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Molecular beam epitaxy grown MgxZn1�xO (x 6 0.3) layers were implanted at room temperature with
150 keV 166Er+ ions in a fluence range of 5 � 1015–3 � 1016 cm�2. Evolution of ion-induced damage and
structural changes were studied by a combination of Rutherford backscattering spectrometry, nuclear
reaction analysis and time-of-flight elastic recoil detection analysis. Results show that damage produc-
tion enhances in both Zn- and O-sublattices with increasing the Mg content in the MgZnO. However,
MgZnO as well as pure ZnO exhibits a high degree of dynamic annealing and MgZnO can not be amor-
phized even at the highest ion fluence used. Annealing of heavily damaged ZnO leads to a strong surface
erosion and thinning of the film. Increasing the Mg content suppresses the surface evaporation in high
fluence implanted MgZnO but leads to a strong surface decomposition accompanied with a Mg-rich sur-
face layer formation during post-implantation annealing.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Zinc oxide (ZnO) is a direct band-gap semiconductor with
numerous promising applications in optoelectronics [1,2] due to
the wide band gap (Eg � 3.4 eV) and large exciton binding energy
(�60 meV) at room temperature. Band-gap engineering is one of
the key issues for the formation of heterostructures and quantum
wells, which are needed for fabrication of modern devices. Alloying
of wurtzite ZnO with rock salt MgO (Eg � 7.8 eV) [3] provides a
possibility to increase the band gap. However, the fabrication of
wurtzite MgZnO is challenged by phase separation occurring at
high Mg contents [4].

Ion implantation is a very attractive technological tool in semi-
conductor processing and it can be used to introduce controllable
impurity concentrations at a precise depth below the surface. It
has been shown that ZnO has an extremely strong degree of dy-
namic annealing even at low irradiation temperatures [5,6]. How-
ever, these processes are not perfect and various types of defects
are accumulated in the material during the ion bombardment
[5,7]. Therefore, post-implantation annealing is needed to remove
the ion-beam-induced damage. It has been shown that the effec-
tive recovery of implantation defects needs high temperatures, of-
ten in excess of 1000 �C [8,9]. Furthermore, annealing of ion-
induced damage is affected by the nature of the implanted ions
[8] and is further complicated by possible surface decomposition
[10]. Another major issue is the dopant redistribution during ion
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implantation and subsequent annealing in ZnO. For example, it
has been shown that the final concentration profiles of implanted
rare earth elements, such as Tb [11], Er [12] and Tm [13], may be
far from that predicted theoretically due to a dramatic redistribu-
tion of implanted atoms toward the surface during an annealing.

Despite intensive studies of ion-beam related phenomena in
ZnO during the last decade [5–9,11–14], the understanding of radi-
ation damage formation and annealing mechanisms in this mate-
rial is still immature. Furthermore, there is very little known
about radiation damage formation in ZnO-based ternary oxides.
Our initial results [15] revealed enhancing complexity of radiation
damage formation in MgZnO compared to that in pure ZnO. In this
work we study the effects of the Mg composition on damage accu-
mulation, its annealing and the thermal stability of high fluence Er
implanted MgZnO films.

2. Experimental

About �1 m thick MgxZn1�xO (x = 0.1 and 0.3) as well as pure
ZnO layers were grown by molecular beam epitaxy (MBE) on sap-
phire substrate. Samples were implanted with 150 keV 166Er+ ions
using an ion flux of 2.5 � 1012 cm�2 s�1 in a fluence range of
5 � 1015–3 � 1016 cm�2. The implantation was carried out at room
temperature at 7� off the [0001] direction in order to minimize
channeling. After the implantation samples were annealed at
700 �C for 30 min. in vacuum.

