present optical, structural and electrical studies of the phenomenon called concentration
quenching effect occurring in ZnO doped with Rare Earth (RE) ions. For this purpose, the epitaxial ZnO layers
grown by the Atomic Layer Deposition (ALD) are doped by ion implantation with Yb and Er elements with
fluencies ranging from 5 × 1013 to 1 × 1016/cm2. In order to activate optically the implanted RE and to remove
defects, the post-implantation thermal annealing was performed at 800 °C for 10 min in the O2 atmosphere using
a Rapid Thermal Annealing (RTA) system. Two-step processed samples, before and after annealing, were eval-
uated by Rutherford Backscattering Spectrometry (RBS/c) to investigate the damage build-up process in the ZnO
lattice after RE ion bombardment and the lattice site location of RE. The annealed samples were examined using
the photoluminescence (PL) spectroscopy and Hall effect measurements. Our studies show that the luminescence
quenching effect, as well as the electrical resistivity response to the increased RE concentration, are strongly
connected with the threshold of the structural transformation due to defects accumulation. It suggests that
during structural transformations the RE-ion centers are sufficiently close together to be able to interact and
transfer the excitation energy between each other, increasing ipso facto the probability to lose the excitation
energy by non-radiative processes. Moreover, in contrast to the popular belief, that the concentration quenching
effect in RE-doped ZnO depends strongly on the kind of RE-doped ion, the presented results do not provide any
evidence to support such an assumption.

1. Introduction

Even though the research focusing on ZnO started many decades
ago, this material as a semiconductor with a wide and direct bandgap
(~3.37 eV at T = 300 K) has been experiencing a renewed interest due
to its extensive potential application spectrum in microelectronics, or-
ganic electronics, solar cells, biosensors and spintronics [1–5]. How-
ever, the high exciton binding energy (60 meV) of this material pre-
destines it for optical and optoelectronic applications such as light-
emitting diodes and phosphors as well [6–8]. ZnO received also a large
interest because of the easy and cheap technology of the growth of ZnO
crystals and films [9–11]. Especially interesting is the growth by the
Atomic Layer Deposition (ALD) method [9], which might be a per-
spective for industrial large-scale applications [11–13]. It is worth
noting that the low-temperature ALD can be integrated with Organic

Light-Emitting Devices (OLED's technology), which recently develops
very quickly [2,13–15]. Because of that ALD can play a significant role
in future competitive solutions based on organic electronics.

The band-edge light emission from ZnO is located in the violet-blue
spectral range. The doping of ZnO with Rare Earth (RE) can modify the
optical properties of the material and tune the optical emission from UV
to near-infrared. RE elements have been successfully used in optics and
optoelectronic applications of other materials [16–17]. They typically
exhibit characteristic narrow emission lines in the ultra-violet, visible
and infrared spectral regions that originate from the 4f intra-shell
transitions. The 4f electron shell is highly localized, so the intra-shell
transitions of the 4f electrons are only slightly affected by the host
material. Nevertheless, the wide bandgap semiconductors are especially
interesting as host materials because they are expected to overcome the
temperature quenching effect appearing in other materials (e.g. in Si),
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resulting in an effective resonant pumping of the f shell [17–18].
Ion implantation is an attractive tool for doping of materials, where

the RE concentration and depth profile can be precisely controlled by
selecting an appropriate ion fluence and energy, respectively [19–22].
Moreover, ion implantation is a strongly non-equilibrium process al-
lowing an introduction of any kind of atoms into solids with a con-
centration well above solid solubility limits. It has also been found that
PL intensity from RE implanted into the material is a few times higher
as compared to the same material with RE introduced during the
growth process [23]. However, in the as-implanted stage, most of the
RE-dopants in ZnO are optically inactive [24], because of the damage of
the crystal lattice caused by implantation.

In order to get the optical activity of the RE-implanted ZnO system,
thermal annealing is necessary. The thermal treatment leads to the
partial recovery of the crystal lattice damage caused by the RE im-
planted to ZnO. However, it is associated with a simultaneous process
of RE diffusion and agglomeration on the sample surface due to the low
solubility limit [24]. Therefore, a reasonable solution is to find appro-
priate conditions of thermal annealing, which assure a balance between
the crystal lattice recovery and a stable RE profile. The thermal an-
nealing at 800 °C for 10 min in O2 atmosphere is the optimal for ZnO:RE
systems implanted at RT [24]. However, it should be remembered that
for high ion fluence, the plastic deformation threshold can be exceeded,
which results in the creation of the extended complex defects that
cannot be removed by any thermal annealing [25].

Moreover, it has been found that too high an increase of the con-
centration of RE dopant in ZnO matrix yields decreased luminescence
intensity. This is mainly because the increasing energy transfer between
the densely packed RE centers leads to an increased probability to lose
the excitation energy through non-radiative processes [26]. This phe-
nomenon, known as the concentration quenching effect, in RE-doped
ZnO has been only poorly investigated so far and the achieved results
are quite inconsistent [27–28]. Benz et al. [29] demonstrated that
‘optimum concentration’ (concentration for the maximum lumines-
cence intensity) poorly depends on the host matrix, but is strongly re-
lated to the kind of doped RE ion [30]. However, as was shown, even
different preparation conditions of samples could influence a location of
RE in the ZnO matrix, resulting in the various local structure and dif-
ferent values of ‘optimum concentration’ [31–33]. Moreover, it was also
found that an effective optical emission from RE ions strongly depends
on chemical bonding with a surrounding crystal matrix, local ar-
rangement, the symmetry and ligand field strength around the RE ion
[34].

In this paper, we present and discuss the effect of RE concentration
on structural, optical and electrical properties of the ZnO films, aimed
at the comprehensive studies of the quenching phenomenon. In our
case, high-quality ZnO-ALD films were doped by ion-implantation with
the different fluencies of Yb and Er ions. The efficient photo-
luminescence at room temperature was recorded from such ZnO:RE
systems separately in two spectral regions: the UV-visible region, ori-
ginating from near band-gap and deep level emissions (NBE and DLE) as
well as the infrared region due to characteristic emissions from intra-
band transitions of Yb3+ and Er3+. Our results show that the con-
centration quenching effect observed in the optical and electrical stu-
dies is strongly connected with the threshold of the plastic deformation,
which occurs for doping concentrations of RE about 1.5 × 1015 at/cm2.
Our studies also show that there is no significant difference between the
quenching phenomenon of Yb and Er ions, introduced to the ZnO ma-
trix using ion implantation.