Implantation-induced disorder before and after annealing was
measured by Rutherford backscattering/channeling spectrometry
(RBS/C) with 2 MeV 4He+ ions incident along the [0001] direction
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and backscattered into detectors at 170� and 100� relative to the
incident beam direction. The 100�, so-called glancing-angle detec-
tor, geometry was used to provide enhanced depth resolution for
examining the near-surface damage accumulation. In addition to
the conventional RBS/C, higher energy experiments were per-
formed to get the non-Rutherford cross section to enhance the
yield from displaced oxygen atoms. For this purposes 16O(a,a)
16O nuclear reaction analysis in channeling mode (NRA/C) [16]
was carried out at the scattering angle of 170�. The resonant is cen-
tered around E = 3.045 MeV and has an enhanced cross section
with a factor of 17 compared to the regular Rutherford cross sec-
tion. All RBS/C spectra were analyzed with one of the conventional
algorithms [17] for extracting the effective number of scattering
centers, referred as ‘‘relative disorder’’ below. The relative damage
in oxygen sublattice was calculated from NRA/C spectra as
(vch�vv)/(vr�vv), where vch and vv – are the maximum resonant
peak values in channeling spectra for the implanted and virgin
samples, respectively, while vr – is the corresponding random va-
lue at the same depth.

Time-of-flight elastic recoil detection analysis (ToF-ERDA),
using a 40 MeV 127I ion beam with a recoil angle of 45� was applied
to measure the elemental depth profiles through the films. Analy-
sis of raw recoil ToF-ERDA spectra was done using the CONTES
code [18].
Fig. 1. Random (open symbols) and channeling (closed symbols) RBS spectra
(acquired with 100� detector geometry) of (a) pure ZnO and (b) Mg0.3Zn0.7O
bombarded at room temperature by 150 keV 166Er+ ions with different fluences as
indicated in the legends. The positions of Zn, O, Mg and Er at the film surface are
shown by the arrows in panel (b). The random and channeling ‘‘virgin’’ spectra of
the unimplanted samples are shown by the solid and the dashed lines, respectively.
(c) Comparison of depth profiles of relative disorder in Zn sublattice in the samples
having different Mg content and implanted with the same ion fluence of
5 � 1015 cm�2.

Fig. 2. The depth profiles (extracted from ToF-ERDA spectra) of relative concen-
tration of Zn, O, Mg and Er atoms in Mg0.3Zn0.7O bombarded at room temperature
with 150 keV 166Er+ ions to 3 � 1016 cm�2.
3. Results and discussion

3.1. Damage accumulation

Fig. 1 shows RBS/C spectra of (a) pure ZnO and (b) Mg0.3Zn0.7O
implanted at room temperature with 166Er+ ions to different ion
fluences. The peak in the RBS/C spectra for channel numbers more
than 320 is related to a signal from implanted Er atoms. It is seen
that in both samples the damage accumulation exhibits saturation
with increasing ion fluence. It is important to note that damage le-
vel in the bulk does not reach the random level in Fig. 1 even at
highest ion fluence used (3 � 1016 cm�2). Thus, our results support
that MgZnO, as well as ZnO, exhibit a high degree of dynamic
annealing during irradiation and it can not be amorphized at room
temperature by heavy ion bombardment with high fluences. For
the low ion fluence (most pronounced for the lowest fluence of
5 � 1015 cm�2) the disorder profiles in pure ZnO are bimodal with
clearly distinguishable ‘‘bulk’’ and ‘‘surface’’ damage peaks. Inter-
estingly, the damage accumulation in Mg0.3Zn0.7O exhibits uni-
modal behavior for all ion fluences resulting in enhanced
disorder in comparison to that in pure ZnO. The effect of Mg con-
tent on the damage buildup is illustrated by Fig. 1c, which com-
pares the depth profiles of relative disorder in the Zn-sublattice
as a function of Mg content in samples implanted with the same
ion fluence of 5 � 1015 cm�2. It is clearly seen that an increase in
the Mg content strongly enhances the damage accumulation in
the region between the bulk and surface damage peaks, labeled
with arrows in Fig. 1c. Possible reasons for the enhanced damage
production in MgZnO with increasing Mg content were recently
discussed elsewhere [15] and interpreted in terms of retardation
of dynamic annealing and/or effects of phase separation in the re-
gion between the bulk damage peak and the film surface. Further,
the comparison of random spectra of the unimplanted and
3 � 1016 cm�2 implanted samples reveals the reduced Zn concen-
tration in the near surface region which may be attributed to the
Er incorporation or sputtering effects (see Fig. 1a and b).

Elemental depth profiles of Mg0.3Zn0.7O implanted with 166Er+

ions to a fluence of 3 � 1016 cm�2 are shown in Fig. 2. It is clearly
seen that high fluence Er implantation leads to a depletion of the
Zn concentration in the near surface region comparing to the
uniform Zn profile in the virgin sample (not shown). Concurrently,
O concentration increases in the same area, while the Mg



Fig. 4. (a) Maximum relative disorder in the bulk damage peak for Zn-sublattice
and (b) relative damage in O-sublattice as determined by RBS/C and NRA/C analysis,
respectively, as a function of Mg content in MgZnO. The samples were implanted at
room temperature by 150 keV 166Er+ ions with ion fluences of 1 � 1016 cm�2 (closed
symbols) and 3 � 1016 cm�2 (open symbols). See the text for the details.
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concentration remains almost unchanged. The enhancement of the
O concentration in the implanted region may by attributed to
chemical effects of implanted species e.g. the Er-oxide formation.
In addition, the difference in Zn and Mg profiles may indicate the
preferential sputtering of Zn atoms. Thus, a significant material
decomposition occurs in MgZnO as a result of high fluence Er
implantation, making the near surface region enriched with O pos-
sibly due to chemical and/or preferential sputtering effects.

Note that it is not possible to draw any conclusion about dam-
age accumulation in the oxygen sublattice due to low intensity of
the oxygen peak in the conventional RBS/C spectra (see Fig. 1). In
order to estimate the damage in oxygen sublattice we performed
NRA/C with the incident 4He beam energies close to the
3.045 MeV resonance for 16O(a,a) 16O nuclear reaction. Fig. 3
shows a part of NRA/C spectra of implanted Mg0.3Zn0.7O samples
as a function of the incident 4He beam energies so that the reso-
nance appears at the depth where the analyzing atoms slows down
to 3.045 MeV. For clarity, the inset in Fig. 3 shows the full NRA
spectrum with the resonance position indicated by the arrow. This
result potentially can be used to analyze the depth profile of dis-
placed oxygen atoms by comparing the data in channeling and ran-
dom geometries. However, accurate oxygen sublattice damage
profiling in MgZnO by NRA/C is challenged by overlapping of oxy-
gen signal from the film with the signals from the both Al from
sapphire substrate and Mg. It should also be noted that in the case
of resonant scattering the depth resolution is limited by the width
of the resonance (�70 nm for the present measurements). With all
these said the 3.05 MeV spectra in Fig. 3 reflect the displaced oxy-
gen atoms in the near surface region. The depth of 16O(a,a) 16O res-
onance for the 3.07 MeV 4He beam roughly corresponds to the
depth of the bulk damage peak as determined in Fig. 1. Finally,
the depth of the oxygen resonance for the 3.09 MeV 4He beam cor-
responds to the radiation damage tail at larger depth.

Fig. 4 summarizes the RBS/C and NRA/C results and shows (a)
the maximum relative disorder in Zn-sublattice at the depth of
the bulk peak and (b) relative damage level in O-sublattice, both
in the near surface region and bulk peak areas, as a function of
Mg content in MgZnO films. Also note that the depth from where
the data represented by ‘‘stars’’ in Fig. 4, are collected may not nec-
essarily be exactly the same in panels (a) and (b). Moreover, the
algorithms used for the calculation of relative disorder from RBS/
C and NRA/C data are not the same either. Therefore, a direct com-
parison of disorder levels for Zn- and O-sublattices shown in
Fig. 4(a) and (b) have limitations. Despite that, several clear fea-
α,α

Fig. 3. Oxygen portion of the NRA spectra of the 3 � 1016 Er/cm2 implanted
Mg0.3Zn0.7O as a function of incident 4He ions energies as indicated in the legend.
Open and closed symbols represent the data taken in random and channeling
geometries, respectively. The full NRA spectrum and position of the 16O(a,a) 16O
resonance are shown in the inset.
tures for the damage accumulation in Fig. 4 are of interest. Firstly,
in the range of the bulk peak the O-sublattice disorder exhibits a
similar saturation trend with increasing Mg content as that previ-
ously discussed for Zn-sublattice [15]. Secondly, the damage level
in oxygen sublattice in the near surface region in Fig. 4b almost
reaches the unity for highest ion fluence indicating that all oxygen
atoms are displaced in this region. It should be noted that chemical
effects like Er-oxide formation may affect the apparent disorder in
the near surface region in oxygen sublattice.