2. Experimental conditions

Epitaxial ZnO [0001] films were grown on a commercial GaN/Al2O3

substrate (Kyma Technologies) by Atomic Layer Deposition (ALD)
method [9]. The growth processes were performed in a Savannah ALD
system at 300 °C. The ZnO layer was created as a result of a double-

exchange chemical reaction between diethylzinc and water that takes
place at the surface:

Zn(C2H5) + H2O → ZnO + 2C2H6

The details of the growth process can be found in Ref. [35]. The
crystalline quality of virgin samples was evaluated by RBS/c and
HRXRD. The reciprocal space maps (RSMs) made in the vicinity of
chosen reciprocal lattice spots of the epitaxial layer and substrate
crystals show that the Full Width at Half Maximum (FWHM) of the 00.2
reflection equals to 0.149°, while FWHM of the −1–1.4 reflection is
0.1055°. These values are very close to those obtained for the used
GaN/Al2O3 substrate. The value of the crystalline quality parameter
χmin obtained from RBS/c measurements of ZnO-ALD films is about 4%,
which is close to the value measured for a commercial single ZnO
crystal (MaTecK GmbH). The results confirm the epitaxial quality of
obtained films and were already published [22,36–38]. The layer
thickness was about 1 μm.

Next, the ZnO films were implanted at room temperature (RT) with
150 keV Yb or Er ions to the fluencies ranging from 5 × 1013 to
1 × 1016 at/cm2 at 7° off the [0001] direction, in order to reduce the
channeling effect. The Yb ions were implanted at the Institute of
Electronic Materials Technology (ITME, Warsaw, Poland) using the ion
implanter Balzers MBP 202RP, while the Er ions were implanted at the
Ion Beam Centre, Helmholtz-Zentrum Dresden-Rossendorf (IBC/HZDR,
Dresden), Germany using Danfysik 1090 ion implanter. The RE ion
ranges (Rp) and the depth of the maximum of the nuclear energy loss
profiles (Rpd), determined by SRIM simulations [39], are ~33 and
~23 nm, respectively, while the thickness of the whole modified layer
is about 120 nm.

Since directly after ion implantation the RE atoms remain mostly
optically inactive [24] the RE-implanted layers were subsequently
thermally annealed at 800 °C for 10 min in oxygen ambient using a RTA
system (Accu Thermo AW-610 from Allwin21 Corporation) with high-
temperature growth rate (16 K/s). The time and temperature of an-
nealing were selected based on our previous experience with ZnO-ALD
films implanted with Yb ions [24,38].

Crystal structure quality, post-implantation damages, and post-an-
nealing structure recovery, as well as the RE lattice site location before
and after annealing, were evaluated by the Channeling Rutherford
Backscattering Spectrometry (RBS/c) [40–41] at the IBC/HZDR,
Dresden, Germany, using 1.7 MeV He ions. The backscattered particles
were detected by a silicon surface barrier detector at a backscattering
angle of 170 deg.

The optical properties of annealed RE implanted ZnO were studied
by the PL spectroscopy. For the sample excitation, a UV He-Cd laser
with 325 nm wavelength and 8 mW power was used. The signal was
detected at room temperature through a Jobin Yvon Triax 550 mono-
chromator and two types of detectors: liquid nitrogen cooled InGaAs
detector for measurements in the IR region and a photomultiplier
(Hamamatsu H7732-10) for the UV-visible region, both associated with
a standard lock-in amplifier.

The resistivity, as well as electron concentration and mobility of the
annealed RE-implanted ZnO layers, were obtained from the Hall effect
measurements performed in the Van der Pauw geometry [42] on
10 mm × 10 mm samples using a RH2035 setup provided by PhysTech
GmbH, equipped with a permanent magnet producing the magnetic
field B = 0.426 T. The ohmic contacts to the ZnO films were obtained
by e-beam evaporation of a Ti(100 Å)/Au(400 Å) bi-layer with indium
soldered on the top.

3. Results and discussion

3.1. RBS/c analysis

In the first step, the defect accumulation and defects
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transformations processes in ZnO implanted with Yb and Er were stu-
died. Fig. 1 shows the typical RBS random and aligned spectra obtained
for ZnO implanted with different fluences of RE ions. The Zn signal in
the RBS spectra and the signal originating from RE are separated, which
enables the independent study of ZnO and RE sublattices. The low
energy part of the RBS spectra (up to 1370 keV) represents a signal of
He-ions backscattered from Zn. The aligned spectra in this region il-
lustrate lattice damage as a result of the ballistic nature of the im-
plantation process, allowing the studies of irradiation defect evolution
with increasing ion fluence. In turn, the high energy part
(1400–1550 keV) represents a signal of He-ions backscattered from RE
and the aligned spectra in this region reflect the behavior of RE in the
ZnO matrix.

As can be seen in Fig. 1, a comparison of the random and aligned
RBS spectra in the high energy part leads to the conclusion that, after
implantation, a part of implanted RE atoms is located in the substitu-
tional lattice position. However, a substitutional fraction (fs), defined as
the relative amount of the impurity atoms occupying lattice site posi-
tions [40] for ZnO:RE system decreases as a function of increasing ion
fluence. The numerically evaluated substitutional fractions of RE after
subsequent implantations as well as the value of channeling minimum
yield (χmin) parameters [40], representing the level of the structural
defects in Zn and Yb sublattice are presented in Table 1. The results of
calculation indicate that for the fluencies higher than 2 × 1015/cm2,
the process of RE ions rejection to the interstitial positions is ac-
celerated, but still, about 30% of Yb atoms remain in Zn-substitutional
positions along the (0001) direction. Any significant difference in the
behavior of Yb and Er ions in the ZnO matrix was not noticed. However,
it is worth noting that for similar fluences of Gd-ions implanted into
ZnO the lower values of χmin(Zn) can be found in the literature
[43–44]. Such differences can be assigned to different implantation
conditions, where the ZnO:Gd films were implanted with five times
lower energy or at a higher temperature of the implantation process,
than used in the present experiments, resulting in a lower level of
structural defects formed during the implantation with the same RE
ions fluences. Looking at the low energy region of the RBS/c spectra, no
visible change in the aligned spectra for low fluences of RE was re-
marked. Starting from the fluence of 2.5x1014/cm2 the small double-

damage peak at the top of the dechanneling background appears and
grows up to the fluence equal to 1.5 × 1015/cm2 without changing the
energy position. Above the fluence of 2 × 1015/cm2, the damage peak
intensity sustains its enhancement with the maximum shifted towards
lower energy (i.e. higher depths). Such results indicate that upon ion
implantation to the fluence above of 1.5 × 1015/cm2 a complicated
defect structure has developed. The level of lattice damage after im-
plantation is very similar for both investigated ions.

The McChasy computer code [45–46] based on Monte Carlo simu-
lations was used to analyze the damage depth profiles in the aligned
RBS spectra for ZnO implanted with both: Yb and Er ions. The solid
lines in Fig. 2 show the results of MC simulations performed as the best
fit to the damage peaks assuming randomly displaced atoms (RDA) and
extended defects such as dislocations, dislocation loops, stacking faults,
etc. All of the latter defects cause lattice distortions extending tens of
unit cells, therefore they are modeled as dislocations (DIS). The possi-
bility of simulations using the mixture of defects constitutes the un-
iqueness of the McChasy program. The best fits have been obtained for
RDA (solid lines) and DIS (dashed lines) defect distributions are shown
in Fig. 3a and 3b, respectively. In the RDA depth profiles, three regions
of damages can be distinguished reflecting, characteristic for ZnO im-
planted with heavy ions, atypical damage structure behavior. The

Fig. 1. Random and [0001] aligned RBS experimental spectra obtained for epitaxial ZnO layers implanted with different fluencies of Yb ions.

Table 1
Characteristic parameters for ZnO-ALD layers implanted with different Yb ions
fluences.

Concentration of
Yb [1015 at/cm2]

χmin (Zn) χmin (Yb) fs

0 4.2 4.5 –
0.005 4.2 4.5 1.00
0.01 4.2 6.0 0.98
0.25 12.8 17.4 0.89
0.5 19.0 21.7 0.87
0.75 24.3 25.3 0.85
1 30.6 38.4 0.72
1.5 38.6 39.6 0.72
2 51.1 55.2 0.55
5 73.9 77.8 0.28
10 83.8 75.6 0.34
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deepest region (25–100 nm) is the typical damage peak (DP) related to
the bulk defects after implantation. Although, as can be seen, the
maximum of the DP peak is located at about 40 nm, thus deeper than
indicated by theoretical calculations using the SRIM code [39]. In
contrast, the first region (0–15 nm) corresponds to the atypical damage
peak called intermediate peak (IP), which reflects disorder on the sur-
face due to the oxygen loss [38]. Finally, the region between them
(15–25 nm from the surface), where the low damage level is observed,
is connected with the maximum nuclear energy loss Rpd calculated by
the SRIM code. Such a character of RDA depth profiles is connected
with migration and agglomeration of the defects as has been already
reported before for single ZnO crystals. A detailed description of the
model can be found elsewhere [47]. Both RDA and DIS distributions are
increasing as a function of ion fluences, but even after heavy-ion
bombardment with fluences up to 1 × 1016/cm2, which corresponds to
about 100 dpa (displacement per atom = number of times that an atom

is displaced for a given fluence) the amorphous level was not achieved.
Moreover, the DIS defects are also created deeper (beyond the ion
range) and, for fluences above 1.5 × 1015/cm2, the step-shift of DIS
distributions to a higher depth can be observed. It suggests, that one of
the factors limiting the damage buildup in the ZnO material can be
linked to dislocation mobility. However, it is worth emphasizing that
our observations were performed only in the (0001) direction. The
latest papers show that the defect accumulation process for other
crystallographic directions occurs differently [48–49].

The maxima of RDA and DIS distributions form the defects accu-
mulation curves presented in Fig. 4. The defect accumulation and
transformation in ion-implanted compound crystals is usually a com-
plicated multistep process resulting in the formation of a mixture of
different types of structural defects [47,50–52]. In the case of ZnO-ALD
films, a two-steps accumulation process is observed, although, as al-
ready mentioned, the amorphization level of the structure has not been
achieved. Accumulation curves were fitted by the multistep damage
accumulation model (MSDA) [50]. As can be seen in Fig. 4, the accu-
mulation rate of both kinds of defects is very low in the low fluence
region. Generally, the dynamic heating during the implantation process
i.e. defects migration allowing recombination, is considered to be a
cause of this. However, it is only partially true, because our recent
studies showed an increase of the strain along the c-axis with increasing
ion fluencies due to basal dislocation loops growth [47,52]. That kind
of disorder (perpendicular to the c-axis) cannot be observed in the RBS/
c spectra measured along the (0001) direction. As soon as the critical
value of the stress is achieved, the plastic deformation in the implanted
layer begins, leading to structural relaxation. In the case of ZnO-ALD
films implanted with RE, the mentioned process starts with the ion
fluence higher than 2 × 1014/cm2 and may be observed as a rapid
increase in defect concentrations. Further increase of ion fluence leads
to an increase of defects concentration up to the saturation level of
about 5 × 1015/cm2, which means that the defect structure transfor-
mation has been finished resulting in a creation of the new form of a
defect. The plastic deformation edge position was evaluated for a

Fig. 2. Random and [0001] aligned RBS experimental spectra obtained for
epitaxial ZnO layers implanted with different fluencies of Yb ions. Solid lines in
the Figure are results of MC simulations made with the McChasy code.

Fig. 3. Depth distributions of defects such as a) randomly displaced atoms
(RDA), b) dislocation (DIS) obtained from McChasy simulations.

Fig. 4. Defect accumulation curves obtained for epitaxial ZnO-ALD layers im-
planted with different fluences of Yb and Er ions.
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fluence of about 1.5 × 1015/cm2, which corresponds to the values of
~8 dpa and ~0.14 at.%. This process usually leads to the dislocation
tangles, stacking faults and eventually to crystal mosaic and large defect
clusters formations as well [52]. Such a new form of defects is resistant
to thermal annealing [25]. Any significant difference has not been no-
ticed in the accumulation processes of Yb and Er ions.

3.2. Optical analysis

The defects produced during the ion implantation process quench
most of the luminescence from the ZnO film, and RE-dopants in as-
implanted ZnO are optically inactive. Therefore, annealing is needed
for structure recovery and dopant activation. The thermal treatment
leads to the recovery of the crystal lattice damage caused by RE im-
planted into ZnO, but it is associated with a simultaneous process of RE
diffusion and agglomeration on the surface of the layer due to the low
solubility limit [24]. Thus, the selected parameters of thermal an-
nealing (RTA 10 min, 800 °C, O2 atmosphere) are a tradeoff between
the perfect recovery of the crystal and a stable impurity depth profile
[24–25]. It is worth noting that the annealing in such conditions
completely removes lattice damage from the near-surface region of ZnO
[38].

In order to investigate the effect of RE-concentration inside ZnO on
the PL emission intensity, the photoluminescence measurements for RE-
ion implanted-annealed ZnO layer (hereafter called ZnO:RE system),
were performed at room temperature for both studied ions. The PL
spectra in two spectral regions: visible and near-infrared (IR) were re-
corded.

Typical PL spectra measured in the visible region for the above-band
gap excitation (325 nm) of ZnO:Yb layer are shown in Fig. 5. For
comparison, the PL results obtained for undoped ZnO and after 10 min
RTA are added. For undoped ZnO (Fig. 5a) two peaks can be observed.
One of them corresponds to the near-band-edge emission (NBE) at
380 nm from ZnO and the second broad peak with the maximum at
520 nm, called deep-level emission (DLE) is due to native defects ex-
citation. As can be seen in Fig. 5a, the annealing process enhances
mainly defect luminescence and weakening of the NBE. As was reported
before, the green luminescence in undoped ZnO is commonly ascribed

to zinc vacancies (VZn) [53–54] (and oxygen vacancies, which are
mostly annihilated during annealing in O2 atmosphere [55]) as well as
zinc antisites [31], red emission – to zinc vacancy clusters [55–56],
while the responsibility for the yellow band is frequently assigned to
excessive oxygen (Oi) [31,55]. It is worth mentioning, that experi-
mental results on ZnO native defects published so far are not fully
consistent for samples obtained by different methods and even under
various growth conditions, therefore they do not offer a completely
comprehensive picture of the origin of the observed DLE band. The RE
implantation effectively suppresses both NBE and DLE but this lumi-
nescence returns after annealing [24,38]. Nevertheless, the observed
NBE is weaker for implanted than for undoped ZnO films after an-
nealing. However, it is interesting to note that the annealing atmo-
spheres could significantly affect the shape of PL spectra in the visible
region. As was reported by Kennedy at al. [57] annealing under UHV
conditions leads to the enhancement of the edge emission in the blue
spectral region, which is connected with the creation of Zni defects. On
the other hand, oxygen annealing suppresses the blue edge emission in
favor of lower-energy emission, giving a chance for moving emission
towards a white color. In our case, an increase of the implantation
fluence yields the stronger quenching of the NBE and DLE. Moreover,
the shape of the DLE peak changes for higher RE fluences, suggesting an
enhancing role of such defects as Oi and/or VZn clusters. Besides, the
influence of complexes involving these defects and the defects related to
RE for doped ZnO cannot be excluded as well [58–61].