3.2. Annealing behavior

Fig. 5 illustrates the structural evolution in (a) pure ZnO and (b)
Mg0.3Zn0.7O implanted with Er ions to the ion fluence of
3 � 1016 cm�2 and subjected to annealing at 700 �C for 30 min.
The positions of Zn and Mg at the film surface are indicated by ar-
rows in the panel (b). It is seen from Fig. 5a that the whole ZnO
layer is accessed by RBS and after annealing the channeling spec-
trum becomes close to the virgin one. However, the apparent res-
toration of the crystallinity is attributed to a strong surface erosion
and thinning of ZnO film, that is supported by the shift of the inner
boundary of Zn signal toward the higher channels (from �200 to-
wards�225). Interestingly, that despite the surface erosion there is
no loss of Er, which is segregated at the surface. The observed
strong surface erosion in ZnO at relatively low annealing tempera-
ture is consistent with previous studies of ZnO annealing. Indeed,
Coleman et al. have shown that heavily damaged ZnO has a lower
thermal stability compared to as-grown material and tends to
decompose and evaporate during a thermal treatment [19]. De-
spite that these processes occur at significantly higher tempera-
tures (>1000 �C) in ZnO, the surface erosion can be more
pronounced during vacuum annealing which is used in the present
study. Note that, an apparent damage recovery accompanied
with dopant segregation at the sample surface reported by Rita
et al. in heavy ion implanted and annealed ZnO [12,13] may be



Fig. 5. The random (open symbols) and channeling (closed symbols) RBS spectra
(acquired with 170� detector geometry) of (a) pure ZnO (b) Mg0.3Zn0.7O bombarded
at room temperature by 150 keV 166Er+ ions to an ion fluence of 3 � 1016 cm�2 and
subjected to annealing at 700 �C for 30 min. Virgin spectra are shown for
comparison.
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alternatively explained by a strong surface evaporation similar to
that observed in Fig. 5a, revealing the importance of the film stabil-
ity for the interpretation of RBS/C results.

The annealing behavior in MgZnO is different from that occur-
ring in pure ZnO as illustrated by Fig. 5b. Indeed, both the surface
erosion and the Er redistribution phenomena caused by the
annealing are less pronounced in Mg0.3Zn0.7O in comparison to that
in pure ZnO. Furthermore, annealing has a small effect on the ion-
induced damage in Mg0.3Zn0.7O. However, a decrease of the Zn sig-
nal for random spectrum and an increase of Mg signal in both
channeling and random spectra in the vicinity of surface are ob-
served. All these spectral changes indicate the film decomposition
with Zn loss from the surface and a Mg-rich surface layer forma-
tion. Thus, damage annealing in MgZnO is also complicated by
the low thermal stability of the film surface.

4. Conclusions

Radiation damage and annealing behavior in MgZnO implanted
with Er ions to high fluences have been studied. The damage accu-
mulation was measured in both Zn- and O-sublattices separately.
The results show that overall disorder increases with increasing
the Mg content in the MgZnO specifically in the region between
the bulk and the surface damage peaks, but exhibits saturation
consistently with previous observations. For high fluences the
damage accumulation in oxygen sublattice is possibly influenced
by chemical effects of Er atoms in the vicinity of the surface.
Annealing at 700 �C of pure ZnO implanted with 3 � 1016 Er/cm2

leads to the strong surface erosion and thinning of the film, while
Er atoms are segregated at the surface. Increasing the Mg content
suppresses the surface evaporation in high fluence implanted
MgZnO but leads to a strong surface decomposition accompanied
with a Mg-rich surface layer formation during post-implantation
annealing.
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