The annealing process leads also to an optical activation of Yb3+

and Er3+, which makes possible the observation of the 4f transitions
characteristic for both studied ions in the IR region. Because the used
excitation energy is higher than the ZnO bandgap the RE ions are
mostly excited indirectly. In the case of Yb3+, the main transition from
the excited 2F5/2 to the 2F7/2 ground state of Yb3+ give a sharp peak at
980 nm (Fig. 6). Broad peaks situated between 1000 and 1040 nm
correspond to the Yb3+ ion emission vibronic band 2F5/2 to the 2F7/2(n);
n = 1,2,3,4) [62]. In the case of Er3+ the PL emission at around
1534 nm, originating from the transition from the 4I13/2 to the 4I15/2
ground state of Er3+ is observed (PL spectra not shown here). For both

Fig. 5. PL spectra in the visible region for ALD-ZnO layers (a) virgin and (b)
implanted with different fluences of Yb ions and annealed for 10 min at 800 °C
in an oxygen atmosphere.

Fig. 6. PL spectra in the IR region for ALD-ZnO layers implanted with different
fluences of Yb ions and annealed for 10 min at 800 °C in an oxygen atmosphere.
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studied ions, the emission intensity changed non-monotonically with
the RE concentration in ZnO. Moreover, in Fig. 6 the small blue shift of
the main peaks of RE3+ and the change in the vibronic band emission
region for the fluences above 1.5 × 1015/cm2 can be observed, which
marks the changes of the local environment or/and symmetry of the
host material [63–64]. The relationships between the maximum of PL
intensity, for Yb3+ at 980 nm, as well as Er3+ at 1534 nm, and the RE
content are shown in Fig. 7. As can be seen, when the Yb fluence is
lower than 1.5 × 1015/cm2 the PL intensity increase with the Yb
content. For fluences higher than 1.5 × 1015/cm2 the PL intensity
suddenly decreases, especially when the Yb content reaches 2 × 1015/
cm2. Further increase of the fluence leads to a moderate increase of the
PL intensity, probably because the damage level of the structure is very
high and a threshold of the plastic deformation is reached. It also in-
directly suggests that due to the low solubility limits of RE ions in ZnO
and high mobility of atoms during annealing, not only a secondary
phase of RE2O3 or/and other RE-related clusters may be formed [61],
but optically active centers with RE 3+ ions may be created in the
mosaic grain boundary region [65]. Additionally, for RE fluence higher
than 2 × 1015/cm2 an agglomeration of interstitial RE ions in the op-
tically non-active clusters form can occur. The latter supposition is
consistent with the results of the electrical studies shown in the next
paragraph.

It has been found that the dose-dependences described above are
similar for both studied ions. However, as shown in Fig. 7, some dif-
ferences between the RE dose-dependences of the PL intensity for Yb
and Er are visible. In the case of erbium, the inflection point appears for
a little bit lower fluence.

3.3. Electrical studies

Electrical resistivity measurements of the RE-implanted ALD–ZnO
layers are consistent with earlier observations concerning the behavior
of RE-implanted ZnO material. The dependences of electrical resistivity
of ZnO:Yb and ZnO:Er thin films as a function of the RE concentration
measured by the Hall Effect are presented in Fig. 8. Krajewski et al.
have shown the carrier concentration of about n ~ 1018/cm3 for the
ZnO layers implanted with Yb or Dy to the fluence of ~1015 at/cm2

[25]. As a result of the post-implantation RTA annealing, the carrier
concentration increases and tends to stabilize, after 10 min RTA. It is
usually assigned to the temperature-induced migration of RE ions from
the substitutional positions in the Zn sublattice to the interstitial ones.
The carrier concentration of ZnO:Yb layers as a function of the Yb

fluence, reveal similar dependencies as reported in Ref. [25], which is
also reflected in the dose-dependence of resistivity shown in Fig. 8. The
resistivity of Yb implanted ZnO initially decreases rapidly from a
3.2 × 10−2 Ωcm to 2.8 × 10−2 Ωcm with increasing Yb fluence up to
1.5 × 1015/cm2 and increases gradually for the further increase of Yb
fluence. A similar dependence of electrical resistivity of ZnO:Er systems
with different Er concentrations is observed. The initial rapid decrease
in resistivity up to the fluence 1.5 × 1015 RE ions/cm2 again clearly
indicates that most of the RE substitute Zn as donor dopant in the ZnO
lattice and hence introducing the free electrons to the ZnO lattice [38].
Nevertheless, as structural studies have shown, the high doping con-
centration of RE in the ZnO lattice results in the interstitial RE ions in
the ZnO matrix (additionally enhanced by annealing [24,38]. Inter-
stitial RE is in 3+ valence state, thus interstitial RE3+ may be con-
sidered as a donor-type defect. The resistivity enhancement observed
for fluences higher than 1.5 × 1015/cm2 suggests an agglomeration of
interstitial RE ions, which may lead to deactivation of a part of RE
donors. Moreover, the PL spectra measured in the visible region and
obtained from heavily implanted ZnO suggest the increase of the con-
centration of some acceptors' defects such as Oi and/or VZn as well,
which may cause the compensation of free carriers, thus keeping the
charge balance in the system and additionally increase the layer re-
sistivity above the fluence of 1.5 × 1015/cm2 with the further tendency
to saturate. Such a hypothesis may also be found in the literature, de-
scribing similar studies [28,31,65].

4. Conclusions

In the paper, the influence of increasing concentration of RE im-
planted into ALD-ZnO epitaxial layers on the structural, optical as well
as electrical properties was thoroughly investigated. Our results de-
monstrate that the concentration quenching effect observed in the op-
tical and electrical studies is connected with the threshold of the plastic
deformation.

Our studies of the implantation process shown, that the defect ac-
cumulation in RE ion-implanted ZnO film is a complicated multistep
process leading to the transformation of structural defects to their new
form. We have found that ion bombardment with a low fluence (below
2 × 1014/cm2) does not cause the damage in the (0001) direction.
However, as demonstrated by our previous works, an increase of stress
along the c-direction with increasing ions fluences can be expected.
Consequently, interstitial atoms, small point clusters and dislocation
loops in other than the (0001) direction are formed. When the critical
value of the stress has been achieved, a plastic deformation due to the

Fig. 7. Dependence of PL intensity of RE3+ signals into ZnO:RE systems on
different RE ions concentration.

Fig. 8. Dependence of electrical resistivity of ZnO:RE system on different RE
ions concentration.
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dislocation slip takes place, leading to the formation of dislocation
tangles, stacking faults, crystal mosaic as well as large defect clusters.
The nature of these clusters needs to be further studied. For RE im-
planted ZnO-ALD films, the threshold of such process (maximum of the
stress) was evaluated for the ion fluence about 1.5 × 1015/cm2, which
corresponds to the values of ~8 dpa. This process seems to be com-
pletely finished for the fluencies above 5 × 1015/cm2. After im-
plantation, a part of implanted RE atoms is located at the substitutional
lattice positions along the (0001) direction. However, a substitutional
fraction of RE ions decreases as a function of increasing ion fluence.
Any significant difference in the accumulation processes and behavior
of Yb and Er ions in the ZnO matrix was not noticed.

An increase of stress for higher RE fluence also contributes to an
enhanced packing of RE centers. Consequently, the transfer energy
between RE centers becomes easier, resulting in the enhanced prob-
ability of losing the excitation energy by non-radiative processes, thus
reducing the RE3+ luminescence. Interestingly, above the plastic
transformation threshold the PL intensity from RE3+ increases again as
a function of ion fluencies with a tendency to saturate. It can be asso-
ciated with the precipitations and agglomeration of RE in the ZnO
lattice which is accompanied by the creation of various defects clusters
as observed in the PL response in the visible region. Because of that, the
similar luminance efficiency was obtained for the fluencies of 1 × 1015

and 5 × 1015/cm2. These changes are consistent with the characteristic
course of resistivity versus ion fluence dependence, because the ag-
glomeration of interstitial RE may lead to the deactivation of a part of
RE ions.

Author contribution

Renata Ratajczak: Conceptualization, Methodology, Funding ac-
quisition, Project administration, RBS and PL Investigation and
Visualization, Writing - Original Draft, Writing - Review & Editing.
Cyprian Mieszczynski: Software, Validation, Formal analysis.
Sławomir Prucnal: Supervisor of PL studies, Formal analysis. Tomasz
A. Krajewski: Supervisor of Hall effect studies, Hall Investigation and
Visualization of Hall results, Formal analysis, Writing - Review &
Editing. Elżbieta Guziewicz: Resources, Supervisor of ALD growth,
Writing - Review & Editing. Wojciech Wozniak: Resources, Formal
analysis of ALD growth processes. Krzysztof Kopalko: Resources,
Formal analysis of RTA processes. Rene Heller: Supervisor of RBS/c
studies. Shavkat Akhmadaliev: Resources, Supervisor of implantation.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgment

This research was carried out under the co-financed international
project supported by the Polish Ministry of Science and Higher
Education (3846/HZDR/2018/0) and Helmholtz-Zentrum Dresden-
Rossendorf (17000941-ST) and the project of National Centre for
Research and Development (PBS2/A5/34/2013)).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2020.146421.

References

[1] K. Nomura, H. Ohta, K. Ueda, T. Kamiya, M. Hirano, H. Hosono, Thin-film transistor
fabricated in single-crystalline transparent oxide semiconductor, Science 300

(2003) 1269–1272, https://doi.org/10.1126/science.1083212.
[2] M. Socol, N. Preda, C. Breazu, C. Florica, A. Costas, C.M. Istrate, A. Stanculescu,

M. Girtan, F. Gherendi, Organic heterostructures obtained on ZnO/Ag/ZnO elec-
trode, Vacuum 154 (2018) 366, https://doi.org/10.1016/j.vacuum.2018.05.039.

[3] A. Baltakesmez, M. Biber, S. Tuzemen, Inverted planar perovskite solar cells based
on Al doped ZnO substrate, J. Radiat. Res. Appl. Sci. 11 (2018) 124, https://doi.
org/10.1016/j.jrras.2017.11.002.

[4] M.L.M. Napi, S.M. Sultan, R. Ismail, K.W. How, M.K. Ahmad, Electrochemical-based
biosensors on different zinc oxide nanostructures: a review, Materials 12 (2019)
2985, https://doi.org/10.3390/ma12182985.

[5] A. Che Mofor, A. El-Shaer, A. Bakin, A. Waag, H. Ahlers, U. Siegner, S. Sievers,
M. Albrecht, W. Schoch, Magnetic property investigations on Mn-doped ZnO Layers
on sapphire, Appl. Phys. Lett. 87 (6) (2005) 062501, , https://doi.org/10.1063/1.
2007864.

[6] C. Jagadish, S.J. Pearton, Zinc oxide bulk, thin films and nanostructures: processing,
properties and applications, Elsevier Amsterdam, London, 2006.

[7] D.G. Thomas, The exciton spectrum of zinc oxide, J. Phys. Chem. Solids 15 (1960)
86, https://doi.org/10.1016/0022-3697(60)90104-9.

[8] Ya.I. Özgür, C. Alivov, A. Liu, M.A. Teke, S. Reshchikov, V. Dogan, S.-J. Avrutin,
H. Cho, J. Morkoc, A comprehensive review of ZnO materials and devices, J. Appl.
Phys. 98 (2005) 04130, https://doi.org/10.1063/1.1992666.

[9] T. Suntola, Handbook of Crystal Growth, Part 3b – Atomic Layer Epitaxy, Growth
Mechanisms, and Dynamics, edited by D.T.J. Hurle, Elsevier, Amsterdam –
Lausanne – New York, 1994.

[10] W. Zheng, R. Lin, D. Zhang, L. Jia, X. Ji, F. Huang, Vacuum-ultraviolet photovoltaic
detector with improved response speed and responsivity via heating annihilation
trap state mechanism, Adv. Optical Mater (2018) 1800697, https://doi.org/10.
1002/adom.201800697.

[11] N. Biyikli, A. Haider, Atomic layer deposition: an enabling technology for the
growth of functional nanoscale semiconductors, Semicond. Sci. Technol. 32 (2017)
093002, , https://doi.org/10.1088/1361-6641/aa7ade.

[12] G. Łuka, T. Krajewski, Ł. Wachnicki, A. Szczepanik, K. Kopalko, A. Szczerbakow,
E. Łusakowska, E. Guziewicz, M. Godlewski, Hybrid organic/ZnO p-n junctions with
n-type ZnO grown by Atomic Layer Deposition, Acta Phys. Pol. A 114 (2008) 1229.

[13] M. Godlewski, E. Guziewicz, K. Kopalko, G. Łuka, M.I. Łukasiewicz, T. Krajewski,
B.S. Witkowski, S. Gierałtowska, Zinc oxide for electronic, photovoltaic and op-
toelectronic applications, Low Temp. Phys. 37 (2011) 235, https://doi.org/10.
1063/1.3570930.

[14] S. Coe, W.K. Woo, M. Bawendi, V. Bulović, Electroluminescence from single
monolayers of nanocrystals in molecular organic devices, Nature (London) 420
(2002) 800, https://doi.org/10.1038/nature01217.

[15] H. Huang, A. Dorn, V. Bulović, M. Bawendi, Electrically driven light emission from
single colloidal quantum dots at room temperature, Appl. Phys. Lett. 90 (2007)
023110, , https://doi.org/10.1063/1.2425043.

[16] W. Jadwisienczak, H. Lozykowski, A. Xu, B. Patel, Visible emission from ZnO doped
with rare-earth ions, J. Electron. Mater. 31 (2002) 776, https://doi.org/10.1007/
s11664-002-0235-z.

[17] A.J. Kenyon, Recent developments in rare-earth doped materials for optoelec-
tronics, Prog. Quantum El. 26 (2002) 225, https://doi.org/10.1016/S0079-
6727(02)00014-9.

[18] P.N. Favennec, H. L’Haridon, D. Moutonnet, M. Salvi, M. Gauneau, Rare Earth
Doped Semiconductors, in: Pomrenke, Klein, Langer (Eds.), MRS Symposia
Proceedings, Materials Research Society, Pittsburgh, PA, 31 (1993) 181.

[19] J.M. Poate and J .S. Williams, Amorphization and Crystallization of Semiconductors
in: Ion Implantation and Beam Processing, J.M. Poate, Academic Press, Sydney 13,
1984. https://doi.org/10.1016/B978-0-12-756980-2.50005-9.

[20] P.P. Murmu, J. Kennedy, B.J. Ruck, S. Rubanov, Microstructural, electrical and
magnetic properties of erbium doped zinc oxide single crystals, Electron. Mater.
Lett. 11 (6) (2015) 998–1002, https://doi.org/10.1007/s13391-015-5124-8.

[21] P.P. Murmu, J. Kennedy, G.V.M. Williams, B.J. Ruck, S. Granville, S.V. Chong,
Observation of magnetism, low resistivity, and magnetoresistance in the near-sur-
face region of Gd implanted ZnO, Appl. Phys. Lett. 101 (2012) 082408, , https://
doi.org/10.1063/1.4747525.

[22] E. Guziewicz, S. Kobyakov, R. Ratajczak, A. Wierzbicka, W. Wozniak, A. Kaminska,
Optical response of epitaxial ZnO films grown by atomic layer deposition and
coimplanted with Dy and Yb, Phys. Status Solidi B (2020) 1900513, , https://doi.
org/10.1002/pssb.201900513.

[23] D.M. Hansen, R. Zhang, N.R. Perkins, S. Safvi, L. Zhang, K.L. Bray, T.F. Keuch,
Photoluminescence of erbium-implanted GaN and in situ-doped GaN:Er, Appl. Phys.
Lett. 72 (1998) 1244, https://doi.org/10.1063/1.121034.

[24] R. Ratajczak, S. Prucnal, E. Guziewicz, C. Mieszczynski, D. Snigurenko,
M. Stachowicz, W. Skorupa, A. Turos, The photoluminescence response to structural
changes of Yb implanted ZnO crystals subjected to non-equilibrium processing, J.
Appl. Phys. 121 (2017) 075101, , https://doi.org/10.1063/1.4976207.

[25] T.A. Krajewski, R. Ratajczak, S. Kobyakov, W. Wozniak, K. Kopalko, E. Guziewicz,
ZnO thin films obtained by Atomic Layer Deposition: changes of structural, optical
and electrical properties induced by Rare Earth implantation, Mater. Res. Bull.
(2020) (in press).

[26] P. Gehring, Y. Weng, Z. Wu, H.P. Strunk, Photoluminescence from AlxIn1− xN layers
doped with Tb3+ ions, J. Phys. Conf. Ser. 281 (2011) 012014, , https://doi.org/10.
1088/1742-6596/281/1/012014.

[27] Z. Zhou, T. Komaki, T. Komori, A. Koizumi, M. Yoshino, N. Matsunami, Y. Takeda,
M. Morinaga, Effects of Nitrogen Irradiation on Photoluminescence around 1.54 μm
from Er-containing ZnO, Mater. Trans. 45 (2004) 2906, https://doi.org/10.2320/
matertrans.45.2906.

[28] R.S. Ajimsha, Amit K. Das, M.P. Joshi, L.M. Kukreja, Quantum corrections to low

R. Ratajczak, et al. Applied Surface Science 521 (2020) 146421

7

https://doi.org/10.1016/j.apsusc.2020.146421
https://doi.org/10.1016/j.apsusc.2020.146421
https://doi.org/10.1126/science.1083212
https://doi.org/10.1016/j.vacuum.2018.05.039
https://doi.org/10.1016/j.jrras.2017.11.002
https://doi.org/10.1016/j.jrras.2017.11.002
https://doi.org/10.3390/ma12182985
https://doi.org/10.1063/1.2007864
https://doi.org/10.1063/1.2007864
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0030
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0030
https://doi.org/10.1016/0022-3697(60)90104-9
https://doi.org/10.1063/1.1992666
https://doi.org/10.1002/adom.201800697
https://doi.org/10.1002/adom.201800697
https://doi.org/10.1088/1361-6641/aa7ade
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0060
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0060
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0060
https://doi.org/10.1063/1.3570930
https://doi.org/10.1063/1.3570930
https://doi.org/10.1038/nature01217
https://doi.org/10.1063/1.2425043
https://doi.org/10.1007/s11664-002-0235-z
https://doi.org/10.1007/s11664-002-0235-z
https://doi.org/10.1016/S0079-6727(02)00014-9
https://doi.org/10.1016/S0079-6727(02)00014-9
https://doi.org/10.1007/s13391-015-5124-8
https://doi.org/10.1063/1.4747525
https://doi.org/10.1063/1.4747525
https://doi.org/10.1002/pssb.201900513
https://doi.org/10.1002/pssb.201900513
https://doi.org/10.1063/1.121034
https://doi.org/10.1063/1.4976207
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0125
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0125
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0125
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0125
https://doi.org/10.1088/1742-6596/281/1/012014
https://doi.org/10.1088/1742-6596/281/1/012014
https://doi.org/10.2320/matertrans.45.2906
https://doi.org/10.2320/matertrans.45.2906


temperature electrical conductivity in Dy doped ZnO thin films, Thin Solid Films
589 (2015) 521–525, https://doi.org/10.1016/j.tsf.2015.06.016.

[29] F. Benz, J.A. Guerra, Y. Weng, A.R. Zanatta, R. Weingärtner, H.P. Strunk,
Concentration quenching of the green photoluminescence from terbium ions em-
bedded in AlN and SiC matrices, J. Lumin. 137 (2013) 73, https://doi.org/10.1016/
j.jlumin.2012.12.028.

[30] F. Benz, A. Gonser, R. Völker, T. Walther, J. Mosebach, B. Schwanda, N. Mayer,
G. Richter, H.P. Strunk, Concentration quenching of the luminescence from triva-
lent thulium, terbium, and erbium ions embedded in an AlN matrix, J. Lumin. 145
(2014) 855, https://doi.org/10.1016/j.jlumin.2013.09.014.

[31] R.S. Ajimsha, A.K. Das, B.N. Singh, P. Misra, L.M. Kukreja, Structural, electrical and
optical properties of Dy doped ZnO thin films grown by buffer assisted pulse laser
deposition, Physica E 42 (2010) 1838–1843, https://doi.org/10.1016/j.physe.
2010.02.005.

[32] H. Huang, Y. Ou, S. Xu, G. Fang, M. Li, X.Z. Zhao, Properties of Dy-doped ZnO
nanocrystalline thin films prepared by pulsed laser deposition, Appl. Surf. Sci. 254
(2008) 2013–2016, https://doi.org/10.1016/j.apsusc.2007.08.041.

[33] G. Amira, B. Chaker, E. Habib, Spectroscopic properties of Dy3+ doped ZnO for
white luminescence applications, Spectrochim. Acta Part A: Mol. Biomol.
Spectroscopy 177 (2017) 164–169, https://doi.org/10.1016/j.saa.2017.01.039.

[34] M. Ishii, S. Komuro, T. Morikawa, Y. Aoyagi, Local structure analysis of an optically
active center in Er-doped ZnO thin film, J. Appl. Phys. 89 (2001) 3679, https://doi.
org/10.1063/1.1355284.

[35] E. Guziewicz, R. Ratajczak, M. Stachowicz, D. Snigurenko, T.A. Krajewski,
C. Mieszczynski, K. Mazur, B.S. Witkowski, P. Dluzewski, K. Morawiec, A. Turos,
Atomic layer deposited ZnO films implanted with Yb: The influence of Yb location
on optical and electrical properties, Thin Solid Films 643 (2017) 7, https://doi.org/
10.1016/j.tsf.2017.08.014.

[36] L. Wachnicki, T. Krajewski, G. Luka, B. Witkowski, B. Kowalski, K. Kopalko,
J.Z. Domagala, M. Guziewicz, M. Godlewski, E. Guziewicz, Monocrystalline zinc
oxide films grown by atomic layer deposition, Thin Solid Films 518 (2010) 4556,
https://doi.org/10.1016/j.tsf.2009.12.030.

[37] L. Wachnicki, B.S. Witkowski, S. Gierałtowska, K. Kopalko, M. Godlewski,
E. Guziewicz, Optical and structural characterization of zinc oxide nanostructures
obtained by atomic layer deposition method, Acta Phys. Pol. A 120 (2011) A-7.

[38] R. Ratajczak, C. Mieszczynski, S. Prucnal, E. Guziewicz, M. Stachowicz,
D. Snigurenko, J. Gaca, M. Wojcik, R. Böttger, R. Heller, W. Skorupa, J. von Borany,
A. Turos, Structural and optical studies of Pr implanted ZnO films subjected to a
long-time or ultra-fast thermal annealing, Thin Solid Films 643 (2017) 24–30,
https://doi.org/10.1016/j.tsf.2017.08.001.

[39] J.F. Ziegler, J.P. Biersack, M.D. Ziegler, SRIM- The Stopping and Range of Ions in
Solids, SRIM Co., Chester, MD, USA, 2009,< http://www.srim.org> .

[40] W.K. Chu, J.W. Mayer, M.A. Nicolet, Backscattering Spectrometry, Academic Press,
New York, 1978.

[41] L.C. Feldman, J.W. Mayer, S.T. Picraux, Materials Analysis by Ion Channeling,
Academic Press, New York, 1982.

[42] L.J. van der Pauw, A method of measuring specific resistivity and Hall effect of discs
of arbitrary shape, Philips Res. Repts. 13 (1958) 1–9, https://doi.org/10.1142/
9789814503464_0017.

[43] P.P. Murmu, R.J. Mendelsberg, J. Kennedy, D.A. Carder, B.J. Ruck, A. Markwitz,
R.J. Reeves, P. Malar, T. Osipowicz, Structural and photoluminescence properties of
Gd implanted ZnO single crystals, J. Appl. Phys. 110 (2011) 033534, , https://doi.
org/10.1063/1.3619852.

[44] K. Potzger, Shengqiang Zhou, F. Eichhorn, M. Helm, W. Skorupa, A. Mücklich,
J. Fassbender, T. Herrmannsdörfer, A. Bianchi, Ferromagnetic Gd-implanted ZnO
single crystals, J. Appl. Phys. 99 (2006) 063906, , https://doi.org/10.1063/1.
2183350.

[45] L. Nowicki, A. Turos, R. Ratajczak, A. Stonert, F. Garrido, Modern analysis of ion
channeling data by Monte Carlo simulations, Nucl. Instr. Meth. Phys. Res. B 240
(2005) 277–282, https://doi.org/10.1016/j.nimb.2005.06.129.

[46] P. Jozwik, L. Nowicki, R. Ratajczak, A. Stonert, C. Mieszczynski, A. Turos,
K. Morawiec, K. Lorenz, E. Alves, Monte Carlo simulations for ion channeling
analysis of damage in dislocation-containing crystals, J. Appl. Phys. 126 (2019)
195107, , https://doi.org/10.1063/1.5111619.

[47] A. Turos, P. Jóźwik, M. Wójcik, J. Gaca, R. Ratajczak, A. Stonert, Mechanism of

damage buildup in ion bombarded ZnO, Acta Mater. 134 (2017) 249, https://doi.
org/10.1016/j.actamat.2017.06.005.

[48] A. Jagerová, P. Malinský, R. Mikšová, P. Nekvindová, J. Cajzl, S. Akhmadaliev,
V. Holý, A. Macková, Distinct defect appearance in Gd implanted polar and non-
polar ZnO surfaces in connection to ion channeling effect, J. Vac. Sci. Technol. A 37
(2019) 061406, , https://doi.org/10.1116/1.5125320.

[49] P. Nekvindová, J. Cajzl, A. Macková, P. Malinský, J. Oswald, R. Böttger, R. Yatskiv,
Er implantation into various cuts of ZnO – experimental study and DFT modelling,
J. Alloy. Comp. 816 (2020) 152455, , https://doi.org/10.1016/j.jallcom.2019.
152455.

[50] J. Jagielski, L. Thomé, Multi-step damage accumulation in irradiated crystals, Appl.
Phys. A 97 (2009) 147–155, https://doi.org/10.1007/s00339-009-5294.

[51] A. Turos, On the mechanism of damage buildup in gallium nitride, Rad. Eff. Def.
168 (2013) 431–441, https://doi.org/10.1080/10420150.2013.777445.

[52] P. Jozwik, S. Magalhães, R. Ratajczak, C. Mieszczynski, M. Sequeira, A. Turos,
R. Böttger, R. Heller, K. Lorenz, E. Alves, RBS/C, XRR, and XRD studies of damage
buildup in Er-implanted ZnO, Phys. Status Solidi B 256 (2019) 1800364, https://
doi.org/10.1002/pssb.201800364.

[53] P.S. Venkatesh, V. Purushothaman, S. Esakki Muthu, S. Arumugam,
V. Ramakrishnan, K. Jeganathan, K. Ramamurthi, Role of point defects on the en-
hancement of room temperature ferromagnetism in ZnO nanorods, Cryst. Eng.
Comm. 14 (2012,) 4713–4718, https://doi.org/10.1039/C2CE25098E.

[54] J. Čížek, J. Valenta, P. Hruška, O. Melikhova, I. Procházka, M. Novotný, J. Bulíř,
Origin of green luminescence in hydrothermally grown ZnO single crystals, Appl.
Phys. Lett. 106 (2015) 251902, , https://doi.org/10.1063/1.4922944.

[55] K.E. Knutsen, A. Galeckas, A. Zubiaga, F. Tuomisto, G.C. Farlow, B.G. Svensson,
A.Yu. Kuznetsov, Zinc vacancy and oxygen interstitial in ZnO revealed by sequen-
tial annealing and electron irradiation, Phys. Rev. B 86 (2012) 121203, , https://
doi.org/10.1103/PhysRevB.86.121203.

[56] Y.F. Dong, F. Tuomisto, B.G. Svensson, A.Y. Kuznetsov, L.J. Brillson, Vacancy defect
and defect cluster energetics in ion-implanted ZnO, Phys. Rev. B 81 (2010) 081201,
, https://doi.org/10.1103/PhysRevB.81.081201.

[57] J. Kennedy, P.P. Murmu, E. Manikandan, S.Y. Lee, Investigation of structural and
photoluminescence properties of gas and metal ions doped zinc oxide single crys-
tals, J. Alloys Comp. 616 (2014) 614–617, https://doi.org/10.1016/j.jallcom.2014.
07.179.

[58] S. Li, J. Li, W. Wang, Z. Ye, H. He, Zinc vacancy-related complex and its abnormal
photoluminescence in Zn+-implanted ZnO single crystals, Mater. Lett. 192 (2017)
133–136, https://doi.org/10.1016/j.matlet.2016.12.041.

[59] Z. Meng, X. Mo, X. Cheng, Y. Zhou, X. Tao, Y. Ouyang, Interactions between Er
dopant and intrinsic point defects of ZnO: a first-principles study, Mater. Res.
Express, 4 (3), 035903, 2017, p. 1-10. https://doi.org/10.1088/2053-1591/
aa6292.

[60] S. Geburt, M. Lorke, A.L. da Rosa, T. Frauenheim, R. Röder, T. Voss, U. Kaiser,
W. Heimbrodt, C. Ronning, Intense intrashell luminescence of Eu-doped single ZnO
nanowires at room temperature by implantation created Eu−Oi complexes, Nano
Lett. 14 (2014) 4523–4528, https://doi.org/10.1021/nl5015553.

[61] R. Ratajczak, E. Guziewicz, S. Prucnal, G. Luka, R. Böttger, R. Heller,
C. Mieszczynski, W. Wozniak, A. Turos, Luminescence in the visible region from
annealed thin ALD-ZnO films implanted with different rare earth ions, Phys. Status
Solidi A 215 (1700889) (2018) 1–7, https://doi.org/10.1002/pssa.201700889.

[62] J.J. Carvajal, G. Ciatto, X. Mateos, A. Schmidt, U. Griebner, V. Petrov, G. Boulon,
A. Brenier, A. Peña, M.C. Pujol, M. Aguiló, F. Díaz, Broad emission band of Yb3+ in
the nonlinear Nb:RbTiOPO 4 crystal: Origin and applications, Opt. Exp. 18 (2010)
7228, https://doi.org/10.1364/OE.18.007228.

[63] Mei Xin, Effect of Eu doping on the structure, morphology and luminescence
properties of ZnO submicron rod for white LED application, J. Theoretical Appl.
Phys. 12 (2018) 177–182, https://doi.org/10.1007/s40094-018-0304-1.

[64] I.N. Demchenko, Y. Melikhov, P. Konstantynov, R. Ratajczak, A. Turos,
E. Guziewicz, Resonant Photoemission Spectroscopy study on the contribution of
the Yb4f states to the electronic structure of ZnO, Acta Phys. Pol. A 133 (2018) 907,
https://doi.org/10.12693/APhysPolA.133.907.

[65] Yukio Sato, Ji-Young Roh, Yuichi Ikuhara, Grain-boundary structural transforma-
tion induced by geometry and chemistry, Phys. Rev. B 87 (14) (2013), https://doi.
org/10.1103/PhysRevB.87.140101.

R. Ratajczak, et al. Applied Surface Science 521 (2020) 146421

8

https://doi.org/10.1016/j.tsf.2015.06.016
https://doi.org/10.1016/j.jlumin.2012.12.028
https://doi.org/10.1016/j.jlumin.2012.12.028
https://doi.org/10.1016/j.jlumin.2013.09.014
https://doi.org/10.1016/j.physe.2010.02.005
https://doi.org/10.1016/j.physe.2010.02.005
https://doi.org/10.1016/j.apsusc.2007.08.041
https://doi.org/10.1016/j.saa.2017.01.039
https://doi.org/10.1063/1.1355284
https://doi.org/10.1063/1.1355284
https://doi.org/10.1016/j.tsf.2017.08.014
https://doi.org/10.1016/j.tsf.2017.08.014
https://doi.org/10.1016/j.tsf.2009.12.030
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0185
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0185
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0185
https://doi.org/10.1016/j.tsf.2017.08.001
http://www.srim.org
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0200
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0200
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0205
http://refhub.elsevier.com/S0169-4332(20)31178-8/h0205
https://doi.org/10.1142/9789814503464_0017
https://doi.org/10.1142/9789814503464_0017
https://doi.org/10.1063/1.3619852
https://doi.org/10.1063/1.3619852
https://doi.org/10.1063/1.2183350
https://doi.org/10.1063/1.2183350
https://doi.org/10.1016/j.nimb.2005.06.129
https://doi.org/10.1063/1.5111619
https://doi.org/10.1016/j.actamat.2017.06.005
https://doi.org/10.1016/j.actamat.2017.06.005
https://doi.org/10.1116/1.5125320
https://doi.org/10.1016/j.jallcom.2019.152455
https://doi.org/10.1016/j.jallcom.2019.152455
https://doi.org/10.1007/s00339-009-5294
https://doi.org/10.1080/10420150.2013.777445
https://doi.org/10.1002/pssb.201800364
https://doi.org/10.1002/pssb.201800364
https://doi.org/10.1039/C2CE25098E
https://doi.org/10.1063/1.4922944
https://doi.org/10.1103/PhysRevB.86.121203
https://doi.org/10.1103/PhysRevB.86.121203
https://doi.org/10.1103/PhysRevB.81.081201
https://doi.org/10.1016/j.jallcom.2014.07.179
https://doi.org/10.1016/j.jallcom.2014.07.179
https://doi.org/10.1016/j.matlet.2016.12.041
https://doi.org/10.1021/nl5015553
https://doi.org/10.1002/pssa.201700889
https://doi.org/10.1364/OE.18.007228
https://doi.org/10.1007/s40094-018-0304-1
https://doi.org/10.12693/APhysPolA.133.907
https://doi.org/10.1103/PhysRevB.87.140101
https://doi.org/10.1103/PhysRevB.87.140101

